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Foreword
Readers. of. this. book. are. in. for. a. joyful. experience!. The. authors. of. Chemistry of Modern 
Papermaking clearly.have.a.profound.enthusiasm.for.their.subject.matter,.of.which.they.care.about.
deeply.and.want.to.share.with.their.audience.

Though.there.have.been.other.textbooks.dealing.with.the.chemistry.of.papermaking,.this.book.
achieves.an.important.new.milestone.in.bringing.together.a.wealth.of.insight.concerning.the.chemi-
cal.strategies.that.can.have.practical.use.in.a.state-of-the-art.papermaking.facility..Never.before.has.
a.textbook.compiled,.carefully.digested,.and.lucidly.explained.such.a.deep.collection.of.details.from.
both.the.patent.and.scientific.literature..This.synthesis.is.achieved.not.only.through.diligent.work,.
but.also.reflects.the.years.of.industrial.experience.of.the.authors..Readers.will.also.quickly.come.to.
respect.Hagiopol.and.Johnston’s.gifts.for.teaching—especially.the.teaching.of.chemistry.

As.the.authors.themselves.state.more.effectively.in.their.book,.one.of.the.important.principles.of.
the.chemistry.of.papermaking.is.that.of.“leveraging.”.With.typically.only.about.3%.of.the.mass.of.a.
paper.product.invested.in.water-soluble.chemicals,.the.papermaker.can.achieve.dramatic.effects..On.
the.one.hand,.he.or.she.can.greatly.increase.the.efficiency.of.the.process—including.the.production.
rate..For.instance,.by.the.use.of.retention.aids,.the.efficiency.of.retaining.fine.particles.in.the.paper.
can.be.improved..Not.only.does.this.help.to.minimize.wasted.materials,.but. it.also.helps.paper-
makers.to.avoid.significant.discharges.of.waterborne.substances.as.liquid.effluent..An.optimized.
wet-end. chemistry.program. can. also. achieve. higher. rates. of.water. removal,.which.often. allows.
papermakers.to.speed.up.the.process..On.the.other.hand,.papermakers.are.able.to.differentiate.a.
paper.product.in.terms.of.its.appearance,.resistance.to.fluids,.strength.properties,.and.myriad.other.
attributes.that.are.needed.by.specific.customers..The.latter.changes.are.brought.about.by.various.
“functional.additives,”.which.can.include.dyes,.sizing.agents,.starch,.and.various.wet-strength.addi-
tives..This.book.does.a.particularly.good.job.at.describing.the.options.that.papermakers.have.with.
respect.to.strength-contributing.additives.

The.subject.of.“wet.strength,”.which.is.treated.in.detail.by.the.authors.in.Chapters.4.and.5,.is.a.
delightful.paradox..As.the.authors.themselves.note.throughout.the.book,.paper.can.be.defined.as.
a.hydrogen-bonded.material..As.such,.one.of.its.great.positive.features.is.that.ordinarily.it.can.be.
made.to.come.apart.just.by.making.it.thoroughly.wet..The.practice.of.paper.recycling.depends.on.
this.attribute..But.there.are.specific.applications.in.which.paper’s.inherent.nature.has.to.be.turned.
on.its.head..Rather.than.just.relying.on.the.hydrogen.bonds,.such.bonds.need.to.be.supplemented..
How.often,.in.your.experience,.has.one.or.more.bills.or.your.own.paper.money.passed.through.your.
own.washing.machine?.The.fact.that.it.still.was.undamaged.after.such.treatment.was.no.accident..
Similarly,.wet-strength.chemical.treatments.are.also.needed.in.order.to.achieve.the.kind.of.proper-
ties.needed.in.tissue.papers..While.some.wet-strength.products.(such.as.dollar.bills).need.to.retain.
their.strength.indefinitely,.those.products.that.are.designed.to.be.flushed,.especially.when.flushed.
into.a.septic.system,.need.to.be.designed.to.fall.apart.a.few.minutes.after.they.have.become.wet..In.
addition.to.such.mundane.concerns,.there.have.been.many.recent.initiatives.to.avoid.certain.toxic.
monomers.associated.with.some.wet-strength.treatments..This.book.is.especially.authoritative.and.
complete.in.its.treatment.of.subjects.related.to.chemical.details.underlying.these.important.issues.

Readers. of. this. textbook. will. appreciate. the. authors’. concern. regarding. sustainability.. Here.
the. authors. help. to. illuminate. a. key. fact:. Whereas.many. sectors. of. industry.have. only. recently.
begun.converting.their.thinking.toward.the.incorporation.of.more.sustainable.practices,.the.paper.
chemicals.industry.can.trace.its.involvement.in.such.practices.at.least.back.to.the.first.major.indus-
trial.wet-end.additive—in.a.sense.the.first.“modern”.papermaking.chemical—back.in.1807..That.
was.the.year.in.which.the.rosin-alum.system.for.internal.sizing.of.paper.was.patented..Rosin.is.a.
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xii Foreword

by-product.of.the.production.of.paper.pulp..Instead.of.getting.rid.of.rosin.as.a.waste.product,.the.
industry.instead.transformed.it.into.a.useful.additive—helping.the.paper.to.resist.water,.inks,.and.
other.fluids..To.this.day.there.are.many.important.additives.in.the.papermaking.process.that.are.
based.on.renewable,.photosynthetic.source.materials.

Open.a.page.of. this.book.at. random.and.you.are.more. likely. than.not. to.encounter.carefully.
selected.and.redrawn.chemical.formulae.and.reaction.paths,.illuminating.many.of.the.most.promis-
ing.strategies.for.the.use.of.chemicals.in.a.papermaking.process..Too.many.authors.have.shied.away.
from.such.a.graphic.and.explicit.approach.to.explaining.important.concepts.underlying.chemical.
technology..Though.the.detailed.chemistry.of.various.copolymers.may.not.be.every.reader’s.“cup.of.
tea,”.one.needs.to.bear.in.mind.that.a.book.without.such.effective.chemical.notations.and.reaction.
schemes.would.require.a.great.many.more.words—and.probably.achieve. less.clarity.and.utility..
And.this.is.a.book.that.is.clearly.intended.to.be.useful..The.extensive.literature.references.can.also.
serve.as.a.starting.point.for.those.readers.who.wish.to.pursue.related.research.in.new.and.interest-
ing.directions.

Martin Hubbe
Department of Forest Biomaterials

North Carolina State University, Raleigh, North Carolina
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HPLC. High-performance.liquid.chromatography
HST. Hercules.sizing.test
MF. Melamine.formaldehyde.resins
MFFT. Minimum.film.formation.temperature
MMA. Methyl.methacrylate
NMR. Nuclear.magnetic.resonance
PAA. Polyamidoamine
PAAm. Polyacrylamide
PAC. Polyaluminum.chloride
PAE. Polyaminoamine.epichlorohydrin.polymer
PEG. Polyethylene.glycol
PEI. Polyethylene.imine
PEO. Polyethylene.oxide
PPG. Polypropylene.glycol
PVA. Polyvinyl.alcohol
PVSK. Polyvinyl.sulfonate,.potassium.salt
RBA. Relative.bonded.area
SAE. Styrene.acrylic.ester
SBR. Styrene-butadiene.rubber
SEC. Size.exclusion.chromatography
SMA. Styrene.maleic.anhydride.copolymer
TAPPI. Technical.Association.for.Pulp.and.Paper.Industries
TEMPO. 2,2,6,6-Tetramethylpiperidine-1-oxyl
THF. Tetrahydrofuran
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TWSR. Temporary.wet-strength.resins
UF. Urea.formaldehyde.resins
WL. Waterleaf
WSR. Wet.strength.resin
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1 Introduction

We.can.thank.Cai.Lun.in.the.year.105.for.the.earliest.description.of.papermaking.and.we.can.thank.
a.myriad.of. inventors. through.the.millennia.for.moving.this. invention.from.being.produced.one.
piece.at.a.time.to.tens.of.thousands.of.tons.per.hour.globally..As.we.embark.on.the.reuse.of.fiber.
and.the.design.enhancements.of.the.paper,.the.novelty.of.innovating.chemistry.needed.to.attain.the.
properties.required.is.developed.at.an.increasing.rate.

This.first.sheet.of.paper.was.not.intended.for.mass.consumption.but.gave.rise.to.a.process.that.
would.produce.billions.of.tons.of.paper.using.billions.of.tons.of.wood,.which.touches.another.global.
issue:.wood.is.one.of.the.most.important.materials.of.our.time..It.is.a.raw.material.for.many.other.
industries.and.a.balancing.factor.for.climate.

How.we.manage.the.papermaking.process.is.actually.translated.in.how.the.wood.is.protected..
The.general.concept.of.wood.protection.relates.to.other.hot.topics.of.our.time:.sustainability,.renew-
able. materials,. green. chemistry,. recycling. processes,. environmental. protection,. the. marriage. of.
synthetic.and.natural.products,.etc.

Paper.is.a.“hydrogen-bond-dominated.solid”.[1].(Figure.1.1),.a.random.network.of.natural.cel-
lulosic.fibers.[2,3],.a.complex.composite.[4],.with.an.average.composition.(all.paper.grades).of.89%.
fiber,.8%.filler,.and.3%.paper.chemicals.(performance.and.process.chemicals).[5–7].

Performance.paper.chemicals.impart.various.physical.attributes.and.make.the.difference.between.
paper.expected.to.last.for.centuries.and.paper.discarded.within.a.matter.of.days.[8]..The.chemical.
compounds.can.provide.high.wet.strength.(paper.towel).or.easy.disintegration.in.water.(toilet.paper),.
high.graphic.or.poor.printing.quality,.degree.of.repulpability,.easy.penetration.by.water-based.liq-
uids,.or.perfect.containers.for.milk.

The.main.trends.in.the.papermaking.industry.are.[9]:.balance.of.expensive.virgin.fibers.with.
lower.secondary.cost.(de-inked).fibers,.more.filler.and/or.pigments,.lower.grammage.(basis.weight),.
lower.density.[10],.and.higher.speed..These.trends.will.lead.to.increased.paper.chemical.consump-
tion.[11]:.in.the.United.States,.the.forecast.is.to.advance.with.1.0%.annually.to.19.8.million.tons.in.
2011.[12].with.specialty.additives.showing.the.most.rapid.growth.[13].

The.structure.of.paper.chemicals.must.accommodate.not.only.the.diversity.of.demands.for.paper.
quality. but. also. the. papermaking. process.. Paper. chemicals. must. not. react. unintentionally. with.
water.and.must.be.adsorbed.on.the.cellulose.fiber.in.the.presence.of.water..The.interactions.between.
chemicals.and.cellulose.(solubilization,.adsorption,.chemical.reactions).must.take.place.in.the.tem-
perature.ranges.from.20°C.to.about.105°C.and.moisture.from.99.5%.to.5%..Thus,.it.is.obvious.that.
there.are.no.two.papermaking.systems.alike.and.there.is.no.paper.chemical.that.serves.all.functions.
and.performs.under.every.set.of.conditions.[14].

There.are.specific.types.of.paper.chemicals.for.each.particular.paper.property.that.needs.to.be.
improved..Since.the.average.content.of.chemicals.(excluding.fillers).in.paper.is.less.than.3%.by.mass.
(including.starch.[5]),.each.chemical.with.a.specialized.job.is.used.in.a.much.lower.concentration..
Organic.chemistry.(especially.polymer.science).is.able.to.offer.the.diversity.of.chemical.composi-
tions.to.accommodate.the.diversity.of.paper.grades..Paper.chemistry.is.developed.by.keeping.in.
mind.not.only.the.paper.performances.and.costs,.but.also.the.wood.preservation.and.the.environ-
ment.protection..Thus,.paper.additives.have.recently.become.more.significant.[15].

The.organic.chemistry.of.paper.chemicals.must.be.seen.as.parts.of. the.papermaking.process.
where.chemical.engineering,.colloid.and.surface.science,.and.materials.science.must.also.be.con-
sidered.[8]..The.manipulation.of.the.paper.chemical.composition,.within.the.papermaking.process,.
using.organic.chemistry.is.the.background.of.this.book.
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To.review. the. literature.published. in. this.area. is.a.challenging. task,.because. the.volume.and.
diversity.of.the.published.data.are.describing.the.infancy.of.paper.chemistry..Due.to.the.lack.of.
information,.several.theories.have.been.put.forward,.for.which.the.balance.pro–against.is.still.unde-
cided..Moreover,.it.is.a.great.disparity.between.those.who.work.in.applications.and.who.publish.
patents.and.those.working.in.academia.who.publish.scientific.articles.and.reviews.[16,17]..Seldom.
is.a.patent.referenced.in.these.articles..There.appear.to.be.two.different.worlds.with.different.tools,.
different.targets,.and.a.different.sense.of.urgency..Sometimes.these.worlds.are.disconnected.

The.authors.believe.that.the.addition.of.the.patent.literature.can.consolidate.and.enrich.the.pic-
ture.about.the.papermaking.process..Moreover,.patent.information.is.incorporated.in.the.structure.
information.provided.by.the.academic.environment..The.target.is.to.make.an.articulate.and.compre-
hensive.inventory.of.ideas.concerning.the.papermaking.process..The.general.review.on.the.infor-
mation.about.making.paper.was.enlarged.and.assembled.by.using.the.challenging.scheme.and.the.
creative.distraction.tool.[18]..The.graphs.are.converted.to.the.SI.units.according.to.the.conversion.
factors.approved.by.the.Steering.committee.of.the.Process.Product.and.Product.Quality.Division—
TAPPI.[19].

This.book.is.focused.on.the.structures.of.paper.chemicals.and.their.significance.in.the.paper-
making.process:.the.interactions.with.cellulose,.the.type.of.organization.on.the.cellulose.surface.or.
in.the.inter-fiber.area..It.is.an.attempt.to.connect.the.local.microstructure.to.the.macro-properties.
of.paper.

We.focused.on.the.chemistry.behind.each.application,.on.what.has.been.done,.and.on.what.can.
be.done..If.we.can.control.the.chemistry,.the.application.step.will.look.much.easier..The.chemist’s.
point.of.view.is.moderated.by.the.application.demands,.whereby.a.spectacular.opening.from.the.
chemistry.side.should.be.balanced.by.the.reality.of.the.application.

The.miraculous.effectiveness.of.chemicals.at.very.low.concentrations.is.a.fascinating.topic.in.
paper. chemistry..A.magical. paper. chemical,. able. to. improve. each. and. every.property,. does.not.
exist!.However,.there.is.a.world.of.innovation.in.the.papermaking.process..Now,.for.the.first.time,.

FIGURE 1.1 Paper.structure.by.electronic.microscopy.(magnification.×35.and.×80.in.red.frame).
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3Introduction

the.inventions.concerning.paper.chemistry.are.put.together.in.this.book..Thus,.a.new.foundation.is.
laid.for.a.fresh,.new.start.
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2 From Wood to Paper
A General View of the 
Papermaking Process

Wood,. the. material. paper. is. made. of,. is. a. heterogeneous. material. in. both. the. chemical. and.
physical.sense.of.the.term:.it.incorporates.different.chemical.compounds.distributed.in.separate.
phases.[1].

The. papermaking. process. deals. with. the. heterogeneous. wood. structure. and. with. water. as. a.
continuous.phase.of.a.heterogeneous.system..Water,.the.“active”.component,.is.further.involved.in.
many.chemical.and/or.physical.processes.during.papermaking,.and.it.is.retained.as.moisture.in.the.
final.paper.

In.this.heterogeneous.system,.chemical.reactions.and.physical.processes.take.place.at.the.same.
time:.covalent.bond.(ester,.imid,.hemiacetal,.etc.),.hydrogen.bond,.and.ionic.bond.formations.occur.
simultaneously.with.adsorption,.solubilization,.precipitation,.filtration,.diffusion,.evaporation,.and.
changes.of.the.surface.tension.

Macromolecular.compounds.are.always.present,.and.their.behavior.in.solution,.or.at.the.inter-
face,. their. interactions.with. the.small.molecule,.and. their.chemical. reactions.are.critical. for. the.
papermaking.process.

2.1  FRom thE PaPyrus ERA to modERn tImEs: 
A BRIEF hIstoRy oF mAkInG PAPER

The. word. paper. itself. comes. from. the. name. of. the. papyrus. plant,. which. in. ancient. times. was.
prevalent.along.the.Nile.River.in.Egypt..Papyruses,.made.from.thin.slices.of.this.plant,.are.pressed,.
dried,.and.then.used.as.a.substrate.for.the.written.word,. in.a.process.that.preserves.the.original.
distribution.of.cellulose.fibers,.and.which.came.to.be.around.two.and.a.half.millennia.prior.to.the.
discovery.of.paper.

The. invention. of. paper. is. undoubtedly. the. most. important. invention. of. mankind. during. the.
first.millennium..Since.paper.production.spread.all.over.the.world,.the.contribution.to.novelty.has.
crossed.all.borders.

Nearly.2000.years.ago,. the.official. imperial. court. records.made.note.of. the. invention.pre-
sented.to.the.Chinese.emperor.by.Cai.Lun.(AD.105)..It.concerned.a.pulping.mulberry.bark.and.
created.a.fiber.suspension.that,.after.filtration,.became.the.very.first.piece.of.paper.ever.made..
None.of.the.new.randomly.distributed.cellulose.fibers.retained.the.same.neighbor.from.the.origi-
nal.material.[2–5].

Although,.the.earliest.sheets.of.paper.were.not.intended.for.mass.consumption,.it.gave.rise.to.
a.process.that.would.produce.billions.of.tons.of.paper.over.the.course.of.the.next.two.millennia..
Papermaking.made.its.way.to.Korea,.Japan,.and.the.Middle.East.between.AD.600.and.800..The.
Chinese.exported.this.technology.to.Baghdad.in.793..These.early.papers.were.untreated.with.any.
chemistry.and.remained.so.until.the.eighth.century.when.the.Chinese.began.utilizing.a.tub-sizing.
agent.derived.from.flour.starch.

From. the. Middle. East,. the. papermaking. process. spread. to. Egypt. (around. AD. 900),. then. to.
Morocco,.and.in.1150.reached.Spain..In.Europe,.the.papermaking.process.was.spread.toward.North.
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and.East:.France. (1157),. Italy. (1276),.Germany. (1390),.Poland. (1491),.Great.Britain. (1495),. and.
Russia.(1576)..In.the.United.States,.the.first.paper.mill.was.erected.in.1690.(Germanstown,.PA).

Only.from.the.mid-nineteenth.century.on.was.wood.considered.as.a.raw.material.for.papermak-
ing..Pulping,.the.separation.of.cellulose.from.wood,.has.a.short.but.vigorous.history:.countless.new.
technologies.were.developed. in.a.very.short.period.of. time..Soda.pulping.was. invented.by.Watt.
and.Burgess.in.1853.(Brit.1942).[6]..The.first.patent.on.sulfite.pulping.was.granted.to.Benjamin.
Tilghman. (US.70,485/1867). [7].. In.1889,. the.German.chemist.Carl.F..Dahl. invented. the. sulfate.
pulping.process.(Kraft).by.using.the.sodium.sulfate.cake.available.as.a.by-product.from.the.manu-
facture.of.hydrochloric.acid.[8].

The.use.of.paper.has.touched.different.areas.of.everyday.life..To.address.the.diversity.of.applica-
tions,.paper.needs.more.ingredients.along.with.cellulose.fibers.

The.common.perception.is.that.the.development.of.paper.technology.was.targeting.a.material.for.
the.written.records..Papermaking.technologies.continued.to.evolve:.a.more.effective.gelatin.sizing.
technology.was.used.in.Italy.in.1337..It.was.a.finishing.technique.that.produced.paper.with.a.tough,.
opaque.surface,.well.suited.to.the.use.of.the.quill.pen,.but.which.deteriorated.quickly.in.hot.weather..
Around.the.sixteenth.century,.alum.was.added.to.control.bacterial.growth.and.mold.

However,.there.are.many.other.uses.for.that.new.material:.balloons,.mats,.toilet.paper,.clothing,.
fireworks,.lanterns,.etc..[9]..Paper.sacks.were.first.referenced.in.1630,.but.the.use.of.the.grocery.sack.
produced.from.paper.became.popular.in.the.eighteenth.century..The.paper.bag.as.we.know.it.today.
was.designed.and.produced.by.Margaret.Knight.who.founded. the.Paper.Bag.Company. in.1870..
Luther.Crowell.also.patented.a.machine.to.produce.a.square.bottom.bag.in.1872..The.cardboard.
box.was.invented.in.1870.by.the.American.Robert.Gair..This.type.of.invention.took.flight.as.patents.
were.filed.by.Albert.James.for.a.corrugated.paper.used.to.ship.glass.goods.and.shortly.after.Oliver.
Long.patented.a.lined.corrugated.cardboard.[10].

The.first.patent.was.granted.to.S..Hooper.(British.Patent.nr..1632.in.late.eighteenth.century).in.
the.modern.era.for.using.fillers.in.the.papermaking.process.(cited.by.Beazley).[11].

Toward.the.end.of.the.eighteenth.century,.casein.sizing.was.used.in.Germany,.where.in.1807.
Moritz.Friedrich.Illig.developed.a.practical.method.of.adding.rosin.size.and.alum.at.the.wet.end..
This.new.technology.opened.the.era.of.what.we.now.call.the.“wet.end.chemistry”;.with.a.particu-
larly.interesting.idea:.chemicals.separated.from.cellulose.during.pulping.are.now.returning.next.to.
the.fibers..This.new.concept.was.taken.over.and.other.chemicals,.obtained.during.wood.process-
ing,.were.introduced.in.the.papermaking.process:.modified.rosin,.lignin.[12],.and.hemicellulose.

As.sciences.developed,.and.cultural.exchanges.involved.a.greater.need.for.communication.and.
record.keeping,.the.demands.on.paper.as.a.substrate.of.information.became.greater.as.became.the.
need.for.different.paper. types.and.properties.. In.1838.Charles.Fenerty.of.Halifax.made.the.first.
newsprint,.using.ground.wood.as.a.fiber.source,.after.he.was.unable.to.supply.a.local.paper.mill.
with.enough.rags.for.paper.production..He.failed.to.patent.this.invention,.which.was.later.patented.
by.others.[13].

Since.the.hydrophilic.nature.of.the.paper.should.be.protected.against.water,.in.1886.the.articles.
made.of.paper.were.water-proof.after.they.were.coated.with.a.paraffin.wax.layer.[14].

As.the.world.of.single-use.products.was.evolving,.the.invention.of.the.paper.plate.came.about.in.
1904..Disposable.paper.cups.were.first.introduced.in.1908.by.Hugh.Moore.who.owned.a.paper.cup.
factory.that.happened.to.be.located.next.to.the.Dixie.Doll.Company..Permission.was.granted.by.the.
Dixie.Doll.Company.for.the.marketing.of.the.cup..Prior.these.cups.were.marketed.as.health.cups.
around.water.fountains.and.for.hospital.use.

Regardless.of.the.important.progress.made.over.the.centuries.and.the.development.of.modern.
papermaking.technologies,.physical.processes.were.its.dominant.part:.the.major.properties.of.paper.
were.obtained. in.a.beater. [15]..Only. in. the. twentieth.century.did.paper.chemicals.and.chemists.
became.key.factors.in.the.papermaking.process.

Technological. developments. in. the. papermaking. industry. were. accompanied. by. the. paral-
lel.evolution.of.organic.and.colloidal.chemistry:.chemically.modified.starches,.newly.developed.
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small.molecules.(i.e.,.hydrophobic.compounds),.new.(co)polymers.(anionic,.cationic,.low.and.high.
molecular. weights),. water-soluble. compounds. or. dispersions.. The. importance. of. the. hydrogen.
bonding.for.paper.strength.and.for.the.entire.papermaking.domain.waiting.for.new.paper.chemi-
cals.was.suggested.in.1949.[16]..Some.authors.have.seen.paper.as.a.“hydrogen-bonded.solid”.[17].

A.strong.interest.in.improving.the.paper.wet.strength.by.adding.a.resin.“to.glue”.the.point.of.
contact.between.cellulose.fibers.[18–21].is.noticed.from.the.1930s..The.first.synthetic.material.used.
as.a.wet-strength.resin.was.a.urea-formaldehyde.compound..Melamine-formaldehyde.resins.(MFR).
(cationic).are.introduced.only.in.1943.[22].

Rosin. dispersions. with. casein. (Wieger,. 1932). are. more. substantive. to. cellulose. fibers. and.
the. alum. usage. in. paper. mills. started. declining.. The. reactive. sizing. has. developed. since. 1935.
(Nathansohn,.US.1,996,707).[23].when.a.fatty.acid.anhydride.(a.precursor.of.ASA).was.patented.
as.sizing.agent.

Carothers. synthesized. (1939). [24]. the.water-soluble.polyamidoamine. that.will.make.a. strong.
impact.on.the.papermaking.process.around.1960,.when.the.new.wet-strength.resins.were.developed.
(alkaline.currying,.without.formaldehyde).

A.“dual.system”.as.wet-strength.resin.is.suggested.by.Maxwell.in.1946.[25].as.a.blend.of.anionic.
urea-formaldehyde.resin.(UFR).and.cationic.MFR.

AKD.as.sizing.agent.for.paper.(Keim,.Thompson.and.separately.Downey,.all.with.Hercules).is.
mentioned.for.the.first.time.in.two.patent.applications.filled.the.same.day.of.October.6,.1949..In.
1957,.Hercules.offered.AKD.emulsion.“Aquapel”.[26].

Polyamidoamine–epichlorohydrin.wet-strength.resins.are.developed.by.Keim.with.patent.appli-
cation.filed.in.1957.and.1959,.respectively.(Hercules,.US.2,926,154.and.US.2,926,116.both.granted.
in.1960)..In.1957,.the.first.wet-strength.resin.based.on.the.polyaminoamine.epichlorohydrin.(PAE).
polymer.was.introduced.on.the.market.under.the.trade.name.KYMENE.[27]..The.first.patent.on.
glyoxalated.polyacrylamide.as.a.temporary.wet-strength.resin.was.granted.in.1971.to.Coscia.and.
Williams.[28].

The.existence.of.the.wet-strength.resin.and.sizing.agents.effective.in.neutral.or.alkaline.pH.open.
a.new.era.in.papermaking..Since.the.early.1970s,.there.has.been.a.rapid.process.to.convert.paper-
making.from.operating.in.acid.pH.(and.alum.chemistry).to.neutral.or.even.slightly.alkaline.pH.[29],.
involving.a.tremendous.effort.for.paper.chemical.usage.[30].

Knowledge.about.the.papermaking.process.was.consolidated.over.the.years.by.publications.as.
the.monumental.work.of.Casey.[31],.or.critical.additions.on.paper.chemistry.by.Roberts,.Eklund,.
Lindstrom,.Au,.Thorn,.Scott,.or.Neimo.[29,32–35]..Last.but.not.least,.the.noteworthy.effort.made.
by.the.TAPPI.organization.to.publish.monographies.on.different.topics.related.to.paper.chemistry.
and.the.papermaking.process.[36–40].should.be.mentioned.

2.2 PUlP: thE sUPPoRt FoR PAPER chEmIcAls

Cellulose.fibers.are.recovered.from.wood.through.a.process.called.pulping..During.wood.extraction.
with.water,.only.<5%.of.soluble.material.goes.into.the.water.phase.(as.in.thermo–mechanical.pulp)..
The.wood.cell.wall.has.a.heterogeneous.structure.and.consists.primarily.of.three.polymeric.mate-
rials:.cellulose.(42%–45%),.hemicellulose.(27%–30%),.and.lignin.(20%–28%).[41]..Fibers.within.
wood.are.glued.together.with.a.natural.phenolic.resin,.lignin.[3,42].

Cellulose. is. composed.of. linear. and.parallel.macromolecules. (β-d-glucopyranosyl.units.with.
(1-4)-β-d-linkage),. which. are. very. tightly. packed. (crystallite). due. to. inter-. and. intramolecular.
hydrogen.bonds.[43,44]..Cellulose.is.not.soluble.in.water.and.the.intermolecular.hydrogen.bonding.
reduces.water.access.to.its.functional.groups.[45].

Cellulose.fibers.do.not. lose. their. integrity. in.water..Because.cellulose. is.highly.crystalline,.
only.certain.specialized.solvents.can.put. it. into.solution.without.chemically.degrading.it. [46]..
Polyamines. make. a. complex. with. cellulose. [47–51]. but. they. cannot. bring. it. into. solution.. In.
order.to.dissolve.cellulose,.unusual.solvents.(aqueous.solvents:.ethylene.diamine.in.water.with.
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8 Chemistry of Modern Papermaking

cadmium. hydroxide. [52],. lithium. chloride/N,N-dimethyl. acetamide. [46,53],. cuprammonium.
hydroxide,.iron-sodium.tartrate.[44]),.organic.solvents.[54–56],.or.ionic.liquids.[57].are.required.

Cellulose.fibers.need.to.be.separated.from.the.wood.structure.by.selective.extraction,.which.is.the.
core.of.the.pulping.process..The.pulping.process.is.based.on.the.difference.in.reactivity.of.the.wood.
component.toward.the.chemical.compounds..In.order.to.preserve.the.valuable.component—the.cel-
lulose.fibers—the.pulping.process.is.an.extraction.of.lignin.derivatives.and.soluble.polysaccharide.

Selective. extraction.with. a. solvent. (“organosolv.pulping”. [58].or. “ester. pulping”. [59,60]). can.
dissolve. lignin.and.hemicellulose..The.most.common.organic.solvent. is.ethanol. [61–63].and. the.
pulping.process.is.faster.in.the.presence.of.an.acid.[64]..Only.0.34%.residual.lignin.remains.after.
extraction.with.monoethanol.amine.at.180°C.[65–67].or.ethylenediamine–sodium.sulfide.[68]..The.
extraction.can.be.performed.simultaneously.with.a.grafting.reaction.in.the.presence.of.vinyl.mono-
mers.(styrene,.acrylonitrile).[69]..However,.the.volatile,.flammable,.and.harmful.organic.solvents.
are.still.considered.dangerous.for.the.papermaking.process.

Lignin.has.a.phenolic.structure.with.weaker.covalent.bonds,.while.hemicellulose,.due.to.its.amor-
phous. structure,. shows. a. higher. reactivity. toward. water-soluble. compounds.. For. instance,. hemi-
celluloses.are.preferentially.etherified.or.esterified.in.the.presence.of.cellulose.[70]..On.the.other.
hand,.lignin.reacts.with.formaldehyde.and.amines.[71–74].or.polyamine.[75–77].(Mannich.reaction),.
epoxides,. ethyleneimine,. thimethylolmelamine. [77–79],. diepoxides. [73,75,80–81].. Most. of. those.
compounds.are.water.soluble.because.more.hydrophilic.groups.are.attached.to.lignin.(quaternary.
ammonium.salt.[82],.hydroxyl,.amine,.etc.)..Those.reactions.support.the.concept.of.the.selective.reac-
tion.of.lignin.and.hemicellulose.and.their.migration.into.water,.which.separates.them.from.cellulose.

In.order.to.extract.the.undesired.material,.the.pulping.process.involves.chemical.reactions.able.to.
make.those.macromolecular.compounds.soluble.in.water..A.large.molecule.becomes.water.soluble.
when. the. molecular. weight. is. reduced. (fragmentation). simultaneously. with. the. addition. of. new.
hydrophilic.groups.and.the.transformation.of.the.acid.groups.into.their.corresponding.salts..Due.to.
chemical.reactions.and.extractions.[83],.pulping.can.be.seen.as.a.simplifying.process:.pulp.(“water-
swollen.gel”.[84]).is.a.material.less.complex.than.wood.

Wood,.which.is.subjected.to.the.pulping.process,.is.different.from.one.area.to.the.other,.from.
one.season.to. the.other:. the.southern.pine.fibers.have.poor.performance.characteristics.[85].and.
therefore.requires.a.special.treatment.with.paper.chemicals..A.large.variability.in.extractions.and.
chemical.interactions.is.also.recorded.during.the.pulping.process.

Three.are.four.different.kinds.of.wood.pulp:.mechanical,.sulfite,.sulfate.(or.Kraft),.and.soda.pulp..
Mechanical.pulp.contains.substantially.all.of.the.wood.except.the.bark.and.what.is.lost.during.stor-
age.and.transportation..That.is.the.reason.for.a.different.interaction.between.the.mechanical.pulp.
and.paper.chemicals.[86].and.for.a.higher.cationic.demand.[87].

Chemical.pulps. are,.more.or. less,.pure.cellulose:.noncellulosic. components.of.wood.are.dis-
solved.away.by.the.treatment.[42]..However,.the.pulping.process.is.performed.“at.equilibrium,”.and,.
therefore,.the.reaction.yield.(far.from.100%).and.the.extraction.yield.(the.pulping.yield).depend.on.
the.phase.ratio.(wood/water),.time,.temperature,.etc.,.thus.the.pulp.will.contain.residual.lignin.and.
hemicellulose.(both.with.a.partially.modified.structure)..About.3%.lignin.remains.in.the.bleached.
softwood.Kraft.pulp.and.about.38%.in.the.thermo–mechanical.pulp.[88]..A.pulping.process.in.two.
steps.with.a.pretreatment.seems.to.be.more.flexible.and.more.effective.[89].

The.pulping.process.involves.high.temperatures,.high.pressure,.and.chemical.compounds..Water.
as.a.plasticizer.(to.reduce.the.Tg),.high.temperatures.of.120°C–130°C,.and.corresponding.pressure.
are. the. regular.conditions.helping. to. free.cellulose.fibers..The.chemical.compounds.are. sodium.
hydroxide,.sodium.sulfite.or.sodium.sulfide.(S2−),.or.bleaching.agents.like.sodium.hypochlorite.

Wood.pulping.must.prevent.not.only.the.degradation.of.valuable.material.(cellulose.fibers),.but.
also.reduce.the.environmental.issues..During.wood.pulping,.an.“unintentional.chemical.modi-
fication”.of.the.cellulose.may.take.place.(mainly.hydrolysis.and.oxidation).[90–93]..Selectivity.
is. not. always. good:. oxidants. (such. as. peracetic. acid. and. chlorine. dioxide. [94]). may. oxidize.
indiscriminately. all. the. wood. components.. Anthraquinone. [92,95,96],. methylanthraquinone.
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9From Wood to Paper

[97].anthraquinone.monosulfonic.acid.[99],.and.hydroquinone.compounds.[98].are.stabilizers.
for.cellulosic.compound.and.increase.the.pulp.yield.

The.changes.in.the.composition.and.chemical.structure.of.cellulose.fibers.should.be.taken.into.
account.when. interaction.with.paper. chemicals. is. considered..The.fiber.porosity.decreases.with.
increasing.the.pulping.yield.[100].and.the.fiber.swelling.wall.increases.with.the.number.of.carbox-
ylic.groups.[101,102].

The.characteristics.of.the.fiber.surface,.the.ratio.between.crystalline.and.amorphous.cellulose,.
the.number.of.carboxylic.groups.[103],.and.the.amount.of.residual.lignin.or.hemicellulose.are.set.
during.the.pulping.process.and.will.have.an.important.impact.on.the.paper.chemicals.adsorption.at.
the.wet.end..That.is.why.the.interaction.between.pulp.and.paper.chemicals.is.very.different.from.
one.type.of.pulp.to.the.other.[104].

Pulp.properties.can.be.altered.by.adding.recycled.paper.[105]..In.order.to.clean.recycled.fibers,.
old.paper.chemicals.should.be.processed.[106].(see.Section.5.6).

2.2.1  Sulfite PulPing

The. sulfite. pulping. process. [107]. is. performed. on. a. wide. pH. range:. from. about. pH.=.2. to. over.
pH.=.10..Most.procedures.are.used.in.acidic.pH..The.morphology.of.fiber.and.lignin.distribution.(on.
fines.and.fibers).depend.on.the.pulping.yield.[108].

Lignin.has.a.very.complex.macromolecular.structure.with.different.substituted.phenol.units.and.
many.branches.(Mw.about.20,000)..It. is.easy.to.see.the.potential.hydrophilic.part.of.the.molecule.
(II)1:.that.there.are.many.hydroxyl.groups.(in.blue),.which.can.be.involved.in.hydrogen.bonding.[109].
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The.number.of.free.phenolic.hydroxyl.(in.red,.(II)2).is.about.25.at.100.phenolic.units.
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10 Chemistry of Modern Papermaking

and.few.carboxylic.groups.(in.green,.(II)3).[110,111].
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The.weak.bond.in.the.lignin.structure.is.the.ether.linkage.(especially.that.connected.to.a.ben-
zylic.carbon)..As.a.result,.the.sulfonic.group.is.attached.to.in.the.side.chain.and.not.to.the.aromatic.
ring.[112].

Phenolic.and.carboxyl.groups.are.acids.and.can.be.neutralized.with.caustic.(or.any.other.base)..
The.sodium.salt.of.lignin.is.supposed.to.be.more.soluble.in.water.and.the.pulping.process.is.facili-
tated.based.on.solubility..During.the.sulfite.pulping.process.[113],.macromolecule.fragmentation.
takes.place.along.with.the.addition.of.hydrophilic.groups.(II)4:
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and.a.reaction.of.breaking.the.macromolecular.chain.(II)5:
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After.a.cooking. time.of.2.h.at.135°C,. the. lignosulfonate.material.contains.a. large.number.of.
methoxy. groups. and. the. number. of. sulfonic. groups. exceeds. the. number. of. phenolic. hydroxyl.
groups.[114]..In.the.presence.of.formaldehyde,.the.methylol.group.can.be.added.to.the.phenolic.
structure.[115].

All.these.reactions.are.performed.at.high.temperatures.[7].where.their.selectivity.is.lower..The.
partly.converted.lignin.remains.in.pulp.and.will.be.carried.to.the.paper.formation.stage..The.sul-
fonic.groups.were.identified.in.the.sulfite.pulp.and.estimated.to.be.in.higher.concentration.than.the.
carboxylic.groups.[116].
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11From Wood to Paper

The.glycosidic.bond.of.hemicellulose.is.easily.cleaved.by.acids.and.de-polymerization.cannot.
be.avoided..Degraded.hemicellulose.dissolves.in.cooking.liquor.and.its.hydrolysis.is.accelerated..
Generally,.no.cellulose.is.lost.in.the.acid.sulfite.process.

2.2.2  Sulfate PulPing (KRaft)

Acid. sulfite.pulping.was. replaced.by.alkaline.pulping. (sodium.hydroxide.and. sodium.sulfide.or.
polysulfide.[117])..The.dissolution.of.lignin.from.wood.under.KRAFT.cooking.includes.the.frag-
mentation.of.lignin.macromolecules,.the.solubilization.of.the.fragments,.and.the.restricted.migra-
tion.of.those.fragments.through.the.fiber.wall.[118]..Basically,.the.same.concept.of.macromolecule.
fragmentation.and.hydrophilic.group.addition.[113].is.also.valid.for.this.procedure..The.polysac-
charides.depolymerization.(peeling).increases.the.dissolved.carbohydrate.in.alkaline.pH.[119]..The.
oxidation.process.of.the.end.groups.is.accelerated.by.the.presence.of.oxygen.[92]..Lignin.undergoes.
several.different.reactions..The.β-ether.bond.is.broken.(II)6:
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and.a.condensation.is.also.possible.(II)7:
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Kraft.lignin.contains.a.more.hydrophilic,.soluble.fraction,.and.a.more.hydrophobic.dispersion.of.
microgel.particles.swollen.in.water.[120]..The.presence.of.an.organic.solvent.(ethanol.or.ethylene.
glycol).[121–123].helps.the.extraction.of.the.modified.lignin..The.maximum.extraction.is.a.function.
of.pH.

The. carbon–carbon. double. bond. located. in. the. α-position. of. the. aromatic. cycle. and. in. the.
para-position.related.to.the.phenolic.functionality.opens.the.possibility.of.making.structures.with.
extended.conjugation,.which.are.responsible.for.the.dark.color.of.the.black.liquor.[112]..The.stability.
of.lignin.fragments.depends.on.pH,.electrolyte.concentration,.and.temperature.

Pulping,.defibration,.and.refining.of.coarse.pulps.are.wet.processes:.water.is.always.present.and.
cellulose.fibers.are.swollen.in.water..Lignin.fragments.can.precipitate,.be.adsorbed.on.the.cellulose.
fibers.[118],.and.form.complexes.with.transitional.metals.like.iron.[124]..Lignin.and.hemicellulose.
fragments.help.the.swelling.process.of.cellulose.fibers..The.swollen.fiber.will.interact.with.bleach-
ing.chemicals.in.the.next.step.of.pulp.preparation.
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2.2.3  the Bleaching PRoceSS

Due.to.residual.lignin,.the.bleaching.process.is.intended.to.enhance.the.delignification.and.decolor-
ize.pulp.[125]..Hypochlorite.(chlorine.in.alkaline.pH).can.make.substitution.reactions.in.the.phenol.
ring,.addition.reactions.at.the.aliphatic.double.bonds,.and.oxidation.reactions.

During.bleaching,. residual. lignin.undergoes.a.new.fragmentation.and.new.carboxylic.groups.
are.attached.to.those.smaller.molecules..Colored.fragments.lose.their.color.because.the.extended.
conjugation.systems.are.destroyed.during.the.oxidation.(II)8.
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Cellulose.is.quite.a.reactive.compound.[126]..As.expected,.it.reacts.with.the.bleaching.agents,.
which.results.in.some.oligomeric.sugars.containing.2–7.glucose.moieties,.several.oligomeric.aldonic.
acids,.and.other.monocarboxylic.acids.(glyceric,.glycolic,.and.formic).[127]..It.is.easy.to.understand.
that.modified.cellulose.contains.carboxylic.groups.as.well.[128].(see.polysaccharide.oxidation).

Bleaching.agents.increase.the.content.of.carboxylic.groups.through.direct.oxidation..Carboxylic.
groups.help.fiber.swelling.in.water,.increase.fiber.plasticity.and.specific.strength.[129]..The.topo-
chemistry.of.the.acidic.group.is.also.important.for.their.interaction.with.the.cationic.compounds.
at.the.wet.end..More.carboxylic.groups.can.be.added.by.specific.reactions.[129].(see.Section.2.4)..
In.order.to.provide.more.anionic.functional.groups,.the.fiber.surface.can.be.enriched.with.sulfonyl.
groups.[130–133].by.a.reaction.with.sulfonyl.groups.carriers.(II)9:
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Extracted,. refined,.bleached.fibers.are. still. swollen. in.water.and. ready. to. interact.with.paper.
chemicals..Pulp.dispersion.may.undergo.a.beating.step,.which.increases.the.fines.concentration,.low-
ers.the.freeness.(pulp.holds.more.water),.and.increases.the.sheet.density.and.strength.[15,134,135].

2.2.4  Wet end: Sheet foRmation and White WateR

At.the.end.of.the.pulping.and.bleaching.processes,.the.cellulose.fiber.is.different:.new.functional.
groups.were. added. [136–138],. the. amorphous. regions.were. enlarged. [139]. and. some. lignin. and.
hemicellulose.patches.are.still.present.[140]..Lignin.fragments.can.be.present.in.water.as.well;.an.
unintended.result.of.such.changes.can.include.strongly.anionic.“pitch”.particles.[141].

At.the.wet.end,.pulp.is.dispersed.in.water.and.the.interaction.between.fibers.and.other.chemi-
cals.must.take.place.within.a.temperature.range.of.about.25–55°C,.and.very.low.concentrations..
Preselected. fibers. are. used. for. better. paper. strength. [142].. The. dispersion. of. cellulose. fibers. is.
diluted.in.order.to.prevent.flocculation.(interactions.between.fibers.occur.at.concentrations.of.over.
0.05%.only.[143]).
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Now.an.environment.has.been.created.for.paper.chemicals:.acids.or.urea.sulfate.(or.urea.hydro-
chloride).[144–148].are.used.to.adjust.the.pH.and.inorganic.compounds.or.cellulose.powder.[149].
are.added.as.fillers.

At.the.wet.end,.both.process.and.performance.chemicals.are.added..Process.chemicals.include.
pitch.control.chemicals.(polysiloxane.to.reduce.the.wet.press.picking.[150]),.foam.control.chemicals,.
retention.aid,.etc..Performance.chemicals.enhance.paper.characteristics.(strength,.softness,.hydro-
phobicity,. etc.). [151].. The. interactions. between. cellulose. fibers. and. paper. chemicals. or. between.
different.paper.chemicals.are.critical.at.this.point.[152]..Those.interactions.can.be.manipulated.by.
using.intermediate.chemicals,.such.as.pre-adsorbed.carboxymethyl.cellulose.to.enhance.the.adsorp-
tion.of.other.paper.chemicals.[153].

If.the.pulping.process.simplified.pulp.composition,.starting.at.the.wet.and.finishing.at.the.dry.
end,.paper.chemicals.are.used.in.order.to.make.cellulose.fibers.more.functional.and.more.complex..
These.efforts.are.not.targeted.at.recomposing.the.wood.structure,.but.at.making.a.novel.product:.
paper.

The.paper.sheet.(wet.web).is.formed.on.a.conventional.Fourdrinier.wire,.after.the.well-dispersed.
fiber.is.deposited.upon.the.fine.mesh,.woven.forming.wire..Water.passes.readily.through.the.wire.
because.there.is.relatively.little.resistance.to.the.flow.[154]..Material.that.was.not.caught.on.the.wire.
forms.the.“white.water.”.The.wet.web.contains.random.cellulose.fibers..The.uniformity.of.the.web.
structure.is.identified.through.the.light.transmission.method.[155].

Capillary.forces.(surface.tension).cause.the.fibers.to.get.closer.to.each.other.and.wet.web.strength.
increases.during.drying.[15,156]..Surface.tension.can.be.manipulated.by.adding.a.surfactant.[157]..
At. that.point,. the.fibers.are.swollen. in.water.and.free.water. is.still.present..Paper.chemicals.are.
adsorbed.on.the.fiber.surface..Along.with.the.solubilized.cellulosic.chains.and.hemicellulose.mol-
ecules.form.a.gel-like.layer.[158]..In.the.drying.section,.gel.will.collapse.and.the.final.sheet.proper-
ties.are.set.based.on.hydrogen.bonding.and.polymer.compatibilities.

The.material.in.white.water.can.be.roughly.divided.into.fibers,.fines,.hemicellulose,.lignin.deriv-
atives.[118],.and.un-retained.paper.chemicals.(paper.chemicals.are.rarely.100%.retained:.the.reten-
tion.of.rosin.[159],.or.AKD.[160,161].is.<70%)..Soluble.species.and.colloidal.materials.are.not.able.
to.diffuse.through.the.dialysis.membrane.[162]..Anionic.compounds,.such.as.lignin.derivatives.(se.
above),.fatty.acids,.and.hemicellulose.fragments.are.constituents.of.the.“detrimental.substances”.
[163]..Some.are.nonionic.and.are.also.able.to.interfere.with.paper.chemicals..In.other.words,.the.
so-called.anionic.trash.has.a.wider.meaning.

The.reuse.of.water.multiple.times.within.a.papermaking.operation.is.called.“system.closure”..
The.closing.of.the.white.water.system.has.a.positive.effect.on.the.production.costs.but.a.strong.nega-
tive.effect.on.retention,.sizing,.paper.properties,.and.corrosion.[164]..Unless.white.water.is.purified.
by.treating.with.a.cationic.chemical.(“anionic.trash.catchers”).[165–167],.the.un-retained.chemicals.
are.exposed.to.water.and.high.shear.rate.for.a.longer.time,.which.may.result.in.hydrolysis.(see.the.
by-product.resulting.from.AKD,.ASA,.etc.,.Chapter.7).

2.2.5  PaPeR dRying and finiShing (dRy end)

The.removal.of.water.from.the.fiber.suspension.is.the.main.purpose.of.the.papermaking.process..
Until.the.higher.consistence.technology.(up.to.15%.fibers.in.water.[168]).is.implemented,.the.current.
papermaking.implies.very.low.consistence:.<1%..The.cost.of.water.removal.increases.exponentially.
as.the.web.moves.down.to.the.dryer:.more.than.75%.of.the.cost.of.water.removal.is.in.the.drying.sec-
tion.[169]..Moreover,.the.paper.web.reaches.higher.temperatures.only.in.the.drying.section.where.
several.chemical.reactions.may.take.place.

During. the.drying.step,. the. loss.of.water. (<1%.of.water. is. left. [134]).and. the.development.of.
interfiber.bonding.[170,171].are.accompanied.by.fiber.shrinkage:.small.in.the.longitudinal.direction.
and.large.in.the.transverse.direction..The.average.pore.size.and.the.specific.surface.are.reduced.
with.about.40%.after.drying.[172],.the.amount.of.water.swollen.in.fibers.is.lower.[173,174],.and,.
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therefore,.hydroxyl.groups.are.less.accessible.[45]..Fiber.bonding.and.web.shrinkage.are.quanti-
tatively.related.[175]..After.the.drying.step.(when.the.pore.size.and.distribution.are.dramatically.
changed.[176–178]),.the.surface.is.supposed.to.get.smaller.and.the.adsorbed.chemicals.“relocate”.
accordingly..On.the.dried.fiber,.desorption.is.unlikely.and.the.interactions.of.paper.chemicals.with.
the.cellulose.support.is.critical.for.their.effectiveness.in.the.final.sheet.

Broadly.speaking,.when.cellulose.and.another.compound.(additive).are.blended.together,. it. is.
possible. to.produce. two. types.of.products:.one. in.which. the.continuous.phase. is. cellulosic,. and.
another.in.which.the.continuous.phase.is.the.new.additive.[179]..From.a.papermaker’s.standpoint,.in.
order.to.classify.a.product.as.“paper,”.the.cellulosic.part.should.be.the.continuous.phase.

Paper.sheet.displays.a.large.surface/volume.ratio..The.paper.surface.has.special.functionalities.
and.for.that.reason,.sometimes,.paper.needs.additional.surface.treatment:.sizing.and.coating.

2.3 PAPER stRUctURE And comPosItIon

Paper.structure.depends.on. the.pulping,.web.formation,.and.drying.processes..Thus,.wood.cells.
(pore. size. and.pore. size.distribution. [176]. and. lignocellulosic.gel. [133]). undergo.major. changes.
during.pulping.and.drying.[84,133]..After.the.fiber.selection.[142],.the.speed.and.shake.of.the.wire,.
the.pressure.applied.to.the.calendars,.the.drying.temperature,.and.the.rate.of.drying.have.important.
effects.on.the.paper.structure.[180]..The.fibers.tend.to.collapse.and.become.ribbon.shaped.on.drying.
of.the.sheet,.thus.largely.eliminating.the.lumen.voids..On.pulping,.the.average.un-collapsed.fiber.
width.is.about.30.μ.and.the.average.collapsed.fiber.thickness.is.about.2.5.μm.

Paper.incorporates.cellulose.fibers.with.a.broad.size.distribution.and.those.fibers.are.randomly.
distributed.in.a.three-dimensional.(3D).network.(each.fiber.crosses.about.20–40.other.fibers.[181])..
That.geometric.arrangement.of.cellulose.fibers.shows.interfiber.spaces.or.pores.[182],.which.is.why.
paper.is.considered.as.a.continuous.solid.phase.containing.air.voids.[183]:.the.specific.area.is.of.0.5–
10.m2/g.and.the.voids.represent.25%–70%.of.the.paper.volume.[135,184,185]..The.wood.pulp.con-
tains.about.65%.crystalline.material.[134].with.a.density.of.about.1.6.g/cm3..Due.to.those.voids.and.
despite.the.high.density.of.crystalline.cellulose,.the.apparent.density.of.paper.is.<0.8.g/cm3.[186,187].

Fibers. lie. in. virtually. parallel. lamina. in. the.direction.of. the. thickness. of. the.paper,. but. are.
almost.randomly.oriented.within.the.plane.of.the.sheet..The.voids.within.the.paper.structure.con-
sist.primarily.of.volume.generated.by. the.crossing.of. three.or. four.fibers. to. form. triangular.or.
rectangular.voids..The.mean.radius.of.those.pores.is.about.30–50.μm.[188]..The.breaking.stress.
for.the.machine.direction.is.higher.than.that.for.the.cross-machine.direction.[16].and.therefore.the.
paper.sheet.is.anisotropic.

The.internal.surface.of.the.cellulosic.material.is.about.2.×.103.cm2/g..Paper.structure.is.sensitive.to.
water.[126],.for.instance,.the.internal.surface.of.sulfite.pulp.increases.by.1000.times.(2.7.×.106.cm2/g).
when.the.cell.walls.are.swollen.in.water.[189].and.the.specific.surface.drops.by.2%–11%.when.paper.
is.subjected.to.the.wetting–drying.cycle.[185]..This.is.important.because.the.adsorption.of.paper.
chemicals.at.the.wet.end.is.performed.on.the.swollen.cellulosic.fibers.

When.the.paper.properties.are.evaluated,. its.geometric.structure.should.be.associated.with.
the.chemical.structure.of.cellulose.fibers..Cellulose.fibers.contain.linear.chains.of.polysaccharide.
[43].with.a.large.number.of.inter-.and.intramolecular.hydrogen.bonds..Hemicellulose.comprises.
about.50%.of.the.cell.wall.in.wood.[190].but.much.of.it.becomes.solubilized.during.pulping.and.
bleaching.

Paracrystalline.regions.within.native.cellulose.are.partially.transformed.into.amorphous.regions.
during.pulping.(organic.amines.help.this.process.[49,50])..Kraft.pulp.has.a.greater.proportion.of.
amorphous.cellulose.than.sulfite.pulp.[139].

The.cellulose.fiber.strength.is.governed.by.the.following.important.factors.[187]:.the.cellulose.
degree.of.polymerization.[191],.the.size.of.crystalline.and.amorphous.regions,.the.orientation.of.
macromolecules,.and.the.presence.of.“foreign”.substance.(water,.hemicellulose.[192]),.the.intra-
molecular.and.intermolecular.hydrogen.bonds,.and.the.interchain.van.der.Waals.bonds.
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Several.other.factors.would.need.to.be.added.to.that.list:.the.geometric.dimensions.of.the.fiber.
(the.average.length.and.width,.the.average.fiber.diameter.in.cross.section),.the.average.hydrogen.
bonds,.the.degree.of.fiber.“softening”.(water.retention.due.to.the.chemical.modification.of.lignin.
and.hemicellulose.left.on.fibers.[193]),.and.the.relative.bonded.area.[135]..The.presence.of.inorganic.
fillers.should.also.be.considered.[194].

Paper.strength.is.a.result.of.cellulose.fiber.strength.[195],.fiber.orientation,.fiber.wall.structure.
and.interfiber.interaction.[196]..Fiber–fiber.bonds.are.the.weak.link.in.paper:.the.calculated.sheet.
strength.based.on.fiber. strength.exceeds.by. far. the.value.measured.experimentally.on. the. sheet.
[197].

Despite. the. fact. that. any. paper. sheet. is. a. 3D. network. [198],. it. is. often. viewed. as. an. essen-
tially.two-dimensional.structure:.its.surface.is.much.larger.than.its.thickness..For.a.basis.weight.
of.60.g/m2,.the.fibrous.material.(wood.fibers.of.1–4.mm.length.and.5–10.microns.thick).consists.of.
about.10.layers.of.fibers.[199]..Paper.tensile.strength.is.expressed.as.the.force.required.to.rupture.a.
strip.of.unit.width:.kg/cm..The.breaking.length.is.merely.the.tensile.strength.per.unit.width,.divided.
by.the.sheet.basis.weight.

The.overwhelming.number.of.parameters.involved,.make.it.next.to.impossible.to.find.a.phenom-
enological.relationship.between.paper.structure.and.its.properties..Therefore,.efforts.were.made.to.
define.empirical.equations.tested.for.fitting.the.experimental.data.

The.relationship.between.paper.structure.and.its.mechanical.properties.can.be.studied.probabi-
listically.[180,182,200]..The.simplest.model.that.can.be.used.is.a.random.network.of.infinite.straight.
lines.lying.in.a.single.plane..If.the.mean.fiber.length.is.ranging.from.0.1.to.4.0.mm.and.the.mean.
fiber.width.is.ranging.from.0.01.to.0.04.mm,.then.the.estimated.average.number.of.fibers.per.gram.
of.paper.is.about.10.millions..These.data.are.processed.in.terms.of.the.average.number.of.fibers.
within.a.chosen.area,.the.average.number.of.crossings.per.fiber,.and.the.size.of.the.bonded.area.
of.the.fiber-to-fiber.contacts..The.number.of.crossings.per.fiber.ranges.from.about.20.to.about.60.
depending.on.the.pulp.type.and.is.higher.for.the.sheet.obtained.at.higher.pressure.[201]..The.chemi-
cal.structure.of.the.fiber.is.not.considered.in.this.model.

The.strength.of.paper.(T).derives.from.both.the.tensile.strength.of.individual.fibers.(F).and.the.
strength.of.the.forces.that.hold.them.to.other.fibers.(B).[200]:

.

1 1 1
T F B

= + . (2.1)

The.fiber.strength.is.even.more.important.(of.the.order.higher.than.2.5).for.the.paper.tear.strength.
[202]..The.extended.form.(Page).of.the.Equation.2.1.is.[200,203]

.

1 9
8

12
T Z

A g

bPL
= + ρ

( )RBA
. (2.2)

where
T.is.the.paper.tensile.strength.(N.m/g)
Z.is.the.zero.span.tensile.strength.(N.m/g)
b.is.the.share.strength.of.the.fiber–fiber.bond.(N/m2)
P.is.the.fiber.perimeter.(m).of.the.average.fiber.cross.section
L.is.the.average.fiber.length
A.is.the.average.fiber.cross.section
ρ.is.the.density.of.the.fibrous.material
g.is.acceleration.due.to.gravity
RBA.is.the.relative.bonded.area.in.the.sheet.(the.fraction.of.the.bonded.external.surface.area.of.

the.fibers.[204,205])
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The.RBA.was.defined.as.the.ratio.of.the.specific.conductivity.of.the.sheet.to.the.conductivity.of.
the.“infinite.beating.time”.[175].or.as.the.ratio.of.the.optical.scattering.coefficient.of.the.sheet.
and.the.optical.scattering.coefficient.of.the.pulp.fibers.in.the.un-bonded.state.[206].(<1%.of.the.
optical.contact.area.is.really.bonded.[197]).

In.spite.of.the.difficulty.to.measure.each.variable.(in.particular,.the.bond.strength.b,.Equation.
2.2.is.validated.by.experimental.data.[207]..However,.the.probabilistic.approach.does.not.take.
into.account.the.chemical.structure.of.cellulose..On.the.other.hand,.based.on.the.effect.of.acety-
lated.pulp,.the.involvement.of.hydrogen.bonds.in.paper.strength.seems.to.be.important.[187,208]..
Page. pointed. out. that. the. variation. in. acetylated. cellulose. density. should. also. be. taken. into.
account.[209].

Cellulose.(II)10.hydroxyl.groups.(C2,.C3,.and.C6).are.differently.engaged.in.inter-.or.intra-
molecular.hydrogen.bonding.[210]..The.parallel.chain.structure.in.crystalline.cellulose.contains.
two. intrachain.hydrogen.bonds. [211–213]. (O3-H….O5.and.O6…..H-O2.with.bond. lengths.2.7.
and.2.8.Å).along.both.sides.of.each.cellulose.chain,.and.one.interchain.hydrogen.bond.with.a.
length.of.2.79.Å.(one.for.each.glucose.unit)..For.each.macromolecule.of.cellulose.with.a.molecu-
lar.weight.of.one.million,.over.5500.interchain.hydrogen.bonds.are.present,.which.explains.the.
very.tight.crystalline.structure..This.structure.is.less.sensitive.to.water.

O

C2C3 O
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H

H

OH
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Cellulose.fibers.include.both.crystalline.and.amorphous.regions..Amorphous.regions.show.a.less.
ordered.structure.(lower.number.of.intermolecular.hydrogen.bonds),.with.lower.densities.than.crys-
talline.regions.[214]..The.amorphous.structure.is.much.more.sensitive.to.water.and,.during.the.pulp-
ing.process,.the.proportion.of.amorphous.cellulose.increases.[139]..Some.cellulose.macromolecular.
chains.belong.to.both.crystalline.and.amorphous.regions..Semi-ordered.regions.are.also.present.at.
the.periphery.of.the.crystallites.in.the.cellulose.fibers.[215].

Due. to. the.hydrogen.bond. length.(about.2.7.Å).and. the.bond.angles. (102°–127°.[212],.a.very.
tight.contact.between.two.fibers.is.needed.to.develop.interfiber.hydrogen.bonds..Paper.with.lower.
residual.moisture,.processed.at.higher.drying.temperatures.and.higher.pressures,.will. result. in.a.
larger.number.of.hydrogen.bonds.and.higher.dry.strength.[216].

The.“molecular.approach”.is.the.theory.that.takes.into.account.hydrogen.bonds.to.explain.paper.
strength.[217–222]..In.order.to.reach.a.quantitative.equation,.several.concepts.were.developed.about.
hydrogen.bonding.in.paper.[187]:.the.average.load.per.apparent.area.of.fiber-to-fiber.contact.is.about.
5.5.×.104.g/cm2,. the.effective. interfiber.bonds.are.<10%.from.the. total.hydrogen.bonds.[223],. the.
number.of.effective.hydrogen.bonds.depends.(among.other.parameters.of.the.papermaking.process).
on.the.apparent.paper.density.[186].and.on.residual.moisture.

For.a.total.of.randomly.oriented.hydrogen.bonds.(NT),.the.effective.number.of.bonds.(N),.which.
may.be.considered.to.resist.uniaxial.strains.in.the.body,.is.given.by.N.=.NT/3..The.Young’s.modulus.
(E,.measured.in.dyn/cm2).was.shown.to.be.related.to.the.number.of.effective.hydrogen.bonds.per.
unit.volume.(cm3).by.the.following.equation.[17,224,225]:

. E kN= 1 3/
. (2.3)

where. k. is. a. constant. (7.8.×.103.dyn/cm). for. bonds. occurring. in. cellulosic-based. materials.. That.
constant.incorporates.the.characteristics.of.hydrogen.bonds:.a.dissociation.energy.of.4.5.kcal/mol.
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The.molecular.theory.better.fits.the.discussion.of.the.moisture.effect.[226,227].and.therefore.the.
wet-strength.mechanism..However,.the.two.theories.deal.with.the.same.process,.and,.eventually,.a.
link.between.them.has.been.identified.[226–228].

The.interfiber.bonds.are.very.strong.when.paper.is.dried.and.weak.after.soaking.in.water..That.
aggregate.of.cellulose.fibers. includes.covalent.bonds.(50–100.kcal/mol),. ionic.bonds.(10–30.kcal/
mol),.and.hydrogen.bonds.(4–6.kcal/mol).[229]..The.attractive.forces.between.polar.molecules.are.
developed.only.at.very.short.distance.[230].and.they.decrease.with.the.inverse.sixth.power.of.the.
distance..That.is.why.the.pressing.force,.the.moisture,.and.the.temperature.are.important.in.develop-
ing.paper.strength.by.bringing.the.fibers.into.intimate.molecular.contact.

Both.the.geometric.aspect.and.the.chemical.structure.of.paper.must.be.taken.into.account.for.the.
paper.chemical.adsorption.and,.eventually,.the.reactions.of.paper.chemicals..The.adsorption.pro-
cess.may.be.altered.by.residual.lignin.or.hemicellulose..The.geometric.structure.has.an.important.
contribution.through.the.surface.area.available.for.adsorption.and.the.surface.tension.in.capillary.
tubes.and.pores..The.chemical.structure.of.cellulose.is.involved.in.the.adsorption.of.paper.chemicals.
through.hydrogen.and.ionic.bonds.

The.addition.of.chemicals.to.paper.is.supposed.to.change.fiber.surface.(in.terms.of.surface.ten-
sion),.the.cellulose.swollen.ability,.the.interfiber.bonds,.the.pore.size,.and.the.pore.size.distribution.

RBA.is.about.4%–34%.of.the.total.fiber.surface.[204]..Paper.chemicals.designed.as.dry-strength,.
wet-strength,.or.temporary.wet-strength.resin.will.be.retained.on.the.entire.fiber.surface.(at.the.wet.
end),.but.their.effect.is.limited.to.just.the.bonded.area.[231].

For.a.fiber.of.0.02.mm.in.diameter.and.2.mm.in.length,.the.surface.area.is.1.2.×.10−3.cm2..For.40.
crossings.with.other.identical.fibers,.only.<15%.of.the.fiber.surface.area.will.be.in.contact.with.other.
fibers..If.the.amorphous.region.is.<10%.of.the.cellulose.and.we.assume.that.the.amorphous.region.is.
evenly.distributed,.it.is.highly.unlikely.that.each.fiber’s.amorphous.region.will.cross.the.amorphous.
regions.of.another.fiber.(lower.than.2%).

The.incorporation.of.fines.from.0%.to.30%.in.paper.can.double.the.internal.bond.strength.[232]..
The.apparent.paper.density.is.also.increased..Moreover,.fines.possess.an.enormous.surface.area.and.
are.capable.of.adsorbing.a.major.proportion.of.wet.end.additives.

Virtually.all.papers.(except.the.absorbent.types).must.have.a.finely.ground.filler.added.to.them,.
the. purpose. of. which. is. to. occupy. the. space. between. fibers.. Thus,. the. paper. surface. becomes.
smoother,.and.its.printability.and.opacity.are.improved.

Are.paper.chemicals.able.to.change.the.fundamentals.of.paper.structure?.That.is.a.rather.chal-
lenging.question..For.instance,.are.paper.chemicals.able.to.extend.the.bonded.area,.to.reduce.the.
pore. size. and. narrow. their. distribution,. to. change. the. surface. tension,. and,. therefore,. the. water.
absorbency,.etc.?.The.goal.of.the.present.review.is.to.give.an.answer.to.these.questions.

2.4 thE chEmIstRy oF Poly-cARBohydRAtEs

Over.95%.of.the.final.paper.weight.consists.of.poly-carbohydrates:.cellulose.and.starch..Cellulose.
fibers. are. the. largest. raw. materials. for. paper. manufacturing. and. the. starch. is. the. largest. paper.
chemical.

Starch.and.cellulose.have.a.very.similar.chemical.structure.and.there.is.a.good.compatibility.
between.them..There.are.many.chemical.reactions.performed.on.polysaccharides.and.most.of.them.
are.used.to.improve.paper.processing.and.quality..The.unintentional.chemical.modification.during.
the.pulping.process.is.followed.by.“intentional.chemical.modification”.of.the.cellulose.fibers.[93].
or.starch.

The. chemistry. of. starch. and. cellulose. (or. chitosan. [233]). allows. us. to. better. understand. the.
papermaking.process:.what.kinds.of.chemicals.are.compatible.with. this.particular.environment,.
what. type.of. functionalities. are.needed. for.paper. chemicals’. adsorption. and. effectiveness,.what.
reactions.can.take.place,.and.what.new.chemicals.compounds.can.be.obtained.by.polysaccharide.
processing.[234].
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Starch,.with.its.extended.amorphous.structure,.can.be.seen.as.a.carrier.for.paper.chemicals.and.
as. “glue”. between. them. and. cellulose.. Different. grades. of. paper. consume. different. amounts. of.
starch,.for.instance.newsprint.requires.an.average.starch.content.of.0.1%,.while.packaging.paper.has.
about.5%.starch.content.[235].

Cellulose,.chitosan,.and.starch.can.undergo.chemical.reactions,.which.get.them.ready.for.a.better.
interaction.with.paper.chemicals..The.chemical.structure.of.cellulose.(and/or.starch).can.be.altered.
to.the.extent.of.making.it.a.“paper.chemical”:.for.instance.carboxymethyl.cellulose.

Most.chemical.reactions.on.cellulose.or.starch.are.performed.in.water..Because.starch.and.cel-
lulose.[236].are.less.soluble.in.water,.their.chemical.reactions.are.developed.mainly.at.the.interface,.
and.the.reaction.product.shows.a.heterogeneous.composition:.a.large.amount.of.cellulose.(or.starch).
remains.unchanged..However,.the.esters.and.ethers.of.cellulose.can.be.obtained.by.performing.the.
reaction.in.homogeneous.solution.[237].

Carbohydrates.contain. two.different. functionalities:.acetal. (glycosidic. linkages).and.hydroxyl.
(chitosan.has.an.additional.amino.functionality.in.each.repeated.unit)..There.are.chemical.reactions.
that.do.not.change.significantly. the.polymer.molecular.weight.and.the.chemical.reaction.able. to.
reduce.or.increase.the.molecular.weight.of.carbohydrates..The.acetal.functionality.is.incorporated.
in.the.main.chain.and.any.reaction.of.those.bonds.will.result.in.a.reduction.in.the.polymer.molecular.
weight..Hydroxyl.groups.are.involved.in.both.types.of.chemical.reactions..Polysaccharides.may.also.
be.involved.in.successive.reactions,.the.sequence.of.which.is.also.important.[238,239].

2.4.1  chemical ReactionS that KeeP the moleculaR Weight unchanged

When.pendant.hydroxyl.groups.are.involved.in.the.chemical.reaction.with.mono-functional.com-
pounds.(or.complex.with.iodine.[240]),.the.polymer.molecular.weight.remains.unchanged.

The.etherification.of.carbohydrates.changes.the.hydroxyl.group.into.ether.bonds..Starch.reacts.
with.ethylene.oxide.[241].in.alkaline.pH.to.make.ethylated.starch..Hydrophilicity.is.modified.and.the.
new.functional.group.attached.through.the.ether.bond.may.bring.new.properties.to.that.poly-saccha-
ride..Hydrophobic.starch.[242],.cationic.starches.[243–248],.polygalactomannans.[249],.amphoteric.
starch.[250],.or.cationized.pulp.[251].is.obtained.through.an.etherification.reaction.(II)11:
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Starch. (as. a. slurry). reacts. with. diethyl-aminoethyl. chloride. hydrochloride. (or. 3-chloro-2-hy-
droxypropyl. trimethyl. ammonium. chloride. [252,253],. or. epichlorohydrin-ammonia. condensate.
[254,255]),.in.the.presence.of.sodium.hydroxide.[256].(or.sodium.methoxide.[257]).to.form.cationic.
starch.[258].(II)12:
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N-(4-chloro,.2-butenyl).aziridine.reacts.with.starch.in.the.same.way.to.obtain.a.cationic.starch.
with.reactive.aziridine.groups.[259].

Due.to.the.system.heterogeneity.(starch.slurry),.the.degree.of.substitution.is.typically.<0.05..To.
increase.the.degree.of.substitution.over.0.3,.the.starch.paste.should.be.used.[260]..The.alkyl.group.
connected.to.the.nitrogen.atom.can.be.replaced.by.a.polysiloxane.moiety.[261,262].(II)13:

O

O
HH

O

H

H

OH

OH

H

O

RR

CH2

CH2
N+

H

H2C

CH2

CH2

CH3

CH2

Si

O

Si

CH3

H3C
CH3

(II)13
CH3

H3C

CH2

Cl–

Cationic.starch.ethers.are.obtained.by.a.similar.method.(in.the.presence.of.sodium.hydroxide).
with.2-chloroethyl-methyl-ethyl.sulfonium.iodide.[263].or.2-chloroethyl-tributil.phosphonium.chlo-
ride.[264].(II)14:

Cl
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CH2 CH3
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Cl CH2
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CH2

CH2 (II)14
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The.etherification.reaction.can.also.be.performed.by.a.dry.state.process.(powder.of.starch.and.
powder.of.sodium.hydroxide).with.aqueous.solution.of.3-chloro-2-hydroxypropyl-trimethyl.ammo-
nium.chloride.[265]..The.etherification.may.also.add.anionic.groups.(carboxyl,.sulfonic).and.in.a.
successive.reaction.a.cationic.group.and.the.resulting.starch.is.amphoteric.[266,267].

Starch. and. modified. polysaccharides. (when. soluble. in. water). make. their. hydroxyl. functions.
available.within.an.(almost).homogeneous.system..Cellulose.is.not.water.soluble.and.it.swells.to.a.
limited.degree.in.water..Despite.those.limitations,.chemical.reactions.are.developed.at.the.cellulose.
surface:.epichlorohydrin.[268],.β-chloroethyl.diethylamine.[269],.butadiene.di-epoxide.[270].or.epi-
chlorohydrin–dimethyl.amine.condensed.resins.react.with.the.cellulose.pulp,.resulting.in.a.cationic.
cellulose.with.a.nitrogen.content.of.about.0.05%.[271]..This.content.is.only.apparently.very.low,.
because.if.we.take.into.account.the.fact.that.all.the.cationic.groups.are.on.the.surface,.that.means.an.
important.amount.of.new.cationic.charges.were.in.fact.attached.to.cellulose.fibers.

Because. the.high.concentration.of.caustic. is.a.drawback.of. that.process,.cationic.charges.are.
added.through.an.ionic.interaction.between.the.anionic.charges.of.oxidized.starch.and.the.cationic.
charges.of.condensed.resin.(EPI-DMA-NH3).[272].

Additional.carboxylic.groups.were.introduced.in.the.cellulose.structure.through.etherification.
with.the.halo-acetic.acid.[273].(or.2,3-epoxysuccinic.acid.[274]).to.form.carboxymethyl.cellulose..
For.a.degree.of.substitution.of.0.6.or.higher,.carboxymethyl.cellulose.becomes.water.soluble.[275]..
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20 Chemistry of Modern Papermaking

In. order. to. add. different. anionic. groups,. starch. is.modified. with.3-chloro-2-sulfopropionic. acid.
[276],.or.with.sodium.cyanide.and.hydrolysis.[277]..When.cyanide.is.C14.labeled,.the.resulting.poly-
saccharide.is.labeled.as.well.

Hydroxyl.groups.from.polysaccharides.have.different.reactivities.in.the.etherification.reaction..
In.the.case.of.a.reaction.with.monochloro-acetic.acid.in.the.presence.of.sodium.hydroxide.[278],.the.
reactivity.of.the.hydroxyl.groups.is.in.the.following.order.C2.>.C6.>.C3.[279].

If.the.fiber.cell.wall.is.in.a.dry.collapsed.state,.substitution.occurs.primarily.at.the.fiber.surface..
If.the.fiber.is.in.a.more.expanded.state,.then.the.substitution.occurs.uniformly.across.the.cell.wall.
[129]..More.carboxylic.groups.are.added.to.pulp.with.chloroacetic.acid.[129].(II)15:
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The. etherification. reaction. may. involve. a. diversity. of. halogen. derivatives.. Blocked. aldehyde.
groups.can.be.attached.to.the.carbohydrates.macromolecules.(reaction.with.N-(2,2-dimethoxyethyl)-
N-methyl-2-chloracetamide).and.the.aldehyde.functionality.is.released.by.hydrolysis.[280].(II)16:
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pH < 3.0

Pectin.is.a.highly.branched.polysaccharide.that.consists.of.d-galacturonic.acid.residues.linked.
together.through.α-1,4-glycosidic.bonds.[281]..The.methyl.ester.of.the.polygalacturonic.acid.reacts.
with.amines.and.amino-acids.(l-lysine).in.the.presence.of.an.enzyme.(protease).as.a.catalyst,.at.
room.temperature.(II)17:
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Ethers. are. also. obtained. through. Michael. addition,. which. involves. acrylic. double. bonds..
Acrylamide. (and/or. N,N′-methylene. bis-acrylamide,. acrylonitrile. [282,283]). reacts. with. starch.
[241,246],.cellulose.[284–286],.or.hydroxyethyl.cellulose.[70,287,288].in.the.presence.of.sodium.
hydroxide..If.the.reaction.is.performed.at.room.temperature,.the.amide.group.can.be.preserved..At.
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higher.temperatures.(70°C),.the.amide.hydrolysis.takes.place.and.the.carboxy-ethylated.compounds.
are.obtained.(II)18.
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Starch.with.amide.functionalities.makes.it.possible.to.have.a.stronger.hydrogen.bonding.from.
both.hydroxyl.and.amide.groups.

The.esterification.reaction,. including.nitration,. involves.only.the.hydroxyl.groups.of.the.poly-
carbohydrates.and.no.change.in.the.cellulose.molecular.weight.is.recorded.[289]..Cellulose.esteri-
fication.with.acid.chlorides.is.performed.in.dimethylformamide.[290]..Starch.or.pulp.esterification.
using. acetic. [253,291,292],. succinic. [293],. alkenyl. succinic. [294–296],. maleic. [297],. or. phthalic.
anhydride.[298,299].(II)19.are.performed.in.the.presence.of.pyridine.or.sodium.hydroxide:
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When. cyclic. anhydride. is. used,. the. resulting. polymer. contains. more. carboxylic. groups.. The.
presence.of.water.reduces.the.reaction.yield.down.to.10%.(for.isatoic.anhydride).[300].

The. esterification. reaction. with. a. carboxylic. acid. should. be. performed. at. high. temperatures.
(120°C–180°C).in.the.presence.of.a.catalyst.(sodium.hypophosphite).[301]..Phosphoric.salts.(such.
as.monosodium.phosphate.or.sodium.methaphosphate).react.with.starch.(30.min.at.160°C).to.make.
starch.esters.with.anionic.charges.[302–304]..Esterification.with.sulfamic.acid.(II)20.takes.place.in.
the.presence.of.urea.[305]:
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The.amino.group.(from.chitosan).reacts.first.with.an.anhydride.(phtalic.anhydride).to.form.an.
amide.(II)21.and.the.hydroxyl.groups.remain.unchanged.[233]:
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Cellulose.esterification.is.a.different.case.because.it.is.not.soluble.in.water..Due.to.the.reac-
tion.at.interface.(with.acetic.anhydride.in.the.presence.ZnCl2.or.pyridine.[282].at.100°C–120°C.
[306]),. partial. esterification. is. expected.. Maleic. anhydride. (about. 1%). is. reacted. with. pulp. at.
65°C–115°C. [307]. and. moisture. content. <5%.. Modified. pulp. shows. higher. surface. anionic.
charges..The.water.content.in.the.nitric.acid.has.a.strong.effect.on.the.degree.of.substitution.of.
nitrated.cellulose.[308].

Esterification.with.organic.or.inorganic.acids.is.retarded.by.the.water.formation,.and,.therefore,.
it.must.be.removed.from.the.system.to.force.the.reaction.to.completion.[110]..The.transesterification.
reaction.with.a.methyl.ester.is.an.easier.reaction.[309].because.methanol.has.a.lower.boiling.point.

Cellulose.esterification.with.unsaturated.fatty.acids.(such.as.sorbic.acid).is.performed.in.the.pres-
ence.of.trifluoroacetic.anhydride.[310].and.that.with.butyric.anhydride.is.performed.in.the.presence.
of.butyric.acid.and.sulfuric.acid.[311]..As.expected,.the.molecular.weight.of.the.cellulose.ester.is.
smaller.due.to.the.acidic.hydrolysis.of.the.cellulose.backbone.(see.Section.2.4.2).

Despite.the.similar.reactivity.and.identical.organic.compounds.used.for.esterification.(acids.and.
anhydrides.[70]),.in.the.absence.of.a.solvent.for.cellulose,.esterification.takes.place.on.the.surface.
only..The.final.product.shows.a.very.broad.compositional.distribution.

Cellulose.esterification.performed.in.solution.is.more.effective..Cellulose.acetate.is.synthesized.
[312]. in. solvent/non-solvent.mixture. (methylene.chloride–methanol–xylene),.or. lithium.chloride-
N,N-dimethylacetamide.blend.is.used.as.a.solvent.for.cellulose.esterification.with.a.fatty.acid.to.a.
high.degree.of.substitution.[53].

2.4.2  chemical ReactionS that may alteR the moleculaR Weight

Chemical.reactions.that.may.change.the.molecular.weight.of.the.macromolecular.compound.are.of.
two.types:.one.involving.the.acetal.bonds.from.the.backbone.(i.e.,.the.hydrolysis.of.α-d-glycosidic.
bonds.results.in.lower.molecular.weight:.“thinned.starch”).and.the.other.involving.pendant.hydroxyl.
groups.in.cross-linking.or.grafting.reactions..Grafted.or.cross-linked.polysaccharides.show.a.higher.
molecular.weight.

The.hydrolysis.of.glycosidic.linkage.is.easily.performed.with.acids.[233,313–316].or.enzymes.
as.catalysts.[317–319]..Dextrin.is.a.starch.decomposition.product.and.consists.of.glucose.chains,.is.
formed.by.incomplete.hydrolysis.of.starch.with.diluted.acids,.or.by.the.action.of.heat.[320].

Polysaccharides.(such.as.cellulose.and.hemicellulose).are.degraded.in.alkaline.pH.by.an.endwise.
mechanism,.known.as.the.“peeling.reaction”.[110]..The.peeling.process.results.in.a.loss.of.about.50.
monosaccharide.units.from.a.single.molecule,.a.reaction.terminated.by.converting.glucose.groups.
into.carboxylic.acid.end.groups.that.render.cellulose.stable.in.alkaline.pH.[321,322]..The.presence.
of.oxygen.or.hydrogen.peroxide.improves.the.stability.of.polysaccharide.by.helping.the.carboxyl.
group.formation.[90].
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Starch.hydrolysis.[323,324].can.also.be.performed.in.the.presence.of.1%.concentration.of.enzyme.
solution.(α-amylase.A)..Enzymatic.starch.degradation.is.controlled.by.adding.7.5.g.of.glacial.acetic.
acid..Actually,. the.glycosidic.ether.has. split. to. two.hydroxyls..As.a.consequence,. the.molecular.
weight.decreases.

The.hydroxyl.groups.of.poly-carbohydrates.can.be.oxydized.to.aldehyde.and.eventually.to.car-
boxyl.groups..Oxidized.polysaccharides.show.a.different.moisture.absorption.[325],.different.inter-
actions.with.water.and.with.neutral.or.ionic.polymers..Oxidation.is.also.associated.with.a.reduction.
in.the.molecular.weight..Reaction.selectivity.is.an.important.problem.posed.by.this.process.

Starch.oxidation.is.performed.at.room.temperature.with.sodium.hypochlorite.(pH.8.5–9.5).[326].
or.with.hypochlorous.acid.(pH.=.1–5).[327]..The.oxidation.reaction.with.sodium.periodate.is.run.
at.0°C.[328]..In.order.to.balance.the.molecular.weight.reduction,.starch.can.be.cross-linked.(with.
epichlorohydrin. [329]).before.oxidation.with. sodium.hypochlorite..Although.starch.particles.are.
unevenly.oxidized,.oxidized.starch.shows.a.better.dispersability.in.water.[330].

Pulp.oxidation.(the.addition.of.aldehyde.groups).is.performed.in.order.to.improve.paper.proper-
ties.[331–334]..During.the.oxidation.of.cellulose.(chromic.acid.an.oxalic.acid),.the.fiber.morphology.
and.the.accessibility.of.the.cellulose.chemical.bonds.not.only.affect.the.extent.of.oxidation.but.also.
influence.the.aldehyde/carboxyl.group.ratio.[335]..The.amorphous.zone.becomes.more.accessible.
and.the.oxidation.reaction.enlarges.the.noncrystalline.part.of.the.fiber.

More. carboxylic.groups.obtained. through.pulp.oxidation. increase.fiber. anionicity. [336–338]..
The.oxidation.method.(with.TEMPO.as.a.primary.oxidant).is.targeting.the.C6.carbon.[339,340],.
which.may.result.in.a.little.change.in.the.molecular.weight.of.cellulose..In.a.more.flexible.process,.
oxidation.is.performed.in.two.steps:.TEMPO.and.NaOCl.in.the.first,.and.sodium.periodate.in.the.
second.[341].

The.oxidation.at.C6.carbon.[342–345].(with.chlorine.dioxide.or.hypochlorite.[346].and.TEMPO.
as.catalyst).results.in.aldehyde.as.an.intermediate.and.eventually.carboxyl.functionality.(II)22.(of.
the.uronic.acid.type.[327])..The.reaction.selectivity.can.be.improved.by.lowering.the.temperature.
to.5°C.[347].
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Starch.oxidation.with.periodic.acid.results.in.di-aldehyde.starch.[240,271,348–351]..Aldehyde.
groups.have.been.introduced.into.starch.without.a.significant.lowering.of.the.molecular.weight..
Cellulose.oxidation.with.sodium.periodate.[331,352].results.in.a.di-aldehyde.compound.(II)23.as.
well.
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Di-aldehyde.starches.present.a.major.disadvantage:.they.undergo.rapid.depolymerization.in.alka-
line.solution,.yielding.acidic.products..Actually,.depolymerization.starts.with. the.opening.of. the.
glucopyranose.cycle.during.oxidation..In.this.case,.the.carboxylic.group.is.located.at.the.end.of.the.
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macromolecule..In.order.to.avoid.depolymerization,.the.aldehyde.groups.are.attached.via.an.etheri-
fication.reaction.[353].(II)24:
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It. is.difficult. to.prevent.the.oxidation.of.aldehyde.groups.because.they.are.easily.oxidized.to.
a. carboxylic. acid. (dicarboxy. cellulose. or. tricarboxy. cellulose. [352]). with. bromine. or. nitrogen.
tetroxide.
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Oxidized.polysaccharides.free.of.organic.halogen.compounds.are.obtained.by.oxidation.with.
hydrogen.peroxide.in.the.presence.of.copper.sulfate.in.alkaline.pH.[241,354].

The.anionic.carboxylic.groups.of.the.cellulose.pulp.can.be.converted.to.nonionic.functionalities.
by.reaction.with.water-soluble.carbodiimide.at.pH.=.4.75.[355,356].(II)25..That.reaction.was.per-
formed.in.order.to.obtain.neutral.pulp.
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The.increase.in.the.molecular.weight.of.starch.can.be.achieved.by.reacting.regular.starch.with.
difunctional.compounds,.or.by.grafting..The.reaction.presented. in. the.previous.chapter. (Section.
2.4.1..etherification,.esterification,.etc.).involves.polysaccharides.(as.a.macromolecular.compound).
and.a.small.molecule..When.the.small.molecule.is.a.multifunctional.compound.the.polysaccharide.
is.cross-linked.

The.cross-linking.process.with.difunctional.compounds.results.in.larger.molecules.with.basically.
the. same. chemical. structure. (polysaccharide).. Examples. of. multifunctional. reactive. compounds.
able.to.cross-link.starch.(or.cellulose).are.polyepoxides.[357,358].(such.as.1,4.butandiol.diglycidyl.
ether),.polyfunctional.silanes.[359],.polyanhydride.of.polyacids,.polyacids.(adipic.acid.[354],.citric.
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acid.[360,361],.vinyl.acetate-maleic.anhydride.copolymer.[362],.acrylic.acid-maleic.acid.copoly-
mers.[363,364]),. formaldehyde.[282,365–367],.copolymers.of.methylol.acrylamide.[368],.polyal-
dehyde,.epichlorohydrin.[369–374],.UFR,.polyisocyanates,.phosphorous.oxychloride,.glyoxalated.
polyacrylamide.[375–377]..Starch.can.be.cross-linked.after.fictionalization.[378,379].or.the.cross-
linking.process.can.be.performed.simultaneously.with.the.functionalization.step..In.that.case,.the.
cationic.charges.are.added.by.the.cross-linking.compound.[380].(II)26..The.balance.between.fic-
tionalization.and.cross-linking.is.kept.by.adding.cationizing.monofunctional.compounds.(see.the.
etherification.reaction).
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O
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When. nonreactive. cationic. compounds. (such. as. softeners). are. associated. with. a. cross-linker.
[381,382],.interfiber.reactions.are.partially.prevented:.the.cross-linking.process.is.developed.mainly.
within.the.cellulose.fiber.

The.starch.(or.cellulose).grafting.reaction.results.in.a.higher.molecular.weight.product,.but.with.
the.polysaccharide.structure.in.lower.amount:.the.branches.have.a.different.chemical.structure..It.is.
commonly.understood.that.the.grafted.copolymer.[383].retains.the.basic.properties.of.the.existing.
polymer.to.which.it.adds.the.properties.of.the.new.polymer.(such.as.polystyrene.grafted.on.cellulose.
by.irradiation.[384]).

The.grafting.reaction.involves.a.polymer.(in.this.case,.starch.or.cellulose).and.a.monomer.able.to.
polymerize.[261,385].in.a.free.radical.mechanism.or.in.anionic.polymerization.[386,387]..The.final.
product.is.supposed.to.have.a.higher.molecular.weight.

Due. to. its. lower. selectivity,. the. grafting. reaction. will. result. in. a. blend. of. un-reacted. starch,.
un-grafted.linear.polymer.and.grafted.copolymer.[388,389]..The.polymerization.of.methyl.meth-
acrylate.in.the.presence.of.cellulosic.pulp.shows.a.grafting.effectiveness.of.maximum.68%.[390]..
The.extraction.of.grafted.starch.with.methyl.acrylate.(42%.starch).indicated.that.about.34%.of.the.
poly(methyl.acrylate).was.in.the.form.of.a.free.homopolymer.[391].

The. monomers. used. in. a. free. radical. grafting. polymerization. are. nonionic. (acrylamide.
[246,392–394],.acrylonitrile.[395],.vinyl.acetate,.styrene,.ethyl.acrylate,.alkyl.methacrylates.[396–
398]),.anionic.(acrylic.and.methacrylic.acid.[399]).or.cationic.(DADMAC.[388],.cationic.meth-
acrylates. [400,401],. 2-hydroxy-3-methacryloyloxypropyl. trimethylammonium. chloride. [402]). or.
potential.cationic.after.the.hydrolysis.of.grafted.copolymers.of.N-vinyl.formamide.[403].

The.grafting.process.can.be.performed.in.homogeneous.systems:.water.as.a.solvent.[396]..Due.
to.the.viscosity.of.the.starch.solution,.the.reaction.system.must.be.diluted.to.a.concentration.lower.
than.15%..The.diluted.systems.reduce.the.grafting.yield.

Heterogeneous. systems. allow. for. a. higher. grafting. yield.. Styrene. grafted. polymerization. on.
pulp.is.improved.by.the.presence.of.acrylonitrile.[69]..Starch.and.monomers.are.dispersed.[402].in.
a.water-immiscible.solvent.(xylene.or.C8.isoparaffins.[404]).and.then.the.oil.phase.is.dispersed.in.
water..In.this.case,.the.starch.concentration.can.be.much.higher.(50%).and.the.grafting.efficiency.
increases.

There.are.several.approaches.to.improve.the.grafting.efficiency..The.simplest.method.to.obtain.
a.grafted.polymer.is.to.put.all.three.components:.the.monomers,.the.grafting.support.(a.macro-
molecular.compound.as.starch.or.cellulose),.and.the.initiator,.in.water..Initiators,.such.as.persul-
fate.or.hydrogen.peroxide,.are.water-soluble.compounds..Free.radicals.are.generated.in.the.water.
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phase.and.the.grafting.effectiveness.depends.on.statistical.parameters:.total.concentration.and.rela-
tive.concentrations..Two.processes.are.simultaneously.occurring:.the.homopolymerization.of.the.
monomer.and.the.grafting.copolymerization..The.grafted.copolymer.is.formed.by.chain.transfer.
to.the.substrate.(II)27.
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Gamma.rays.are.also.used.[386,400,405].to.initiate.the.free.radical.reaction..There.is.a.good.
chance.to.homolitically.break.the.carbon–carbon.or.carbon–oxygen.or.oxygen–hydrogen.bonds.of.
the.poly-carbohydrates..At.a.high.level.of.irradiation.(up.to.4.Mrad),.the.cationic.starch.molecular.
weight.is.drastically.reduced.[406]..Microwave.irradiation.has.a.strong.impact.on.the.grafting.pro-
cess.as.well.[407].

Under.moderate.irradiation.performed.in.the.presence.of.oxygen,.a.high.concentration.of.hydro-
peroxide.is.obtained.[408]..Hydroperoxide.groups.are.located.on.the.starch.molecule.and.thus.the.
substrate.is.involved.in.the.initiation.step..Free.radicals.are.trapped.into.the.polysaccharide.structure.
and,.in.the.presence.of.water,.the.concentration.of.free.radicals.decays..More.hydrophobic.substrates.
preserve.free.radicals.for.a.longer.time.[409]..The.involvement.of.the.substrate.in.the.initiation.step.
reduces.the.homopolymerization.and.increases.the.grafting.effectiveness.[410].

Starch.is.also.involved.in.the.initiation.step.of.the.ring.opening.polymerization.of.caprolactone.
performed.in.the.presence.of.Tin(II)—2-ethylhexanoate.as.catalyst;.and.a.grafted.starch—polycap-
rolactone.is.obtained.[411].(II)28:
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However,.in.order.to.improve.the.grafting.process,.another.approach.has.been.taken:.a.condensa-
tion.type.reaction.between.starch.and.di-isocyanate.terminated.polycaprolactone.[412].

In.order.to.generate.free.radicals.on.the.substrate.(starch.or.cellulose.[413,414]),.researchers.used.
the.same.concept.of.reacting.the.macromolecular.compound.and.the.catalyst.first.(ceric.ammonium.
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nitrate.[415]). (II)29..Reactive.species.are.formed.on.starch.only.[395,416–420].and.over.90%.of.
the.polymer.formed.during.the.reaction.was.grafted.[292].(II)30..The.free,.un-grafted,.polymer.is.
formed.exclusively.by.chain.transfer.to.the.un-reacted.monomer.
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In.the.previous.examples,.poly-carbohydrates.were.involved.in.the.initiation.step..Macromolecular.
compounds.(such.as.starch.and.cellulose).can.also.be.derivatized.with.AGE.[421].or.methylol.acryl-
amide.[422].(II)31.to.become.macro.monomers.
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Derivatized.compounds.are.grafted.through.copolymerization.or.chain.transfer.[423]..A.more.
effective. transfer.of. free. radicals. to.cellulose. is.obtained.by.derivatization.with.ethylene. sulfide.
[386].

The.chemical.composition.of.the.grafted.copolymer.can.be.different.from.that.obtained.in.the.
absence.of.polysaccharides..The.branched.formation.changes.the.solution.composition.and.the.local.
concentration.of.the.comonomers..That.will.result.in.a.different.chemical.composition.of.copoly-
mers.obtained.at.low.and,.respectively,.high.conversion.[398].

Starch.solutions.have.a. tendency.toward.retrogradation.during.storage..That.process.develops.
within.hours..Retrogradation.means.a.return.of.well-dissolved.starch.molecules.to.a.more.orderly.
state..Retrogradation. is.mainly.due. to. the.presence.of. amylose.molecules,.which.are. linear. and.
therefore.easier.to.be.organized.based.on.hydrogen.bonding..Higher.starch.concentrations.can.speed.
up.the.retrogradation.process.[323].

All. parameters. able. to. increase. the. agitation. of. macromolecules. (higher. temperature,. higher.
shear.rate),.the.presence.of.another.compound.that.can.be.involved.in.hydrogen.bonding,.grafted.
branches,.or.pendant.groups.will.slow.retrogradation.down.
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2.5 synthEtIc PolymERs: EvERywhERE In PAPERmAkInG PRocEss

The. synthesis.of.derivatives. from.a.natural.product. (starch.and.cellulose). is. limited. in. terms.of.
functional.groups.and.their.distribution,.as.well.as.in.terms.of.its.capabilities.to.manage.the.molecu-
lar.weight.and.the.molecular.weight.distribution..Synthetic.polymers.are.obtained.in.much.more.
flexible.processes.in.which.their.molecular.weight.and.structure.can.be.more.easily.managed..The.
molecular.weights,.the.sequence.of.the.monomer.units,.the.linear.structure,.and/or.the.number.of.
branches.are.designed.during.their.synthesis.[424].

Synthetic.polymers.used.as.paper.chemicals.must.perform.under.particular.conditions:.various.
pH.values,.the.presence.of.electrolytes.and.polyelectrolytes,.and.in.a.suspension.with.various.sur-
faces. (including. cellulose. fibers).. There. should. be. a. right. ratio. between. their. hydrophobic. and.
hydrophilic.parts,.between.the.ionic.and.the.nonionic.pendant.groups,.with.well-defined.molecular.
weights.and.chemical.composition.distributions.

Polymer.synthesis.directly.on.paper.(polymerization.[425].or.polycondensation.[426]).has.not.
been.used.on.a.large.scale..It.is.usually.developed.in.a.chemical.plant.and.shipped.to.a.paper.mill.
as.a.powder,.water.solution,.or.dispersion..The.synthesis.of.synthetic.polymers.and.their.properties.
may.provide.a.better.insight.into.the.accessibility.and.usage.of.paper.chemicals.

2.5.1  PolymeR SyntheSiS

Although.polyethylene.is.used.in.coating.formulas,.most.of.the.macromolecular.compounds.used.
as.paper.chemicals.have.a.backbone.and.many.pendant.groups..The.chemical.structure.of.both.the.
backbone.and. its.moieties.are.crucial. for. the.synthesis.protocol.and.for. its.final.application.as.a.
paper.chemical.

Molecular.modeling.can.be.used.to.find.the.right.structure.for.the.right.application.in.paper-
making. process. [427].. There. are. two. general. concepts. used. in. synthesizing. a. macromolecular.
compound:.starting.from.a.small.molecule.and.building.up.a.macromolecular.backbone.(polym-
erization,. copolymerization,. or. polycondensation). or. using. a. polymer. as. starting. material. and.
synthesizing.a.new.polymer.by.changing.the.chemical.structure.of.the.pendant.groups.(polymer.
analogous.reactions).

Polymerization.processes.are.developed.through.chain.reaction.(free.radical,.ionic,.or.coordina-
tive.polymerization).with.three.steps:.initiation,.propagation,.and.termination..Most.of.the.monomer.
is.consumed.in.the.propagation.step..No.small.molecule.is.released.during.the.free.radical.propaga-
tion..In.this.case,.functional.groups.preexist.in.the.monomer.structure.

Most.polymers.resulting.from.the.polymerization.process.of.a.carbon–carbon.double.bond.(like.
vinyl.or.acryl.monomers).and. the.resulting.polymers.have.only.carbon.atoms.in. their.backbone..
The.carbon–carbon.backbone. is.hydrophobic,.and,. therefore,.not. soluble. in.water. (polyethylene,.
for.instance)..Hydrophobic.polymers.are.delivered.as.dispersions.(see.“Emulsion.polymerization”)..
In.order.to.make.it.water.soluble,.polar–hydrophilic.groups.must.be.attached.to.the.carbon–carbon.
double.bond.as.in.the.case.of.polyacrylamide:

CH2 CH

C
OH2N

R R
n

The.number.of.units.(n).included.in.the.backbone.is.usually.larger.than.100,.but.for.special.appli-
cations.in.the.papermaking.process.(as.flocculants.or.dry-strength.resins),.n.may.reach.100,000.

Water-soluble.monomers.(acrylamide,.acrylic.acid,.NVP,.etc.).are.easily.polymerized.in.water.
as.solvent.(solution.polymerization)..The.viscosity.of.the.polymer.solution.will.be.higher.at.higher.
concentrations.and/or.higher.molecular.weights.
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In.water.solution.or.at.the.wet.end,.that.type.of.polymer.can.undergo.some.chemical.reactions.on.
the.pendant.groups.(like.hydrolysis).but.molecular.weight.will.not.change.because.carbon–carbon.
bonds.cannot.be.broken.under.papermaking.conditions.

In.solution,.polymers.behave.as.individual.macromolecules;.their.properties.are.related.to.the.
macromolecule.properties:.the.molecular.weight.and.its.distribution.

Copolymerization.is.a.polymerization.process.when.at.least.two.monomers.are.involved.in.build-
ing.the.macromolecular.structure..For.instance,.the.copolymerization.between.acrylamide.and.the.
acrylic.acid.(II)32,.results.in.the.formation.of.an.anionic.copolymer.with.two.different.functional-
ities..In.most.cases,.the.comonomer.molar.ratio.is.different.from.one.(n.≠.m).

CH2 CH

C
OH2N

R CH2 CH R
(II)32

C
OHO

Copolymers.are.characterized.by.the.distribution.of.both.their.molecular.weight.and.chemical.
composition.[428]..In.other.words,.they.are.a.complex.mixture.of.macromolecules.having.different.
molecular.weights.and.chemical.compositions.

The.molar.ratio.of.the.comonomer.(n/m).and.its.distribution.both.within.a.macromolecule.and.
between. different. macromolecules. strongly. influence. their. water. solubility,. chemical. reactivity,.
and.physical.properties..By.copolymerization.with.hydrophilic.comonomers.(like.the.acrylic.acid,.
sodium.ethylenesulfonate.[429].or.the.maleic.acid),.hydrophobic.monomers.(like.ethylene.or.sty-
rene).can.be.converted.to.water-soluble.copolymers..Styrene-acrylic.acid.and.styrene–maleic.anhy-
dride.(SMA).copolymers.are.widely.used.as.paper.chemicals.

Some.comonomers.are.effective.even.at.low.concentrations..Paper.chemicals.(such.as.retention.
aids).have.a.very.low.concentration.of.one.comonomer.(lower.than.5%.of.cationic.comonomer),.but.
that.amount.is.critical.for.the.copolymer.performances..It.is.not.easy.to.synthesize.such.copolymers.
with.low.concentrations.of.comonomer,.which.should.be.evenly.distributed.to.all.macromolecules..
It.is.also.challenging.to.estimate.the.small.concentration.of.the.comonomer.by.elemental.or.spectral.
analysis.[430].

Hydrophobic.type.(co)polymers.are.also.of.interest.as.paper.chemicals:.for.sizing,.as.wet-strength.
resins.or.as.binder.in.coatings..Hydrophobic.monomers.are.not.soluble.in.water,.and,.therefore,.the.
“solution”.polymerization.procedure.is.no.longer.usable..The.un-soluble.comonomers.are.dispersed.
in.water. in. the.presence.of.anemulsifier. (emulsions).and.a.water-soluble. initiator. is.used. to.start.
their.emulsion.copolymerization.[431,432]..The.final.product.is.a.dispersion.of.copolymer.in.water.
(latex).

Polymer.latexes.bring.some.other.properties.along.with.the.intrinsic.properties.of.the.polymer.
itself:.particle.size.and.distribution,.specific.area,.functional.groups.on.the.particle.surface,.amount.
and.nature.of.the.stabilizer,.and.the.free.emulsifier.in.water.

The.functional.groups.located.on.the.particle.surface.are.hydrophilic.and.can.be.anionic.(COO−),.
cationic.(quaternary.ammonium.salt),.or.nonionic.(poly-ether)..In.those.cases,.the.stabilizer.should.
be.chosen.accordingly.(anionic,.cationic,.or.nonionic).

The. effectiveness. of. the. dispersed. (co)polymer. depends. less. on. molecular. characteristics.
(molecular.weight).and.more.on.particle.sizes.(smaller.particles.result.in.larger.number.of.par-
ticles.tending.to.reach.the.molecular.level.for.homogeneous.systems),.and.the.surface.functional.
groups.

Polymer.latexes.are.also.made.by.emulsifying,.in.water,.the.preexisting.polymer.brought.into.a.
solution.in.an.organic.solvent.(such.as.toluene),.in.the.presence.of.emulsifier.followed.by.the.distil-
lation.of.the.solvent.[433].
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Most.macromolecular.compounds,.resulting.from.polycondensation,.have.both.carbon.and.het-
ero-atoms.(nitrogen,.oxygen,.etc.).in.their.backbone.structure..The.condensation.between.a.diacid.
and.a.diamine.involves.the.release.of.water.within.an.equilibrium.reaction.(II)33:

R

O

HO

O

OH
+ H2N

R
NH2 R

O

HO
C

O

H
R

(II)33NH2n

–H2O

H2O+

N

Therefore,. the.new.amide.bond.(in.red. in. the.poly-amide.structure).can.be.hydrolyzed. in. the.
presence. of. water. and. a. catalyst,. at. an. appropriate. temperature. (reversible. reaction).. Hydrolysis.
results.in.a.lower.molecular.weight.compound.because.the.breakable.bond.is.located.in.the.back-
bone..The.reduction.in.the.polymer.molecular.weight.(and.in.its.performances).can.take.place,.at.
lower.rates,.even.at.room.temperature.and.may.affect.the.shelf.life.of.the.product.

Equilibrium.reactions.also.involve.bonds.successively.formed.and.broken.during.a.condensation.
reaction.(such.as.amide.bond)..Thus,.the.interchange.reactions.(polyamide-polyamide.or.polyester-
polyester.or.even.polyamide-polyester).[434].are.easily.performed.in.the.presence.of.a.catalyst..In.
other.words,. if. two.polyamides.with.different. structures. (DETA-adipic. acid. and.DETA-glutaric.
acid).are.blended.at.high.temperatures.and.in.the.presence.of.an.acid.catalyst,.a.new.polyamide.is.
obtained:.a. ternary.compound.DETA-adipic-glutaric.(co-polyamide)..After.a.reasonable.reaction.
time,.the.molecular.weight.of.the.new.polyamide.is.the.average.value.of.the.molecular.weights.of.the.
two.initial.polyamides..The.component.distribution.into.the.new.inter-polymers.is.derived.by.their.
reactivity.[435].and.the.reaction.time:.a.longer.reaction.time.will.result.in.a.more.random.distribu-
tion.of.the.units.[436].

An.interchange.reaction.can.be.performed.between.a.high.molecular.weight.polymer.(obtained.
through.polycondensation).and.a.reactive.small.molecule..Polyesters.react.with.alcohols.(alcoholy-
sis).or.with.acids.(acidolysis)..Polyamides.(or.polyesters).react.with.amine.(aminolysis)..Interchange.
reactions.can.occur.between.two.polyamides,.between.a.polyamide.and.a.polyester;.and.between.
two.or.more.polyesters.[437–439].

One.amide.may.have.a.low.molecular.weight.(such.as.urea)..The.interchange.reaction.(trans-
amidation).[440].is.performed.with.the.polyamide.prepared.in.the.previous.step..A.mixed.structure.
is.obtained.for.the.new.polyamide.(II)34.
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During.the.polymerization,.copolymerization,.and.polycondensation.reactions,.a.new.backbone.
is.built.up.starting.from.small.molecules..The.future.pendant.groups.of.the.backbone.are.carried.by.
those.small.molecules.(monomers)..New.macromolecular.compounds.can.also.be.obtained.by.add-
ing.new.moieties.to.a.macromolecular.compound.(polymer.analogous.reactions).

The. organic. chemistry. of. high. polymers. [441,442]. deals. with. changes. in. the. pendant. group.
structure.of.a.polymer,.while.keeping. the.molecular.weight.at. the.same.value..For. instance,. the.
hydrolysis.of.polyacrylamide.to.polyacrylic.acid.[443–449].or.the.Hofmann.degradation.of.poly-
acrylamide.[444,450,451].to.make.a.cationic.polyacrylamide.(II)35:

CH

H2N O

RCH

H2N O

CH2R CH2
CH

H2N O

CH2 CH (II)35RCH

H2N O

CH2R CH2

CH

NH2 NH2

CH2

NaOCln
n

At.a.lower.conversion,.a.copolymer.is.synthesized.(acrylamide-vinyl.amine.copolymer,.which.is.
also.a.“poly-amido-amine”).

The.addition.of.a.new.functionality.through.a.reaction.with.formaldehyde.[444].may.change.the.
reactivity.of.the.new.polymer:.it.becomes.self-cross-linkable.(II)36.
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Paper.chemicals.must.be.retained.on.cellulose.fibers,.which.is.why.they.need.cationic.charges..
Most.industrial.polymers.are.nonionic,.such.as.polyacrylamide,.polyethylene.oxide,.polyvinyl.alco-
hol.(PVA),.etc..To.synthesize.an.anionic.polyelectrolyte,.polyvinyl.alcohol.reacts.with.acrylic.acid.
(Michael.addition).[452]..To.obtain.a.cationic.polymer,.PVA.reacts.with.2,3-epoxypropyl.trimethyl-
ammonium.chloride,.at.25°C–75°C,.in.the.presence.of.sodium.hydroxide.[453,454].(see.also.cationic.
starch.synthesis).(II)37:
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(II)37

Polymer-analogous.reactions.can.change.all.functionalities;.the.resulting.compound.is.a.homo-
polymer..However,. that. reaction. type.passes—at. lower.conversion—through.a.“copolymer.step”.
when.the.old.functionality.coexists.with.the.new.one.(the.hydrolysis.of.polyacrylamide.to.acryl-
amide–acrylic.acid.copolymer.or.partially.nitrated.cellulose.[308])..It.is.difficult.to.convert.all.func-
tionalities.because.of.the.macromolecular.coil.shape.that.shifts.the.accessibility.of.its.functionalities.
during.the.reaction..For.instance,.the.amide.groups.in.polyacrylamide.cannot.be.converted.100%.to.
carboxylic.groups.due.to.electrostatic.repulsions.(hydrolysis.is.performed.through.OH−,.which.has.
no.access.to.the.macromolecule.due.to.the.presence.of.the.carboxyl.group—COO−).
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As.conversion.progresses,.the.new.copolymer.shows.a.different.distribution.of.its.segments.in.
solution..The.solvent.and.the.reaction.temperature.are.also.important.for.the.final.function.group.
distribution.Thus.it.is.possible.to.have.an.uneven.distribution.of.functionalities..The.distribution.of.
newly.formed.amine.groups.may.not.be.the.same.during.the.Hofmann.degradation.of.two.poly-
acrylamides.with.two.different.molecular.weights.(104.and.106).[451]..Lower.molecular.weight.poly-
acrylamide.reacts.much.faster.than.higher.molecular.polymers.[443]..However,.Tanaka.et.al..[450].
report.that.cationic.charges.created.through.a.Hofmann.reaction.of.a.polyacrylamide,.and.a.fluores-
cent.labeling.through.a.polymer.analogous.reaction,.result—after.multiple.re-precipitations—in.a.
homogeneous.distribution.of.the.functionalities.[450].

Polymers.with.acid.or.base.moieties.are.sensitive.to.the.pH.and/or.salt.concentration.[455]..When.
the.dissociation.equilibrium.takes.place,.both.undissociated.and.dissociated.forms.coexist..Ethyl.
acrylate–acrylic. acid.dissolved. in. the.presence.of. caustic. [456]. is. actually.a. ternary.copolymer:.
ethyl.acrylate–acrylic.acid–sodium.acrylate.

If. a. type.of. chemical. reaction. is.useful. for. the.papermaking.process,. it. can.be.partially.per-
formed.before.the.paper.chemical.is.added.to.the.cellulose.fibers..A.preliminary.reaction.reduces.
the.reaction.conversion.needed.to.be.developed.on.paper..Thus,.polymers.with.reactive.functional.
groups.may.react.with.another.(co)polymer.with.reactive.groups.in.water.solution..The.resulting.
inter-polymer.may.combine.the.properties.of.the.initial.reactants.[457,458].and.the.final.properties.
are.reached.during.the.paper.drying.step.

2.5.2  chemical and PhySical PRoPeRtieS of PolymeRS

Why.are.polymers.preferred.as.paper.chemicals?.What.makes.them.so.special?.In.an.attempt.to.
answer.those.questions,.let.us.start.from.the.fact.that.the.cellulose.is.also.a.macromolecular.com-
pound..From.that.perspective,.a.chemical.compound.able.to.improve.the.papermaking.process.and.
the.paper.quality.should.be.a.compound.with.high.molecular.weight.and.multiple.functional.groups..
The.effectiveness.of.a.paper.chemical.is.related.to.its.molecular.weight,.reactivity,.and.compatibility.
with.cellulose.fibers.

The.improvement.in.paper.strength.by.paper.chemicals.comes.from.their.macromolecular.size,.
and.their.functionalities.involved.in.ionic,.hydrogen,.and.covalent.bonds..However,.macromolecular.
compounds.with.higher.molecular.weight.show.higher.viscosity.for.their.water.solution..For.a.rea-
sonable.viscosity,.their.solutions.should.be.diluted.to.lower.solids.content..Regardless.of.the.difficul-
ties.generated.by.handling.solutions.with.high.viscosity.or.low.concentration,.the.higher.molecular.
weight.for.polymers.as.paper.chemicals.is.a.desirable.feature.

The.molecular.weight.of.the.polymer.is.an.average.value.and.should.be.associated.with.the.distri-
bution.of.the.molecular.weights..Polymers.with.a.broad.molecular.weight.distribution.are.“blends”.
of.macromolecules.with.very.different.molecular.weights..Polymer.adsorption.on.cellulose.fibers.
is.a.function.of.the.molecular.weight.and.charge.density.of.paper.chemicals..At.the.wet.end,.mac-
romolecules.with.different.dimensions.and.different.charge.densities.compete.for.the.same.spot.on.
the.surface.of.the.cellulose.fiber.

Paper.chemicals.are.used.in.complicated.blends.both.at.the.wet.and.dry.ends.of.the.papermaking.
process..Water.solutions.are.often.a.mixture.of.two.or.more.polymers..The.behavior.of.the.macro-
molecular.coil.in.the.presence.of.another.polymer.should.always.be.a.concern.[459]:.the.polymer–
polymer.interactions.[460].are.noticed.by.changes.in.viscosity.and.precipitation.

Most.paper.chemicals.are.copolymers..Their.properties.depend.largely.on.the.comonomer.ratio..
Glass.transition.temperature.for.binary.copolymers.is.calculated.with.the.following.Fox.equation.
[461]:
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33From Wood to Paper

Where.Tg1.and.Tg2.are.the.glass.transition.temperature.for.the.corresponding.homopolymers.and.Wi.
is.the.concentration.of.the.i.comonomer.in.the.copolymer..That.equation.considers.a.copolymer.as.
a.blend.of.homopolymers,.which.is.a.questionable.approach..For.the.SMA.copolymers,.a.simpler.
equation.was.published.for.the.Tg.as.a.function.of.maleic.anhydride.content.([MA]).[462]:

.
T Cg MA( ) . [ ]° = +100 3 367 . (2.5)

It.has.been.shown.[463–465].that.the.Tg.of.a.copolymer.does.not.always.follow.the.Fox.equation..
The.Tg.of.a.copolymer.is.better.described.by.an.equation.that.takes.into.account.the.sequence.dis-
tribution.of.diads. (AA,.BB,.AB,.and.BA.linkages. in. the.backbone)..Possible.chemical. reactions.
developed.during.the.Tg.measurements.should.also.be.considered.[466].

A. broad. copolymer. composition. may. create. phase. separation. due. to. the. lack. of. miscibility.
between.different.copolymer.fractions.having.different.compositions..For.instance,.a.difference.of.
only.2.5%.in.the.maleic.content.makes.two.SMA.copolymers.immiscible.[462].

At.the.wet.end,.we.have.a.complex.mixture.of.polymers.(WSR,.DSR,.TWSR,.starch,.CMC,.etc.).
dissolved.or.dispersed.in.water.along.with.other.organic.or.inorganic.small.molecules..All.these.
paper.chemicals.are.facing.dispersed.cellulose.fibers..There.are.also.interactions.between.the.poly-
mers.used.in.the.papermaking.process..Interactions.are.also.developed.in.organic.solvents.(hemicel-
lulose.acetate.reduces.the.solubility.of.the.cellulose.acetate.in.organic.solvents.[70]).

Most. macromolecular. paper. chemicals. are. polyelectrolytes.. The. shape. of. the. polyelectrolyte.
coil. depends. on. the. presence. and. the. concentration. of. the. other. electrolytes. or. polyelectrolytes.
[429,467–469]..The.retention.of.the.melamine–formaldehyde.resins.depends.on.the.electrolyte.con-
centration,.and.on.the.pH.[468]..The.change.in.shape.of.the.macromolecular.coil.can.be.very.drastic:.
cationic.polyacrylamide.precipitates.due.to.the.presence.of.potassium.carbonate,.sodium.or.ammo-
nium.sulfate.[470,471].

Viscosity.and.phase.separation.are.crucially.important.in.papermaking..Higher.polymer.concen-
trations.in.solution.or.dispersion.with.low.viscosities.are.a.major.target.for.polymer.application.in.
this.industry..Viscosity.depends.on.the.polymer.concentration.and.on.the.interaction.between.the.
polymer.and.the.solvent.

Polyacrylamide.is.well.known.in.the.papermaking.industry..Figure.2.1.shows.the.intrinsic.vis-
cosity.for.the.polymer.measured.in.water.and.in.ethylene.glycol.[472],.as.a.function.of.the.molecular.
weight..For.the.same.polymer.molecular.weight,.the.intrinsic.viscosity.is.several.times.higher.in.
water..That.is.an.indication.of.the.interactions.between.polyacrylamide.and.water.molecules.

The.interactions.between.polyelectrolytes.and.the.water.solution.environment.can.be.manipu-
lated.by.inorganic.electrolytes,.organic.polyelectrolytes,.or.nonionic.polymer.(hydrogen.bonding).
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FIGURE 2.1 The.intrinsic.viscosity.of.polyacrylamide..(Klein,.J..and.Konrad,.K.D.:.Makromol. Chem.,.179,.
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34 Chemistry of Modern Papermaking

[473,474]..In.the.case.of.polyamines.[475],.the.viscosity.of.their.water.solutions.depend.on.the.pH.
as.well.

The.estimation.of.the.intrinsic.viscosity.of.the.polyelectrolytes.should.be.carefully.performed.
because. the. reduced. viscosity. for. that. type. of. polymer. (maleic. acid–vinyl. acetate. copolymer.
[476,477]).increases.with.the.decreasing.polyelectrolyte.concentration.by.dilution.with.water..The.
presence.of.an.electrolyte.(NaCl).changes.the.shape.of.the.viscosity.curve.

The.presence.of.the.electrolyte.(such.as.NaCl).changes.the.relationship.between.the.molecular.
weight.of.the.polyelectrolyte.and.the.measured.intrinsic.viscosity.[472,478,479]..Electrolytes.have.
an.effect.even.on.the.viscosity.of.nonionic.polymers.solution.(such.as.polyacrylamide.[472,480])..
In.order.to.have.a.straight.line.for.ηsp/c.=.f(c),.where.c.stands.for.the.polymer.concentration,.the.salt.
solution.at.a.given.concentration.should.be.used.as.“solvent”.[478].

The.intrinsic.viscosity.for.the.same.cationic.polyacrylamide.was.measured.in.water.and.in.NaCl.
solution. [481]. (Figure.2.2):. for. the. same.molecular.weight,. the.molecular. coil. is. about.10. times.
smaller.in.the.presence.of.an.electrolyte..That.is.why.the.intrinsic.viscosity.is.measured.in.1.0.M.
sodium.nitrate.solution.as.a.standard.solvent.[482]..The.same.trend.is.noted.for.polyamine.polymers.
in.the.presence.of.inorganic.electrolytes.[483]..As.expected,.amphoteric.compounds.show.a.differ-
ent.behavior.[484]:.they.precipitate.at.their.isoelectric.point.but,.at.high.concentrations.of.NaCl,.the.
amphoteric.starch.does.not.precipitate.at.any.pH.

The. polyacrylamide. degree. of. hydrolysis. (or. the. concentration. of. sodium. acrylate. units). is.
important.for.the.molecular.weight.estimation.[485]..The.electrolyte.effect.depends.on.the.copoly-
mer.composition..For.acrylamide–sodium.acrylate.copolymers.[486],.the.intrinsic.viscosity.in.1.0.M.
NaCl.is.always.smaller.than.that.in.0.5.M.NaCl.(Figure.2.3).

The.effect.of.the.electrolyte.concentration.is.negligible.for.the.homopolymer.of.polyacrylamide.
and.for.the.copolymer.with.low.concentrations.of.sodium.acrylate.(10%)..However,.it.is.not.recom-
mended.to.extend.the.use.of.the.Mark–Houwink–Sakurada.equation.established.for.nonionic.poly-
acrylamide.([η].=.3.73.×.10−4M0.66.for.0.05.M.sodium.sulfate.as.a.solvent.at.30°C).to.another.anionic.
copolymer.of.acrylamide.[487].

In.order.to.suppress.the.ionic.effects,.size-exclusion.chromatography.method.uses.an.aqueous.
eluent.containing.0.3.M.acetic.acid.and.0.3.M.sodium.acetate.[100].

The. composition. and. the. amount. of. white. water. depend. on. the. wood. quality,. the. type. of.
pulping.process,.and.the.impurities.brought.in.by.paper.chemicals..These.make.every.paper.mill.
a.unique.operating. system,. and. the.biodegradability.of.water-soluble. compounds. should.be. a.
concern.[488].

At.the.wet.end,.polyelectrolytes.as.paper.chemicals.are.facing.the.so-called.anionic.trash..The.
shape.of.the.cationic.polyelectrolyte.molecular.coil.(cationic.starch).is.changing.in.the.presence.of.
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FIGURE 2.2 The.electrolyte.effect.on.the.intrinsic.viscosity.of.the.cationic.polyacrylamide.
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35From Wood to Paper

anionic.compounds.(SLS).[489]..The.combined.interactions.(such.as.those.between.ionic.polymers.
and.ionic.small.molecules.[470]).are.very.common.in.papermaking..The.molecular.coil.is.shrink-
ing.(cationic.charges.are.neutralized).or.expanding.(micelles.formation).as.a.function.of.the.ratio.
between.the.anionic.environment.and.the.cationic.charges..Cationic.and.anionic.macromolecular.
compounds.interact,.and.precipitation.is.often.noticed.[490–492].

Nonionic.polymers.can.also.interact.in.solution.through.hydrogen.bonding.or.hydrophobic.type.
interactions.[458,493,494]..PVA.forms.a.supramolecular.aggregate.with.the.polyacrylic.acid.[495]..
But,.those.interactions.change.[496].in.the.presence.of.a.polar.surface.such.as.that.of.cellulose.fibers..
The.anionic.cellulose.surface.is.an.“active”.partner.in.any.type.of.interactions.

2.6 PAPER tEstInG: A dIFFIcUlt tAsk

Paper. is. a. heterogeneous. material:. different. components. are. unevenly. distributed. in. a. web-like.
structure..There.are.three.different.broad.distributions,.overlapping.within.the.paper.structure:.the.
fiber.size.distribution,.the.filler.size.distribution,.and.the.paper.chemical.distribution..As.a.result.of.
that.heterogeneity,.strong.sections.are.distributed.alongside.weak.sections..Mechanical.stress.and.
water.penetration.(to.consider.only.two.paper.characteristics).will.be.affected.by.that.heterogeneity.

Web.formation.depends.on.temperature,.shear.rate.[497,498],.and.consistency..The.ideal.pulp.
concentration.should.be.<0.01%.to.prevent.partial.flocculation.[180]..The.real.consistency.is.0.5%.
or.higher,.which.results.in.partial.flocculation,.and.translates.into.a.variation.of.the.fiber.number.and.
length.distribution.in.the.rupture.zone.[499]..The.machine.speed.and.nip.pressure.are.aggravating.
factors.for.variability.in.fiber.distribution,.fiber.crossing.number,.pore.size,.void.portion,.and.RBA.

Adsorption.and.flocculation.[500].differ.on.different.cellulose.fiber.fractions,.and.particularly.
during.the.mixing.of.paper.stock.with.paper.chemicals.at.the.wet.end,.which.enhances.the.hetero-
genic.character..For.instance:.different.dry-strength.resins.show.different.capabilities.not.only.in.
strengthening.the.interfiber.bonds.but.also.in.sheet.formation.[152].

Some.paper.chemicals.bring.along.their.own.polydispersity:.molecular.weight,.composition,.and.
charge.density.distributions.(for.(co)polymers),.alkyl.length.distribution.(AKD,.ASA),.particle.size,.
and.particle.size.distribution.(for.latexes).

The.wet.end.is.a.continuous.process.operating.with.very.low.concentrations.(stock.is.below.1%.
and.all.chemicals.taken.together.are.below.5%.based.on.pulp),.which.makes.it.hard.to.control.the.
consistency.of. those.concentrations.over. time;. the.consistency.of. the.white.water.quality. is.also.a.
factor.[501].

The.concentrations.of.paper. chemicals. in. the.final.paper. sheet. are. so. low. (most.of. them.are.
below.1%.based.on.cellulose).that.the.chemical.and/or.physical.analytical.methods.[502].can.hardly.
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measure.their.amount.and.distribution..Moreover,.the.distribution.of.paper.chemicals.added.during.
the.surface.treatment.(dry.end).is.obviously.uneven.in.the.Z.direction.

When.the.effect.of.an.additive.at.the.wet.end.is.evaluated,.care.must.be.taken.to.determine.to.
what.extent.variables.such.as.sheet.formation,.fine.retention,.and.wet.pressing.can.be.controlled..
Moreover,.each.group.of. investigators.used.different. types.of.fibers. [335]..Thus,. it.became.very.
difficult.to.compare.the.effects.of.wet.end.additives.based.on.experiments.performed.in.different.
laboratories.and.under.different.sheet-forming.conditions.[503].

Therefore,.nonuniformity.is.an.intrinsic.property.of.randomly.formed.fiber.networks..In.order.
to.acknowledge.this.heterogeneity,.it.is.essential.to.understand.the.behavior.of.paper.during.test-
ing.[180]..Testing.methods.are.hard.to.standardize:.due.to.the.behavior.of.interfiber.bonds,.paper.
properties.are.time-dependent.[214,504]..In.other.words,.mechanical.properties.are.rate-dependent.
(for.instance,.the.response.to.one.particular.load.versus.time.is.different.from.one.type.of.paper.to.
another)..A.different.error.structure.may.be.present.for.different.paper.types.

All.the.above.statements.would.lead.to.the.idea.that.paper.testing.is.a.difficult.task.and.special.
precautions.must.be.taken.when.an.experiment.is.designed..Closer.attention.should.be.paid.to.stan-
dard.deviation.values.and.the.number.of.replicates.for.each.experimental.point.

TAPPI. did. remarkable. work. in. trying. to. standardize. testing. methods.. However,. standard-
ized.procedures.are.valid.mostly.for.a.stable.papermaking.process.(steady.state).with.repeated.
measurements. on. basically. the. same. stock,. raw. materials,. and. process. parameters.. In. other.
words,. those.methods.are.valid. for.“standardized”.expectations..When.standard.equipment. is.
not.available.(for.the.evaluation.of.paper.softness,.for.instance).and.an.“experienced.panelist”.
is.used,.the.paper.characterization.[505].is.even.less.accurate:.the.experimental.errors.are.very.
large.(0.4.<.R2.<0.7).[506].

Due.to.experimental.errors,.for.lab-scale.papermaking.systems,.the.above-mentioned.parameters.
make.it.very.difficult.to.get.consistent.replicates.for.an.experiment..When.a.new.raw.material.or.
a.new.procedure.are.used.(in.original.papers.or.patents),.it.is.clear.that.the.“standard”.number.of.
replicates.or.the.“standard”.number.of.experimental.points.are.valid.for.the.preliminary.evaluation.
only..More.prudent.authors.[507].are.aware.of.the.fact.that.unexpected.results.can.be.due.to.the.
experimental.errors.

For.a.higher.confidence.in.new.data,.any.experimental.design.must.include.a.larger.number.of.
replicates.of.which. the.average. is.calculated..The.experimenter. is. in.an.uncomfortable.position:.
working.with.a.complicated.multistep.process,.and.compelled. to.run.many.replicates.associated.
with.a.high.number.of.experimental.points.

Unfortunately,.many.of.the.articles.and.patents.published.fail.to.follow.an.accuracy-oriented.
experimental.work..Some.authors.go.even.deeper. in.building.up. the.confusion:. they.are.stub-
bornly.looking.for.conclusions..Sometimes.their.conclusions.are.reached.without.any.informa-
tion. about. experimental. errors,. are. based. on. graphs. that. have. only. three. [497]. or. two. points.
[501],.etc..However,.even.when. the.data.concerning. the.experimental.errors.are.available,.and.
the.authors.are.aware.about.their.implications,.that.does.not.prevent.them.from.jumping.to.con-
clusions.such.as.“…opacity.decreases,.albeit.the.opacities.are.in.the.same.range.within.the.error.
quoted”.[508,509].

An.experiment.should.be.designed.based.on.the.intrinsic.performances.of.the.analytical.methods.
and.on.the.handling.of.that.particular.method..In.most.cases,.an.arbitrary.approach.is.taken:.“Each.
point.(in.a.graph).represents.the.average.of.two.specimens.from.each.of.the.five.sheets”.[510].

Experimental.errors.are.generated.not.only.by.the.analytical.method.but.also.by.the.experimen-
tal.procedures.used,.such.as.the.temperature.effect.on.the.sizing.test.[511]..The.fact.that.PAE.resins.
are.adsorbed.by.glassware.[512].adds.more.errors.when.a.retention.study.is.performed.

In.what. is. to.follow,.some.examples.of.cursory.interpretations.of.experimental.data.and.their.
effect.on.the.final.conclusions.published.in.technical.literature.are.presented.

The.water.contact.angle.is.considered.as.a.measure.of.the.hydrophobic.character.of.the.sized.
sheet.. The. pH. of. the. testing. water. is. very. important. [513].. This. piece. of. information. is. always.
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missing,.which.may.result.in.confusing.conclusions..In.rare.cases,.when.the.standard.deviation.(SD).
was.published.for.the.contact.angle.[514],.a.value.of.more.than.10%.should.be.a.sign.that.special.
attention.needs.to.be.paid.to.the.statistical.interpretation.of.data.

Rarely,.when.the.SD.was.calculated.(5%.based.on.an.arbitrary.number:.20.strips.per.condition!).
[332].the.author.simply.ignored.it,.and.jumped.to.conclusions.such.as.“the.oxidized.groups.decrease.
interfiber.hydrogen.bonding.”.Figure.2.4.shows.that,.within.the.experimental.errors,.oxidized.pulp.
does.not.make.any.difference.in.the.dry.strength.(the.error.bars.are.overlapping).regardless.of.what.
dry-strength.additive.is.used.(dialdehyde.starch.(DAS).or.DAS.and.alum).

A.relationship.between.the.roughness.of.the.print.surface.(measured.objectively).and.the.visual.
(subjective).ranking.is.sought.[515]..If.the.data.are.recorded.in.a.graph,.a.very.poor.correlation.for.a.
straight.line.(R2.=.0.65).is.obtained.(Figure.2.5).

The.trend.is.still.obvious:.as.the.print.surface.roughness.is.higher,.a.higher.visual.ranking.will.
result..However,. the.poor.correlation.coefficient. invalidates.any.attempt.at. translating. the.visual.
ranking.into.objective.measurements:.for.a.print.surface.roughness.of.2.5,.there.are.two.visual.rank-
ings.of.12.and.25..The.experimental.design.is.also.un-balanced:.there.are.about.12.points.around.the.
2.5.value.for.the.print.surface.roughness.and.only.two.points.between.3.5.and.4.5..That.relationship.
is.valid.only.for.the.print.surface.roughness.between.2.and.4.5:.any.extrapolation.is.hazardous.(see.
the.intercept.in.the.straight.line.equation).

The. effect. of. cellulose. acetylation. on. paper. strength. was. studied. for. bleached. Kraft. pulp.
[306]..The.degree.of.acetylation.was.estimated.indirectly.from.the.reduction.in.swelling.in.water..
Experimental. errors. are. involved. in. both. the. swelling. reduction. and. the. dry. (or. wet). tensile.
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measurements..Figure.2.6.shows.that.as.the.degree.of.acetylation.increases.(higher.reduction.in.the.
swelling.ratio),.the.dry.strength.decreases.(reduced.number.of.hydrogen.bonds).and.the.paper.wet.
strength.is.higher.(less.access.of.water)..That.would.make.sense,.but.the.correlation.coefficients.(R2).
are.unacceptably.low,.and,.therefore,.the.experimental.data.should.be.taken.only.as.a.preliminary.
value.

Experimental.errors.are.rather. large.for. the.measurements.of.bending.stiffness.[516].both.for.
machine.(MD).and.cross.direction.(CD)..The.experimental.points.are.almost.identically.distributed.
as.a.function.of.the.starch.concentration..Surprisingly,.the.authors.chose.a.linear.model.for.MD.and.
a.curve.with.a.maximum.for.CD.

The. factorial.experimental.design. is.an.excellent. strategy..Unfortunately,. that. type.of.experi-
mental.design.has.several.limitations,.the.most.important.of.which.is.the.number.the.experimental.
points.run.in.the.center..When.only.one.experimental.point.is.run.for.the.center.[517],.no.experimen-
tal.error.analysis.can.be.performed.and.the.related.data.are.rather.unreliable.

The.effect.of.the.internal.size.concentration.on.paper.strength.is.studied.based.on.three.experi-
mental.points.only.and.conclusions.are.reached.based.on.a.difference.of.only.8%.between.maxi-
mum.and.minimum.strength.values.[518]..Due. to. the.much. larger.experimental.errors.(standard.
deviation),. it. appears. that. the. internal. size. does. not. have. any. impact. on. paper. strength. (within.
experimental.errors),.which.could.be.a.hasty.conclusion.

Mixed.measurements.like.dry.and.wet.tensile.strength.and.their.ratio.(wet/dry).have.a.powerful.
significance..On.the.other.hand,.wet.and.dry.strength.are.measured.on.separate.strips.and.different.
error.profiles.are.involved..Generally,.wet.tensile.strengths.were.found.to.be.less.scattered.than.the.
dry-strength.values.[519]..Due.to.the.different.error.distribution,.the.interpretation.of.the.ratio.value.
is.rather.difficult.

The.large.number.of.potential.errors.makes.the.experiment.more.tedious:.in.every.set.of.exper-
iment,. a. control. sample. should. be. added.. It. is. already. very. common. to. notice. differentiations.
between. data. collected. for. the. same. (control). samples. placed. in. different. sets. of. experimental.
points.[520].

The.rosin–alum.sizing.efficiency.is.supposed.to.be.a.function.of.pH.[521]..However,.the.usual.
errors.of.about.30%.mentioned.in.the.Tappi.protocols.are.painting.a.very.different.picture..Figure.
2.7.shows.that.it.is.hard.to.separate.between.samples.even.if.only.20%.errors.are.considered.(differ-
ences.of.33%—200.and.300.s.for.HST.are.considered.“as.consistent.with.normal.run-to-run.varia-
tion”.[522])..The.samples.are.equivalent.within.those.experimental.errors..That.is.also.valid.for.the.
hydrocarbon.resin.dispersions.used.as.surface.size.[523].

On.the.other.hand,.this.type.of.experimental.data.is.very.common.in.paper.testing.and.the.sci-
entist.must.accept.it.as.such.for.a.while..Eventually,.the.authors’.honesty.is.always.the.preferable.
approach:.as.in.the.case.of.Espy.[524]:.“The.plot.of.the.paper.wet.strength.vs..resin.content.was.
scattered:.values.could.not.be.estimated.”
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FIGURE 2.6 The.effect.of.acetylation.of.bleached.Kraft.paper.on.its.strength.and.swelling.index.
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The.effect.of.pulp.on.the.properties.of.paper.is.overwhelming.[525]:.Northern.bleached.Kraft.
(in.blue,.Figure.2.8),.Northern.unbleached.Kraft.(in.red),.and.Southern.unbleached.Kraft.(in.green).
show.different.behaviors.when.treated.with.cationic.di-aldehyde.starch..Moreover,.there.is.a.change.
between.unbleached.and.bleached.Northern.Kraft:.bleached.pulp.shows.a.higher.dry.strength,.but.a.
lower.wet.strength.than.the.unbleached.material..An.aggravating.factor.is.that.the.switch.takes.place.
only.at.higher.concentrations.of.strengthening.agent.

Quite.frequently,.published.data.involve.mixtures.of.different.types.of.pulps..Figure.2.8.shows.
how.difficult.it.would.be.to.align.different.data.published.by.different.teams.in.one.comprehensive.
and.coherent.collection.of.data.

The.observations.presented.in.this.chapter.have.covered.most.paper.testing.methods.and.pointed.
to.the.many.hindrances.in.obtaining.reliable.experimental.data..They.are.also.intended.as.a.warn-
ing. on. the. difficulties. related. to. the. correlation. between. paper. properties. and. the. papermaking.
parameters.
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3 The Fate of Paper Chemicals 
at the Wet End

The.papermaking.process.is.essentially.a.filtration.process.[1].involving.the.dynamic.separation.of.
the.paper.web.from.the.white.water..If.chemicals.are.to.influence.the.web.and.paper.properties,.they.
must.be.retained.on.the.cellulose.fibers.[2]..Poor.retention.results.in.more.water.removal.from.the.
wet.web.[3],.low.paper.quality.and.a.high.concentration.of.chemicals.in.white.water,.and.the.lack.of.
attainment.of.the.desired.functional.properties.

Wet.end.chemistry.deals.with.the.adsorption.of.small.and/or.large.molecules.on.cellulose.fibers.
[4]..The.heterogeneous.system.at.the.“wet.end”.can.be.defined.as.“the.miraculous.loci”:.the.cellulose.
fibers.are.dispersed.(less.than.1%.based.on.water).in.a.huge.volume.of.water.and.they.must.interact.
with.paper.chemicals,.which.are.in.very.low.concentration.(less.than.5%.based.on.dry.cellulose)..If.
the.paper.chemical.is.also.a.dispersion,.the.wet.end.process.turns.into.a.hetero-coagulation.

Cellulose.fibers.(and.other.dispersed.components).will.generate.a.huge.surface.area..All.pro-
cesses.developed.in.this.step.will.take.place.at.the.interface:.adsorption,.flocculation,.anion–cation.
interactions,.hydrophobic.interactions,.etc.

3.1 FRIEnds And FoEs At thE wEt End

The.dispersion.components.at.the.wet.end.are.either.ionic.or.nonionic..Many.of.them.show.antago-
nistic. properties:. hydrophilic–hydrophobic,. ionic–nonionic,. cationic–anionic,. small. molecule–
macromolecular.compounds,.soluble.compounds,.and.dispersions..In.the.presence.of.cellulose.pulp,.
the.wet.end.additives.will.compete.with.each.other. in. terms.of.mobility,. ionic.and.hydrophobic.
interactions,.and.eventually.the.adsorption.capabilities..They.may.also.interact.with.each.other.and.
with.some.synergetic.effects.

At.the.wet.end,.there.is.a.continuous.water.phase;.a.dispersed.phase.of.cellulose.fibers..Cellulose.
fibers,.which.are.non-soluble,.but.swollen.in.water,.have.a.broad.particle.size.distribution,.a.porous.
structure,.and.reactive.groups.on.the.surface..The.continuous.phase.contains.soluble.compounds.left.
from.the.pulping.process.and.paper.chemicals.additives.

The.most.common.interactions.at.the.wet.end.are.developed.between.cellulose.fibers.and.cationic.
macromolecules. (or. small.molecules),. cellulose.fibers. and.nonionic.polymers,. cationic.polymers.
and.anionic.trash,.etc..Even.the.nonionic.small.molecules,.such.as.organic.halogen.compounds,.are.
about.50%.retained.on.cellulose.[5].

In.order.to.prevent.uncontrolled.flocculation,.the.cellulose.fiber.concentration.in.water.is.very.
low..Fibers. are. isolated. from.one. another. in.water. only. at. concentrations. lower. than.0.01%. [6]..
However,.that.concentration.is.not.commercially.attractive,.and.therefore.the.papermaking.process.
deals.with.potentially.uneven.flocculation.

The.dispersed.phase.of.cellulose.fibers.is.defined.by.the.fiber.size.and.the.size.distribution.and.
by.the.concentration.of.anionic.functional.groups..The.structural.elements.of.cellulose.fibers.are.
the.fibrils.and.microfibrils.having.diameters.ranging.from.3.to.30.nm..At.the.wet.end,.those.fibers.
are.swollen.in.water,.which.pushes.the.fibrils.apart.and.generates.a.large.internal.surface.area.(pore.
area)..The.average.diameter.for.newly.formed.pores.is.about.100.nm.[7]..The.swelling.and.beat-
ing.processes.make.fibers.more.accessible..As.expected,.after.beating,.the.adsorption.of.cationic.
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polymer.increases.[8],.and.pigments.are.more.evenly.distributed.[9]..After.the.drying.of.the.ini-
tially.beaten.pulp,.pore.sizes.change.and.the.cationic.polymer.adsorption.decreases.to.the.level.of.
unbeaten.pulp.

The.geometric.structure.of.the.fiber.and.its.capability.to.adsorb.water.are.evaluated.by.the.“fiber.
saturation.point”.[10]..The.average.cellulose.pore.size.is.about.13.nm.in.diameter.with.80%.of.the.
pore.volume.within.±1.2.nm.and.only.20%.of.the.pore.volume.is.due.to.the.pores.larger.than.10.nm.
[11]..It.is.easy.to.understand.the.huge.specific.surface.area.developed.by.that.porous.material:.this.
represents.over.200.m2/g.[12].(50.times.larger.than.the.outer.surface).

Adsorption.on.cellulose.fibers.deals.with.a.wide.variety.of.molecules.present.in.the.continuous.
phase..These.molecules.are.differentiated.by.their.molecular.size,.charge.density,.and/or.polarity..
Cellulose.fibers.have.an.external.surface.area.(available.for.any.kind.of.molecule.but.especially.for.
high.molecular.weight.polymers.[13]),.an.internal.surface.area.(due.to.the.micropores.and.macro-
pores.[14]).accessible.for.moderately.sized.macromolecules,.and.the.surface.area.displayed.by.small.
pores.and.available.only.to.small.molecules.[12].

The.ratio.between.the.pore.size.and.the.size.of.a.polymer.coil.is.essential.for.this.wet.end.chem-
istry.to.be.effective..Polymer.retention.within.cellulose.pores.is.a.function.of.the.polymer.molecular.
weight.and. the.cellulose.pore.size. [12].. It.was.experimentally.proven. that. larger.molecules.have.
less.access.to.a.given.pore.structure.[13]..Due.to.the.fact.that.all.polymers.show.a.molecular.weight.
distribution,.a.selection.of.the.macromolecule.is.expected.during.the.adsorption.process..Failure.to.
take.into.account.the.accessibility.of.the.internal.surface.area.to.the.paper.chemicals.may.lead.to.
erroneous.conclusions.concerning.the.adsorption.process.[15].

The.retention.of.any.cationic.polymer.is.directly.proportional.to.the.carboxyl.content.of.cellulose.
[16,17].and.their.degree.of.dissociation..About.90%.of.the.cellulose.carboxyl.groups.are.dissociated.
at.pH.5.0.[18]..At.a.higher.pH,.the.degree.of.dissociation.is.even.higher,.but.the.dissociation.degree.
as.a.function.of.pH.does.not.follow.the.theoretical.curve:.the.real.pKa.is.higher.than.3.5.at.pH.=.4.0.
and.higher.than.4.0.at.pH.=.5.0..At.pH.=.2,.cellulose.fibers.become.neutral.[19]..Therefore,.the.cat-
ionic.resin.retention.depends.on.the.pH.[20].

The.number.of.anionic.(carboxyl).groups.on.cellulose.fiber.can.be.increased.by.oxidation.[20,21],.
by.etherification.[22,23],.or.by.enriching. the.fiber.surface.with.CMC.bonded.with.aluminum.or.
zirconium.salts.[24,25]..Both.oxidation.and.etherification.are.performed.in.the.presence.of.water.
(swollen.fibers).with.small.molecules.(such.as.sodium.chloroacetate),.which.may.result.in.the.for-
mation.of.carboxylic.groups.on.both.the.fiber.surface.and.inside.the.pores..The.fact.that.carboxylic.
groups.are.immobilized.on.the.surface.or.trapped.in.the.cellulose.structure.is.important.for.their.
dissociation.and.supposed.interaction.with.cationic.species..The.anionic.groups.trapped.into.the.
fiber.structure.are.accessible.only.to.low.molecular.cationic.polymers.(such.as.PEI).and.only.after.a.
longer.period.of.time.needed.for.their.diffusion.(24.h).[26].

The.presence.of.anionic.groups.on.cellulose.fibers.explains.their.electrophoretic.mobility..The.
presence.of.electrolytes.changes.the.magnitude.of.electrophoretic.mobility.[19,27,28]:.a.higher.con-
centration.of.the.electrolyte.results.in.a.lower.mobility.of.the.cellulose.fibers..Pulp.readily.exchanges.
an.ion.even.in.very.diluted.solutions.and.preferentially.picks.up.the.higher.valence.cations.[29]..The.
adsorption.of.paper.chemicals.and,.eventually,.the.paper.properties.depend.on.the.quality.of.water..
The.water/cellulose.fiber.interface.is.far.from.continuous.or.smooth.

The.fiber.is.swollen.in.water.and.the.amorphous.cellulose.part.has.a.much.larger.swollen.index..
The.amorphous.zone.has.segments.of.cellulose.molecules.(loops.and.tails).released.into.the.water.
phase.showing.higher.capability.to.interact.with.water.soluble.polymers.

The.pulp.includes.lignin.fragments,.hemicelluloses,.fatty.acids,.and.rosin.acids.[30].to.which.
chemicals. from. recycled.white.water. are. added. (“anionic. trash”)..Primary.fines. (from.unbeaten.
pulp).are.richer.in.lignin.than.secondary.fines,.which.were.created.during.beating.[31]..Bleached.
sulfate.pulp.releases.organic.substances.during.slashing.and.refining.[32]..Hardwood.pulp.releases.
more.anionic.trash.with.a.higher.molecular.weight.than.softwood.pulp..This.release.process.depends.
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on.the.electrolyte.concentration..Anionic.trash.behaves.as.a.polyelectrolyte..This.topic.is.revisited.
under.the.sections.on.polyelectrolyte.adsorption–desorption.and.on.interactions.of.anionic.and.cat-
ionic.species.to.make.a.polyelectrolyte.complex..Cationic.demand.is.directly.related.to.the.amount.
of.anionic.contaminants.in.paper.furnish.[30,33–35].

Anionic.small.molecules.(such.as.Direct.Red.2.dye).are.retained.on.cellulose.fibers.almost.100%.
by.aluminum.salts.[17]..This.experimental.data.proves.that.the.anionic.compounds.are.involved.in.
the.retention.process.by.reducing.the.cationic.retention.aids.efficiency.and.by.bringing.on.paper.
all.kinds.of.undesired.molecules..The.anionic.trash.will.compete.with.anionic.cellulose.fibers.for.
cationic.paper.chemicals.[30].

Wet.end.chemistry.involves.water-soluble.polymers.and.dispersions.of.hydrophobic.compounds.
(polymers.and/or.small.molecules).[36]..Examples.of.soluble.paper.chemicals.used.at.the.wet.end.
are. retention. aids,. temporary. wet-strength. resins,. wet-strength. resins,. dry-strength. resins,. and.
rosin.salts.as.internal.sizing.agents..Dispersed.paper.chemicals.are.internal.sizing.agents,.polymer.
latexes,.and.fillers.

Most.paper.chemicals.are.polyelectrolytes.whose.adsorption.on.a.solid.surface.depends.on.
their.chemical.structure,.molecular.weight,.molecular.weight.distribution,.cationic.(or.anionic).
charge. density. and. distribution,. and. on. the. presence. of. inorganic. electrolytes.. Their. molecu-
lar. weight. and. charge. density. distributions. will. generate. a. selective. adsorption. on. cellulose.
fibers [37].

At.the.wet.end,.in.a.very.diluted.system,.a.heterogeneous.mixture.is.characterized.by.a.strong.
circulation..The.shear.rate.has.an.important.effect.on.diffusion,.adsorption,.and.precipitation.of.
alum.[38]..In.an.ideal.picture.(no.chemical.reaction.is.100%.retention),.the.final.moment.(before.
the.Fourdrinier.wire).would.be.a.drastic.reduction.in. the.number.of.components:.all.chemicals.
should.be.adsorbed.on.cellulose.fibers.and.the.ideal.white.water.would.be.a.clean.liquid.with.no.
residual.solids.

However,.the.real.wet.end.systems.involve,.unfortunately,.only.a.partial.adsorption.of.chemicals..
An.important.amount.of.un-retained.chemicals.remain.in.white.water..The.art.of.wet.end.chemistry.
is.to.place.the.real.system.as.close.as.possible.to.the.ideal.picture.

3.2 PolymERs In hEtERoGEnEoUs systEms

Paper.chemicals.added.at.the.wet.end.are.adsorbed.on.the.surface.of.cellulose.fibers,.interact.with.
each.other.in.the.continuous.phase,.or.remain.unchanged..Due.to.the.diversity.of.species.at.the.wet.
end,.a.competition.takes.place.between.different.interactions.and.processes.(dissociation,.precipita-
tion,.adsorption,.coagulation,.and.hetero-coagulation).[39]..The.“art”.of.“wet.end.chemistry”.relies.
on.the.ability.to.control.their.retention.in.order.to.obtain.the.desired.effect.on.the.wet.web.and.the.
final.paper.

The.adsorption.of.paper.chemicals.on.cellulose.fibers.is.the.ultimate.goal.of.wet.end.chemis-
try.. Adsorption. is. driven. by. ionic. interactions,. and. hydrogen. bonding;. hydrophobic. interactions.
also.appear.to.be.very.strong.[40–42]..The.ionic.bonds.(cationic.surfactant.and.anionic.cellulose.
carboxyl).will.force.hydrophobic.tails.to.interact.with.the.hydrophobic.part.of.the.cellulose.fiber..
Increasing.the.number.of.CH2.units.in.the.hydrophobic.tail.(alkyl.chain).increases.the.contribution.
of.the.hydrophobic.interaction.

This.is.a.random.adsorption.due.to.the.fact.that.the.adsorbed.molecules.do.not.interfere.with.
each.other..The.specific.area.occupied.by.a.hydrophobic.tail.depends.on.the.surface.polarity:.the.
hydrophobic. segment. is. longer. on. a. polar. surface. [43].. By. adding. more. cationic. surfactant,. the.
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small.molecules.start.to.organize.(redistribution).in.hemi-micelle..They.are.able.to.cover.the.entire.
surface,.while.the.hydrophobic.tails.are.interacting.with.each.other:

The.hydrophobic.pack.of.tails.will.accept.more.hydrophobic.tails..New.molecules.are.oriented.
with.the.cationic.charges.toward.water.(admicelle):

During.the.adsorption.of.the.cationic.surfactant,.the.cellulose.fiber.surface.changes.its.charge.
density.and.its.hydrophobicity..This.surfactant.bilayer.overcomes.the.anionicity.of.cellulose.and.a.
positive.ξ-potential.value.is.recorded.[40].

The.“hydrophobic”.character.of.the.cellulose.fiber.is.a.fascinating.topic..Regardless.of.the.large.
number.of.hydroxyl.groups.in.the.cellulose.structure,.nonionic.but.hydrophobic.polymers.(such.as.
polyvinyl.acetate).are.adsorbed.onto.cellulose.fibers. from.a.benzene.solution. [44,45].even.when.
cellulose.had.swollen.in.water.

Cellulose.fibers.are.considered.as.a.“rigid”.polyelectrolyte.with.anionic.functional.groups.and.a.
large.hydrophobic/polar.surface..Macromolecular.compounds.such.as.paper.chemicals.are.dissolved.
in.the.water.phase,.and.adsorbed.onto.cellulose.fibers..Before.the.interaction.model.is.decided.(“lad-
der,”.“scrambled.eggs,”.“entrapment,”.“surface.excess,”.[46,47].etc.),.we.have.to.look.at.the.ionic.
interactions.first.

Ion.exchange.adsorption.is.an.equilibrium.process.between.bonded.and.un-bonded.small.molecules.
on.a.macromolecular.compound.[48].or.on.cellulose.fibers..Those.interactions.are.reversible..When.
cationic.charges.are.attached.to.a.polymer,.which.interacts.with.an.anionic.charge.located.on.the.cel-
lulose.fiber,.the.reversibility.of.those.interactions.is.put.in.a.new.light..The.macromolecular.character.
of.the.cationic.polyelectrolyte.adds.two.new.variables:.a.larger.number.of.ionic.charges.per.macro-
molecule.and.their.distribution.within.that.macromolecule..In.this.case,.the.ratio.between.dissociated.
and.undissociated.bonds.is.different.from.that. in.which.a.small.molecule. is. involved..Apparently,.
only.one.undissociated.ionic.bond.is.sufficient.to.generate.a.“permanent”.connection.between.two.
polyelectrolytes.with.different.charges..To.make.the.interaction.reversible,.all.ionic.bonds.should.be.
broken.simultaneously,.which.is.very.unlikely..The.process.can.be.considered.“irreversible.”

Individual.ionic.bonds.are.sensitive.to.dilution,.to.pH.change,.and.to.the.presence.of.other.elec-
trolytes..This.means. that. the. individual. ionic.bonds.are.still. reversible,.which.allows.for.macro-
molecular. re-conformation..During. re-conformation,. several. ionic.bonds.are.broken.while.some.
other.are.formed..For.a.polyanion/polycation.complex,.it.is.assumed.that.the.number.of.ionic.bonds.
remain.relatively.constant. for.a.given.concentration,.pH,.salt.concentrate,.and. temperature..This.
constant.number.of.ionic.bonds.provides.the.“irreversible”.character.of.the.link.between.two.poly-
electrolytes.. Because. the. individual. ionic. bonds. are. reversible,. but. there. always. exist. a. number.
of. ionic. bonds. between. two. opposite. polyelectrolytes,. the. general. interaction. can. be. defined. as.
“pseudo-irreversible”.(quasi-irreversible.[49]).

This.macromolecular.re-conformation,.which.may.result.in.an.increased.number.of.ionic.charges.
available.for.interactions,.is.a.time-controlled.process..In.other.words,.the.adsorption.process.and.
the.amount.of.adsorbed.polymer.are.expected.to.be.time.dependent..The.molecular.weight.of.the.
polyelectrolyte.is.also.important:.a.polymer.with.a.higher.molecular.weight.able.to.displace.a.mol-
ecule.with.a.lower.molecular.weight.[50]..The.higher.number.of.ionic.bonds.for.a.macromolecule.
makes.it.more.difficult.to.be.desorbed.
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Although.we.assume.that.the.number.of.ionic.bonds.is.constant,.the.availability.of.ionic.charges.
changes.during.the.dynamic.equilibrium.of.individual.ionic.bond.dissociation..This.dynamic.pro-
cess.is.even.more.complicated.when.two.or.more.ionic.or.poly-ionic.species.are.competing.for.the.
same.anionic.charge.on.cellulose.

Regardless.of.the.time.required.for.desorption,.the.adsorbed.polymer.is.able.to.leave.the.cellu-
lose.fiber.surface.and.migrate.into.water..The.“pseudo-irreversible”.adsorption.involves,.at.the.other.
end,.a.desorption.process.[51,52].that.confirms.the.reversible.character.of.the.ionic.bonds.

3.2.1  PolyelectRolyte inteRactionS in a continuouS PhaSe

Nonionic.polymers.take.a.random.coil.structure.(I).in.solution..At.low.polymer.concentrations,.
the.coil.diameter.depends.only.on.the.solvent–polymer.interactions..Polyelectrolytes.are.carrying.
electric.charges.and,.due. to. repulsive. forces,. the.molecular.coil. is.much. longer. (II),.with. large.
loops.

(I) (II)

The.presence.of.a.hydrophobic.part.in.the.polyelectrolyte.molecule.[53].changes.the.ionic.charges.
distribution.in.the.macromolecular.coil.[54].

Water-soluble.anionic.polyelectrolytes.(including.anionic.trash).may.interact.with.water-soluble.
cationic.polyelectrolytes.used.as.paper.chemicals..Polyanion–polycation.complex.is.the.so-called.
SYMPLEX.[55],.“complex.coacervates”.[47],.“polysalt.complex”.or.“polyelectrolyte.complex”.[56].

Different.states.of.such.systems.include.soluble.complexes,.stable.dispersions,.and.precipitates.
[57]..One.such.example.is.the.anionic.polyacrylic.acid,.which.causes.partial.precipitation.of.polyeth-
yleneimine.(PEI).from.its.aqueous.solution.in.the.pH.range.from.4.to.8..As.expected,.no.precipita-
tion.occurred.at.higher.alkalinities.[58].

The.complex.solubility.and.its.residual.charge.density.depend.on.the.molecular.weight.of.the.
polyelectrolyte. [59],. type.of. ionic. site,. the. charge.distribution. (see. the. copolymer. structure). and.
accessibility,.total.concentration,.molar.ratio.(anion/cation),.pH.[60],.ionic.strength.of.the.continu-
ous.phase.[57,61,62],.temperature,.order.of.addition,.etc..The.presence.of.a.branched.structure.will.
result.in.more.large.loops.and.a.poorer.compensation.of.the.opposite.charges.[63].

Polyelectrolytes.interact.with.small.molecules.as.well..Anionic.polymers.interact.with.cationic.
emulsifiers.(cetyltrimethyl.ammonium.bromide).[64].or.with.aluminum.sulfate.[65]..These.interac-
tions.are.so.strong.that.the.anionic.insoluble.copolymer.(ethyl.acrylate.(46%),.vinyl.acetate.(50%),.
acrylic.acid.(4%).copolymer).is.brought.into.solution.in.the.presence.of.lauryl-trimethylammonium.
chloride.[66].

When.a. cationic.polymer. is. added. to. an. anionic.polymer. solution,. the. anionic.polymer. is. in.
excess.and.the.polyelectrolyte.complex.coexists.with.un-bonded.polyanion.[67]..The.free.polyanion.
disappeared.when.the.ratio.between.cationic.to.anionic.polymers.was.about.0.9..The.0.9.ratio.means.
that.there.are.uncompensated.charges.on.both.anionic.and.cationic.polymer..The.experimental.val-
ues.of.the.charge.titration.of.the.complex.are.higher.by.about.40%.than.the.theoretically.calculated.
numbers.[67].

The.polyelectrolyte. ratio. at. the.neutralization.point. is. also. crucial. for. the.wet. end.chemistry.
because.it.will.set.the.amount.of.paper.chemicals.needed,.the.maximum.retention,.and.the.amount.
of.material.lost.in.water.

© 2012 by Georgia-Pacific Chemicals LLC

  



56 Chemistry of Modern Papermaking

The.stoichiometric.reaction.between.a.polyanion.and.a.polycation.depends.on.that.macromo-
lecular.coil.conformation.[68].and.the.dissociation.of.the.ionic.functionalities..Both.depend.on.pH.
and.salt.concentration.[69]..The.stoichiometric.reaction.occurs.only.when.the.polyelectrolytes.have.
a.sufficiently.open,.extended.conformation..The.pairing.of.segments.from.many.different.entangled.
macromolecules.would.make.it.impossible.to.achieve.high.degrees.of.reaction..Primary.polyelec-
trolyte.complex.particles.involve.only.a.small.number.of.molecules..Any.other.interactions.restrict.
the.motion.of.ionic.species.(self-restricted.structure).

The.electrolyte.(NaCl,.CaCl2).changes.the.macromolecular.coil.shape.[70]:.salt.effect.and.the.
diffusion.of.counter-ions.will.slow.down.the.re-conformation.process..The.presence.of.a.polyvalent.
cation.(Ca2+).results.in.a.deviation.from.stoichiometry.and.a.higher.NaCl.content.helps.the.dissolu-
tion.of.the.polyelectrolyte.complex.[57].

During.papermaking,.the.interactions.in.the.water.phase.compete.with.the.possible.interactions.
with.cellulose.fibers.as.a.“rigid.polyelectrolyte,”.which.displays.an.interface.able.to.adsorb.paper.
chemicals.

3.2.2  PolyelectRolyte adSoRPtion at an inteRface

Polyelectrolytes.(such.as.retention.aids,.cationic.starches,.WSR,.TWSR,.or.DSR).interact.with.all.
other.components.at. the.wet.end:.cellulose.fibers.(including.fines),. internal.sizes,. latex.particles,.
aluminum.compounds.(precipitated.form),.fillers,.etc..The.properties.of.the.wet.web.and.the.dry.
paper.depend.on.the.amount.and.quality.of.retained.paper.chemicals..The.pulp.slurry.drainage.rate,.
the.filler.(and/or.other.chemicals).retention,.and.the.white.water.clarification,.all.depend.to.a.large.
extent.on.the.manipulation.of.the.paper.chemicals.adsorption.on.the.cellulose.fibers.

The.amount.of.polymer.adsorbed.onto.cellulose.fibers.depends.on.the.type.of.pulp.[71,72].(the.
fines. concentration. [73,74],. the. cellulose. pore. size. [12,75,76]),. water. phase. (salt. concentration.
[77–79],.pH,.the.amount.of.dissolved.wood-based.compounds.pine.xylan,.lignosulfonic.acid.[80]),.
temperature.[48],.the.concentration,.chemical.structure,.charge.density.and.molecular.weight.of.the.
polymer.[13,71,81–86],.as.well.as.the.size.and.type.of.filler.[87].

For.a.given.system,.the.amount.of.polyelectrolyte.adsorbed.on.cellulose.fibers.is.limited.by.the.
fiber.charge.density,.the.charge.density.of.the.polyelectrolyte.and.the.ionic.strength.[82,88]..At.a.
certain. level.of.polyelectrolyte.addition,. the.surface. is.saturated.and.further.addition.of.additive.
remains.in.the.white.water..Some.molecules.may.desorb.as.a.result.of.short-range..repulsion.[89].

The. adsorption. of. a. polyelectrolyte. on. a. smooth. surface. (polystyrene. particles). is. developed.
in.the.first.seconds.and.remains.constant.for.about.4000.min.afterward..Cellulose.fibers.display.a.
rough.surface,.with.patches.of.crystalline.alternating.with.amorphous.structures,.with.spots.of.lig-
nin.and.hemicellulose,.and.with.pores.having.different.sizes..Thus,.the.adsorption.of.a.polyelectro-
lyte.onto.cellulose.is.a.function.of.time;.the.polymer.concentration.at.the.interface.reaches.a.plateau.
only.after.about.100.min..The.adsorbed.cationic.polyacrylamide.(PAAm).reached.the.equilibrium.
after.1.week.[90]..The.presence.of.fines.further.complicates.the.picture:.cationic.resins.are.prefer-
entially.attached.to.the.fines.[91].

The.amount.of.cPAAm.with.a.higher.molecular.weight.adsorbed.on.cellulose.is.less.than.that.of.
polymers.with.lower.molecular.weight..Higher.molecular.weight.polymers.can.only.reach.the.outer.
surface.and.the.larger.pores.of.the.fiber.[90,92]..Low.molecular.weight.polymers.can.penetrate.the.
pores..Therefore,.cellulose.fibers.behave.as.molecular.sieves:.to.penetrate.into.the.fibers’.pores,.the.
diameter.of.polymer.coil.should.be.3–5.times.smaller.than.the.diameter.of.the.pore.[51].

The.shape.and. the.adsorption.of. the.macromolecular.coil.depends.on. the.composition.of. the.
water.phase.and.on.the.pH.value.[93,94]..Cellulose.has.negative.charges.that.can.be.protonated.in.
the.acid.pH..Retention.is.much.stronger.in.alkaline.pH.[95].when.the.carboxylic.groups.are.more.
dissociated.[96]..Changing.the.pH.of.aqueous.buffer.solutions.in.contact.with.the.pulp.fibers.also.
alters.the.wettability.of.the.pulp.fibers.[97].
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Water.is.present.in.the.continuous.phase.and.in.the.swollen.fiber..Any.adsorbed.molecule.must.
replace.the.existing.water.molecule.in.the.fiber.vicinity..The.adsorbed.molecule.must.have.a.stron-
ger.affinity.for.the.solvent.(water).and.a.weaker.interaction.with.water..In.the.presence.of.salt,.when.
ionic.species.are.less.dissociated,.the.polyelectrolytes.interaction.with.water.changes..At.higher.salt.
concentrations,.the.polyelectrolyte.can.precipitate.

Salt.concentration.regulates.both.the.amount.of.adsorbed.polymer.[98].and.its.conformation.[99]..
Low.salt.concentrations.improve.the.polyelectrolyte.adsorption.[51]..The.amount.of.poly-DADMAC.
adsorbed.on.cellulosic.fibers.is.about.six.times.higher.in.10−2.mol/L.CaCl2.than.in.deionized.water.[79].

However,.the.polymer–cellulose.interaction.is.driven.by.the.ion-exchange.process;.higher.con-
ductivity. and. higher. hardness. lead. to. lower. adsorption. [100],. therefore. the. adsorption. of. a. cat-
ionic.polymer. [101].vs.. the. salt. concentration. shows. a.maximum..At.higher. salt. concentrations,.
the.adsorbed.polymer.will.have.larger.loops.and.tails,.the.adsorbed.layer.becomes.thicker.and.the.
desorption. process. starts.. For. cationic. starch,. a. higher. concentration. of. alum. results. in. a. lower.
starch.adsorption.[102,103]..Ionic.small.molecules,.such.as.anionic.emulsifier.[104].or.anionic.trash,.
can.moderate.the.interactions.between.the.cationic.(co)polymers.and.the.cellulose.fibers.

Due.to.the.adsorption.process,.the.polymer.concentration.on.the.fiber.surface.is.higher.than.the.
concentration.in.solution..The.adsorbed.layer.thickness.[105].increases.with.the.increasing.polymer.
concentration.in.the.water.phase..Based.on.the.segment.density.profile.at.the.interface.[106],.the.
polymer.concentration.falls.monotonously.with.increasing.distance.from.the.solid.surface.until.it.
reaches.the.concentration.in.the.continuous.phase.

The.cellulose.fiber.can.be.seen.as.an.anionic.polyelectrolyte..Cationic.polyelectrolytes.adsorb.
to.such.extent.as.to.neutralize.charges.on.the.surface.of.the.cellulose.fiber..Therefore,.the.adsorbed.
amount.of.polymer.increases.with.the.surface.charge.density.but.decreases.with.the.increasing.of.
the.polymer.charge.density.[77,107,108].

The.addition.of.0.5%.cationic.starch.(degree.of.substitution.0.047.mol/mol).can.change.to.zero.
the.zeta.potential.for.cellulose.fibers..However,.starch.retention.continues.to.be.100%.up.to.1.5%.
starch. based. on. fibers. [100].. It. seems. that,. after. the. neutralization. of. anionic. charges,. cationic.
starch.continues.to.adsorb.on.cellulose.fibers..Much.more.cationic.polymers.(like.p-DADMAC).are.
adsorbed.on.a.slightly.anionic.support.(silica).after.the.isoelectric.point.was.reached.[109].

Anionic.charges.are.randomly.distributed.on.the.cellulose.fibers.surface..The.adsorbed.cationic.
polyelectrolyte.also.has.a.random.distribution.of.its.charges..Obviously,.the.randomness.of.the.poly-
electrolyte.charge.distribution.cannot.match.the.randomness.of.the.anionic.charge.distribution.of.
the.cellulose.fiber..An.aggravating.factor.is.the.rigidity.of.the.cellulose.structure.and.its.complicated.
“solid”.shape.(pores.with.different.sizes.and.uneven.distribution).

Regardless.of.the.very.close.match.between.the.charge.on.the.fibers.and.charge.on.the.polyelec-
trolyte,.the.adsorption.stoichiometry.was.found.to.be.about.90%.[75]..This.will.give.us.an.idea.about.
the.quantitative.titration.and.the.“absolute”.value.of.the.charge.density..Below.the.equivalence.point,.
cationic.starch.with.a.higher.charge.density.is.better.adsorbed.on.a.given.pulp.[110]..Obviously,.at.
the.equivalence.point,.the.amount.of.cationic.starch.adsorbed.decreases.with.its.increasing.cationic.
charge.density.[73,82,90,98]..Polymers.with.a.higher.charge.density.will.develop.repulsive.forces,.
which. further.extend.molecular.coil,. exposing.cationic.charges. for. interactions.with. the.anionic.
fibers.

Branched.polymers.show.a.different.shape.for.their.macromolecular.coil..Cationic.starch.is.a.
blend.of.cationic.amylose.and.cationic.amylopectin..The.linear,.cationic.amylose.adsorbs.preferen-
tially.on.cellulose.fibers.more.so.than.the.branched.amylopectin.[82,102]..For.a.branched.PEI.[76],.
due.to.the.steric.hindrance,.the.cationic.charges.cannot.reach.that.short.distance.to.anionic.charges.
and.set.an.ionic.bond.

Anionic.polymers.(such.as.CMC.or.oxidized.starch.[86]).are.difficult.to.adsorb.onto.pulp.because.
of.the.electric.repulsion.with.the.negatively.charged.groups.on.pulp..The.CMC.adsorption.increases.
at.lower.pH.in.the.presence.of.alum.[111].or.calcium.chloride.[112]..At.lower.pH.[113].and.at.high.
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temperatures,. the.CMC.adsorption.onto. the.cellulose.fibers.(in. the.presence.of.0.05.M.CaCl2). is.
almost.quantitative.[114]..Thus,.the.charge.density.of.cellulose.fibers.can.be.controlled.by.the.pre-
adsorption.of.CMC.[111].

There.is.a.tendency.for.better.adsorption.of.higher.molecular.weight.polymers.(probably.on.the.
outer.surface).based.on.a.higher.number.of.potential.ionic.bonds..At.the.same.time,.smaller.mol-
ecules.are.better.adsorbed.into.the.pore.structure.[15]..Therefore,.the.polymer.molecular.weight.and.
molecular.weight.distribution.[50]. is. important.for. their.diffusion.through.water.and.adsorption..
For.those.polymers.with.broad.molecular.weight.distribution,.the.adsorption.process.could.have.a.
fractionation.effect;.longer.chains.can.displace.shorter.ones.[78,83].

3.2.3  the PolymeR Retention mechaniSm

The.adsorption.of.polyelectrolyte.onto.cellulose.is.a.function.of.time..Due.to.the.fast.continuous.
papermaking.process,.the.adsorption.of.polymers.onto.cellulose.fibers.during.short.time.intervals.is.
of.great.practical.interest.[115,116]..Moreover,.wet.end.chemistry.is.very.complex:.cellulose.fibers.
and.fillers. [117]. are. competing. to. adsorb.polyelectrolytes;. the.presence.of. an. electrolyte. (NaCl).
changes.that.process.[118].

For.a.system.containing.pulp.of.0.2%.consistency.and.0.1%.polymer.(based.on.cellulose.fibers).
with.a.molecular.weight.of.10.million,.the.collision.frequency.is.8.×.1017.collisions/m3.·.s..Polymer.
molecules.have.a.high.probability.of.being.adsorbed.[115,119].in.this.system..Thus,.an.important.
amount.of.cPAAm.was.adsorbed.after.0.5.s.[120]..However,.the.adsorption.equilibrium.is.reached.
after.a.very.long.period.of.time.[121]..For.smaller.molecules.(such.as.polyionene.with.Mw.=.5900),.
the. adsorption. equilibrium. has. been. reached. in. about. 5. days. [75].. Cationic. polymers. with. low.
molecular.weights.(Mw.=.6,000),.such.as.3,6-polyionene,.are.adsorbed.at.a.rate.about.three.times.
higher. than. a. poly-DADMAC. with. the. same. charge. density. but. with. a. much. higher. molecular.
weight.(Mw.=.150,000).[108].

For.higher.molecular.weight,.the.adsorption.time.did.not.reach.a.real.plateau.even.after.10.days.
[51,90,122]..Therefore,.there.is.a.“short”.and.a.“long.time”.adsorption..This.is.translated.into.an.
evolution.of.the.adsorbed.layer.over.time:.the.amount.of.adsorbed.polymer.and.the.conformation.of.
the.molecular.coil.are.changing.during.the.papermaking.process.

During.the.first.adsorption.stage.(seconds),.only.a.small.amount.of.polymer.is.adsorbed.[120].and.
the.randomly.adsorbed.coils.initially.have.the.same.size.as.in.solution.

The.radius.of.gyration.in.solution.for.cationic.PAAm.is.approximately.125.nm.[90]..The.area.
covered.by.400.μg.of.random.coils.is.approximately.3.m2.for.one.gram.of.cellulose.fibers..This.cor-
responds.well.to.the.measured.value.of.the.specific.outer.hydrodynamic.surface.area.of.cellulosic.
fibers.[115].

Polyelectrolyte.adsorption.is.driven.by.the.presence.of.an.anionic.charge.onto.cellulose.fibers.
[19]:. the. more. anionic. charges. (carboxylic. groups). on. a. cellulose. fiber,. the. more. cationic. poly-
mer.is.adsorbed.[51,73,75,123]..Ionic.bonds.developed.at.the.peripheral.of.the.macromolecular.coil.
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will. start. to. change. the. coil. shape.. The. random. distribution. of. the. anionic. charge. on. the. fiber.
surface.does.not.match. the.charge.density.distribution.of.a.homopolymer.(such.as.pDADMAC)..
Adsorbed..polyelectrolytes.form.loops.and.tails.so.that.many.polymer.segments.are.still.in.solution.
[78]..The tail.distribution.is.very.wide.and.the.fraction.of.the.tail.segments.is.over.half.of.the.chain.
length.[124].

The.presence.of.the.macromolecular.tail.helps.the.re-conformation.of.the.coil.when.new.ionic.
bonds.are.formed..The.re-conformation.of. the.molecular.coil. is. the.rate.determining.step.[120]:.
high.molecular.weight.polymers.need.a.longer.time.to.reach.the.final.position..Therefore,.a.shorter.
contact.time.at.the.wet.end.may.result.in.a.poorer.retention.[125]..Coil.re-conformation.allows.for.
more.polymers.to.be.adsorbed.

After.re-conformation,.the.macromolecular.coil.is.often.flatter.than.the.random.coil.configura-
tion.of.the.same.polymer.in.solution..The.adsorbed.polyelectrolyte.layer.is.more.compact.than.the.
adsorbed.layer.of.a.nonionic.polymer,.which.is.thicker.[106].

In.the.case.of.adsorbed.cationic.polymers,.in.order.to.reach.a.flat.position.on.the.surface.and.a.
1:1.charge.ratio,.the.distance.between.cationic.charges.must.match.the.distance.between.anionic.
charges.on.the.cellulose.surface,.which.is.very.unlikely..The.distance.between.charges.of.cPAAm.
shows.an.average.value.of.0.89.nm.[90]..cPAAm.is.a.random.copolymer,.and.behind.the.“average”.
number.there.is.the.distribution.of.that.distance..The.cationic.PAAm.adsorption.must.fit.a.larger.
distance.between.the.anionic.charges.onto.the.polystyrene.latex.(1.71.or.1.44.nm)..Even.for.many.
ionic.bonds,.the.re-conformed.molecules.have.large.loops.and.long.tails.

In. the. case. of. a. homopolymer. (pDADMAC),. with. a. more. rigid. structure. (poly-cycles),. the.
distance. between. charges. is. set. to. 0.4.nm. [55]. or. 0.5.nm. [56]. and. a. slower. re-conformation. is.
expected.

Reduced.free.rotation,.bond.angles,.hydroxyl–carboxyl.interaction.[126].and.hydrophobic–hydro-
phobic.interaction.will.restrain.the.free.re-conformation.of.the.adsorbed.molecule..After.the.first.
step.(adsorption).and.before.any.re-conformation,.we.have.to.consider.the.system.as.self-restricted.
because.the.initial.few.ionic.bonds.are.able.to.reduce.the.mobility.of.the.molecule.

For.a.highly.charged.polymer.of.low.molecular.weight.(104),.the.re-conformation.was.completed.
during.the.shortest.times.(5–10.s)..The.time.for.re-conformation.and.penetration.into.the.fiber.pores.
is.longer.for.higher.molecular.weight.polymers.with.higher.charge.densities.[90].

The.outer.surface.of.cellulosic.fibers.is.of.about.3–4.m2/g,.while.the.total.surface.area.of.cel-
lulosic.fibers.(including.the.pores.area).is.over.200.m2/g..If.we.assume.that.the.charge.density.is.
evenly.distributed.on.the.total.surface,.the.number.of.charges.located.in.pores.is.about.50.times.
higher.than.the.number.of.charges.located.on.the.outer.surface..In.order.to.reach.anionic.charges.
trapped.in.the.pore.structure,.the.macromolecular.paper.chemical.must.penetrate.into.the.pores..
Pore. penetration. by. polymers. is. a. time-dependent. process. as. well. [48,75]:. the. diffusion. occurs.
within.several.hours.for.low.charge.density.cationic.dextran,.and.within.months.for.high.charge.
density.cPAAm.[118].
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Re-conformation.may.involve.the.formation.of.a.larger.number.of.ionic.bonds.for.one.macro-
molecule..However,. each. ionic.bond. is. reversible. and. therefore. the. total. number. of. ionic.bonds.
increases. but. individual. bonds. may. change. their. position. (see. the. pseudo-irreversible. process)..
During..re-conformation,.some.anionic.charges.(on.cellulose.the.fiber).may.become.available.and.
more.polymers.can.be.adsorbed.

It.might.be.conceptually.difficult.to.distinguish.between.re-conformation.and.penetration.on.a.
surface.as.complicated.as.that.of.cellulose.fibers..Re-conformation.is.a.process.in.which.rotations.
around.chemical.bonds.are.involved..A.new.ionic.bond.will.freeze.the.new.loop..The.remaining.
tail.will.try.to.make.another.loop.following.the.formation.of.a.new.ionic.bond..The.more.flexible.
the.macromolecular.structure,.the.faster.is.the.re-conformation.process..Macromolecular.flexibility.
depends.on.the.nature.of.chemical.bonds.existing.in.the.backbone..PAE.seems.to.be.more.flexible.
than.PEI.[16].

Polymer.adsorption.is.a.dynamic.process,.which.includes.the.polymer.desorption,.polymer.dif-
fusion,. and. re-adsorption..The.polyelectrolyte.dissolved. in.water. can. replace. the.polyelectrolyte.
already.adsorbed.[119]..The.non-adsorbed.polyelectrolyte.can.be. removed.by.centrifugation.and.
washing.[127],.and.during.the.papermaking.process,. the.un-retained.polymer.will.remain.in.the.
white.water,.where.its.biodegradability.should.be.a.concern.[128].

Some.adsorbed.polymer.(PEI.on.cellulose).can.also.be.desorbed.by.washing.with.water.but.the.
major.amount.of.adsorbed.PEI.is.irreversibly.bonded.on.the.cellulose.surface.[121]..A.longer.time.
for. re-conformation. [115]. results. in. a. stronger.bonding.and. the. inter-changing.process.becomes.
less.effective.[117]..The.re-conformation.process.also.results.in.shorter.tails.and.less.effectiveness.
in.fines.retention.[125]..Pseudo-irreversible.adsorption.is.reached.when.a.certain.number.of.ionic.
bonds.are.developed.for.a.given.polymer.molecular.weight:.the.desorption.rate.decreases.with.the.
polymers’.molecular.weight.[129].

During.the.dynamic.adsorption.process,.a.new.solid.support.(such.as.anionic.polystyrene.latex).
may.transfer.adsorbed.polyelectrolytes.from.cellulose.to.the.particles.of.polystyrene.latex..This.is.
a.slow.process:.it.takes.more.than.3.weeks.[130]..The.transfer.rate.depends.on.the.charge.density.
and.the.molecular.weight.of.the.cationic.polymer.and.the.latex.particle.size.[131]..As.expected,.the.
transferred.polymer.is.that.with.a.lower.molecular.weight.[115,119]..The.cleavage.of.the.covalent.
bonds.within.a.macromolecule.[117,131].is.difficult.to.explain.

The.desorption.process.is.more.difficult.for.cationic.starch:.retained.starch.could.not.be.removed.
from.the.fiber.by.washing.or.even.prolonged.boiling.in.water.[103]..Cationic.starch.has.a.very.large.
molecule.and.after.adsorption,.the.similarity.of.the.chemical.structure.might.develop.some.other.
hydrogen.bonding.along.with.the.ionic.interactions.

Inorganic.salts.have.a.strong.effect.on.the.shape.of.the.molecular.coil.of.polyelectrolytes.[132],.
on.their.adsorption–desorption.process.[101],.on.the.amount.of.water.incorporated.in.the.cellulose.
fibers,.and.on.the.dissociation.of.ions.inside.the.fiber.[133–135].

The.neutralization.of.the.anionic.charges.with.cationic.polyelectrolytes.at.the.wet.end.has.impor-
tant. consequences. on. the.papermaking.process:. reduction. in. the. electrokinetic. charge.of.fibers,.
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and.increase.in.the.drainage.rate.and.paper.strength.[16,28]..Since.the.papermaking.process.is.a.
dynamic.system.with.short.contact.time.between.paper.chemicals.and.cellulose.fibers,.the.kinetics.
of.adsorption.as.well.as.changes.in.the.particle.charge.must.be.of.decisive.importance.[136]..They.
should.be.quantitatively.measured.(see.Sections.3.2.4.and.3.3.1).

At.any.moment.of.the.re-conformation.of.the.polyelectrolyte.molecular.coil,.there.are.uncom-
pensated.anionic.charges.on.the.cellulose.fibers.and.uncompensated.cationic.charges.on.polyelec-
trolyte..A.new.anionic.polyelectrolyte.can.be.adsorbed.on.top.of.the.cationic,.making.a.multilayer.
structure.[137,138]..The.polyelectrolyte.complex.(PAE/CMC).with.a.slight.excess.of.anionic.com-
pound.is.retained.on.the.pretreated.cellulose.fibers.with.a.cationic.polymer.(PAE).[139].

Due. to. the.geometry.of. the. cellulose. surface. and. the.macromolecular. character.of. the.paper.
chemicals,.the.neutralization.process.is.a.kinetically.controlled.process..The.polymer.is.believed.
to. interact.first.with.easily.accessible.outer.surfaces..The.adsorption.and.re-confirmation.of.cat-
ionic.polyelectrolytes.result.in.charge.decay,.which.is.a.function.of.time..The.charge.density.decay.
depends.on.the.structure.of.the.paper.chemical,.the.polymer.molecular.weight.[140],.the.polymer.
charge.density,.the.pulp.carboxyl.content,.the.agitation.rate.[141],.the.polymer.dosage.level,.pulp.
refining,.fines.content,.and.pH.[142]..The.charge.decay.vs..time.can.be.an.indirect.evaluation.of.the.
polymer.re-conformation.

PEI.(0.05%).added.to.a.bleached.sulfite.pulp.will.move.the.electrophoretic.mobility.into.the.
cationic.range.within.the.first.5.s..During.the.following.300.s,.the.electrophoretic.mobility.decays.
[16].back.to.the.anionic.range..The.anionic.surface.will.adsorb.more.cationic.polymers.[121]..An.
increase.in.charge.decay.rate.is.noted.with.an.increase.in.temperature,.consistency,.stock.agita-
tion.time.[143],.and.with.a.decrease.in.the.electrolyte.concentration.and.the.polymer.molecular.
weight.[144].

3.2.4  PolymeR PaRticleS Retained on celluloSe fiBeRS

There.are.dispersed.paper.chemicals.like.starch,.internal.sizing.agents.(cationic.rosin,.AKD.and.
ASA.emulsions),.fillers,.etc.,.utilized.in.the.papermaking.system..The.retention.mechanism.of.those.
dispersed.particles.is.different.and.less.complicated.than.water-soluble.polymers..Starches.used.at.
the.wet.end.are.retained.through.mechanical.entanglement.[110].

There.is.no.interaction.between.anionic.latexes.and.cellulose.fibers.in.the.absence.of.an.added.
retention.aid.[145]..Anionic.latexes.are.deposited.(heterocoagulation.[146]).on.negatively.charged.
cellulose.fibers.by.using.electrolytes.or.coupling.agents.[147]..Styrene–glycidyl.methacrylates.copo-
lymer.latex.[148,149].has.an.anionic.charge.due.to.the.presence.of.an.emulsifier.(SLS).and.of.sulfate.
groups.from.a.persulfate.initiator..Due.to.its.anionicity,.this.latex.needs.a.retention.aid.like.poly-
DADMAC.or.a.cationic.small.molecule.(alkyl.benzyl.dimethyl.ammonium.chloride).to.reduce.the.
latex.stability.[150].

The. retention. process. of. the. cationic. latexes. (such. as. styrene-butadiene-2(diethylamino)ethyl.
methacrylate. copolymers. [147,151]). depends. on. the. latex. concentration,. pH. [145,152–154],. time.
[155–157],. the. latex.particle. size,.electrolyte.concentration. [93],.and.on. the.amount.of. stabilizer.
(large.amount.of.nonionic.stabilizer.prevents.the.heterocoagulation).[158],.as.well.as.the.presence.
of.lingo-sulfonate.[159–161]..However,.latex.retention,.as.that.of.other.polyelectrolytes,.is.always.
less.than.100%.

Cationic. latex. retention. is. lower. at. higher.pH. [147],. and. it. is. also.noticed. in. the.presence.of.
sodium.chloride.latex.desorption.(detachment.[93,146,162])..Experimental.data.confirm.the.ionic.
bond.formation:.any.change.in.the.ionic.pair.dissociation.affects.the.retention.process..This.is.valid.
for.polymer.particles.with.high.Tg.values.(such.as.polystyrene.[163]).because.their.interactions.with.
cellulose.are.limited.to.the.ionic.bonds.

Residual. fragments.of. initiator. (either.anionic.or.cationic).and.molecules.of.emulsifier. (either.
anionic.or.cationic).from.the.water.phase.of.the.latexes.interfere.with.the.adsorption.of.polymeric.
particles.[161,164]..Using.the.(self-stabilized).latex.obtained.in.the.absence.of.emulsifier,.is.a.better.
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option.[93,147,162]..A.small.amount.of.polyelectrolyte.may.collect.the.water-soluble.ionic.species.
[164],.or.the.technique.of.latex.purification.by.serum.replacement,.should.be.considered.[145].

The. interaction.between. the.cellulose.fiber.and. latex.particles. is.more.complicated..The.new.
type.of.interaction.depends.on.the.polymer.Tg,.the.drying.temperature,.and.the.pressure.applied.to.
the.paper.web..The.polystyrene.particle.(Tg.=.105°C).retains.its.geometry.during.the.drying.step,.the.
number.of.ionic.bonds.with.the.cellulose.fiber.is.limited,.and.the.particles.desorb.especially.in.the.
presence.of.salt.[93].

When.the.polymer.has.a.lower.Tg.[165,166],.after.its.deposition.on.the.cellulose.fiber,.the.particle.
may.lose.its.spherical.shape.and.become.flatter..This.transformation.will.change.the.nature.of.the.
particle-cellulose. interaction,. which. is. no. longer. ionic. only:. hydrophobic. interactions. make. the.
particle.adsorption.irreversible..Even.polystyrene.particles.are.spread.on.cellulose.fibers.at.a.higher.
drying.temperature.(140°C).

Hydrophobic.polymer.particles.present.in.the.sheet.affect.its.interaction.with.water.and.make.
it.water.repellent.[161]..Hydrophobic.polymers.in.the.form.of.latex.are.a.multi-functional.additives.
acting.as.both.bonding.and.sizing.agents.[157].

3.2.5  colloidal titRation

Polyelectrolyte.interactions.in.homogeneous.or.heterogeneous.systems.are.applied.to.measure.the.
charge.density.and.furnish.cationic.demand.[167,168]..The.standard.method.uses.pDADMAC.for.
the.estimation.of.the.cationic.demand,.and.PVSK.(anionic.polyelectrolyte).for.the.titration.of.cat-
ionic.paper.chemicals.(or.for.back.titration.[169])..Both.titrations.involve.polyelectrolyte.interactions.
and.precipitations..The.cellulose.cationic.demand.is.a.polyelectrolyte.adsorption.on.the.surface.of.
cellulose.fibers..For.the.charge.density.estimate.of.any.paper.chemicals,.polyelectrolytes.interact.in.
homogeneous.phase.

Polyelectrolyte.interaction.with.an.ionic,.small.molecule.is.fundamentally.important.in.estab-
lishing.the.standards.for.colloidal.titration.(metachromasy.with.a.dye.such.as.toluidine.blue).[168]..
This.colloidal.titration.measures.the.changes.in.ionic.interactions.and.the.response.is.a.change.in.
color.[168]..A.streaming.current.detector.can.also.be.used.[170–172]..However,.the.ionic.interactions.
are.perturbed.by.other.factors.such.as.the.macromolecular.coil.shape,.which.depends.on.the.ionic.
strength.of.the.solution,.and.hydrophobic.associations.(micelle.formation).

That.titration.poses.all.the.problems.mentioned.in.the.previous.chapters:.overall.concentra-
tion,.paper.chemical.molecular.weight.and.charge.density.[173],.molecular.weight.distribution.
for.PVSK.(or.pDADMAC),.presence.of.electrolyte.[38,174,175],.pH.[176].(see.the.constant.of.the.
carboxyl.group.dissociation.or.amine.protonation.[177].as.a.function.of.pH.[167]),.and,.lastly,.the.
time.reserved.for.titration..For.accurate.measurements,.the.solution.pH.should.be.set.before.titra-
tion.[34].and.the.electrical.conductivity.should.be.adjusted.to.1000.μS/cm.with.sodium..sulfate.
[178].

The. largest. number. of. cellulose. charges. is. located. in. pores.. The. polyelectrolyte. penetration.
(diffusion.[75]).becomes.the.driving.force.in.the.titration.method..The.penetration.is.time.depen-
dent.and.so.should.be.the.titration.(for.a.sample.of.50.mL,.the.recommended.titrant.dosage.rate.is.
1–2.mL/h.[174]).

The.surface.of.cellulose.fibers. includes.some.amorphous.zones.and.some.residual.hemicellu-
loses..On.those.areas,.the.polysaccharide.structure.is.swollen.in.water.(like.a.gel).and.the.charge.
titration.of.a.microgel. structure. [174].shows.a. larger.deviation. from.the.1:1.stoichiometry.at. the.
endpoint.

The.anionic–cationic. ratio. is.often.different. from.1:1. [179]:. the.cationic.pDADMAC–anionic.
polyacrylic.acid.ratio.is.0.9.at.the.isoelectric.point.[56]..The.stoichiometry.of.the.polyelectrolyte.
complex.formation.also.depends.on.pH,.the.ionic.strength.[59,172,180],.the.order.of.addition.[46],.
and.the.alum.concentration..The.complexation.between.colloidal.aluminum.and.polyelectrolytes.of.
opposite.charge.may.strongly.deviate.from.the.stoichiometric.ratio.[38,171].
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In.other.words,.the.deviation.from.1:1.stoichiometry.in.the.polyelectrolyte.complex.formation.
is.the.rule.rather.than.the.exception.[55,174,181]..Cationic—anionic.charge.interactions.seem.to.be.
stoichiometrically.possible.only.by.accident.[48]..The.amount.of.adsorbed.cationic.polymer.is.not.
likely.to.rigorously.reflect.the.amount.of.charge.present.on.the.fiber.surface..Low.molecular.weight.
polymers. are. adsorbed. close. to. a. 1:1. stoichiometry.. However,. the. adsorption. onto. the. cellulose.
fiber.of.high.molecular.weight.polymers.is.lower.and.it.is.not.stoichiometrically.proportional.to.the.
charge.on.fibers.[108]..The.charge.density.of.Kraft.lignin.measured.with.a.low.molecular.weight.
cationic.polymer.(Mw.=.7800).is.twice.that.obtained.by.titration.with.a.high.molecular.weight.poly-
electrolyte.(Mw.=.105).[59].

That.is.why.a.low.molecular.weight.polymer.(such.as.3,6-polyionene.with.Mw.=.6000).can.assess.
the. total. fibers’. charge. and. a. relatively. high. molecular. weight. polymer. (poly-DADMAC. with.
Mw.=.400,000).can.be.used.to.estimate.the.surface.charge.[180].

Colloidal.titration.has.an.important.benefit:.the.concentration.and.the.cationic.demand.of.anionic.
fibers.can.be.estimated.[48,181–183].by.a.special.experimental.procedure.(which.involves.a.filtration.
and.a.back.titration)..The.above-mentioned.downsides.notwithstanding,.colloidal.titration.can.be.
a.useful.tool.for.a.process.operated.in.the.steady.state,.when.titration.serves.to.identify.variations.
within.a.standard.formula.(relative.values)..Papermaking.can.be.optimized.by.combining.a.charge.
detector.with.the.retention.aid.monitoring.system.[34].

3.3 REtEntIon AIds

The.retention.process.has.two.major.targets:.to.bring.together.most.of.the.component.at.the.wet.end.
(quantitative.target.for.flocculation).and.to.organize.the.floc.structure.in.order.to.retain.less.water.
(qualitative.target)..The.flocculation.must.include.the.largest.amount.possible.of.fibers,.fines,.and.
fillers..The.floc.structure.prefigures.the.dewatering.step,.the.production.rate.of.the.paper.machine.
[184],.the.drying.processes,.and.the.paper.strength.

The.papermaking.process.starts.with.a.dispersed.system.with.more.than.99%.water.at.the.wet.
end.and.the.final.dried.paper.has.less.than.6%.moisture.The.handling.of.that.large.amount.of.water.
is.handled.(flocculation,.filtration,.and.evaporation).is.the.key.factor.for.both.the.economic.and.the.
technical.aspects.of.the.papermaking.process.

If.polymer.adsorption.at. the.wet.end.can.be.seen.as.a.micro-selection.of. the.chemicals,. the.
flocculation. [185],. and. filtration. processes. [186]. (sheet. formation). on. the. Fourdrinier. wire. are.
macro-selections..The.art.of.wet.end.chemistry.would.be.a.“co-flocculation”.of.filler.with.cellulose.
fibers.[187]:.homo-flocculation.of.the.filler.particles.results.in.poorer.optical.properties,.while.the.
homo-flocculation.of.the.fibers.results.in.their.uneven.distribution.in.the.sheet.and.lower.mechani-
cal.properties.

Wet.end.chemistry. involves.a.diversity.of.compounds.and.processes. in.which. the.adsorption.
paper.of. chemicals.onto. the.cellulose.fibers. is.only.a.part..The.paper. chemicals. can. reduce. the.
variability. in. moisture. content. [188]. only. if. they. are. retained. on. the. cellulose. fibers.. The. filler.
distribution.in.the.z-direction.is.much.more.uniform.at.higher.first.pass.retention.(FPR).[189,190]..
Polymeric.retention.aids.increase.the.web.consistency.after.filtration.but.at.higher.retention.they.
often.cause.poor.sheet.formation.due.to.over-flocculation.[191].

Retention.is.always.less.than.100%:.the.average.retention.varies.between.30%.and.80%.[192]..
Cationic.cellulose.fibers.(treated.with.PEI.to.overcome.the.isoelectric.point).retained.less.than.90%.
of.anionic.clay.[193]..If.paper.is.manufactured.from.100%.broke,.the.native.starch.is.retained.at.only.
30%.while.the.retention.of.cationic.starch.is.90%.[194,195].

Since.mills.differ.greatly.in.terms.of.fiber.type,.fillers,.and.water.quality,.it.is.of.extreme.impor-
tance.to.select.the.proper.retention.aid.for.each.mill.situation.[196]..In.the.absence.of.any.coagulant,.
anionic.charges.located.onto.the.cellulose.fiber.surface.will.generate.electrostatic.repulsive.forces.
between.particles.[197]..Pulp.flocculation.is.performed.based.on.the.mechanical.entanglement.of.
cellulose.fibers..More.anionic.charges.onto.cellulose.fibers.result.in.a.smaller.floc.size.[198].
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Without. any. retention. aids,. the. components. of. the. dispersion. are. not. separated. on. the. wire;.
most.fillers.and.some.fines.pass.through.and.remain.in.the.white.water.[199]..In.order.to.optimize.
the.FPR,. the.zeta.potential. should.be.close. to.zero,.preferably.anionic..This. is.possible.by.add-
ing.a.retention.aid,.(seen.as.a.“control.additive”.able.to.improve.the.papermaking.process.[200])..
However,.no.polymer.can.function.as.a.retention.aid.in.all.cases.[201]..For.instance,.mechanical.
pulp.contains.almost.all.the.hemicellulose.and.lignin.from.the.original.wood.and.usually.carries.a.
much.greater.negative.charge.[202]..A.better.flocculation.is.ensured.by.changing.the.particle.surface.
(such.as.kaolin).by.adding.successive.layers.(inorganic.and.organic.compounds).[203].

The.desired.function.of.retention.chemicals. is. to.retain.the.colloidal.particles.at. the.cellulose.
surfaces.without.causing.inter-fiber.aggregation.and.thus.bad.formation.[36]..The.effectiveness.of.
retention.aids.depends.on.the.stock.consistency,.carboxyl.content,.concentration.of.anionic.trash,.
electrolyte. type,.pH,.polymer.concentration,.polymer.charge.density,.polymer.molecular.weight,.
contact.time,.and.shear.rate.[33,204,205]..A.higher.shear.rate.[206].decreases.the.FPR.of.fines.and.
filler.[190].

The.retention.of.fibers.and.fillers.involves.the.segment.of.the.papermaking.process.located.before.
the.head.box..There.are.pumps.and.mixing.tanks.(machine.chest).and.a.circuit.for.a.pulp.slurry.and.
recycled.white.water..The.flow.rates.and.the.flow.rate.ratio.will.set.the.contact.time..According.to.
the.usual.protocol,.fillers.are.added.to.the.pulp.slurry.and.the.blend.is.diluted.with.white.water.to.
form.the.thin.stock..The.retention.aid.is.then.added.to.the.thin.stock.upstream.of.the.head.box..Due.
to.the.high.concentration.of.the.anionic.trash,.a.portion.of.retention.aid.may.be.added.directly.to.the.
thick.stock..For.a.more.uniform.flocculation.[207].and.depending.on.the.type.of.pulp.and.filler,.the.
streams.can.be.divided.and.blended.with.different.ratios.of.cellulose/filler/retention.aid.

Fillers.are.very.diverse.and.their.particle.shape,.specific.area,.polarity,.and.charge.density.are.
different.from.those.of.cellulose.fibers..A.different.adsorption.of.the.retention.aid.on.different.solid.
surfaces.should.be.expected..In.order.to.have.an.even.distribution.of.the.filler.in.the.paper.web,.the.
filler.is.recommended.to.be.previously.flocculated,.coated.with.starch.or.treated.with.a.phenolic.
resin.enhancer.[208–210]..Particle.agglomeration.[99].will.improve.the.retention.tremendously.

Most.retention.aids.are.chemicals.useful.to.improve.some.other.paper.properties,.such.as.dry.
strength. and.wet. strength..Cationic. starch. [211],. acrylamide. copolymers,.PEI.or.PAE. resins. are.
dry-strength.or.wet-strength.resins.as.well..Besides,.retention.aids.are.important.for.deposition.of.
internal. sizing.agents.and.sometimes.are.also.used. in. the.size.press.solution.along.with.surface.
.sizing.agents.[212–214].

In.order.to.obtain.effective.flocculation,.retention.aids.must.be.effective.at.very.low.concentra-
tions,.must.have.the.right.molecular.weight,.polarity.and/or.electric.charges.and.to.react.in.a.very.
short.time,.in.an.adverse.environment..They.should.have.a.high.molecular.weight.and.a.low.charge.
density.[215].

Most. retention.aids.are.copolymers.and. thus. the. retention.process. involves.a. selection.of. the.
more.effective.fraction..The.properties.of.copolymers.should.not.be.limited.to.their.overall.compo-
sition.and.average.molecular.weight.[80]..The.distribution.of.the.chemical.composition.(fractions.
with.higher.or.lower.concentrations.of.ionic.comonomers),.and.the.molecular.weight.distribution.
should.be.considered.as.well.

The.diversity.of.retention.aids,.in.terms.of.chemical.structures,.molecular.weight,.and.charge.
density,.is.trying.solve.various.problems.generated.by.using.several.pulp.types.in.different.condi-
tions. at. the. paper. mills.. The. chemical. structure. of. retention. aids. is. accommodated. in. different.
protocols.able.to.improve.filler.retention.by.using.a.special.sequence:.cellulose.fibers.and.fillers.are.
treated.separately.[216–218],.or.the.filler.is.pre-flocculated.[219].

3.3.1  electRoPhoRetic moBility

The.negative.charge.of.cellulose.generates.repulsive.forces.between.fibers.dispersed.in.water,.which.
makes.the.flocculation.process.extremely.difficult..The.heterogeneous.surface.is.also.generated.by.
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fillers..In.acid.pH.(5–7),.the.aluminum.compounds.have.a.slightly.positive.surface.while.kaolin.clay,.
titanium.dioxide,.and.silica.are.slightly.anionic..Calcium.carbonate,.which.is.stable.only.in.alkaline.
pH,.has.a.moderate.cationic.surface.[26].

During.the.flocculation.with.ionic.retention.aids,.a.neutralization.of.the.electric.charges.onto.
cellulose. fibers. takes. place.. That. neutralization. is. recorded. by. electrophoretic. mobility. mea-
surements..The.electrophoretic.mobility.depends.on. the. ion.pair.dissociation.and.on. the. ionic.
strength.of.the.environment..Calcium.carbonate.is.positively.charged.(+0.7).in.distilled.water.and.
negatively.charged.(−1.7).in.tap.or.white.water.[220–222]..The.amount.of.PEI.added.to.the.fines.
in.order.to.reach.the.isoelectric.point.is.3.mg/g.fines.in.deionized.water.and.9.mg/g.fines.in.tap.
water.[223].

Electrokinetic.measurements.(the.effects.of.chemical.additives.on.the.zeta.potential.[215,224,225]).
are.useful.in.estimating.the.cationic.demand.and.therefore.the.amount.of.paper.chemicals.(i.e.,.the.
retention.aid).needed.for.a.good.formation.[26,33,215,224,226]..The.pulp.slurry.drainage.rate,.the.
retention.yield,.and.the.white.water.clarification.depend.on.the.manipulation.of.the.electric.charges.
at.the.wet.end.[26].

The. amount. of. resin. needed. to. reach. the. isoelectric. point. depends. on. the. cellulose. surface,.
(obtained.after.the.beating.process),.the.number.of.anionic.charges.on.the.cellulose.fibers,.pH,.the.
amount.of.anionic.trash.[33],.and.the.presence.of.fillers.

The.basic.rules.for.optimizing.the.FPR.are.zeta.potential.close.to.zero.[205],.cationic.(or.anionic).
demand.close.to.zero,.and.a.retention.aid.with.high.molecular.weight.and.low.charge.density.[215]..
For.a.system.using.cationic.resin.(PAE).as.a.retention.aid,.and.anionic.PAAm.as.a.dry-strength.
resin,.the.maximum.value.of.the.sizing.properties.and.the.wet-strength.properties.reach.a.maximum.
when.the.system.approaches.a.charge.of.zero.[227].

Alum.is.used.to.adjust.the.pH.and.to.change.the.electrophoretic.mobility.of.the.components.at.
the.wet.end..As.expected,.cellulose.fibers.and.the.filler.particles.show.a.different.behavior:.to.be.
converted.to.positive.charges,.TiO2.particles.need.less.alum.than.cellulose.fibers.[228].

The. papermaking. process. implies. only. slight,. but. delicate. and. very. important. adjustments..
The.amount.of.cationic.macromolecular.used.as.retention.aid.is.very.low.(less.than.0.1%),.which.
makes.it.very.sensitive.to.anionic.trash.[207]:.due.to.diffusion,.most.of.the.cationic.retention.aid.
would. interact. with. the. dissolved. anionic. material. before. its. adsorption. on. the. cellulose. fiber.
surface.[35].

By.adding.too.much.cationic.polymer.at. the.wet.end,.the.cellulose.fiber.charge.is.reversed.to.
strongly.positive. [229]..The.effect. of. the. cationic.polymer. can.be.moderated.by.adding.another.
anionic.polymer,.such.as.carboxymethyl.cellulose.

Because.polyelectrolytes.are.directly.involved.in.the.process,.the.cationic.demand.determination.
is.better.suited.by.the.colloidal.titration.method,.than.by.the.zeta-potential.method.[179]..On.the.
other.hand,.it.is.hard.to.establish.a.correlation.between.those.two.methods.[48,182],.mainly.because.
the.pH.and.the.ionic.strength.have.a.different.effect.on.each.[33,230]..However,.the.zeta.potential.
and.colloidal.titration.methods.should.be.viewed.as.complementary.techniques.[183,230].

3.3.2  fiBeR flocculation mechaniSmS

Retention.can.be.performed.by.filtration,.mechanical.attachment,.and.flocculation..Retention.aids.
are.mainly.involved.in.flocculation..The.retention.mechanism.belongs.to.a.more.general.topic.con-
cerning.flocculation.by.polymeric.materials.[185,231]..Flocculation.is.a.destabilization.process.of.a.
stable.colloidal.dispersion.by.the.addition.of.a.chemical.compound.

Cellulose.fibers.and.most.paper.chemicals.and.retention.aids.(including.aluminum.compound.at.
pH.>.4.5).are.polyelectrolytes..The.efficiency.of.the.flocculation.process.depends.on.the.properties.
of.the.cellulose.fibers,.pH,.ionic.strength,.shear.rate.[11],.and.the.presence.of.a.retention.aid.[79,232–
235]..At.the.wet.end,.the.retention.aid.may.remain.in.solution,.adsorb.onto.the.solids.surface.(fibers.
and.filler),.or.interact.with.anionic.trash.[236].
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The.retention.mechanism.is.related.to.the.chemical.structure.and.molecular.weight.of.the.reten-
tion.aid..All.the.factors.that.influence.the.dissociation.of.the.ionic.pairs.and.the.shape.of.the.macro-
molecular.coil.(such.as.charge.density,.ionic.strength,.molecular.weight,.and.pH).are.important.for.
a.good.flocculation.[26].

In.the.absence.of.any.chemicals.at.the.wet.end,.the.DLVO.theory.may.apply.[237].to.the.paper-
making.process:. sheet. formation. is.poor.due. to. the.charge. repulsions.between.anionic.cellulose.
fibers.. One. of. the. mechanisms. to. destabilize. cellulose. fibers. dispersion. is. charge. neutralization.
[49,100,221,243]..Thus,.the.anionic.repulsive.forces.are.shut.down,.which.enables.the.weak.attrac-
tive. forces. to. initiate.flocculation..This.occurs.when.cationic.small.molecules. (alum.in.acid.pH,.
cationic.surface.active.agent.[238],.or.low.molecular.weight.PEI.[129,239]).neutralize.the.opposite.
sign.of.the.anionically.charged.cellulose.fibers..At.the.isoelectric.point.[16],.the.white.water.turbid-
ity.reaches.a.minimum.[80].

Fiber.flocculation.is.caused.by.weak.forces,.which.is.why.resistance.to.shear.forces.is.low..It.is.
obvious.that.higher.molecular.weight.retention.aids.will.bring.a.higher.efficiency.(see.the.polyelec-
trolyte.“pseudo-irreversible”.adsorption)..The.neutralization.and.flocculation.capabilities.depend.on.
the.polymer.molecular.weight.and.the.ratio.between.the.cationic.charge.of.the.polymer.and.number.
of.anionic.charges.of.the.cellulose.fibers.[114,126].

A. polymeric. retention. aid. has. multiple. cationic. charges. even. for. macromolecules. with. low.
molecular.weight.[100]..During.the.melamine–formaldehyde.resin.adsorption.on.cellulose.fibers,.
essentially. all. the. acid,. used. to. convert. to. a. cationic. version,. is. released. due. to. ionic. exchange.
[240,241]..There.is.a.charge.reversal.for.slightly.anionic.particles.(clay,.titanium.dioxide,.calcium.
carbonate,.etc.).after.a.cationic.resin.addition.[242,243]..Due.to.electrostatic.attraction,.neutralized.
cellulose.fibers.can.be.coagulated.with.still.other.anionic.fibers.

At.the.wet.end,.there.is.a.competition.between.different.components..Thus,.while.pulp.is.still.
negatively.charged.[193,244].(Figure.3.1),.the.PEI.adsorbs.much.faster.on.clay.particles,.after.which.
their.charge.switches.to.positive..Clay.particles.may.act.as.bridging.agents.for.still.anionic.fines.
[223]. (co-flocculation)..The.positively.charged.clay. is. retained.at. low.concentrations.of.PEI.and.
lower.pH.[163,245,246]..The.amount.of.retained.material.on.cellulose.fibers.as.a.function.of.the.
amount.of.retention.aid.shows.a.maximum.[247].

At.higher.concentrations.of.cationic.retention.aid,.more.cationic.polymer.is.adsorbed,.the.cel-
lulose.fibers.become.cationic.and.their.stability.is.improved.again..The.amount.of.retention.aid.is.
critical..Poly-aluminum.compounds.and.pDADMAC.[52].can.also.be.included.in.this.type.of.floc-
culation.mechanism.
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FIGURE 3.1 The.retention.of.clay.on.cellulose.fiber.with.PEI.resin.
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The.competition.for.the.retention.aid.may.change.when.a.different.filler.is.involved.at.the.wet.
end.(cellulose.fibers.and.anionic.TiO2.filler.in.the.presence.of.cPAAm.[248])..Cellulose.fibers.adsorb.
more.cPAAm.than.filler.and.their.electrophoretic.mobility.has.a.positive.value,.while.the.filler.par-
ticles.still.preserve.their.anionic.character..Electrostatic.attraction.results.in.co-flocculation.

The.flocculation.of.furnishes.with.extremely.high.cationic.demands.may.not.be.cost-effective.
when.the.charge.neutralization.approach.is.used.[249]..Nonionic.retention.aids.are.very.effective.
as.flocculants.in.that.case.and.therefore,.a.bridging.flocculation.mechanism.should.be.considered.

Bridging.flocculants.[100,185,186].are.ionic.or.nonionic.polymers.with.high.molecular.weight..
A.bridge.formation.between.two.particles.depends.on.both.the.polymer.(flocculant).and.the.fiber.
properties..Differentiation. should.be.expected.between. large.fibers.and.fines. (for. instance,.fines.
retain.the.largest.amount.of.rosin.[250]).

The.charge.density.and.the.macromolecular.structure.of.the.retention.aid.are.equally.important..
Low.molecular.weight.polyelectrolytes,.with.a.linear.structure,.are.more.likely.to.interact.with.con-
taminants.first.[236]..After.adsorption.on.the.cellulose.fiber,.the.conformation.of.the.polyelectro-
lytes.shows.large.loops.and.long.tails..High.molecular.weight.cPAAm.[239].flocculates.by.making.
bridges.between.surfaces.that.are.highly.resistant.to.hydraulic.shear.[233,235,251].

A.linear.polymer.with.a.long.molecule.seems.to.be.the.most.effective.retention.aid..If.the.molec-
ular.weight.is.large.enough,.the.loops.and.tails.penetrate.beyond.the.electric.double.layer.and.are.
available. for.adsorption.on.another.particle..However,. the. long.molecule. is. seen. in. terms.of. the.
molecular.coil:.the.most.expanded.molecule.is.more.effective..Polyelectrolytes.are.very.sensitive.to.
the.ionic.strength.of.the.solution.and.at.the.wet.end,.there.are.many.ions.able.to.change.the.shape.of.
the.molecular.coil.of.the.polyelectrolyte..Due.to.the.repulsive.forces,.higher.charge.density.on.the.
polymer.backbone.results.in.a.more.extended.coil,.but.higher.ion.concentrations.in.water.shrink.the.
macromolecular.coil,.and.thus.reduce.its.efficiency.as.a.retention.aid.

The.re-conformation.of.the.macromolecular.coil.takes.a.longer.time.[189].and.there.is.a.high.
probability.for.other.particles.to.be.captured.by.the.loops.and.tails.[124]..The.tail.extension.[247].
depends.on. the.polymer/fiber. ratio. (an. excess.of. polymer. leads. to. the. re-dispersion.of. the.flocs.
[252]),.on.pH,.the.presence.of.electrolyte,.temperature,.etc.

Due.to.their.insensitivity.to.the.presence.of.ions.in.solution,.nonionic,.water-soluble.(co)poly-
mers.represent.a.very.interesting.group.of.retention.aids..For.nonionic.retention.aids.(polyeth-
ylene.oxide),.the.adsorption.mechanism.on.cellulose.involves.hydrogen.bonding.[1]..A.nonionic.
polymer.flocculates.(through.an.asymmetric.polymer.bridging.[35,253])..Both.the.cellulose.fibers.
and.the.pigments.(such.as.calcium.carbonate).are.usually.anionic.and,.consequently,.repel.each.
other.[254].

Regardless.of. the. type.of.bonds.between.flocculants.and.fibers,. (ionic.or.hydrogen.bonding),.
polymer.adsorption.is.a.pseudo-reversible.process..Retention.obviously.implies.an.adsorption.step.
and.therefore,.it.is.also.a.pseudo-reversible.process.in.which.the.shear.rate.is.able.to.break.down.
the.flocs.[52]..As.far.as.filler.retention.is.concerned,.a.deposition.and.also.a.detachment.are.noted.
[187,255]..At.higher.shear.rate,.the.amount.of.PCC.retained.on.cellulose.fibers.decreases.in.the.pres-
ence.of.the.same.amount.of.cPAAm.[141]..In.order.to.increase.the.resistance.to.particle.detachment,.
retention.aids.with.high.molecular.weight.are.required.[256].

However,.for.high.molecular.weight.cationic.polyelectrolytes,.it.is.reasonable.to.consider.both.
mechanisms..Low.molecular.weight.PEI.resin.may.help.cellulose.fiber.aggregation.based.on.charge.
neutralization,.while.high.molecular.weight.PEI.is.also.involved.in.a.bridging.mechanism.[129].

3.3.3  PaPeR chemicalS aS Retention aidS

The.components.at.the.wet.end.of.the.papermaking.process.(such.as.fillers,.fibers,.and.fines).have.
different.specific.surface.areas,.different.chemical.structures.on.their.surface,.different.charge.den-
sities,.and.respond.differently.at.the.change.in.pH.[251]..Enzymes.can.make.the.process.even.more.
complex.[257]..Any.particular.flocculant.will.interact.differently.with.each.participant.at.the.wet.
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end;.that.diversity.may.result.in.a.broad.floc.distribution..Beside.the.time-dependent.adsorption.of.
the.polymers,.the.soluble.chemicals.may.interfere.with.that.adsorption.process.[258].

The.chemical.structure.and.the.molecular.weight.of.the.retention.aid.must.fit.the.complexity.of.
wet.end.chemistry..There.are.limitations.for.the.polymers’.molecular.weight,.branched.structure,.or.
charge.density.[259]..The.solids.content,.the.solution.viscosity,.the.water.solubility,.and.the.costs,.are.
restraints.capable.of.reducing.the.number.of.valuable.candidates.as.retention.aids..By.using.blends.of.
two.or.more.components.(organic.or.inorganic.compounds),.it.is.possible.to.overcome.those.limitations.

In. the. following. sections,. retention. aids. are. classified. as. nonionic,. anionic,. and. cationic..
Amphoteric.compounds.and.blends.of.different.ionic.polyelectrolytes.with.specific.interactions.are.
presented.in.a.separate.section.

3.3.3.1 nonionic Flocculants
Unlike.a.cationic.polymer,.which.is.consumed.by.anionic.trash,.and.is.thus.less.effective.[244],.the.
performance.of.a.nonionic.polymer.should.not.be.affected.by.the.anionic.molecule.[254,260]..In.
order.to.be.effective,.nonionic.polymers.should.have.a.very.high.molecular.weight..The.formation.
of.intramolecular.hydrogen.bonding,.which.may.reduce.the.size.of.the.macromolecular.coil,.should.
be.avoided.[72]..There.is.a.downside.to.having.very.high.molecular.weight.polymers:.they.dissolve.
slowly.in.water.and.their.solutions.have.very.high.viscosities.even.at.lower.concentrations.

The.chemical.structure.of. the.nonionic.retention.aid.must. include.hydrophilic.groups.such.as.
polyether,.polyamide.(amide.in.the.backbone.or.as.a.pendant.group),.etc..Common.nonionic.reten-
tion.aids.are.polyethylene.oxide. (PEO).with.a.molecular.weight.higher. than.1.million. [35,261]),.
PAAm,.polyamidoamine,.polyvinyl.pyrrolidone,.and.their.grafted.copolymers.

Nonionic.PAAm.with.a.high.molecular.weight.(500,000.<.Mw.<.7,000,000).is.a.well-known.reten-
tion.aid.[1]..Nonionic.PAAm.is.much.more.effective.(lowest.drainage.time.in.Figure.3.2),.as.com-
pared.with.ionic.acrylamide.copolymers.(anionic.or.cationic.comonomer).with.the.same.molecular.
weight.(intrinsic.viscosity.of.about.6.dL/g).[262].

Phenol-formaldehyde.(PF).resin.(as.an.enhancer).increases.filler.retention.with.about.10%,.with.
a.nonionic.PAAm.[208,209]..However,.it.is.hard.to.make.sure.that.the.acrylamide.polymer.is.a.real.
nonionic.homopolymer:.the.hydrolysis.of.PAAm.can.take.place,.and.even.at.very.low.conversions.
the.resulting.material.is.an.anionic.polymer..That.can.explain.the.effectiveness.of.the.acrylamide.
homopolymer.(0.01%–0.3%.based.on.dry.pulp).in.the.presence.of.bentonite.[263].
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69The Fate of Paper Chemicals at the Wet End

A.typical.nonionic.retention.aid.is.PEO.with.molecular.weights.of.over.1.million,.which.dra-
matically.improves.the.retention.and.dewatering.processes.[264–267]..A.small.amount.of.polymer.
(0.05%).can.reduce.the.drainage. time.from.145.s.(without.any.additive). to.68.s..Nonionic.PAAm.
seems.to.be.less.useful.within.the.same.experiment:.only.109.s.

It.was.reported. that.PEO.shows.a.synergetic.effect. in. the.presence.of.dissolved.and.colloidal.
materials. (anionic. trash). due. to. their. association,. which. results. in. an. aggregate. with. very. high.
molecular.weight.[35]..Starting.from.that.observation,.the.next.step.was.to.find.an.“enhancer”.able.
to.make.PEO.even.more.effective.[260]..It.was.found.out.that.PEO.shows.a.synergistic.effect.as.a.
retention.aid.in.the.presence.of.compounds.with.phenolic.structure,.such.as.Kraft.lignin.derivatives.
[254,268–270],.poly(p-vinylphenol).[271],.water-soluble.PF.resins.[272–275],.or.modified.PF.resins.
with.chloroacetic.acid.or.sulfonic.groups.[276,277]..The.recommended.amount.of.phenolic.resin.to.
PEO.is.about.10:1..Poly(p-vinyl.phenol).also.has.the.benefit.that.no.formaldehyde.is.involved.in.its.
synthesis.[271,278].

Other.enhancers.are.tannic.acids,.polystyrene.sulfonated.[279],.tall.oil.rosin.(sodium.salt.and.a.
salt.of.polyvalent.metal).[280],.or.poly(sodium.naphthalene.sulfonated).[275].(III)1.(or.blends.of.all.
of.the.above.[281]):

CH2
(III)1

S
S

O

O–

O

O–

O

O

Na+

Na+

Enhancers.are.polyfunctional.compounds;.the.complex.formation.with.PEO.is.based.on.multiple.
hydrogen.bonding.interactions.[271]..The.dimension.of.the.aggregate.is.expected.to.be.much.larger.
and.the.PEO.molecular.coil.shape.to.be.different.

Clay. retention. is. lower. in. the.absence.of.any.polymer,. and. the.addition.of.PEO.has.a. strong.
effect [272]:

. Clay retention PEO(%) . . [ ]= + ⋅31 8 72 4 . (3.1)

Retention.of.cellulose.fibers.reaches.about.50%.in.the.absence.of.PEO..PEO.has.a.weaker.effect.on.
fiber.retention,.but.an.enhancer.helps.the.process:

. Fiber retention PEO PEO Enhancer(%) . . [ ] . [ ] [ ]= + ⋅ + ⋅ ⋅50 8 40 2 3 38 . (3.2)

where.[PEO].and.[Enhancer].are.the.concentration.of.PEO.and.enhancer,.respectively.(in.lb/ton.of.
dry.cellulose)..The.validity.of.that.type.of.equation.has.been.confirmed.by.other.authors.for.disen-
tangled.PEO.in.the.presence.of.a.different.enhancer.[282].

The.enhancer.has.a.significant.effect.(about.20%.more.fiber.retention.[249]).only.at.high.enhancer.
concentrations..However,.the.effectiveness.of.the.enhancer.seems.to.be.related.to.the.presence.of.a.
water-soluble.inorganic.salt.[279].and.their.concentration.should.be.considered.for.a.new.equation.

This.relationship.is.valid.only.for.reasonable.PEO.concentrations.(below.0.05%).and.the.linear.
relationship.with.the.PEO/enhancer.ratio.is.also.limited.to.certain.concentrations..For.instance,.the.
PEO/enhancer.shows.an.optimum.[270]:.for.a.constant.concentration.of.PEO.(0.023%.based.on.dry.
pulp).[278].the.efficiency.of.the.system.(PEO.+.poly(p-vinyl.phenol).has.a.maximum.at.about.0.05%.
enhancer.(Figure.3.3).
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The.adsorbed.nonionic.polymers.interfere.with.the.electric.double.layer.of.the.clay.suspension..
If.the.electric.double.layer.is.thicker.than.the.adsorbed.polymer.layer,.electrostatic.repulsions.domi-
nate,.and.no.coagulation.is.recorded.[253,260]..In.the.presence.of.an.electrolyte,.the.double.layer.
is.compressed.and.the.nonionic.polymer.is.much.more.effective.in.the.flocculation.process.[260].

The.clay.retention.mechanism.seems.to.be.an.“association-induced.polymer.bridging.floccula-
tion”.[283]..Effective.flocculation.depends.on.the.re-conformation.of.the.polymer.on.the.particle.
surface..The.re-conformation.(the.flattening).process. is. time.dependent.[509],.and.retention.also.
depends.on.the.molecular.size.of.the.retention.aid..In.the.case.of.PEO,.the.complexity.of.its.dis-
solution.is.also.a.factor.[268]..The.PEO.molecule.can.be.entangled.and.behave.as.a.larger.macro-
molecular.aggregate.

For.more.convenient.handling,.PEO.is.dispersed.in.water.(20%.solids,.probably.swollen.in.water).
at.a.high.concentration.of.salt.(sodium.formate,.20%.in.water).and.a.stabilizer.(xanthan.gum).[265]..
Swollen.PEO.dispersed.in.water.is.easy.to.use.as.a.retention.aid.for.fines..The.efficiency.of.high.molec-
ular.weight.PEO.declined.steadily.over.an.increasing.storage.time..In.order.to.prevent.that.process,.
short.segments.of.PEO.are.attached.to.high.molecular.weight.PAAm.(m.≫.n.and.p.>.10).[284].(III)2:

CH2 CH2

CH2

CH2

CH3

CH

NH2

R C R

O O O

O
(III)2

R

m n

p

In.order. to.make.a.bridge.between. two.particles. (flocculation),. the.PEO.molecular.weight. [1].
must.be.large.enough.to.extend.beyond.the.thickness.of.the.electrical.double.layer..There.are.at.least.
two.options.for.increasing.the.size.of.the.molecule.or.the.aggregate:.to.perform.a.grafting.copoly-
merization.(acrylamide.grafted.on.poly-vinylpyrrolidone).[285].and.to.associate.a.nonionic.polymer.
with.other.compounds..PEO.forms.association.complexes.with.phenolic. resins. [286],.polyureas,.
lignin.derivatives.[268],.polymeric.salts,.and.mercury.salts.[265]..Thus,.hydrogen.bonding.between.
the.enhancers.and.the.ether.groups.of.the.PEO.may.result.in.larger.aggregates.[181,270,287,288],.
which.can.explain.the.cofactor.efficiency..Larger.aggregates.as.retention.aids.are.also.obtained.from.
polysaccharides.and.boric.acid.or.zirconium.salts.[289].

3.3.3.2 Aluminum compounds as Retention Aids
Flocculation.with.a.nonionic.polymer.does.not. involve. the.anionic.charges.of.cellulose.fibers.. In.
order.to.take.advantage.of.the.ionic.character.of.the.cellulose.fiber,.ionic.macromolecular.compounds.
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71The Fate of Paper Chemicals at the Wet End

are.used.. In. the.past,.papermaker’s.alum.was. the. retention.aid.of.choice.because.of. its.ability. to.
reduce.electrostatic.repulsive.forces.[290]..The.aluminum.compound.effectiveness.depends.on.pH.
[18]..Alum.can.help.the.retention.of.filler.(TiO2).and.fines.up.to.98.5%.at.pH.4.6.[234]..The.coagulat-
ing.ability.of.the.aluminum.sulfate.solution.decreases.with.aging.[38].by.increasing.hydrodynamic.
forces.

Aluminum.compounds.are.precipitated.at.the.pH.of.the.neutral.to.alkaline.papermaking.process.
(6.0.<.pH.<.7.5,.see.also.Section.7.1)..Precipitated.flocs.are.cationic.polyelectrolytes..The.size.and.the.
shape.of.the.precipitated.aluminum.hydroxide.depend.on.the.pH.and.on.the.presence.of.other.ionic.
species.in.the.water.phase.[291,292]:.small.amount.of.electrolyte.influence.the.flocculation.process.
[293].

Aluminum.compounds.must.flocculate.fillers,.fines,.and.the.sizing.agent.at.the.neutral.or.slightly.
alkaline.pH.[196,294]..Poly-aluminum.chloride.(PAC).is.an.useful.coagulant.at.pH.(6.5–7.5).[1].and.
it.is.effective.in.neutralizing.anionic.trash.[215].

The.sensitivity.to.pH.of.the.aluminum.compound,.the.ionic.strength,.and.the.shear.rate.made.
necessary.their.association.with.other.macromolecular.compounds..The.combination.between.alum.
and.a.high.molecular.weight.cationic.polymer.seems. to.be. the.best.choice. in.systems.with.high.
anionic.trash.content.[201].

Dispersions.of.aluminum.silicates.consist.of. three.mineral. layers.containing.a.central. layer.
of. alumina. sandwiched. between. two. layers. of. silica,. with. an. overall. anionic. lattice. charge..
Aluminum. silicate. (bentonite). [295]. helps. the. flocculation. process. by. mechanical. entrapment..
Their.effect.in.flocculation.is.improved.by.the.addition.of.a.polymer.[296–300].such.as.anionic.
PAAm.[301].

A.star-like.hybrid.(organic.polymer–inorganic.compound).is.obtained.by.attaching.PAAm.mol-
ecules. to.aluminum.hydroxide.particles.[302]..The.links.between.inorganic.particles.having.cat-
ionic.charges.and.the.PAAm.molecules,.can.be.made.either. through.the.residual.anionic.sulfate.
group.located.at.the.end.of.the.molecule.or.through.the.few.anionic.carboxylic.groups.obtained.by.
amide.hydrolysis..The.hybrid.has.cationic.charges,.a.much.higher.molecular.weight.of.the.extended.
“PAAm,”.and.a.branched.structure..It.provides.a.better.flocculation.than.straight.PAAm.

3.3.3.3 Anionic Retention Aids
Anionic. polyelectrolytes. are. generally. used. to. flocculate. the. dispersion. of. particles. with. cat-
ionic. charges. [303].. Cellulose. fibers. are. carrying. anionic. charges.. Repulsive. forces. are. devel-
oped.between.particles.and.an.anionic.coagulant..However,.anionic.macromolecular.compounds.
(anionic.PAAm.[304],.anionic.polyacrolein.[292],.or.alginate.[216]).promote.the.coagulation.of.
mineral.dispersions.when.divalent.metal.ions.are.present.or.protect.calcium.carbonate.in.acid.pH..
Sodium.alginate.(III)3.flocculates.the.cellulosic.dispersion.only.in.the.presence.of.calcium.and.
barium.cations.[305].

O

O
H

H

H
H

O

OH

OH

H

O– O–

O

O
OH

H
H

OH

H H

H

O O

R R

(III)3

n m

Na+ Na+

Anionic.starch.(carboxy-alkyl.ether.or.2-sulfo-2-carboxyethyl.ether).is.effective.as.a.reten-
tion.aid.in.the.presence.of.alum.[306,307]..Starch.is.maleated.with.maleic.anhydride.and.the.
added. double. bond. reacts. with. sodium. bisulfite. to. obtain. a. sulfosuccinated. starch. [308,309].
(III)4:
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Anionic.PAAm.is.a.synthetic.polymer.synthesized.by.partial.hydrolysis.of.neutral.PAAm;.by.
copolymerization.with.acrylic.acid.[310],.or.with.maleic.(or.fumaric).half.esters.[311]..Hydrolyzed.
PAAm.must.have.an.optimum.carboxylic.content.[312],.and.its.molecular.weight.should.be.over.
three.million.[313].

In.the.absence.of.alum,.anionic.PAAm.does.not.have.any.impact.on.freeness..An.amount.of.at.least.
1%.alum.(based.on.the.dry.fibers).[310].strongly.impacts.the.flocculation.of.the.system.(Figure.3.4).

Alum.concentrations.over.1.5%.do.not.have.any.effect.on.flocculation..For.2%.alum.(at.the.same.
value.for.pH.=.6.0),.the.effect.of.the.amount.of.anionic.PAAm.needed.for.a.good.flocculation.[310].
is.about.100.times.lower.than.that.for.alum.(Figure.3.5).

PAAm. with. less. than. 3%. acrylic. acid. [262,314]. is. more. useful. in. the. presence. of. bentonite.
[264]..A.copolymer.of.methacrylic.acid.with.allyl.ether.of.ethoxylated.fatty.alcohol.[315].is.also.
used.along.with.bentonite..Polymers.with.anionic.groups.can.also.inhibit.the.swelling.of.clay..That.
changes.the.slurry.viscosity.[316,317].and.may.improve.its.retention..Bentonite.clay.[318].(treated.
with.polyacrylic.acid),.in.the.presence.of.high.molecular.weight.PAAm,.increases.the.fines.retention.
from.34%.to.65%.[319].

3.3.3.4 cationic Polymers as Retention Aids
Cationic.macromolecular.compounds.are.more.effective.in.flocculation.than.the.cationic.inorganic.
compounds.[188]..Due.to.their.cationic.charges,.cationic.retention.aids.can.be.adsorbed.onto.both.
inorganic.filler.particles.and.cellulose.fibers..There.is.a.competition.between.participants.at.the.wet.
end.to.adsorb.cationic.species,.which,.given.the.time-dependent.adsorption.process.(see.short.con-
tact.time.in.the.case.of.high-speed.paper.machine).may.result.in.a.poor.flocculation.
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The.effectiveness.of.the.retention.aids.depends.on.their.adsorption.on.the.cellulose.fibers..The.
adsorption.of.cPAAm.and.PEI.[320].was.studied.at.different.polymer/cellulose.ratios,.and.different.
adsorption.time.(Figure.3.6)..The.amount.of.adsorbed.polymer.reaches.a.plateau,.which.depends.on.
the.polymer.type,.pH,.and.time.

Adsorption.is.practically.100%.at.very.low.polymer.concentrations..At.higher.polymer.concen-
trations,.the.adsorbed.polymer.is.in.equilibrium.with.the.dissolved.polymer.and.the.saturation.point.
has.not.been.reached.as.yet..At.a.dosage.of.about.1100.g.PAAm/ton.fiber,.only.about.400.g.cPAAm/
tone.fibers.were.adsorbed.after.0.5.s.[115]..After.a.longer.period.of.time.needed.for.re-conformation,.
the.amount.of.cPAAm.adsorbed.on.cellulosic.fibers.is.much.higher.

The.adsorption.of.the.retention.aid.on.particles.distributed.at.the.wet.end.is.the.first.step.of.floc-
culation..In.the.second.step,.the.tails.and.loops.of.the.adsorbed.polymer.must.be.connected.with.
other.cellulose.fibers,.and.thus.the.dispersed.system.includes.a.lower.number.of.dispersed.particles.

There.are.different.tools.to.manage.the.polymer.retention.and.particles.flocculation.with.cationic.
polyelectrolytes:.the.addition.of.an.anionic.small.molecule.(to.moderate.the.charge.density).[321],.
the.electrolyte.concentration,.and.the.presence.of.another.dispersed.phase.[322].

3.3.3.4.1  Cationic Starch as a Retention Aid
Due.to.their.similar.chemical.structure,.starch.and.cellulose.have.a.strong.affinity.to.each.other,.and.
thus.starch.is.expected.to.be.a.good.retention.aid..In.order.to.make.it.more.effective,.cationic.charges.
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74 Chemistry of Modern Papermaking

are.added.to.the.starch.molecule..Filler.retention.has.been.shown.to.increase.from.53%.to.82%.when.
0.7%.of.cationic.starch.was.used.in.the.example.[323].

The.retention.value.of.cationic.starch.decreases.to.less.than.20%.when.the.cellulose.carboxyl.
groups. are. blocked. [195].. Therefore,. cationic. starches. are. retained. primarily. by. forming. ionic.
bonds..Cationic.starches.[324–326].with.degrees.of.substitution.of.0.017.and.0.047.mol/mol,.1.5%.
based.on.fibers.[100,327],.are.100%.retained..At.a.2%.addition.level,.this.retention.level.is.only.
63%–76%.

Starch.is.chemically.modified.by.polymer.analogous.reactions.(see.Section.2.5.1)..The.degree.of.
substitution.is.limited.by.the.reaction.conditions.and.the.costs.of.the.process.including.the.purifica-
tion.of.resulting.cationic.starch..A.degree.of.substitution.of.about.5%.(5.from.100.glucose.units.have.
a.cationic.charge).is.a.common.number..This.low.degree.of.substitution.explains.the.cationic.starch.
sensitivity.to.the.high.concentration.of.anionic.trash..Trash.catchers,.such.as.low.molecular.weight.
PEI.resin.or.poly-DADMAC,.improve.the.cationic.starch.activity.[328].

The. improvement. of. cationic. starch. can. be. done. by. increasing. the. cationic. charge. density..
Cationic.corn.starch.is.cooked.at.80°C–130°C.with.other.cationic.polymers.[329–332].in.the.pres-
ence.of.an.oxidizing.agent.(ammonium.persulfate).in.alkaline.pH..Dry.blends.can.also.be.made.
after.cooking.[333–335]..Regular.starch.is.reacted.with.ethyleneimine.[336].or.cooked.in.the.pres-
ence.of.PAC,.aluminum.sulfate,.or.ferric.chloride.[337].to.make.a.cationic.retention.aid.

The.molecular.weight.of.the.retention.aid.is.important.factor.for.its.efficiency..Cationic.starch.
with.higher.molecular.weight.is.obtained.by.grafting.with.propylene.oxide.[338],.by.cross-linking.
[339–345],.or.by.supramolecular.aggregate.formation.

A.branched.starch.molecule.(amylopectin).is.cationized.through.a.reaction.with.epichlorohydrin.
and.then.with.ammonia.in.a.heterogeneous.system..The.heterogeneous.system.suggests.the.idea.of.
adding.amine.groups.directly.to.the.mechanical.pulp,.which.will.make.the.dispersion.self-floccu-
lated.[192].

Large.aggregates.are.obtained.through.interactions.between.an.anionic.compound.and.cationic.
starch.(see.Section.3.3.3.5.2)..Due.to.its.large.surface.area,.silica.will.first.retain.the.cationic.starch.
(silica.particles.of.about.500.m2/g.and.polysilicic.acid.over.1000.m2/g.[346]).and.enhance.cationic.
starch.activity.as.a.retention.aid.[79,347–349]..Arguably,.the.silica–starch.aggregate.is.still.cationic.
because.the.starch–silica.ratio.is.about.six.(alum.can.also.be.involved.[349]);.it.also.has.many.cat-
ionic.tails.able.to.grab.the.cellulose.fibers.

3.3.3.4.2  Cationic Synthetic Polymers as Retention Aids
Synthetic. polymers. such. as. retention. aids. are. obtained. by. polycondensation,. polymerization,. or.
copolymerization.. The. benefit. of. a. cationic. synthetic. polymer. obtained. by. condensation. (urea-.
formaldehyde.or.melamine-formaldehyde.resins).[350].was.noted.as.retention.aid.for.pigments.or.
acid.dyes.since.the.1950.[351].

Polyamine.and.polyamidoamine.are.also.synthesized.by.condensation.and.are.largely.used.as.
retention.aids.[352,353]..Polyamine.can.be.obtained.by.amine.(or.polyamine).reactions.with.epi-
chlorohydrin.and/or.di-chloro.compounds.[354–357].(or.poly-epychlorydrin.[358]),.which.lead.to.
branched.structures.[359].(III)5.
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Mono-methyl.amine.is.a.trifunctional.compound;.its.degree.of.branching.(n/m.ratio).depends.on.
the.amine-epi.ratio,.temperature,.reaction.time,.and.the.presence.of.sodium.hydroxide..The.degree.
of.branching.is.controlled.by.the.order.of.addition.[352,353]..The.cross-linking.process.is.stopped.
by.adding.an.excess.of.mono-methyl.amine..Linear.polyamines.are.obtained.through.N-substituted.
ethyleneimine.polymerization.[360].

Modified. polyamines. (such. as. PAE. thermosetting). can. flocculate. the. cellulose. fibers. [1]..
However,.due.to.their.reactive.functional.groups.(azetidinium.cycle),.the.broke.is.no.longer.repulp-
able..To  reduce. that. risk,. the.polyamine.prepolymer. (see.Section.5.1.1.4). is.only.partially.cross-
linked.with.epichlorohydrin.(0.2.mol.per.1.mol.secondary.amine).[361,362],.or.blends.of.PAE.and.
glyoxalated.PAAm.were.used.as.retention.aids.[363]..The.azetidinium.cycle.from.the.reactive.PAE.
resins.can.also.be.“neutralized”.with.ammonia.(or.amine). [364–366]. in.order. to.make. it.a.non-
thermosetting.polyamine.(III)6.

N+

OH

RR
Cl–

+ NH3

NH2

N

OH

R

(III)6

R

A.branched.polyamine.is.obtained.by.grafting.ethyleneimine.on.a.polyamidoamine.[367–369].
or.by.partial.cross-linking.with.a.di-chloro.polyether.cross-linker.[370,371]..The.grafting.and.the.
cross-linking.process.generate.compounds.with.higher.molecular.weight.and.higher.tertiary.amine.
content.

That. type. of. condensation. is. difficult. to. control. and. branches. are. randomly. distributed.. An.
attempt.to.build.up.a.symmetrical.structure.has.been.made.by.dendrimeric.polymer.synthesis.[372–
374]..Dendrimers.are.synthesized.in.a.stepwise.manner,.which.provides.a.unique.control.over.the.
chemical.structure..Acrylonitrile.reacts.with.polyamine.(di-amino.butane,.in.red).through.a.Michael.
addition,.and.the.nitrile.is.hydrogenated.to.a.new.polyamine..The.Michael.addition.and.the.hydro-
genation.are.repeated.several.times.to.get.a.dendrimeric.structure.(III)7:
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The.cationic.character.of.these.polyamines.is.preserved.only.at.acid.and.neutral.pH..Quaternary.
ammonium.salts.(such.as.poly-ionene.[375]).are.less.sensitive.to.pH..The.quaternary.ammonium.
groups.[376].are.obtained.by.reacting.of.polyamine.[377].or.polyamidoamine.[378,379].with.glyc-
idyl.tri-methyl.ammonium.chloride.(III)8.
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The.free.radical.copolymerization.of.acrylamide.with.a.cationic.comonomer.is.an.easy.process.
[380,381].and.the.resulted.copolymers.(3.1%–40%.mol.of.cationic.acrylate.[80,255]).show.a.good.
flocculation.performance. [122,221,382,383]..Higher.molecular.weight.cPAAm.(2–12.millions). is.
preferred.[122,384–387].

CPAAm.(10%.cationic.comonomer).with.high.molecular.weight.(Mw.=.8.×.106).is.more.effective.
as.a.flocculant.in.the.presence.of.low.molecular.weight.cationic.polyacrylates.(Mw.=.104).[388–390].
or.polyDADMAC.[391]..When.the.cationic.copolymer.is.obtained.in.the.presence.of.another.modi-
fied.cationic.copolymer,.a.synergetic.effect.as.retention.aid.is.noted.[392].

High.molecular.weight.polymers.have.a.high.viscosity.in.solution.even.at.lower.concentrations..
It. is. a. challenge. to. synthesize. those. polymers. in. solution. or. to. dissolve. high. molecular. weight.
polymers.at.high.concentration.in.water..These.retention.aids.are.polyelectrolytes,.which.explain.
why.they.are.sensitive.to.the.presence.of.electrolytes..By.changing.the.electrolyte.concentration,.
the.polyelectrolytes.can.be.dissolved.or.dispersed..At.higher.dilution,.a.precipitated.polyelectrolyte.
will.go.back.into.solution..The.emulsion.polymerization.of.acrylamide.and.dimethylaminoethyl.
acrylate. benzyl. chloride. has. been. performed. in. the. presence. of. a. large. amount. of. electrolytes.
(ammonium.sulfate.or. sodium.chloride). [392,393]..The.cationic.polyelectrolyte. is.obtained.as.a.
dispersion.(15%.solids.and.viscosity.of.about.2000.cPs),.which.turns.into.solution.upon.dilution.
down.to.0.5%.polymer.[390].

Cationic.polyacrylates.are.obtained.in.two.steps:.a.polymerization.and.a.polymer.analogous.reac-
tion..Acrylates.are.copolymerized.with.N-vinyl.formamide.while.the.nonionic.copolymer.is.hydrolyzed.
in.a.second.step..The.copolymers.of.N-vinyl.formamide.with.acrylamide.[394],.acrylates.[395],.and.
acrylonitrile.[396].are.hydrolyzed.to.amines.in.acid.conditions.to.protect.the.comonomer.functionality..
Cationic.acrylic.copolymers.[397,398].and.copolymers.of.N-vinyl.formamide.[395,399–403].are.rec-
ommended.as.retention.aids.(0.1%).even.when.the.pulp.is.contaminated.with.fragments.of.lignin.[404].

Copolymers.with.a.pendant.amino.functionality.are.modified.with.epoxides.[405].or.with.alde-
hydes. [406]. (polymer. analogous. reactions). to. make. good. retention. aids.. However,. cationicity. is.
provided.by.a.primary.or.secondary.amine,.by.protonation,.which.strongly.depends.on.the.pH.value.
[407]..In.an.alkaline.pH,.primary.amines.are.less.protonated.and.the.resin.efficiency.is.much.lower..
When.N-vinyl.formamide.is.copolymerized.with.cationic.comonomers.having.functional.groups.of.
the.quaternarium.ammonium.salt,.the.cationic.copolymer.performs.even.at.higher.pH.[408].

Poly-acrylonitrile. is. reacted. with. ethylene. diamine. to. make. poly(2-vinyl. imidazoline). [409],.
which.is.used.as.a.retention.aid.[410]..Cationic.retention.aids.can.be.obtained.by.trans-amidation.
with.dimethylaminomethyl.amine.[411].or.by.a.Mannich.reaction.[412–414].(see.Section.5.1.3).of.a.
polyamide..The.backbone.can.be.a.copolymer.(III)9.of.acrylamide.and.vinyl-lactams:
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The.final.step.is.a.quaternization.(III)10.with.methyl.chloride:
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3.3.3.4.3  Hybrid Retention Aids
An.excess.of.anionic.substances.(anionic.trash).decreases.the.flocculating.ability.of.cationic.reten-
tion. aids. (PAAm.[222].or.PEI. [244])..Other.potential. changes. in. the.polymer. structure. and. the.
molecular.coil.shape.in.solution.were.also.explored.

Higher.molecular.weight.cationic.polymers.are.obtained.as.a.branched.structure.by.a.partial.
cross-linking. process. [259,415]. (with. 0.0005%. methylene-bis-acrylamide). [416]. or. by. copo-
lymerization.with.a.macro-monomer.(allyloxy.polyethyleneoxide.monomethyl.ether.[417]).. In.
the.latter.case,.the.branches.are.nonionic.(hybrid.macromolecular.compounds).(III)11..Hybrid.
copolymers.are.also.obtained.by.grafting.a.cationic.comonomer.onto.a.nonionic.homopolymer.
[285].
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This.type.of.molecule.seems.to.perform.based.on.different.flocculation.mechanisms..The.reten-
tion.mechanism,.in.this.case,.appears.to.be.more.complex:.the.grafted.copolymer.is.adsorbed.on.
fibers.by.the.interaction.of.its.positive.charge.with.the.negative.charge.of.the.cellulose..Grafted.
PEO.tails. remain. in.water.and.are.available. for.a.bridging.flocculation.with.another.cellulose.
fiber.[418].

The.nonionic.portion.is.provided.by.the.segment.from.PEO.or.polyvinyl.alcohol.(PVA)..The.PEO.
grafted.on.polyamidoamine.is.synthesized.by.reacting.of.the.secondary.amine.with.a.PEO.having.
an.epoxy.group.at.one.end.[419].(III)12:
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Cationic. PVA. as. retention. aid. is. the. obtained. by. the. copolymerization. of. vinyl. acetate. with.
N-vinyl.formamide.[420],.or.with.N-(3-dimethylaminopropyl).acrylamide.[421],.followed.by.copo-
lymer.hydrolysis.

Hybrid. cationic. inter-polymers. are. prepared. from. nonionic. PAAm. and. a. cationic. polymer.
obtained.by.polycondensation.(dicyandiamide,.formaldehyde,.urea.with.or.without.polyamine,.and/
or.epichlorohydrin).[422,423]..The.cationic.inter-polymer.is.not.linear;.it.has.a.very.large.molecular.
weight.as.it.combines.the.cationic.condensed.polymer.with.linear.PAAm..Those.inter-polymers.are.
recommended.for.retention.of.pigments.(TiO2).or.small.particles.of.phosphate.rock.

The. fiber. dispersion. can. be. flocculated. by. polymer. latex. or. with. latexes. and. cPAAm. [424].
.(hetero-coagulation.[191])..Paper.made.with.cationic.latexes.as.retention.aids.for.clay.(up.to.40%.
inorganic.filler).[425].shows.good.tensile.strength.and.is.water.repellant.

In.order.to.improve.the.retention.process,.the.diversity.of.the.components.at.the.wet.end.needs.
special.attention.with. regard. to. the.sequence.of.addition. [184]..The.constituents.of. the.wet.end.
composition.are. treated. separately.with.cationic. starches. [426,427].or.other. synthetic.polymers.
(such. as. PAE. resins. [242]. or. cationic. copolymers. [243,428]).. It. is. recognized. that. one. cationic.
polymer.cannot.meet.the.needs.of.all.papermaking.systems..Some.other.chemical.compounds.are.
involved.in.flocculation.process.along.with.cationic.macromolecular.compounds..Cationic.poly-
mers.(such.as.PAAm,.PEI.[391,429,430].or.ternary.copolymer.vinyl.amine–N-vinyl.formamide–
DADMAC.[431]).are.mixed.with.inorganic.anionic.particles.(bentonite,.hectorite,.or.smectite).for.
a.better.retention.[381,432,433]..Blends.of.cationic.and.anionic.compounds.suggest.the.need.for.
amphoteric.retention.aids.

3.3.3.5 Amphoteric Retention Aids
As.shown.in.the.previous.chapters,.the.balance.between.anionic.and.cationic.charges.is.very.impor-
tant.for.retention.purposes..It.would.be.very.useful.to.bring.both.types.of.ionic.charges.in.the.same.
molecule.(amphoteric.compound).or.aggregate..That. it. is.not.an.easy.task..However,.proteins.as.
models.of.amphoteric.compounds.were.successfully.used.as.retention.aids.[434]..The.presence.of.
both.cationic.an.anionic.charges.in.the.same.molecule.(zwitterionic.compound).makes.the.retention.
aid.effective.on.a.broader.range.of.pH.values.[435].and.prevents.it.from.collapsing.at.high.concen-
trations. of. salt. solution. [436].. Amphoteric. materials. are. obtained. through. a. polymer. analogous.
reaction.(starch.derivatization),.by.copolymerization,.or.by.mixing.an.anionic.polyelectrolyte.with.
a.cationic.polyelectrolyte.(dual.system).

3.3.3.5.1  Amphoteric Macromolecular Compounds
Amphoteric. compounds. include. anionic. and. cationic. species. bonded. covalently.. The. chemical.
modification.of.the.pendant.groups.of.a.preexisting.polymer.is.performed.through.polymer.analo-
gous.reactions..The.preexisting.polymer.can.be.cationic.or.anionic;.the.added.functionality.will.be.
anionic.or.cationic,.respectively..This.type.of.reaction.can.occur.on.both.natural.macromolecules.
and.synthetic.polymers.

Anionic. native. potato. starch. is. amphoteric. after. cationization. [437]. (for. starch. etherification.
and.esterification,. see.Section.2.3.1)..Another. route. is.also.possible:.amphoteric.starch.synthesis.
[211,435,438–440].starts.from.cationic.starch.obtained.by.etherification.(with.diethylamino.ethyl.
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chloride.[441,442]).followed.by.esterification.for.anionic.charges.with.sodium.phosphate.[443–445].
or.CS2.to.make.anionic.xanthate.[446].(III)13.in.successive.reactions.
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The.pendant.group.can.also.carry.both.anionic.and.cationic.charges.[447]..The.reaction.between.
starch.and.N-(2-chloroethyl)iminobis(methylene)-diphosphonic.acid.at.a.pH.of.11–13.and.a. tem-
perature.of.20°C–95°C.results.in.an.amphoteric.starch.(III)14,.in.one.step..Amphoteric.starch.is.a.
very.effective.retention.aid.for.pigments.during.the.papermaking.process.
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The.ratio.between.anionic.and.cationic.charges.is.a.critical.parameter.for.amphoteric.retention.
aids..Amphoteric.starches.contain.a.larger.number.of.cationic.charges.than.anionic.charges:.up.to.0.5.
mol.of.anionic.groups.per.1.mol.of.cationic.group.[439]..When.a.functionalized.amino.acid.(2-chlo-
roethylamino.di-propionic.acid.or.sulfosuccinate.group).is.used.to.modify.the.starch.structure,.the.
anionic.groups.are.in.excess.and.alum.should.be.involved.in.the.retention.process.[448–451].

It.is.interesting.that.lignin.(or.lignin.sulfonate),.a.byproduct.of.wood.processing,.can.return.to.
paper.as.a.retention.aid.after.the.addition.of.a.cationic.group.through.a.Mannich.reaction.with.form-
aldehyde.and.amines.[452].(III)15.
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The.same.concept.is.applied.to.synthetic.polymers.such.as.polyamidoamine,.which.reacts.first.
with.sodium.chloroacetate.and.then.with.epichlorohydrin.[453,454].(III)16.
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In. order. to. synthesize. an. amphoteric. copolymer. (polyampholyte. [455]). from. small. mole-
cules,.a.binary.free.radical.copolymerization. is.used.(acrylic.acid–DADMAC.[456],.or.acrylic.
acid.dimethyaminoethyl.methacrylate.[457])..Monomers.with.lower.tendency.to.homopolymer-
ize. (such.as.maleic.acid–allyl.amines,.rMA.=.0.051.and.rAA.=.0.033). [458,459].generate.alternant.
amphoteric.copolymers..Those.copolymers.show.a.reduced.viscosity.with.a.minimum.at.a.pH.
of.3,.when.the.amine.is.protonated.and.the.carboxylic.group.is.undissociated,.resulting.in.a.less.
extended.molecular.coil..This.copolymerization.reaction.can.be.followed.by.a.polymer.analogous.
reaction:.copolymers.of.vinyl-amine.and.acrylic.acid.are.hydrolyzed.in.acidic.pH.[460],.or.the.
grafted.PAAm.on.a.cationic.substrate.(polyamine).is.partially.hydrolyzed.to.obtain.an.anionic.
species.[353].

The. binary. copolymerization. of. ionic. comonomers. results. in. copolymers. with. a. very. high.
charge.density..In.order.to.make.macromolecular.compounds.with.a.lower.and.adjustable.charge.
density,.a.nonionic.monomer.(as.a.diluter).is.added.to.make.a.ternary.copolymer..Thus,.nonionic.
acrylamide.is.copolymerized.with.an.anionic.(acrylic.acid.or.itaconic.acid).and.cationic.mono-
mers. (DADMAC,. dimethyl. aminopropyl. acrylamide. or. acryloyloxyethyl. trimethyl. ammonium.
chloride).[461–465].

When.the.nonionic.comonomer.is.not.soluble.in.water.(such.as.butyl.acrylate).and.is.in.excess.of.
20%,.the.amphoteric.compound.is.dispersion.(latex).[466].

It.is.difficult.to.manipulate.a.ternary.copolymerization.in.order.to.obtain.a.desired.ratio.and.
distribution.of.ionic.charges..For.better.control.of.the.charge.concentration.and.distribution,.the.
copolymerization.process.was.simplified.to.a.binary.system.in.which.the.neutral.comonomer.
is.copolymerized.with.an.ionic.comonomer.having.both.cationic.and.anionic.charges.(ampho-
teric. monomers).. N,N-Dimethyl-N-acryloyloxyethyl-N-(3-sulfopropyl)-ammonium. betaine.
(obtained. through. a. reaction. between. N,N-dimethylaminoethyl. acrylate. and. propane. sultone.
(III)17).[436]
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and.N,N-dimethyl-N-acrylamidopropyl-N-(2-carboxymethyl)-ammonium.betaine.(III)18.have.been.
used.for.this.purpose.
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Unfortunately,.the.binary.copolymerization.of.an.amphoteric.monomer.results.in.a.copolymer.
with.a.perfectly.equal.number.of.anionic.and.cationic.charges..The.copolymerization.reaction.must.
overcome.some.challenges.related.to.comonomer.interaction.before.polymerization,.to.the.associa-
tion.of.macromolecule.during. reaction,.and. to.changes. in. the. local.composition.of.comonomers.
resulting.in.a.variation.of.the.copolymer.composition.as.a.function.of.conversion..That.is.why,.an.
easier.procedure.is.needed:.blends.of.two.ionic.polymers.(dual.system).

3.3.3.5.2  Dual Systems as Retention Aids
The. interaction.between.anionic.and.cationic.water-soluble.polymers. [55]. takes.place.at. the.wet.
end.of.the.papermaking.system..These.interactions.result.in.amphoteric.aggregates.(dual.systems).
[196].in.which.anionic.and.cationic.charges.are.connected.through.both.covalent.and.ionic.bonds..
The.new.aggregate.has.a.larger.size.and.a.controlled.ratio.between.ionic.charges..For.instance,.low.
molecular.weight.cationic.resins.(N,N,N′,N′-tetramethyl.ethylenediamine.condensation.with.dichlo-
roethyl.ether).are.less.efficient.as.retention.aids,.but.their.efficiency.increases.when.their.molecular.
weight.was.built.up.by.mixing.with.a.poly-anion.(such.as.polyacrylic.acid).[467].

The.cationic.polymer.(promoter.or.fixative.[468]).is.blended.with.an.anionic.organic.(or.inor-
ganic). compound,. such. as. PAAm. [469–472],. sulfonated. lignin. [473,474],. or. anionic. (oxidized).
starch.[475,476]..The.ratio.between.anionic.and.cationic.charges.is.critical:.a.low.charge.cationic.
starch.(DS.=.0.06).asks.for.a.low.charge.anionic.starch.(DS.=.0.05).[477].

In. other. words,. the. amphoteric. aggregates. are. built. up. in situ,. in. the. presence. of. cellulose.
fibers,.which.can.also.be.seen.as.anionic.polyelectrolytes..The.dual.aggregate.shows.a.much.larger.
molecular.weight.than.individual.components.do..In.heterogeneous.systems.(wet.end),.the.interac-
tion.between.two.different.polyelectrolytes.can.occur.in.the.continuous.phase.or.at.the.fiber–water.
interface..The.order.of. addition.dictates.where. the. interactions. take.place.. If. the. anionic.poly-
electrolyte.(anionic.PAAm).is.added.first,.it.will.remain.in.the.water.phase..The.two.polyanionic.
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components. will. compete. for. the. cationic. polyelectrolyte. (polyamine). [478]:. some. molecules.
adsorb. at. the. water-cellulose. interface. and. some. will. make. an. amphoteric. aggregate. with. the.
anionic.PAAm.in.water..The.charge.balance.can.be.adjusted.with.the.third.polyelectrolyte.(such.
as.cationic.starch).

The.benefits.of.using.blends.of.anionic.(sodium.salt.of.maleic.anhydride—diisobutylene.copo-
lymer). and. cationic. polyacrylates. in. filler. retention. were. identified. in. 1958. [398].. The. addition.
sequence.was.also.set.based.on.common.sense:.first.a.cationic.resin.[79].(cationic.MF.resin.[350],.
cationic.starch.[479–484],.or.cPAAm.[485]),.followed.by.an.anionic.compound.(acrylamide.copoly-
mer.with.acrylic.acid,.blends.of.copolymers.with.different.molecular.weights.[486]..Polyaluminum.
chloride.and.anionic.silica.[484,485,487]).were.added.for.higher.fines.and.filler.retention.[479,488]..
Flocculation.occurs.very.rapidly:.the.equilibrium.is.reached.within.less.than.2.s.after.the.second.
polymer.is.added.[79].

The.balance.between.ionic.charges.should.be.taken.into.account..Therefore,.the.“dual.system”.
[33].is.defined.based.on.the.charge.ratio.of.the.two.polyelectrolytes..During.the.first.step,.a.cationic.
compound.such.as.poly-DADMAC.[230],.cationic.colloidal.silica.sol.[489],.cationic.starch.[490],.
or. a. cationic. acrylamide. copolymer. [491,492]. is. added. to. furnish. [493]..The. cellulose. charge. is.
reversed.to.positive.if.enough.cationic.compound.is.added..Afterward,.an.anionic.condensed.poly-
mer.[456],.an.anionic.PAAm.[230,490,493,494,495],.anionic.silica.sol,.or.anionic.montmorillonite.
clay.[496].may.be.used.to.flocculate.the.dispersion.[470].

When.these.steps.are.repeated.under.a.controlled.charge.ratio,.a.multilayer.structure.is.obtained.
on.the.fiber.surface..This.process.results.in.a.much.higher.concentration.of.polymers.at.the.inter-
face..The.cationic.compound.is.polyallylamine.or.polyDADMAC,.which.is.combined.with.poly-
acrylic.acid.or.polystyrene.sulfonate.[137]..Other.multilayer.systems.can.be.formed.with.cationic.
and.anionic.starch.[497,498],.cationic.starch.and.CMC.[499,500],.or.PAE.and.CMC.[138].

Both.the.amphoteric.complex.and.the.retained.cationic.pDADMAC.(actually.a.complex.with.
anionic.cellulose.fibers).show.residual.opposite.charges..That.is.why,.the.polyelectrolyte.com-
plex.is.retained.on.the.cellulose.fiber.even.when.the.support.has.been.saturated.with.cationic.
pDADMAC.[178].

Retention.using.a.“dual.system”.is.a.flexible.process:. it.can.accommodate.any.furnish.within.
a.broader.pH.range..Residual.charges.are.balanced.between.homopolymers.(cPAAm.and.anionic.
polyacrylic. acid,. or. polystyrene. sulfonate). and. amphoteric. copolymers. (acrylic. acid-DADMAC).
[501].or.sulfonated.Kraft.lignin.[502]).

The.solubility.and. the.efficiency.of. the.amphoteric.aggregate.depend.on. its.molecular. shape..
This.aggregate.shape.depends.on.the.ratio.between.components,.the.charge.density.and.molecular.
weight.of.each.polyelectrolyte,.the.presence.of.a.branched.structure.(anionic.[503],.or.cPAAm.par-
tially.cross-linked.with.MBA).[259,504],.and.the.presence.of.electrolytes.

A.polyelectrolyte.complex.(“polysalt.coacervate”).is.soluble.when.a.relatively.large.macromol-
ecule.(the.“host”).interacts.with.a.smaller.molecule.of.opposite.charge.(the.“guest”).[505].or.when.
an.ionization.suppressor.is.present.[506–509]..The.solubility.of.the.polyelectrolyte.may.be.reduced.
up.to.a.point.where.the.polyelectrolyte.precipitates:.the.salting.out.of.the.polymer.[494,510]..The.
balance.between.cationic.and.anionic.charges.in.that.aggregate,.and.its.solubility,.can.be.controlled.
by.adding.an.ionic.(anionic.or.cationic).surfactant.[511]..Even.a.nonionic.polymer.(such.as.polyeth-
ylene.glycol).may.reduce.the.solubility.of.PAAm.in.water.[512].

The.precipitation.of. the. amphoteric. aggregate. and. its. effectiveness. as. a.flocculant. (“network.
flocculation”.[355]).seems.to.be.related.to.the.size.of.the.new,.dispersed.phase..On.the.other.hand,.
each.component.of.the.amphoteric.dual.system.can.also.be.in.a.heterophase..A.linear.or.branched.
[513],.soluble.cationic.copolymer.(cPAAm.[205,514],.copolymers.of.vinyl.amine.[515],.or.cationic.
starch.[516,517]).is.added.first,.and.the.dispersed.anionic.component.is.added.second.[518].(ben-
tonite.[259,504,519],.polysilicate.microgel.[516],.borosilicate.[520,521],.colloidal.silica.[483,522],.
polystyrene. latex.[523],.or.MF.resins.[524])..The.cationic.resin.can.also.be. in.a.dispersed.phase.
(latex.[525,526]),.when.the.second.component.is.anionic.PAAm.
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Anionic.polyelectrolytes.(polysilicate.microgels.[527]).are.effective.in.the.presence.of.cationic.
macromolecular.compounds.such.as.cationic.guar.gum.or.cationic.starch.[349]..Bentonite.(0.25%.
based.on.cPAAm).is.an.enhancer.due.to.its.capability.to.make.large.aggregates.with.cationic.poly-
mers.. At. low. bentonite. concentrations,. these. aggregates. can. be. seen. as. “cPAAm. with. a. higher.
molecular.weight”.A.giant.aggregate.is.able.to.flocculate.through.a.“bridging.mechanism”.[141].

For. the.adsorption.of. the.anionic.polymer. to.be.effective,. the.adsorbed.cationic.polymer.(the.
retention.aid).must.have.a.“loopy”.configuration..If.the.cationic.polymer.is.lying.flat.on.the.surface.
after. re-conformation,. the. absorbed. anionic. polymer. will. be. less.. The. usefulness. of. the. blends.
of.retention.aids.is.a.function.of.the.blend.ratio.and.depends.especially.on.the.order.of.addition..
Sequential.addition.involves. the.time.factor:. the.time.between.the.two.additions.and.the.contact.
time.[193,286]..In.order.to.buy.some.time.for.re-conformation,.a.pre-flocculation.(starch,.cPAAm,.
and.some.cellulose.fibers,.which.are.also.rigid.polyelectrolytes.[74]),.is.performed.before.the.contact.
with.the.rest.of.the.furnish.[528]..Fibers.and.the.fillers.may.also.be.treated.separately.with.a.cationic.
polymer.(such.as.PAE)..After.mixing,.the.blend.is.flocculated.with.anionic.starch.[529].

The.sequence.addition.is.difficult.to.manage.within.the.continuous.papermaking.process..That.
is.why,.other.options.have.been.explored.[530]..The.polyelectrolyte.complex.is.formed.in.the.water.
phase,.in.the.presence.of.cellulose.fibers,.or.is.prepared.in.a.separate.reactor..If.the.in situ.formation.
of.the.aggregate,.the.anionic.carboxymethyl.cellulose.(or.anionic.PAAm).is.added.first.and.no.coag-
ulation.or.adsorption.on.cellulose.fibers.is.recorded,.then.the.cationic.polymer.(PAE.or.cPAAm).is.
added.for.a.good.flocculation.[229]..However,.in.the.presence.of.cellulose.fibers,.the.efficiency.of.the.
amphoteric.aggregate.is.diminished.because.the.cationic.polyelectrolyte.can.interact.directly.with.
the.anionic.fibers.before.the.complex.formation.in.water.

The.formation.of.the.“dual.system”.in.a.separate.step.seems.to.be.a.more.reasonable.approach..
The.largest.improvement.in.cationic.starch.retention.is.obtained.through.the.addition.of.a.preformed.
complex.of.cationic.starch.and.CMC.[531]..Cationic.starch. is.cooked. in. the.presence.of.anionic.
PAAm.and. the.blend. is. used. at. the.wet. end. [532]..Depending. on. the. ratio. between. the. anionic.
(poly(sodium. styrene. sulfonate)). and. the. cationic. (poly(vinyl. benzyl. trimethyl. ammonium. chlo-
ride)),.the.complex.may.have.anionic.in.blue.or.cationic.charges.in.red.[533].(see.the.drawing)..The.
two.methods.can.also.be.combined:.the.pre-addition.of.the.cationic.resin.(PAE).followed.by.the.
addition.of.preformed.polyelectrolyte.complex.(CMC.in.excess.over.PAE).[534].

As.a.general. example,. anionic. starch. interacts.with.cationic.polyamines. through. ionic.bonds.
[535]..The.cationic.polyelectrolyte.(in.blue).and.the.anionic.polyelectrolyte.(in.red).are.interacting.
in.solution.[505]..Some.charges.are.intermolecularly.neutralized:.cationic.polyallylamine.(charge.
density. 9.meq/g). and. polyacrylic. acid. make. a. polyelectrolyte. complex. with. a. charge. density. of.
1.8.meq/g.[88].

A.number.of. both. anionic. and. cationic. charges.may. remain.uncompensated. and.provide. the.
amphoteric.character.of.the.aggregate..The.aggregate.looks.like.a.tri-bloc-copolymer:.a.sequence.of.
cationic.branch,.a.neutral.part,.and.a.sequence.of.anionic.branch..Thus,.the.dual.system.PEI-anionic.

© 2012 by Georgia-Pacific Chemicals LLC

  



84 Chemistry of Modern Papermaking

polymer.is.equally.efficient.in.the.retention.of.both.anionic.and.cationic.molecules.(such.as.Direct.
dye.and.Basic.dye).[17].

Inorganic.dispersions.(such.as.colloidal.silica,.borosilicate.[536],.or.polysilicic.acid.[347]).may.
change.the.shape.of.the.aggregate..The.cationic.polyelectrolyte.(cationic.starch.[346],.cPAAm,.or.
polyamine.[537,538]).will.form.long.tails.on.the.surface.of.the.inorganic.particles.

Anionic.starch.is.blended.with.a.slight.excess.of.cationic.starch.[211,539,540]..The.efficiency.
of.that.dual.system.depends.on.the.pH.and.the.type.of.filler.[541].and.it.is.a.proof.of.the.synergetic.
effect.(Figures.3.7.and.3.8):.the.single.component.(0%.anionic.or.0%.cationic).is.much.less.efficient.
than.the.dual.system..The.dual.system.can.increase.the.clay.(or.CaCO3).retention.by.up.to.100%.as.
compared.with.the.single.retention.component..Figure.3.7.shows.the.maximum.efficiency.of.clay.
retention.close.to.1:1.ratio.cationic.starch/anionic.starch,.at.pH.=.6.0,.when.the.aggregate.is.slightly.
cationic.

The.dual.system.is.less.effective.when.used.with.calcium.carbonate.(at.pH.=.7.8,.the.maximum.
retention.is.only.33%).and.the.aggregate.shows,.at.the.maximum.efficiency,.a.zeta.potential.close.
to.zero.(Figure.3.8).

A.more.complicated.system.includes. three.components:.a.cationic.polyelectrolyte.(PEI),.ben-
tonite,.and.a.high.molecular.weight.anionic.(or.cationic).PAAm.[542],.or.anionic.starch,.cationic.
polymer,.and.anionic.inorganic.particles.(silica,.bentonite,.clay,.etc.).[496,530,543].
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As.far.as.retention.aids.are.concerned,.there.is.another.perspective:.their.fate.after.web.forma-
tion. and. their. impact. on. the.paper.properties..The. effectiveness.of. retention. aids.depends.upon.
their.adsorption.and.their.concentration.in.the.final.paper,.which.is.expected.to.be.high..The.con-
centration.is.in.the.same.range.(less.than.1%).as.that.for.any.other.paper.chemical,.such.as.wet-.or.
dry-strength.resins..Concerns.have.been.raised.about.their.effect.on.the.effectiveness.of.other.paper.
chemicals.because.retention.aids.are.ionic.compounds.that.can.interfere.with.the.retention.of.other.
paper. chemicals.. Most. retention. aids. are. nonreactive. compounds. and. an. improvement. in. paper.
strength.is.not.expected..Moreover,.they.are.very.hydrophilic.and.their.presence.may.increase.water.
adsorption.and.may.decrease.the.sizing.effect.of.the.internal.sizing.agents.

These.concerns.lead.to.an.interesting.topic:.is.any.paper.chemical.able.to.perform.as.both.a.dry.
(or.wet).strength.resin.and.as.a.retention.aid?.Or,.in.other.words,.is.there.any.retention.aid.with.good.
performance.as.a.dry.(or.wet).strength.resin?.Now.we.have.the.picture.of.an.ideal.paper.chemical:.
it.should.act.as.a.good.retention.aid,.able.to.provide.excellent.wet.strength.(or.dry.strength.[544]),.
while.still.allowing.for.the.repulpability.of.the.final.paper.(including.the.broke).
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4 Temporary Wet-Strength 
Resins

4.1 A look At thE PAPER wEt-stREnGth concEPt

As.a.wet.web.of.paper.is.being.dried,.the.paper’s.strength.progressively.increases.with.the.decrease.
in.the.moisture.content.[1,2]..A.lower.water.content.result.in.larger.areas.of.interfiber.contact.and.
thus.creates.potential.bonding. sites..The. strength.of.dried.paper,.which. is. then. soaked. in.water.
(called.“wet.strength”),.takes.the.reverse.route:.more.water,.less.strength.

Water.(in.wet.web.and.in.the.wet.paper.after.soaking.in.water).wets.the.cellulose.fibers.that.swell.
and.reduces.the.paper.strength.[3,4]..The.fiber–fiber.intermolecular.bonds.(van.der.Waals,.hydrogen.
bonding).are.broken.leaving.the.paper.strength.somewhere.between.1%.[5].and.10%.of.the.original.
dry.strength.[6–10].(see.Section.5.5.1).

The.extent.of. this. loss. is. such. that.ordinary.paper. is.useless. in. the.wet. state..Until. relatively.
recently,.paper.was.a.material.considered.to.be.useful.only.in.its.dry.condition..However,.paper.wet.
strength.is.a.desirable.attribute.of.many.disposable.products.(napkins,.paper.towels,.tissues,.etc.)..
A.chemical.compound.needs.to.be.added.to.improve.the.paper.wet.strength..In.order.to.figure.out.
what.kind.of.paper.chemical.is.needed,.the.water.effect.of.the.paper.structure.must.be.scrutinized.

The. loss. in. strength.on.paper. rewetting. is. not. related. to. a.decrease. in. the. cellulose.molec-
ular. weight. [11];. it. is. rather. a. result. of. a. reduction. in. the. number. of. bonds. between. cellulose.
fibers,.which.alters.their.adhesion..The.strongest.bonds.between.fibers.are.the.hydrogen.bonds..
Compounds. with. a. hydroxyl. group. (water,. alcohols). will. interfere. with. the. paper. structure. by.
competing.for.the.interaction.with.cellulose.hydroxyl.groups..Therefore,.paper.loses.its.strength.
when.soaked.not.only.in.water.but.also.in.ethyl.alcohol,.glycerol,.formamide,.or.ethylene.glycol.
[7,12,13]..In.the.case.of.alcohols,.as.the.molecular.weight.of.the.mono-hydroxyl.alcohol.increases,.
the. lost. strength. of. paper. soaked. in. alcohol. is. smaller. (Figure. 4.1).. As. the. alcohol. molecular.
weight. is.higher,. the.hydroxyl.concentration.(by.weight).decreases.and.the.molecule.gets.more.
hydrophobic..Toluene.(a.very.hydrophobic.solvent).caused.virtually.no.change.in.the.mechanical.
properties.of.paper.[10].

Water.absorption.in.paper.[14].is.different.in.blends.of.water.and.propanol.[12]..The.loss.of.paper.
strength.after.soaking. in. those.blends.does.not. follow. the.addition. rule.based.on. the.average.of.
the.separate.effect.of.water.and.propanol.(Figure.4.2)..Water.is.more.effective.in.damaging.paper.
strength.because.cellulose.may.absorb.water.preferentially.

The.effect.of.the.water.content.on.the.paper.properties.shows.two.regimes.separated.by.“the.criti-
cal.moisture.content”.(the.amount.needed.for.the.adsorbed.water.to.make.a.monomolecular.layer.
on.the.cellulose.fiber)..The.critical.moisture.content.varies.for.different.papers.and.may.have.values.
between.3.5%.and.6.5%.[15].

At. about.20%.water. content. in.paper,. the.fiber. reaches. the. saturation.point. (no. free.water. is.
present)..At.that.point,.the.fiber.increases.25%–30%.in.circumference,.10%–12%.in.diameter,.and.
1%–2%.in.length.[10]..An.aggravating.factor.is.the.presence.of.residual.hemicellulose.[16],.which.is.
responsible.for.dry.strength.in.paper,.but.it.is.readily.re-swellable.in.water.

Two.mechanisms.have.been.put. forward. in.order. to. explain. the.wet-strength.development. in.
paper.in.the.presence.of.a.wet-strength.resin:.the.protection.of.the.existing.bonds.and.the.addition.of.
new.ionic.or.covalent.bonds.[17,18]..Therefore,.the.wet-strength.resin.must.be.reactive.and/or.able.to.
irreversibly.change.its.conformation.following.the.interaction.with.cellulose.fibers.
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Regardless.of.the.mechanism.(protection.and/or.reinforcement),.if.the.criterion.of.the.bond.sen-
sitivity.to.water.is.taken.into.account,.paper.strengthening.may.be.classified.as.being.either.“tem-
porary”. or. “permanent.”. The. formation. of. strong. covalent. bonds. between. paper. chemicals. and.
cellulose.results.in.permanent.paper.strengthening.

“Permanent.strength”.refers.to.the.very.long.time.needed.to.reduce.the.paper.wet.strength.[19].
after.soaking.in.water..The.wet-strength.decay.for.paper.treated.with.the.urea-formaldehyde.(UF).
resin.(Figure.4.3).and.soaked.in.distilled.water.at.35°C.is.very.slow:.wet.strength.reaches.about.50%.
decay.in.more.than.1.year.and.even.after.2.years,.its.wet.strength.is.much.higher.than.that.of.the.
untreated.paper.[20].

The.pH.value.is.important.for.the.decay.rate.of.the.wet.strength.in.water,.for.paper.strengthened.
with.cationic.UF.resin.[21].(Figure.4.4)..In.spite.of.the.more.aggressive.acid.pH,.it.appears.that.the.
wet.strength.is.still.very.high.after.60.days.
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Polyamidoamine-epichlorohydrin.resin.imparts.permanent.wet.strength,.which.makes.it.unsuit-
able.for.use.in.the.preparation.of.recyclable.paper.[22–25]..The.concept.of.“permanent.wet.strength”.
got.a.conventional.definition.[26].taking.into.account.the.practical.needs.of.the.sewer.system:.no.
significant.wet.strength.is.lost.during.24.h.of.water.soaking.at.ambient.temperature.

Permanent.wet.strength.is.often.an.unnecessary.and.undesirable.property..In.commercial.and.
industrial.towel.and.tissue.markets,.there.is.a.need.for.wet-strength.resins.having.good.initial.wet.
strength.and.a.large.and.fast.decay.rate.(i.e.,.temporary.wet.strength).

The.resin.sensitivity.to.water.of.paper.showing.temporary.wet.strength.is.important.in.order.to.
recycle.the.broke.and.get.repulpable.paper..Only.for.special.applications.a.really.permanent.wet.
strengthening.of.the.paper.is.needed..Paper.chemicals.that.provide.temporary.wet.strength.to.paper.
are.called.temporary.wet-strength.resins.(TWSR).

These.resins.are.soluble.in.water.and/or.react.with.cellulose.through.hydrolytically.unstable.or.
shear-sensitive.bonds.[27]..The. temporary.wet.strength.of.paper.means. that. it.disintegrates.over.
time.in.the.presence.of.water.and.prevents.the.plugging.of.sewer.system.and.septic.tanks.
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The.concept.of.how.“temporary”.the.strength.should.be.has.its.own.history..In.1973.[28],.paper.
making.standards.indicated.that.the.half.of.the.wet.strength.should.disappear.after.soaking.in.water.
at.room.temperature.for.24.h..Today,.there.are.different.expectations.for.toilet.paper.made.with.a.
TWSR:.40%.decay.after.5.min.of.soaking.in.water.at.neutral.pH,.60%.decay,.after.30.min,.and.about.
85%.after.24.h.is.a.good.enough.decay.rate.for.the.actual.sewer.system.

A.TWSR.can.be.added. to. the.wet. end,. can.be. sprayed.on. the.paper. surface. [29],.or. applied.
by.impregnation.[30]..Chemical.compounds.binding.the.dried.cellulose.fibers.disintegrate.in.cold.
water..In.order.to.be.retained.on.the.pulp,.the.polymers.added.to.the.wet.end.should.be.cationic,.
while.the.polymers.used.for.the.immersion.of.the.web.can.be.either.anionic.or.nonionic.

Cold.water-soluble.adhesives.substantive.to.cellulose.(polyvinyl.alcohol,.methyl.cellulose,.etc.).
have.been.tried.as.sanitary.pad.wrappers.and.found.to.be.readily.disintegrable.in.excesses.of.water.
[31]..When.the.concentration.of.film-forming.glue.is.high.(up.to.30%.based.on.the.cellulose),.the.
paper.is.called.“water-soluble.paper”.[32,33]..The.interfiber.bonding.was.replaced.by.fiber-adhesive.
hydrogen.bonding,.which.is.not.sufficient.to.retain.the.wet-web.integrity.in.water.

Anionic.polyelectrolytes,.such.as.acrylic.copolymers.added.to.the.preformed.web,.are.swollen.
and.dispersible.in.water.[34],.or.show.inverse.solubility.in.aqueous.media.(methacrylic.acid.copoly-
mers).[35,36],.or.are.ion-sensitive,.water-dispersible.polymers.[37–39].

4.2  thE synthEsIs oF tEmPoRARy wEt-stREnGth 
REsIns: GEnERAl chEmIstRy

The.chemical.compounds.presented.in.the.following.sections.are.added.to.the.wet.end.of.the.paper-
making.process..TWSR.have.chemical.structures,.which.include.weaker.bonds:.hydrolysable.cova-
lent.or.ionic.bonds.[40,41]..They.are.macromolecules.that.may.or.may.not.react.with.cellulose.

The.ideal.candidate.as.TWSR.might.be.a.cationic.polymer.(for.retention),.with.pendant.func-
tional.groups.able.to.form.weak.bonds.with.the.cellulose.fibers.or.to.self-cross-link..The.benefits.of.
this.“reactive.functionality”.are.double-fold:.on.the.one.hand.such.a.resin.is.able.to.provide.strength,.
but.on.the.other.hand.the.strength.may.decay.after.soaking.in.water..A.challenge.associated.with.
such.a.resin.is.that.its.reactivity.can.shorten.its.shelf.life.

The.resin.effectiveness.depends.on.the.number.of.reactive.groups.in.one.molecule.and.the.spe-
cific. reactivity. of. those. groups.. For. a. polymeric. material,. the. number. of. functional. groups. per.
molecule. is.associated. to. its.molecular.weight.. In.order. to.cross-link.cellulose.fibers,.a.polymer.
must.have.at.least.two.reactive.functional.groups,.per.one.macromolecule..For.higher.cross-linking.
efficiency,.the.number.of.reactive.functional.groups.needs.to.be.above.two..However,.with.more.
cross-links,.the.decay.rate.decreases.[42]..Therefore,.the.number.of.reactive.functional.groups.on.a.
macromolecule.must.have.an.optimum.value.

TWSR.generate.a.“smart.material”.after.cross-linking.on.paper.[43]:.they.are.able.to.respond.to.
their.own.physical.or.chemical.environment..In.the.presence.of.a.stimulus.(water.in.this.case),.they.
recognize,.discriminate,.and.react.to.produce.several.useful.effects..In.this.kind.of.system,.chemical.
sensitivity.arises.from.the.presence.of.reversible.chemical.cross-links.

Polymeric.candidates.as.TWSR.must.provide.strength,.which.should.be.based.on.strong.chemi-
cal.bonds..In.the.presence.of.water,.the.same.resin.loses.its.strength.due.to.hydrolysable.bonds..That.
coexistence.of.strong.and.weak.bonds.in.the.same.molecule.is.specific.to.the.chemical.structure.of.
the.TWSR.

4.2.1  StRong BondS and WeaK BondS in oRganic chemiStRy

TWSR. should. be. a. cationic. poly-functional. macromolecular. compound.. An. infinite. network. is.
developed.by.reacting.TWSR.with.cellulose.or.by.self-cross-linking..The.network. includes.both.
strong.and.weak.bonds..“Strong.bond”.means.[44–46].a.covalent.bond.that.is.stable.in.the.presence.
of.water..A.chemical.bond.is.considered.weaker.if.it.is.breakable.in.the.presence.of.water.
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The.general.picture.for.a.cross-linked.system.is.a.number.of.backbone.macromolecules.linked.
together.by.a.cross-linker..The.most.common.system.is.polystyrene.cross-linked.by.divinylbenzene..
In.this.case,.both.the.backbone.structure.and.the.cross-linking.bridges.are.formed.from.carbon–
carbon.bonds..The.bonds.are.equally.strong.regardless.of.their.position:.in.the.backbone.or.in.the.
cross-linking.units.(IV)1..That.makes.the.network.very.chemically.stable.
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There.is.another.system.in.which.backbone.bonds.are.different.from.those.existing.in.the.cross-link-
ing.units..It.is.the.case.of.a.polyacrylamide.(PAAm).network.made.through.acrylamide.copolymer-
ization.with.methylene.bis-acrylamide.(MBAA).[47]..MBAA.[48].is.a.difunctional.monomer..Its.
copolymerization.with.acrylamide.results.in.a.cross-linked.structure..The.backbone.is.made.from.
carbon–carbon.bonds.but.within.the.cross-linking.units.there.are.secondary.amide.bonds..Such.a.
network.structure.can.be.hydrolyzed.keeping.unchanged.the.backbone.molecular.weight..In.other.
words,.this.is.a.structure.with.stronger.and.weaker.bonds..The.weaker.amide.bonds.are.located.in.
the.cross-linking.segments.(IV)2.
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A.cross-linked.structure.[49].can.also.be.obtained.by.Michael.addition.of.secondary.amine.from.
amino-polyamide.to.MBAA..Breakable.bonds.(amide:.CO-NH,.in.red.(IV)3).are.present.both.in.the.
backbone.and.in.the.cross-links.as.well.

This.type.of.structure.is.disintegrated.only.at.high.pH..In.neutral.pH.and.at.room.temperature,.a.
polyamide.structure.is.quite.stable.
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TWSRs.must.have.bonds.hydrolytically.unstable.(at.neutral.pH).or.shear.sensitive.at.room.tempera-
ture..A.hydrogel.from.a.copolymer.of.isopropylacrylamide.and.a.zirconium,.alkoxide.cross-linker.
degraded.within.days.[50],.while.the.degradation.time.for.2-hydroxyethyl.acrylate.and.5%.cross-
linker. (N,N′-dimethacryloyloxy.malonamide,. (IV)4). ranged. from.7.h. to.31.days. (at.37°C—body.
temp.—and.pH.=.7.4).[51,52].

CH2

CH2
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That.degradation.rate.is.too.slow.to.be.considered.for.a.TWSR..However,.the.segment.–CO–NH–O–
CO–.(in.which.the.amide.bond.is.connected.to.an.ester.group.that.will.be.mutually.weakening).is.
a.suggestion.to.be.followed.for.faster.decay..The.nitrogen–oxygen.bond.is.weaker.due.to.those.two.
carbonyl.groups.belonging.to.the.system.

Aliphatic.polyesters.show.quite.a.strong.chemical.bond:.the.hydrolysis.in.water.at.pH.=.7.4.and.at.
37°C.temperature.takes.about.20.h.to.reach.a.50%.conversion.[53]..The.ester.function.can.be.made.
weaker.if.the.ether.functionality.is.located.in.its.neighborhood:.hemiacetal.ester.[54–56].(IV)5.(see.
also.acetoacetates.[57])..This.complex.functionality.can.be.built.up.through.an.addition.of.(meth)
acrylic.acid.to.ethylene.glycol.divinyl.ether..The.weakness.of.a.chemical.bond.depends.on.the.elec-
tron.distribution,.which,.in.its.turn,.depends.on.the.type.of.other.functional.groups.located.next.to.
that.chemical.bond.
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Poly-hydroxylic.alcohols.react.with.boric.acid.to.reversibly.form.a.much.stronger.monobasic.acid.
(IV)6.[58,59].
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Carbohydrates. and. related. substances. (such. as. starch. [60]). can. also. interact. with. boric. acid.
[61,62],.or.boronic.acid-containing.compounds.[63]..Polyvinyl.alcohol.(PVA).forms.a.gel.with.
borate. ions. as.well..A.PVA.with.46%.of. the.diol. groups. in. iso-tactic. configuration.will. have.
about.half.of.its.coordinating.sites.available.for.complexation..Due.to.its.high.molecular.weight,.
the.local.concentration.of.the.diol.groups.does.not.show.a.linear.dependence.on.the.total.PVA.
concentration.[43]:.some.intramolecular.complexation.takes.place..The.gel.is.formed.only.above.
a.critical.concentration,.which.is.a.downside.of.that.reaction.because.at.the.wet.end.the.concen-
trations.are.very.low.

PVA.is.typically.used.at.up.to.10%.and.borax.at.levels.up.to.2%.based.on.the.mass.of.cellulose..
The.complex.made.by.boric.acid.shows.a.different.stability.at.different.temperatures,.water.concen-
tration,.and.pH.values.[31,64–66]..The.gel.retains.strength.temporarily.in.the.presence.of.limited.
quantities.of.liquid,.but.breaks.down.in.the.presence.of.a.large.volume.of.water.[67].

Aldehyde.functionalities.react.with.phenols,.primary.and.secondary.amines.[68],.alcohols.(to.
form.acetals),.amides,.and.other.aldehydes.within.condensation.reactions.[69]..In.order.to.make.a.
hydrolysable.structure,.the.most.attractive.reaction.seems.to.be.that.between.an.amide.and.an.alde-
hyde..Under.neutral.and.mildly.basic.conditions,.the.aldehyde.combines.with.an.amide.containing.
an.N-H.function.(primary.or.secondary.amide).[70].to.make.an.amidol.(IV)7:
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(IV)7

The.amidol.has.an.NH–CH.weak.bond.formed.within.an.equilibrium.reaction..This.is.a.key.prop-
erty.of.the.new.compound:.by.dilution.in.water,.the.equilibrium.moves.toward.the.left.side..This.
equilibrium.reaction.is.very.similar.to.the.one.involved.in.a.hemiacetal.synthesis.(IV)8:
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Cellulose.has.many.hydroxyl.groups.and.the.hemiacetal.bond.formation.is.expected.to.occur.in.
reaction.with.aldehydes..A.di-aldehyde.such.as.glyoxal.is.able.to.cross-link.cellulose.fibers.[71]..
Glyoxal.is.a.nonionic.compound.and.it.should.be.added.directly.to.the.wet.web.[72]..The.glyoxal.
strengthening.capabilities.were.studied.versus.an.UF.or.MF.resin.[73]..The.UF.resin.(Figure.4.5).
shows.a.much.lower.decay.than.glyoxal..After.16.h.of.soaking.in.water,.the.UF.resin.still.shows.
a.very.high.wet.strength,.while.paper.treated.with.glyoxal.(regardless.of.the.initial.glyoxal.con-
centration).has.lost.the.entire.wet.strength.down.to.the.wet.strength.of.water.leaf.(bleached.sulfite.
pulp).

Glyoxal.is.significantly.less.toxic.than.formaldehyde..Because.of.the.low.volatility.of.its.hydrate,.
high.concentrations.of.the.vapors.are.unlikely.under.normal.use.or.mill.conditions..Spraying.the.
30%.aqueous.solution.of.glyoxal.into.a.flame.failed.to.ignite.it.[73].

Straight.glyoxal.is.hardly.the.ideal.temporary.wet-strengthening.agent:.it.is.not.cationic.and.con-
sists.of.a.small.molecule..Therefore,.glyoxal.is.not.retained.at.the.wet.end.and.is.rather.ineffective.
due.to.its.low.molecular.weight..In.other.words,.the.aldehyde.functionality.should.be.attached.to.an.
ionic.(co)polymer.

4.2.2  the BacKBone StRuctuRe foR caRRieRS of aldehyde gRouPS

A.potential.TWSR.is.a.cationic.macromolecular.compound.with.multiple.pendant.aldehyde.groups..
A.cationic.polymer.with. aldehyde.moieties.may.also. include.other. functional.groups.able. to.be.
involved.in.the.cross-linking.process.and/or.in.the.hydrogen.bonding.

The. strengthening.performance. and. its. decay.depends.on. the.polymer.molecular.weight,. the.
number.of.functional.groups,.the.cationic.charge.density,.the.ratio.between.aldehyde.and.the.cofunc-
tional.groups,.and.the.reactive.group.distribution.

A.thermodynamic.and.a.statistical.factor.are.controlling.the.rate.of.network.disintegration:.the.
weakness.and.the.number.of.cross-linking.bonds,.and.the.molecular.weight.of.the.backbone.

A.macromolecular.compound.with.multiple.reactive.functions.may.undergo.“self-cross-linking”.
(intramolecular).reactions.and/or.“co-cross-linking”.(intermolecular).reactions.in.which.both.TWSR.
and.cellulose.fibers.are.involved..For.a.temporary.character.of.the.paper.strength,.both.processes.
should.be.reversible.chemical.reactions.

The.ionic.bonds.are.developed.through.electrostatic.attractions.and.can.occur.over.greater.inter-
molecular.distances.than.those.necessary.for.hydrogen.and/or.covalent.bond.formation..However,.
the.ionic.bonds.are.also.reversible.and.thus.they.suit.the.“temporary.strengthening”.concept.
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FIGURE 4.5 Wet-strength.decay.for.paper.strengthened.with.glyoxal.or.UF.resin.
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For.a.given.reactive.group.(such.as.aldehyde),.the.paper.dry.strength.and.the.initial.wet.strength.
are.higher.as.the.molecular.weight.of.the.TWSR.and.the.number.of.cross-linkable.functionalities.
are.higher..However,.the.wet-strength.decay.is.faster.when.the.polymer.molecular.weight.and.the.
number.of.breakable.bonds.are.smaller..Actually,.the.balance.between.the.initial.strength.and.the.
wet-strength.decay.is.a.matter.of.optimum..Moreover,.the.distribution.of.functional.groups.(ionic.
and/or.nonionic).and.their.availability.for.interactions.seems.to.be.another.important.parameter.for.
both.initial.strength.and.its.decay.

Aldehyde.functionalities.can.be.bonded.to.the.carrier.backbone.through.either.strong.or.weak.
bonds..For. retention.purposes. (capabilities. to. interact.with. a. cellulose.fiber),. a.TWSR.has. ionic.
charges.(cationic.or.anionic).

4.2.2.1 Backbone with Aldehyde Functionality Bonded through strong Bonds
Macromolecular.compounds.having.aldehyde. functionalities.connected. to. the.backbone. through.
strong.bonds.(polyaldehyde).do.not.include.the.weak.amidol.or.the.hemiacetal.bonds..The.aldehyde.
moiety.can.be.attached.to.a.carbon–carbon.macromolecular.backbone.or.through.a.carbon–oxygen.
bond.(ether)..Ether.bonds.can.be.developed.by.a.Michael.type.addition.of.an.unsaturated.aldehyde.
(acrolein.or.crotonaldehyde).to.a.macromolecular.compound.having.hydroxyl.groups.

The.strength.of.the.bond.between.aldehyde.and.the.backbone,.and.the.number.of.aldehyde.func-
tionalities.impart.high.wet.strength.to.paper.and.make.it.resistant.to.degradation.from.exposure.to.
water.over.long.period.of.time.[74].

4.2.2.1.1  Aldehyde Incorporated by Copolymerization
Polymeric.polyaldehydes.are.obtained.by.free.radical.copolymerization.of.unsaturated.aldehydes.
(such.as.acrolein,.methacrolein,.crotonaldehyde,.and.their.derivatives).with.cationic.comonomers.
(IV)9..If.the.aldehyde.functionality.(in.red).is.connected.to.a.carbon–carbon.double.bond.through.
strong.covalent.bonds,.those.strong.bonds.are.preserved.during.the.polymerization.process.and.will.
be.present.in.the.final.copolymer..To.make.cationic.polyaldehyde,.a.cationic.comonomer.is.involved.
in.the.copolymerization.reaction.
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R1 R2 R2 R2
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The.use.of.TWSR.requires.balancing.sufficient.wet.strength.of.the.sanitary.tissue.during.use.with.
the.ability.of.fast.decay.in.an.aqueous.environment..For.instance,.the.general.structure.of.the.poly-
mer.backbone.for.TWSRs.may.have.the.following.general.structure.[44–46]:
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H3C
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O O N

H3C
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CH3
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OH

H

a b c

Cl–

NH

A.co-cross-linking.monomer.with.an.aldehyde.functionality.(a.is.ranging.from.5%.to.about.30%.
mol). is. copolymerized. with. a. cationic. comonomer. (c.=.5%–10%). and. optionally. with. a. diluter.
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(N-vinyl. pyrrolidone. or. N,N-dimethyl. acrylamide),. and. with. a. homo-cross-linking. monomer. (b.
ranging.from.about.30%.to.about.80%.mol)..The.homo-cross-linking.comonomer.can.develop.a.
reaction.and.make.a.covalent.bond.(weak.hemiacetal.bond).between.two.temporary.wet.strength.
(TWS).macromolecules.

Molecular.weight.is.preferably.from.about.100,000.to.about.200,000..Higher.molecular.weights.
(>200,000).do.not.achieve.a.wet-strength.decay.of.at.least.35%.after.5.min.and.at.least.65%.after.
30.min..Lower.molecular.weights.(<70,000).have.a.very.low.wet.strength..A.molecular.weight.of.
over.70,000.is.needed.because.no.other.type.of.interaction.with.cellulose.fibers.(such.as.hydrogen.
bonds).is.present.

A.cationic.reactive.copolymer.may.include.a.variety.of.other.comonomers.(Table.4.1)..It.incor-
porates. in. its.anionic.version,.acrylic.acid.[74].and.needs.an.aluminum.compound.for.retention..
Amphoteric.copolymers.are.also.recommended.as.TWSR.[75]..The.aldehyde.monomer. is.copo-
lymerized. with. a. small. amount. of. cationic. comonomer.. The. cationic. binary. copolymer. (alde-
hyde.+.cationic.comonomer).contains.too.high.a.concentration.of.the.reactive.aldehydes..To.reduce.
their.concentration,.a.third.comonomer.is.added.to.make.a.ternary.copolymer.(Table.4.1).[76].

The.third.comonomer.(a.diluter).should.be.selected.with.a.chemical.structure.able.to.avoid.inter-
action.with.aldehyde.groups..A.potential.reaction.between.the.diluter.(such.as.acrylamide).and.alde-
hyde.may.result.in.self-cross-linking.and.shorter.product.shelf.life..Depending.on.the.amount.and.
structure.of.the.diluter.comonomer,.the.final.copolymer.can.be.water.soluble.or.water.dispersible.

The. reactivity.of. the.aldehyde. functionality. is.a.permanent.concern.both.during. the.polymer.
synthesis.and.its.storage.time..Several.blocked.aldehyde.monomers.were.synthesized.such.as.N-(2,2.
dimethoxyethyl). acrylamide. [77,78]. and. used. to. replace. acrolein. [79]. in. copolymerization. with.
redox.initiation.[80].(Table.4.1)..If.the.stable.acetal.group.is.within.the.structure.of.the.main.como-
nomer.structure,.acrylamide.can.be.used.as.diluter.

H2C
CH

C

O

NH
CH2

CH3

CH3CH

O

O

tABlE 4.1
Polyaldehydes Used as temporary wet-strength Resins

Aldehyde comonomer third monomer (diluter) cationic comonomer References

Acrolein.(34%) N-vinyl.pyrrolidone.(66%) (Betaine.hydrazide.chloride) [81,82]

Acrolein Acrylonitrile 2-hydroxy-3-methacryloyloxy.
propyltrimethylammonium.chloride

[83]

Acrolein — Tri-methyl.allyl.ammonium.chloride [84]

Acrolein.(30%) N-vinyl.pyrrolidone.(60%) [3-(methacryloylamino)propyl.
trimethylammonium.nitrate.(10%)

[80,85]

Acrolein.(15%) N,N-dimethyl.acrylamide.(73%) Methacrylamidoethyl.
trimethylammonium.chloride.(12%)

[86]

N-(2,2.dimethoxyethyl).
acrylamide

Acrylamide.(30%) DADMAC.(6%) [77,87]

N-2,2-dimethoxyethyl)–N-
methyl.acrylamide.(14%)

2-Hydroxyethyl.acrylate.(76%) Methacrylamidoethyl.
trimethylammonium.chloride.(10%)

[44–46,88]

N-(2,2.dimethoxyethyl).
acrylamide

Acrylic.acid 3-Methacryloyloxyethyl.
trimethylammonium.chloride

[75]

© 2012 by Georgia-Pacific Chemicals LLC

  



107Temporary Wet-Strength Resins

Unfortunately,.the.acetal.functionality.is.much.less.reactive.with.the.cellulose.hydroxyl.groups.(cur-
ing.time.3.min.at.160°C).[89].than.aldehyde..That.is.why,.the.acetal.is.hydrolyzed.back.to.aldehyde.
before.it.is.used.on.paper..In.order.to.free.the.aldehyde.group,.a.tedious.procedure.should.be.put.in.
place:.acetal.is.hydrolyzed.with.hydrochloric.acid.0.5N.for.about.22.h.to.get.an.88%.conversion..The.
hydrolyzed.copolymer.is.used.to.impart.temporary.wet.strength.to.paper.

Monomers. with. “latent”. aldehyde. groups. [90–92]. such. as. graft. copolymers. of. acrylamide,.
acrylic.acid,.DADMAC,.and.an.acetal.comonomer.([5-(dimethoxymethyl).furfur-2-yl].methyl.acry-
late,.were.used.to.synthesize.grafted.starch.[93])—see.below:
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Blocked. aldehyde. groups. allow. for. the. synthesis. of. copolymers. with. higher. molecular. weights.
(Mw.=.90,000). [44–46,80].. In. the. papermaking. process,. the. acetal. group. comes. right. before. the.
polymer.application.

4.2.2.1.2  Aldehyde Groups Attached to Preexisting Macromolecular Compounds
Nonreactive.polymers.with.strong.bonds.in.their.backbone.can.be.converted.to.reactive.macromo-
lecular.compounds.by.polymer.analogous.reactions..Cellulose.oxidation.results.in.aldehyde.groups.
located.on.the.cellulose.fiber.surface.and.improve.the.sheet.performances.[94,95]..That.shows.the.
capability.of.aldehyde.groups.to.enhance.paper.wet.strength.through.a.cross-linking.process.(hemi-
acetal.bond.formation.with.cellulose.fibers)..The.hemiacetal.bond.can.also.be.formed.with.polysac-
charides.soluble.in.water.[96].or.with.PVA.[97].

Starch.oxidation. reactions.are.easier. to.perform.[98,99]. (see.Section.2.4.2)..As. far.as.obtain-
ing.starch.derivatives.is.concerned,.three.are.the.factors.of.interest:.(1).the.degree.of.substitution.
(how.many.units. are. affected.by.derivatization,. expressed.as.mole.of. reacted.D-glucopyranosyl.
units.per.total.number.of.glucopyranosyl.units—which.can.be.DS.<.1.0),.(2).the.reaction.selectivity.
(derivatization.vs..degradation),.and.(3).the.product.heterogeneity.(how.many.starch.molecule.have.
zero.derivatization).

During.the.oxidation.of.polysaccharides,.the.hydroxyl.groups.are.converted.to.aldehyde.function-
ality..Unfortunately,.the.aldehyde.functionality.is.easily.converted.to.carboxylic.group.by.further.
oxidation.[100]..The.aldehyde.groups. formed.during.oxidation.with.hypochlorite.were.predomi-
nantly.in.the.C-6.position.(primary.hydroxyl)..The.ratio.between.carboxyl.and.the.carbonyl.groups.
is. roughly.2:1.. It.depends.on. the.concentration.of.hypochlorite,. time,. temperature,. and.pH. [98]..
Oxidation.with.hypochlorite.is.nonselective..The.scission.of.several.glucosidic.linkages.also.occurs,.
which.results.in.a.decrease.in.molecular.weight.

In.order.to.reduce.the.carboxylic.group.concentration.in.the.final.product,.starch.slurry.was.oxi-
dized.by.sodium.hypobromite.at.pH.=.7.0,.at.a.temperature.of.20°C..With.this.procedure.[101],.the.
carboxyl/carbonyl.ratio.is.reduced.to.1:4..The.degree.of.substitution.is.quite.low:.only.about.10%.of.
units.are.oxidized..A.better.selectivity.is.obtained.when.the.oxidation.of.C6.is.performed.with.an.
enzyme.(galactose.oxidase).[102,103].

Besides.the.obvious.reduction.in.the.degree.of.aldehyde.substitution.[104],.the.presence.of.car-
boxylic.groups.in.the.aldehyde.starches.has.several.drawbacks,.namely:.the.introduction.of.hydro-
philic.properties,.the.increase.of.anionic.charges,.and.the.possible.cross-linking.due.to.the.presence.
of.a.multivalent.metal.cation.

A.special.technique.is.required.to.stop.the.oxidation.at.the.aldehyde.level..The.oxidation.of.starch.
[105].or.various.gums.[106].with.periodates. is.characterized.by.a.remarkably.easier.control.and.
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homogeneity.of.the.product.[107]..The.reaction.temperature.12°C–45°C,.the.yield.was.85%–98%.
and.only.0.03%–0.2%.of.carboxyl.groups.were.present.at.the.end.of.the.reaction..About.98%.of.the.
repeating.polymer.units.of.starch.have.been.converted.to.the.di-aldehyde.[108]..Peracetic.acid.can.
also.be.used.[109].as.an.oxidant,.but.the.reaction.was.run.at.pH.<.2.0.(or.even.below.1.0),.which.
makes.that.procedure.difficult.to.use.

Potassium.ferrate.(K2FeO4).can.oxidize.the.primary.hydroxyl.group.only.(C-6).from.starch.to.
an.aldehyde.[110]..The.amount.of.oxidant.exceeds.the.amount.of.starch,.which.makes.that.method.
impractical.

Certain. polysaccharides. (i.e.,. guar. gum. [111]). can. be. oxidized. (by. breaking. the. C–C. bond.
between.cis-hydroxyl.groups).in.the.presence.of.ozone.to.form.an.aldehyde.functionalized.polysac-
charide..Oxidation,.which.is.performed.at.room.temperature.in.a.solution.of.only.1%.polysaccha-
ride,.is.not.selective.and.the.molecular.weight.is.reduced.(viscosity.decreases.from.>10,000.cPs,.to.
about.50.cPs)..Oxidation.by.ozone.was.also.performed.on.a.starch.[112].or.a.cellulose.ester.[113].

The. reaction. selectivity. was. much. improved. by. performing. the. oxidation. of. polysaccharides.
[114–118].with.a.limited.amount.of.oxidant.mediated.with.a.nitroxyl.radical.(TEMPO.at.low.tem-
perature:.5°C.[119])..The.limited.amount.of.TEMPO.is.allowed.because.the.catalyst.is.regenerated.
during.the.oxidation.process.[120].
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H3C
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Selective. oxidation. of. a. ternary. copolymer. (2-hydroxyethyl. acrylate,. N,N-dimethyl. acrylamide.
and.a.cationic.comonomer). is.also.performed.with.TEMPO.and.sodium.hypochlorite. to.convert.
the.hydroxyl.group.to.an.aldehyde.functionality.[121–123]..The.ternary.cationic.copolymer.has.a.
molecular.weight.of.70,000–200,000..The.degree.of.substitution.with.an.aldehyde.group.is.about.
2%–5%.and.the.ternary.copolymer.is.converted.to.a.quaternary.copolymer..Aldehyde.may.react.
both.with.the.hydroxyl.groups.from.the.cellulose.fibers.and.with.the.unreacted.hydroxyl.group.from.
the.TWSR.
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In. order. to. improve. the. selectivity. of. the. oxidation. reaction,. cellulose. was. functionalized. with.
an. easier. to. oxidize. double. bond.. Cellulose. is. esterified. with. cis-1,2,3,6-tetrahydrophthalic. acid.
(30–120.min.at.120°C–180°C.in.the.presence.of.sodium.hypophosphite).and.then.the.double.bond.
is.oxidized.with.ozone.[113]:

© 2012 by Georgia-Pacific Chemicals LLC

  



109Temporary Wet-Strength Resins

C

C
CC

C
O

HH
O

H
H

OH

H

H2C OH

R

R

C

C
CC

C
O

HH
O

H
H

OH

H

C
O

R

R

O

O

HO
OHO

OH

O

+

C

C
CC

C
O

HH
O

H
H

OH

H

C
O

R

R

O

CH

CH

O

HO
O

O
O

OH

O

OH

O

OH

However,.oxidative.processes.are.not.selective,.and.non-oxidative.methods.were.developed.for.add-
ing.aldehyde.groups.to.starch.[124]..During.that.new.process,.any.interference.of.the.reactive.alde-
hyde.group.is.prevented.by.protecting.it.as.acetal.

A.substantially.noncross-linked.granular.starch.derivative.is.prepared.through.a.reaction.with.
an.unsaturated.aldehyde.(methacrolein,.acrolein.and.crotonaldehyde)..This.Michael.addition.is.per-
formed.at.50°C.and.a.pH.=.8.0..The.reaction.temperature.is.below.the.starch.gel.point..Therefore,.
the.reaction.develops.only.on.the.surface.(heterogeneous.process)..This.type.of.process.results.in.
a.very.broad.compositional.distribution:.some.starch.is.strongly.derivatized.and.some.will.have.no.
aldehyde.functionality.
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Aldehyde.groups.are.designed.to.react.with.the.hydroxyl.group.from.cellulose.(a.co-cross-linking.
process). in.order.to.impart.strength.to.paper..The.hydroxyl.groups.from.starch.display.the.same.
reactivity.as.those.from.cellulose.and.the.intermolecular.hemiacetal.formation.will.result.in.starch.
homo-cross-linking,.which.is.why.the.product.has.a.short.shelf.life.

In. order. to. improve. the. shelf. life. for. functionalized. starch. with. aldehyde. groups,. the. alde-
hyde. functionality. is. protected. as. acetal. [104,125–129].. N-(2,2-dimethoxyethyl)-N-methyl-2-
chloracetamide.(an.intermediate.in.starch.derivatization).is.prepared.by.adding.chloracetyl.chloride.
to.methyaminoacetaldehyde.dimethyl.acetal:
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N-(2,2-dimethoxyethyl)-N-methyl.acrylamide. is.prepared.by.adding.acryloyl.chloride. to.methyl-
aminoacetaldehyde.dimethyl.acetal:

H2C
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+
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These.compounds.can.react.with.starch.and.provide.new.functionalities.differentiated.by.the.struc-
ture.of.the.R.group.

R CH2
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CH2
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N
H3C

CH
O

O
CH3

CH3

Starch

Aldehyde-containing.dextran.[130].is.obtained.by.hydrolysis.of.the.corresponding.diethyl.acetal..
The.acetal.synthesis.starts.from.dextran.and.bromoacetaldehyde.diethyl.acetal..The.dextran.diethyl.
acetal.is.hydrolyzed.and.used.immediately..Diethyl.acetal.has.an.indefinite.shelf.life.as.compared.to.
aldehyde.that.has.a.very.short.shelf.life.
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The.cellulose.acetal.is.converted.to.the.corresponding.aldehyde.by.slurring.the.acetal.in.water.and.
adjusting.the.pH.to.2.5–3.0.with.hydrochloric.acid..Temperature.has.been.set.over.the.gelatinization.
point..The.total.cooking.time.was.about.20.min..In.order.to.prevent.homo-cross-linking,.the.cook.
should.be.cooled.down.rapidly.

Aldehyde-containing.polymers.are.not.stable.upon.storage.because.they.can.undergo.cross-link-
ing.and.oxidation.[130]..Starch.with.chemically.blocked.aldehyde.groups.is.stable.and.the.reactive.
aldehyde.functionality.is.unblocked.during.cooking,.before.delivery.to.the.wet.end.[131,132].

The.procedure.of.the.protected.aldehyde.groups.offers.some.benefits.but.it.has.at.least.three.reac-
tion.steps,.the.last.of.which.(the.conversion.of.acetal.to.aldehyde).should.be.performed.at.very.low.
pH,.where.corrosion.can.be.an.issue.

Several.polyaldehydes.are.used.in.a.dosage.of.2%.based.on.cellulose.fiber.[111],.and.they.should.
be. spread. on. paper. because. no. ionic. group. is. present. to. help. retention. at. the. wet. end.. If. ionic.
groups.are.present.for.retention.on.cellulose.fibers.at.the.wet.end.[75,77],.the.chemistry.is.even.more.
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difficult..A.second.approach.can.be.considered:.an.anionic.polymer,.much.easier.to.obtain.(see.oxi-
dation.reaction),.is.retained.with.a.cationic.retention.aid.[133,134].

Aldehyde.starch.provides.a.good.initial.wet.strength.[119]..The.temporary.character.of.the.paper.wet.
strength.[131].is.diminished.due.to.the.strong.bond.between.the.aldehyde.group.and.the.backbone.of.the.
TWSR..High.molecular.weight.aldehyde.starch.has.multiple.aldehyde.pendant.groups.and.it.is.highly.
unlikely.that.all.the.hemiacetal.groups.formed.with.the.cellulose.fiber.can.be.broken.simultaneously..A.
decay.of.about.30%–50%.is.reached.after.more.than.1.h.soaking.time.in.deionized.(DI).water.[135,136].

Both.carbon–carbon.and.ether.bonds.are.very.stable.toward.hydrolysis..The.weaker.hemiacetal.
bonds.coexist.with.strong.bonds.and.the.paper.strengthened.with.that.type.of.resin.shows.a.slower.
decay..This.is.why.a.TWSR.with.an.increased.number.of.weak.bonds.is.needed.

4.2.2.2 carriers of Aldehyde Group through a weaker Bond (hemiacetal or Amidol)
Compounds.with. aldehyde. groups. form.weak.hemiacetal. bonds. with. cellulose..Polymeric.poly-
aldehyde. may. develop. multiple. hemiacetal. bonds. and. create. a. pseudo-irreversible. link. between.
polymer.and.fibers.because.hydrolysis.is.an.equilibrium.process.unlikely.to.break.all.the.hemiac-
etal.bonds.simultaneously..Hemiacetal.bonds.are.responsible.for.the.paper.dry.strength.and.initial.
wet.strength,.but. the.wet-strength.decay.depends.on. the.number.of.such.bonds.and. the.polymer.
molecular.weight..In.order.for.TWSR.to.show.a.faster.wet-strength.decay,.the.polymer.molecular.
weight.should.be.lower.and.the.connection.between.the.aldehyde.functionality.and.the.backbone.
must.include.another.weak.bond.

In.the.case.of.cross-linking.through.multiple.weak.bonds,.two.other.parameters.are.still.impor-
tant:.the.higher.molecular.weight.of.the.backbone.will.provide.a.higher.tensile.but.a.slower.decay,.and.
the.higher.number.of.reactive.aldehyde.in.the.TWSR.molecule.results.in.a.higher.initial.strength.and.
a.slower.wet-strength.decay..The.backbone.molecular.weight.and.the.concentration.of.the.aldehyde.
groups.are.interrelated..The.best.TWSR.must.have.an.optimum.ratio.Mw/number.pendant.group.

4.2.2.2.1  TWSR with Two Identical Weak Bonds
The.first. logical.attempt. is. to.add.a.second.hemiacetal.bond.between. the.aldehyde.functionality.
and.the.polymer.backbone..A.symmetrical.linkage.with.two.hemiacetal.bonds.for.each.connection.
between.the.TWSR.and.the.cellulose.fiber.is.obtained.in.the.final.dry.paper.

Chemical.compounds.prepared.by.glyoxal.(or.cyclic.urea).and.poly-hydroxylic.compounds.pro-
vide.TWS.for.paper.[137]..Since.these.poly-aldehydes.do.not.have.ionic.charges,.they.are.added.to.
the.wet.web.

The.hydroxyl.groups.from.a.poly-hydroxyl.compound.react.with.di-aldehydes.and.hemi-acetal.
bonds. are. obtained.. At. higher. conversions. of. this. reaction,. a. branched. polymer. can. be. formed.
and. even. a. cross-linking. process. (gel. formation). can. take. place,. due. to. multiple. functionality.
compounds.

Glyoxal.(or.blocked.glyoxal).reacts.with.cationic.starch.and.forms.highly.labile.hemiacetal.bonds.
(in.red).along.with.aldehyde.groups.(in.blue).[138,139]..The.glyoxal.units.within.the.starch.structure.
disrupt.the.crystallinity.of.amylose,.thus.significantly.inhibiting.retrogradation.[138]..PVA.and.its.
cationic.copolymers.[140].follow.the.same.reaction.with.glyoxal.
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The.multiple.hydroxyl.groups.from.the.starch.structure.have.virtually.the.same.reactivity.against.
glyoxal..But.the.pendant.aldehyde.group.on.the.functionalized.starch.has.the.same.reactivity.with.
hydroxyl. group,. as. the. free. glyoxal. does.. Because. the. glyoxalation. of. the. hydroxyl. group. is. an.
equilibrium.process,.a.large.amount.of.free.glyoxal.is.needed.to.move.the.equilibrium.in.the.right.
direction..Obviously,.this.would.result.in.cross-linking,.which.continues.even.after.the.reaction.has.
been.quenched..A.glyoxalated.starch.solution.has.a.very.short.shelf.life:.a.solution.of.30%.solids.
shows.an.increase.in.viscosity.of.about.100%.after.5.days.[139].

Cross-linked. glyoxalated. starch. includes. two. symmetric. hemiacetal. bonds. for. each. bridge.
between.two.starch.molecules..The.cross-linking.reaction.involving.two.different.weak.bonds.will.
develop.a.nonsymmetrical.bridge.between.macromolecules..The.second.weak.bond.must.have.a.
different.bond.strength.and.a.different.equilibrium.constant.

4.2.2.2.2  Cross-linking Process through Two Different Weak Bonds
The. second. weak. bond,. along. with. the. hemiacetal. bond,. is. the. amidol. bond. formed. through. a.
reaction.between.and.aldehyde.and.an.amide..In.this.case,.the.backbone.must.have.multiple.amide.
pendant.groups.

The.macromolecular.carrier.for.amide.groups.can.be.generated.through.a.reaction.of.the.pre-
existing. polymer. or. by. (co)polymerization.. Free. radical. copolymerization. results. in. a. carbon–
carbon. backbone. but. with. an. important. possibility. of. incorporating. different. pendant. groups..
The.main.amide.monomer.is.acrylamide..Its.copolymerization.is.discussed.in.a.separate.chapter.
(Section.4.3).

The.preexisting.polymer.can.be.involved.in.a.polymer.analogous.reaction.to.add.amide.groups..
The. backbone. may. have. a. variety. of. chemical. structures,. which. may. also. include. hydrolysable.
bonds.(such.as.ester,.amide,.and.acetal).

Carbamylethylation. is. a. Michael. addition. reaction. in. which. a. compound. having. protons.
(hydroxyl,.secondary.or.primary.amine).reacts.with.the.carbon.double.bond.of.acrylamide.[141]..
When.the.proton.is.located.on.a.macromolecule,.multiple.amide.functionalities.are.attached.to.the.
backbone.

Starch. reacts. with. acrylamide. in. the. presence. of. sodium. hydroxide.. Cationic. starch. [49,142].
is.the.preferred.support..Starch.carbamylethylation.results.in.a.high.degree.of.substitution..Some.
amide.groups.may.hydrolyze.to.a.carboxylic.structure..Starch.seems.to.be.an.attractive.backbone,.
but.the.starch.molecule.is.not.easy.to.handle.due.to.its.high.viscosity.in.solution,.its.sensitivity.to.
hydrolysis,.and.to.the.uncontrolled.reduction.of.the.molecular.weight..Carbamylethylated.starch.is.
subject.to.glyoxalation.to.make.a.wet-strength.additive.[28,143].
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Other.molecules.subjected.to.carbamylethylation.were.an.aminopolyamide.[144],.a.polyamine.or.
a.polyvinyl.amine.[145],.and.a.polyalkylene.polyamine.[146]..The.aminopolyamide.can.be.built.
up.at.any.molecular.weight,.with.any.amino.group.concentration,.with.any.charge.density..During.
the.Michael.addition,.tertiary.amines.are.formed..They.have.potential.cationic.charges.in.a.neutral.
or.acid.pH..Polyamidoamines.obtained.by.the.condensation.of.carboxylic.acid.(containing.16–20.
carbon.atoms).and.DETA.[147].are.not.soluble.in.water,.but.the.addition.of.acrylamide.makes.them.
water.soluble.

CH2CH

CO

NH2

+

n
n

NH
NH

NH R

O O

R
NH

N
NH RR

C
OH2N

O O

A.sufficient.amount.of.acrylamide.will.be.used.to.react.with.substantially.all.of.the.amine.groups.in.
the.polyamidoamine..A.high.pH.during.the.reaction.is.favored.since.it.frees.the.amino.groups.from.
their.salts..Both.primary.and.secondary.amides.(in.blue).reacted.with.glyoxal.to.form.an.amidol.
bond.(see.Section.4.4).

4.3 thE synthEsIs oF PolyAcRylAmIdE

PAAm. is. a.perfect. candidate. for. a.backbone.able. to. react.with.di-aldehyde..Acrylamide.can.be.
polymerized.through.a.free.radical.or.an.anionic.mechanism..PAAm.obtained.through.free.radi-
cal.polymerization.has.only.carbon–carbon.bonds.in.its.backbone,.while.the.backbone.of.PAAm.
obtained.with.an.anionic.catalyst.contains.multiple.secondary.amides.(poly(β-alanine)).

PAAm.is.a.polyamide.with.an.amide.functionality.as.a.pendant.group.(primary.amide)..Both.
types.of.acrylamide.polymers.can.react.with.glyoxal.to.make.a.TWSR..Poly(β-alanine).reacts.with.
glyoxal.[148,149].at.the.secondary.amide.atom.
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Poly.β-alanine.is.not.cationic.and.must.be.treated.with.caustic.in.order.to.make.it.anionic..The.solu-
tion.of.glyoxalated.anionic.poly.β-alanine.(10%.solids.and.pH.=.5.0).has.a.shelf.life.that.exceeds.6.
months.[149].

4.3.1  cationic PolyacRylamide thRough fRee Radical coPolymeRization

PAAm.does.not.react.with.cellulose.fibers.at.105°C.(drying.temperature),.but.the.amide.pendant.
groups.do.develop.hydrogen.bonding.with.them,.which.may.improve.the.paper.initial.wet.strength..
Cationic. PAAm. is. synthesized. through. the. free. radical. copolymerization. of. acrylamide. with. a.
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cationic.comonomer..When.the.reaction. is.performed. in. the.presence.of.starch,.a.cationic,.graft.
copolymer.is.obtained.[150]..During.that.process,.it.is.possible.to.set.the.molecular.weight,.molecu-
lar.weight.distribution,. the.charge.density,.and. the.charge.density.distribution.of. the.acrylamide.
copolymer.

The. simplest. structure. for. such.a.copolymer.would.be.an.acrylamide.binary.copolymer.with.
a. cationic. comonomer. [151–154]. (Table. 4.2).. Acrylamide. copolymerization. is. performed. in. the.
presence.of.2-mercapto-ethanol.as.chain.transfer.agent..In.order.to.prevent. the.Michael.addition.
of.mercaptan.to.the.acrylamide.double.bond,.pH.is.adjusted.to.4.0.with.a.solution.of.sulfuric.acid..
The.cationic.comonomer.concentration.ranges.from.2%.to.30%.by.weight.in.copolymer..A.TWSR.
should.have.a.Tg.less.than.100°C.[45].

The.cationic.comonomer.or.a.third.comonomer.(diluter).should.be.water.soluble.and.have.func-
tional.groups.that.do.not.react.with.glyoxal..Tertiary.amines,.such.as.morpholino-alkylvinyl.ether.
and/or.morpholino-alkylallyl.ether.[157],.do.not.react.with.aldehyde,.but.secondary.and.primary.
amines.do.

CH CH

CH2

CH2

CH2

CH2CH2 N O

O

N O

H2C

H2C

O

Comonomers.with.amine.groups.(such.as.allyl.or.di-allyl.amine).need.special.attention.during.the.
free.radical.copolymerization.and.during.the.reaction.with.aldehyde..In.order.to.convert.an.amino.
group. to.an.ammonium.salt,. the.copolymerization.should.be.performed. in.acidic.pH.(pH.=.3–4).
[26,155]..In.acid.pH,.the.amine.is.protonated.and.it.cannot.interfere.with.the.initiation.system.or.to.
be.involved.in.the.Michael.addition.to.the.double.bond.of.acrylamide.

H2C H2C

H2C

N

CH2
CH2

H
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Cl

O

O

NH2
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NH2

tABlE 4.2
cationic copolymers of Acrylamide

carrier cationic comonomer References

Acrylamide Di-allylamine [26,155]

Acrylamide DADMAC.and.allylamine [156]

Acrylamide Morpholino-alkylvinyl.(or.allyl).ethers [157]

Acrylamide.(70%–97.8%) DADMAC.(2.2%–30%) [151–153,158]

Acrylamide.(80%) Methacrylamidoethyl.trimethylammonium.chloride.(20%) [152]

Acrylamide.(99%–95%) Cationic.acrylate.(<5%) [159]
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However,.the.best.option.to.protect.the.amine.is.through.alkylation..Di-allyl.amine.is.alkylated.to.
obtain.DADMAC.or.is.converted.to.a.tertiary.amine.and.a.new.cationic.charge.is.added.by.reaction.
with.cyanamide.[160].

H2C
H2C

N+

N+

CH2

CH2

CH2
H H

+ C

N

NH2

N

HN

H

H

H

Cl–

If.chloroacetamide. is.used.for.alkylation,. the.final.product. is.a.multifunctional.monomer.with.a.
double.bond,.and.a.tertiary.amine,.which.is.a.potential.carrier.for.cationic.charges,.and.a.new.amide.
group.[161]..This.new.monomer.is.polymerized.after.its.conversion.to.a.quaternary.ammonium.salt.
in.acidic.pH.

H2C CH2 CH2 CH2

NH2
NH2

N+

O

H
Cl– N+

Cl–

O

H

RR
n

In. the. copolymerization. with. acrylamide,. the. double. bonds. in. di-allyl. derivatives. are. cyclo-
polymerized:.regardless.of. the.multiple.functionalities,.no.cross-linking.reaction.is.recorded.(a.
difunctional.monomer.behaves.as.a.monofunctional.compound)..DADMAC.as.a.cationic.como-
nomer. [162]. is.converted. through.cyclo-copolymerization. [163]. to.a.five-member. ring,.and. the.
residual.double.bonds.(due.to.1–2.allyl.polymerizations).are.less.than.3%.
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The.kinetics.of.DADMAC.cyclo-homopolymerization.follows.the.known.rule.(Equation.4.1).of.free.
radical.processes.[164]:

.
R kp p M I= [ ] [ ]. .1 0 0 5 . (4.1)

where
M.stands.for.the.monomer.concentration
I.stands.for.the.initiator.concentration
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This.makes.the.copolymerization.of.DADMAC.with.acrylamide.a.classic.binary.copolymerization.
system..Equation.4.2.describes.the.copolymer.composition.as.a.function.of.the.composition.of.the.
comonomers.and.their.reactivities.[165,166].(see.also.Sections.2.4.1.and.9.1.2.2):
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M M

M M
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. (4.2)

where
r1.=.k11/k12.and.r2.=.k22/k21.are.the.monomer.reactivity.ratios
m1.and.m2.are.the.copolymer.composition.obtained.starting.from.a.particular.monomer.composi-

tion.(M1.and.M2)

Table.4.3.shows.few.reactivity.ratios.for.binary.copolymerizations.of.acrylamide.with.the.most.
common.ionic.or.nonionic.comonomers.used.in.the.synthesis.of.TWSR..Nonionic.comonomers.are.
used.as.diluters.

The.most.common.cationic.comonomer.is.DADMAC..As.shown.in.Table.4.3,.different.authors.
provide.significantly.different.values.for.its.reactivity.or.for.the.acrylamide–acrylonitrile.copoly-
merization..The.reactivity.ratios.for.acrylamide–DADMAC.copolymerizations.are.in.the.following.
ranges:.for.acrylamide.(M1).2.6.<.r1.<.5.2.and.0.05.<.r2.<.0.15.[184]..Those.reactivity.ratios.show.that.
the.cationic.comonomer.is.less.reactive.(about.100.times).and.less.incorporated.in.the.copolymer.
structure..In.a.batch-wise.process,.for.a.100%.conversion.of.acrylamide,.DADMAC.is.incorporated.
in.the.copolymer.up.to.30%–40%.only.[185].

tABlE 4.3
Reactivity Ratios in Free Radical copolymerization of Acrylamide

monomer 1 monomer 2

Reactivity Ratios

Referencesr1 r2

Acrylamide DADMAC 6.4 0.06 [167,168]

Acrylamide DADMAC 6.7 0.58 [169]

Acrylamide Dimethyl.aminoethyacrylate.quat 0.29 0.34 [168]

Acrylamide Dimethyl.aminoethymethacrylate.quat 0.61 2.52 [168]

0.52 1.9 [170]

0.25 1.71 [169,171]

Acrylamide Dimethylaminopropyl.acrylamide 0.95 0.47 [169]

Acrylamide Acrylic.acid 0.57 1.45 [172]

0.47 1.3 [173]

Acrylamide Itaconic.acid 0.67 1.25 [174]

1.18 0.60 [175]

Acrylamide Acrylonitrile 0.55 1.91 [176]

0.74 0.05 [177]

Acrylamide 2-Hydroxyethyl.methacrylate 0.0002 2.33 [178]

Acrylamide Vinyl.acetate 9.3 0.09 [179]

Acrylamide Ethylene.sulfonic.acid 11.1 0.02 [180]

Acrylamide N-Vinyl.pyrrolidone 1.2 0.8 [170]

n-Butyl.acrylate Allyl.acetate 11.7 0.04 [181]

N-Antipyryl.acrylamide MMA 0.98 1.53 [182,183]

N-Antipyryl.acrylamide Acrylonitrile 0.82 1.14 [182,183]

N-Antipyryl.acrylamide Vinyl.acetate 1.22 0.22 [182,183]
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Based.on.the.reactivity.ratios.shown.in.Table.4.3,.and.for.a.mole.ratio.of.0.95/0.05.acrylamide/
DADMAC,.for.every.125.units.of.acrylamide,.there.will.be.one.DADMAC.unit..For.a.copolymer.
with.a.molecular.weight.of.about.3000.(45.acrylamide.repeating.units),.one.DADMAC.molecule.
is.incorporated.for.every.macromolecule.only.at.a.DADMAC.concentration.of.15%.mol.(26%.by.
weight)..This.is.valid.for.copolymers.obtained.at.very.low.conversions.

Copolymerization.is.a.kinetically.controlled.process.and.the.copolymer.composition.is.a.func-
tion.of.conversion..Figure.4.6.shows.the.instantaneous.copolymer.compositions.as.a.function.of.con-
version.up.to.100%.conversion..In.the.case.of.comonomers.with.a.reactivity.similar.to.acrylamide.
(such.as.acrylonitrile.or.N-vinyl.pyrrolidone),.the.copolymer.composition.is.almost.constant.up.to.
high.conversion.values.

For.a.batch.copolymerization.process.between.acrylamide.and.DADMAC,.using.reactivity.data.
from.Table.4.3.(rAA=.6.4.and.rDADMAC.=.0.06),.at.a.high.concentration.of.DADMAC.(25%.mol),.the.
copolymer. composition. (obtained. even. at. low. conversions). is. richer. in. acrylamide. (95%).. That.
results.in.a.faster.consumption.of.acrylamide..Thus,.at.conversions.of.over.90%.acrylamide.is.fully.
converted,.but.some.DADMAC.remains.un-reacted.(Figure.4.6)..In.other.words,.about.50%.from.
DADMAC.will.not.be.incorporated.in.the.acrylamide.copolymer..It.is.not.surprising.that.the.final.
product.(after.dilutions.and.glyoxalation).still.shows.about.1.1%.of.free.DADMAC.[186].(more.than.
5%. based. on. active. glyoxalated. polyacrylamide. [G-PAm]).. As. a. cationic. compound. with. small.
molecule,.DADMAC.will.compete.with.the.cationic.polymer.for.the.anionic.charges.from.cellulose.
fibers,.and.thus.possibly.damage.polymer.retention.

PAAm.can.be.obtained.by.direct.solution.polymerization.[158].or.in.an.inverse-emulsion.polym-
erization.[187,188]..A.cationic.initiator.(AIBA).+.sodium.persulfate.were.used.at.a.temperature.of.
35°C.and.then.75°C.

The.acrylamide–DADMAC.copolymer.obtained.through.a.batch-wise.process.[152].will.show.
a.very.broad.chemical.composition.distribution..That.is.why.that.type.of.copolymerization.should.
be.run.within.a.semi-continuous.process.[26,155,166].(a.small.amount.of.acrylamide.and.the.entire.
amount.of.DADMAC.as.pre-charge,.while. the. rest.of.acrylamide. is.added.continuously. [189])..
The.addition.time.for.acrylamide.should.be.correlated.with.the.DADMAC.conversion.in.order.to.
get.a.uniform.copolymer.composition..To.incorporate.2.2%.DADMAC.[190],.a.semi-continuous.
process. (100.min. acrylamide. addition—at. 82°C,. reflux. temperature. for. IPA. [151]). is. used.. To.
incorporate.larger.amounts.of.DADMAC.(up.to.40%.in.copolymer),.more.complicated.processes.
are.used.[153].
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FIGURE 4.6 Composition/vs./conversion.with.acrylamide.copolymers.
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The.composition.of.the.acrylamide–DADMAC.copolymer.also.depends.on.the.total.concentra-
tion.of. both. comonomers. [167]. and. the.presence.of. a. “template”. (such. as. the.polyacrylic. acid),.
which.may.change.the.distribution.of.cationic.units.within.the.copolymer.[191].

DADMAC.is.an.ionic.monomer;.its.reactivity.depends.on.pH.[152,158].and.on.the.presence.of.
inorganic.salts.(such.as.ammonium.sulfate.and/or.sodium.sulfate)..A.pH.of.4.0.is.suggested.before.
starting.the.acrylamide.addition..In.the.presence.of.an.inorganic.salt,.the.newly.formed.polyelectro-
lyte.(acrylamide-DADMAC.copolymer).can.precipitate.and.the.precipitate.will.be.swollen.with.a.
comonomer.composition.different.than.the.one.used.in.the.continuous.phase..Cationic.polyelectro-
lyte.(such.as.poly-DADMAC).[192].is.used.to.stabilize.the.precipitate.of.cationic.polyacrylamide.

The.batch-wise.process.always.produces.a.broad.distribution.of.the.copolymer.composition:.the.
cationic.acrylamide–DADMAC.copolymer.will.coexist.with.nonionic.PAAm..By.manipulation.of.
the.semi-continuous.reaction,.the.ratio.between.ionic.and.nonionic.polymers.can.be.adjusted.

The.semi-continuous.synthesis.of.the.acrylamide–DADMAC.copolymer.is.difficult,.and.other.
more.reactive.cationic.comonomers.are.considered:.cationic.acrylamides.and/or.acrylates.[159,192–
194].(see.Table.4.3).

Inverse-emulsion.polymerization.of.acrylamide,. in.which.each.particle. is.a.small.reactor.per-
forming.as.a.batch.process,.for.a.blend.of.15%.DADMAC.and.85%.acrylamide,.after.a.conversion.
of.96%.of.acrylamide,.DADMAC.is.only.40%.incorporated. [195]..That.means. that. the. inverse-
emulsion.polymerization,.which.cannot.be.handled.as.a.semi-continuous.process,.does.not.improve.
the.DADMAC.incorporation.

Due. to. the. difficulties. in. obtaining. a. homogeneous. acrylamide. copolymer,. cationic. charges.
are.added.to.a.nonionic.acrylamide.homopolymer.through.a.polymer.analogous.reaction:.trans-
amidation.of.nonionic.PAAm.with.dimethylaminomethyl.amine.[196].or.3-(dimethylamino).pro-
pylamine.[151].
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Anionic. or. amphoteric.PAAms. (copolymers. with. acrylic. acid. and—optionally—with. a. cationic.
comonomer).are.also.potential.backbones.for.glyoxalated.resins.[133,134,159,197,198]..An.anionic.
acrylamide.copolymer.(acrylamide-acrylic.acid).is.much.easier.to.obtain.[133,134].(see.Table.4.3)..
The.copolymerization.of.the.acrylamide–acrylic.acid.depends.also.on.pH.[199]..Anionic.polymers.
are.retained.by.a.cationic.promoter.[197].

4.3.2  acRylamide coPolymeRS With a “diluteR”

The.chemistry.related.to.the.temporary.strengthening.of.the.paper.(glyoxalation.rate,.resin.stabil-
ity,.strength.performances,.decay.of.paper.strength.when.soaked.in.water).includes.reversible.pro-
cesses..Thus,.the.synthesis.of.TWSR,.the.product.stability,.and.the.paper.wet-strength.decay,.can.
be.manipulated.by.changing.the.concentrations.of.chemical.compounds.and.the.coefficients.of.the.
reaction.rate.

The. amide.group. concentration. can. also.be.decreased.by.dilution. in.backbone.with. an. inert.
monomer,.in.the.glyoxalation.step..However,.diluter.units.(ethyl.acrylate,.acrylonitrile.[190],.methyl.
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methacrylate.and.styrene.[152],.N-vinyl.pyrrolidinone,.N,N-dimethyl.acrylamide.[200]),.etc.).are.
used. in. small. amounts. [151,152].. 2-Hydroxyethyl. acrylate. is. a. special. case.because. its.hydroxyl.
group.reacts.with.glyoxal.

A.diluter.for.acrylamide.can.reduce.the.glyoxalation.rate.and.increase.the.stability.with.no.impact.
on.strength.performances..A.“control”.backbone.[151].(but.with.only.3%–5%.glyoxalated.acrylamide.
units).has.a.wet.tensile.decay.of.54%.after.30.min..With.a.diluter.(46%.N,N-dimethylacrylamide),.
the.wet.tensile.decay.reaches.65%.for.the.same.amount.of.glyoxalated.units.[75].

The.presence.of.a.diluter.changes.the.binary.copolymerization.in.a.ternary.copolymerization,.
which.is.more.difficult.to.control..An.easier.dilution.of.the.amide.units.can.be.obtained.by.a.graft-
ing.process.on.a.preexisting.polymer..Unfortunately,. the.grafted.copolymer.will.coexist.with.an.
un-grafted.polymer.backbone.and.an.un-grafted.PAAm.(see.grafting.ratio.in.Section.2.4.2).

Acrylamide. grafted. copolymers. on. starch. [201,202],. PVA. [150,203],. or. polyethylene. oxide.
[204,205]. are. potential. TWSRs.. Cationic. starches. are. obtained. by. grafting. cationic. acrylamide.
copolymers.on.starch.backbones.
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In. order. to. improve. the. grafting. degree,. starch. was. derivatized. with. allyl. glycidyl. ether. starch.
(starch.has.a.pendant.double.bond);.acrylamide.and.cationic.comonomers.are.copolymerized.in.the.
presence.of.that.starch.

The.grafting.reaction.is.also.performed.on.polyamine.obtained.by.condensation.epichlorohydrin.
and.methyl.amine.[206]..The.tertiary.amine.was.changed.into.a.quaternary.ammonium.salt:
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An.important.amount.of.un-grafted.PAAm.is.expected.along.with.some.grafted.copolymer..The.
glyoxalation.step.involves.both.the.grafted.polymer.and.the.acrylamide.homopolymer..All.grafted.
copolymers.(without.any.aldehyde.functionality).[207].were.tested.as.dry.and.wet-strength.resins..
The.paper.wet-strength.decay.is.only.20%.in.30.min.

Grafted.polymers.have,.by.definition,.a.molecular.weight.larger.than.the.initial.backbone..The.
wet-strength.decay.depends.on.the.polymer.molecular.weight,.on.the.presence.of.functional.groups,.
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and.on.the.number.and.distribution.of.reactive.groups..For.faster.wet-strength.decay,.the.molecular.
weight.of.PAAm.is.a.critical.parameter.

4.3.3  PolyacRylamide moleculaR Weight

In.order.to.perform.as.a.TWSR,.the.molecular.weight.of.the.PAAm.should.reach.an.optimum.[208]:.
too.high.a.molecular.weight.results.in.lower.wet-strength.decay,.too.low.a.molecular.weight.polymer.
is.less.effective.as.strength.resin..Moreover,.the.backbone.of.the.PAAm.is.partially.cross-linked.dur-
ing.the.glyoxalation.step.and.a.higher.molecular.weight.of.the.backbone.may.form.a.cross-linked.
polymer.in.the.early.stages.of.the.glyoxalation.

During. the. glyoxalation. reaction,. glyoxal. reacts. at. the. same. rate. with. all. the. amide. groups,.
regardless.if.they.are.in.a.smaller.or.larger.molecule..From.the.composition.stand.point,.final.gly-
oxalated.PAAm.is.a.homogeneous.material..After.retention.on.paper,.after.drying,.and.during.paper.
testing.by.soaking.in.water,.a.G-PAm.from.a.lower.molecular.weight.PAAm.imparts.wet.strength.to.
paper.in.the.manner.of.its.higher.molecular.weight.counterparts..A.higher.molecular.weight.due.to.
the.cross-linking.process.will.increase.the.initial.wet.strength..However,.paper.treated.with.G-PAm.
from.low.molecular.weight.PAAm.shows.a.faster.wet-strength.decay.

The.estimation.and.control.of.the.molecular.weight.of.PAAm.[209].are.crucial.for.a.good.TWSR..
During.the.acrylamide.polymerization,.the.polymer.molecular.weight.is.controlled.by.a.chain.trans-
fer.agent.(CTA)..The.polymer.molecular.weight.is.a.function.of.the.concentration.of.the.CTA,.and.
its.chain.transfer.constant.(Equation.4.3).[210]:

.

1 1
n n M

= +
o

T
CTA

C
[ ]

[ ]
. (4.3)

where
n.is.the.degree.of.polymerization.in.the.presence.of.CTA
no.is.the.degree.of.polymerization.in.the.absence.of.CTA
CT.is.the.chain.transfer.constant.for.a.particular.CTA.[211]
[CTA].and.[M].are.the.concentrations.of.CTA.and.monomer,.respectively

The.mercaptoethanol.and. isopropyl.alcohol. [212].are.used.as.CTA.. Isopropanol. is.much. less.
effective.in.controlling.the.PAAm.molecular.weight;.a.larger.amount.of.CTA.is.required,.which.
makes.the.polymer.precipitate.at.lower.conversions.

PAAm.used.as.a.carrier.for.a.potentially.reactive.aldehyde.has.a.molecular.weight.lower.than.
25,000.[151,152]..The.molecular.weight.is.estimated.according.to.the.general.rules.for.polyelectro-
lytes:.intrinsic.viscosity.is.measured.in.a.solvent.containing.1.M.NH4Cl.[153].

Unexpectedly,.it.was.found.[158,213].that.the.addition.of.modest.amounts.of.a.high.molecular.
weight.PAAm.did.not.adversely.affect.the.decay.of.the.initial.wet.strength,.and.also.raised.the.initial.
values.of.wet.and.dry.strength.over.those.obtained.by.using.the.low.molecular.weight.component.
alone..Both.fractions.with.high.molecular.weight.and.low.molecular.weight.are.glyoxalated.sepa-
rately.or.within.the.same.glyoxalation.step.[214].

4.3.4  PolymeR BlendS aS tWSR

Paper.used.for.towels,.napkins,.and.tissues.must.have.several.attributes,.such.as.good.dry.strength,.
high.initial.wet.strength,.and.fast.decay.of.the.paper.wet.strength.after.soaking.in.water..All.these.
attributes.can.hardly.be.achieved.by.a.single.TWSR..In.order.to.find.synergetic.effects,.blends.of.
different.resins.were.used.as.TWSR..To.improve.the.decay.of.the.paper.wet.strength,.polyaldehydes.
are.always.present.in.these.blends.
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Many.polymers.that.improve.the.dry.strength.of.paper.are.anionic.under.normal..papermaking.
conditions..A.cationic.compound.may.be.used.to.retain.these.anionic.substances.to.the.pulp.fibers,.
which.are.anionic.by.nature.[75]..In.the.free.radical.copolymerization,.the.acrylic.acid.has.a.reactiv-
ity.similar.to.that.of.acrylamide,.and.thus.the.anionic.PAAm.is.easier.to.synthesize..In.the.presence.
of.a.high.amount.of.buffer.(15%–20%.based.on.solids),.glyoxalated.nonionic.PAAm.is.partially.
hydrolyzed. before. being. blended. with. poly. (DADMAC). [215]. for. retention. purposes.. In. that.
mixture,.polyDADMAC.can.be.replaced.by.other.cationic.polymers.such.as.the.dimethylamine–.
epichlorohydrin.copolymer.[216].

Blends.of.polymers.are.obtained.by.the.synthesis.of.a.macromolecular.compound.in.the.pres-
ence.of.another.polymer..The.synthesis.of.polystyrene.in.emulsion.is.performed.in.the.presence.of.
cationic.acrylamide.[217]..PAAm.copolymers.are.obtained.in.the.presence.of.glyoxal.and.urea.when.
polycondensation.and.polymerization.take.place.simultaneously.[218].

It.was.found.that.paper.having.improved.strength.can.be.obtained.from.recycled.paper.by.mixing.
PAE.resin.and.G-PAm..This.blend.was.added.to.the.wet.end.of.the.papermaking.process.[22,27]..
Paper.treated.with.it.exhibits.a.significantly.increased.dry-strength.performance.as.compared.to.the.
joint.use.of.the.individual.resins..G-PAm.and.aminopolyamide–epichlorohydrin.resins.are.present.
at.a.weight.ratio.of.about.1:1.to.about.5:1.

In.a.blend.of.the.polyaldehyde.polymer.and.the.polyhydroxy.polymer.[219],.hydroxyl.groups.react.
with.the.aldehyde.groups.of.polyaldehyde.to.form.covalent.bonds.(hemiacetals)..Polysaccharides,.as.
polyhydroxy.polymers,.provide.a.high.level.of.TWS..The.cis-hydroxyl.groups.may.support.neigh-
boring.group.participation,.which.facilitates.the.formation.of.covalent.bonds.with.poly-aldehyde..
Additionally,.the.cis-hydroxyl.groups.may.form.hydrogen.bonding.with.the.cellulosic.fibers.

4.4 PolyAldEhydE coPolymERs FRom PolyAcRylAmIdE

It.is.well.known.that.aldehydes.react.with.cellulose.or.cellulose.derivatives.[220,221]..Formaldehyde.
and.glyoxal.are.the.most.common.aldehydes.used.in.the.paper.industry..Glyoxal—the.first.com-
pound.in.the.poly-aldehyde.series—represents.a.special.case:. it. is.nonionic;. it.has.two.aldehyde.
groups.with.the.same.reactivity.(symmetric.molecule)..Glyoxal.must.be.attached.to.a.cationic.com-
pound.in.order.to.be.incorporated.in.the.paper.web..The.ideal.attempt.would.use.the.first.function-
ality.for.the.attachment.to.the.cationic.backbone,.and.the.second.aldehyde.group.would.be.used.in.
the.reaction.with.cellulose.fibers..Unfortunately,.due.to.the.same.reactivity.of.those.two.aldehyde.
groups,.the.glyoxalation.reaction.of.a.cationic.macromolecular.compound.will.result.in.side.reac-
tions.(cross-linking)..As.a.consequence,.the.reaction.conversion,.which.is.measured.by.the.increase.
in.viscosity.of.the.polymer.solution,.and.the.shelf.life.of.the.final.product.are.hard.to.control.

4.4.1  glyoxalation of PolyacRylamide

Glyoxal. reacts. with. cationic. PAAm,. which. is. an. ideal. candidate. for. a. glyoxalation. reaction. in.
slightly.alkaline.pH.[161]..The.amide.group.is.attached.to.an.acrylamide.copolymer,.which.can.be.
linear,.branched,.or.grafted.[140,150,151,222].

The.glyoxalation.of.the.PAAm.is.an.equilibrium.reaction..In.that.reaction,.both.aldehyde.groups.
of.glyoxal.can.react..The.amidol.bond.(in.red).is.formed.by.the.amide.(weak.base).addition.to.the.
C=O.double.bond.in.an.acid.and.base.catalysis.[70,223].
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Although.several.other.potential.backbones.(such.as.polyvinyl.alcohol.[140]).were.studied.as.well,.
this.chapter.is.focused.on.the.polyamide–di-aldehyde.reaction..The.PAAm.glyoxalation.is.an.equi-
librium.reaction,.given.as

.
K = [ ][ ]

[ ]
CONH Gly

Amidol
2 . (4.4)

An. equilibrium. reaction. will. always. show. an. important. amount. of. un-reacted. glyoxal..
“Un-reacted”. glyoxal. is. a. complex. concept:. it. involves. both. a. certain. amount. of. free. glyoxal.
and.an. important.amount.of.glyoxal. reacted.with.only.one.aldehyde.group..A.glyoxal.capped.
acrylamide.is.a.unit.substituted.at.the.amide.nitrogen.with.alpha-hydroxy.acetaldehyde..As.part.
of. this.equilibrium,. the.amidol.bond.(NH–CH).is.sensitive. to.water. in.both.acid.and.alkaline.
environments.

Higher.concentrations.of.amide.and.glyoxal.will.result.in.higher.concentrations.of.amidol.bonds..
However,.free.glyoxal.and.un-reacted.amide.will.always.exist.along.with.the.glyoxalated.compound.
(see.the.analysis.of.free.glyoxal.[224])..A.catalyst.can.increase.the.reaction.rate.to.reach.the.equilib-
rium,.but.it.cannot.alter.the.equilibrium.composition.

The. cationic.PAAm.designed.as. a.backbone. for.G-PAm.has. a. low.molecular.weight. (2000–
5000)..For.a.small.molecular.size,.the.average.number.of.amide.groups.in.one.macromolecule.is.
about.30–70..During.the.glyoxalation.reaction,.a.cross-linked.network.(a.gel).can.be.formed.due.to.
the.high.functionality.of.the.polyamide.and.the.glyoxal.difunctionality..The.cross-linking.process.
shows.a.second-order.kinetic.[225]..PAAm.glyoxalation.supposes.the.skill. to.introduce.as.many.
aldehyde.groups.as.possible.into.the.PAAm.molecule,.before.the.gel.formation.

The.glyoxalation.parameters.are.the.following:.the.PAAm.concentration.and.molecular.weight,.
the.glyoxal.concentration,.the.catalyst.concentration.(pH),.and.the.temperature..If.a.diluter.is.used.
for.the.synthesis.of.PAAm,.the.polymer.concentration.should.be.converted.to.the.concentration.of.
the.amide.group..This.reaction.reaches.an.equilibrium.after.a.very.long.reaction.time,.which.is.why.
glyoxalation.is.performed.at.a.high.reaction.rate.(higher.concentrations).and.at.a.certain.viscosity.of.
the.glyoxalated.polymer.solution..The.reaction.is.quenched.at.pH.=.2–4..Thus,.the.final.composition.
is.a.system.that.tends.to.continue.to.react.toward.the.equilibrium.described.by.the.concentration.of.
the.reactants.

Low.molecular.weight.polymers.and.low.concentrations.are.required.to.increase.the.amount.of.
bonded. glyoxal. {–CONHCH.(OH)CHO}. to. the. polymer,. without. infinite. cross-linking. (gelling).
[187,188]..When.a.lower.molecular.weight.PAAm.is.used,.the.cross-linking.process.is.slower.and.
the.amount.of.total.solids.can.be.increased.to.20%.[158]..For.higher.molecular.weights.(Mw.about.
10,000),.the.overall.concentration.reaches.only.about.11%..For.Mw.of.100,000,.the.final.solids.were.
reduced.to.2%.[226]..The.glyoxalation.of.high.molecular.weight.PAAm.at.a.high.polymer.concen-
tration.is.performed.in.inverse-emulsion.polymerization.and.the.glyoxalated.polymer.takes.the.form.
of.micro.gels.[227].

Regardless.of.the.cationic.charge.concentration.in.a.macromolecule,. the.amide.group.has.the.
same.reactivity.against.glyoxal..In.other.words,.the.glyoxalation.step.can.impart.a.more.uniform.
distribution.of.the.cationic.charges.

In.the.absence.of.extensive.information.about.a.direct.reaction.between.glyoxal.and.PAAm,.we.
can.learn.more.about.this.process.by.examining.the.reaction.of.formaldehyde.with.different.amides.
[228]..Amides.and.imides.react.reversibly.with.formaldehyde.in.acid,.neutral,.or.basic.media,.but,.
over.a.relatively.wide.pH.range.(2–12),.the.activation.energy.of.the.reverse.reaction.remains.greater.
than.that.of.the.forward.process.by.a.nearly.constant.amount.(5.kcal/mol).[229].

Groups. of. peptide. bonds. belonging. to. secondary. amides. or. polyamides. do. not. react. with.
formaldehyde.at.room.temperature.[230]..That.is.why.formaldehyde.or.glyoxal.do.not.lower.the.
water.absorption.of.polyamides.[231]..However,.in.agreement.with.recent.findings.[232,233],.the.
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methylolation.of.N-alkyl.substituted.amides.is.shown.to.occur..The.secondary.proton.from.the.
amide.group.can.react.with.the.methylol.group,.which.explains.the.cross-linking.of.the.UF.resin.

In.the.reaction.between.acetamide.and.formaldehyde,.the.reaction.rate.increases.more.with.the.
increasing.pH.(Figure.4.7).than.with.the.increasing.temperature.(Figure.4.8).[234]..From.pH.=.8.6.to.
11.2,.the.rate.constant.(k).increases.up.to.300.times,.although.the.equilibrium.constant.(K).remains.
at.about.the.same.value..The.pH.value.recommended.for.glyoxalation.is.7.5–8.0.[151,152,158,235]..
Buffer.is.used.for.a.better.control.of.the.pH.[201].

The.reaction.temperature.has.a.smaller.effect.on.the.reaction.rate.(only.about.a.three.times.higher.
reaction.rate.for.an.increase.of.15°C.in.temperature—Figure.4.8)..At.higher.temperatures,.the.equi-
librium.constant.is.smaller.
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FIGURE 4.7 The.effect.of.pH.on.the.reaction.of.acetamide.with.formaldehyde.
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The.reaction.of.the.amide.group.with.glyoxal.or.to.other.polyaldehydes.(such.as.that.obtained.by.
a.condensation.between.isocyanuric.acid.and.acrolein.[236–239]).has.received.much.less.attention..
The.base-catalyzed.addition.proceeds.best.when.a.fresh.glyoxal.solution.is.used.in.the.pH.range.
8–10.[240]..The.condensation.reaction.competes.with.the.Cannizzaro.reaction.[225]:.an.intramo-
lecular.redox.process.with.the.formation.of.glycolic.acid..The.solution.slowly.turns.acid.and.more.
alkali.should.be.added.

The.condensation.rate.depends.not.only.on.the.pH.(and.on.temperature).but.also.on.the.chemical.
structures.of.the.amide.and.aldehyde..The.reaction.rate.of.acrylamide.with.aldehyde.[241].is.about.
2000.times.slower.than.with.urea.[242].

The.products.of. the. reaction.of.glyoxal,.or.blocked.glyoxal. [77].with.a.PAAm.[243,235]. are.
excellent.cross-linking.agents..During.glyoxalation,.the.pendant.aldehyde.group.can.react.with.an.
amide.group.from.another.molecule.in.a.cross-linking.process.
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The.formation.of.both.amidol.bonds.is.part.of.an.equilibrium.reaction;.the.two.bonds.coexist.with.
un-reacted.glyoxal.. If.25.mol%.of.glyoxal.are.used. (based.on.acrylamide.units),. the.glyoxalated.
polymer.includes.less.than.12.5.mol%.aldehyde.functionalities.[79].

According.to.the.analysis.of.glyoxalated.cationic.PAAm.[186],.the.copolymer.has.the.following.
composition.of.the.repeating.units:
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The.acrylamide.provides.sites.to.which.the.–CH(OH)–CHO.are.attached.and.which.will.react.with.
cellulose.during.the.thermosetting.reaction..About.10.mol%.of.acrylamide.units.(based.on.the.total.
numbers.of.vinyl.monomer.units.present).appear.to.be.the.minimum.needed.to.provide.the.neces-
sary.number.of.sites.[151].

The.glyoxal/acrylamide.ratio. ranges. from.0.2. to.0.4. [75,77,79,87,152,208],.but. large.excess.of.
glyoxal.is.also.used:.3.4.g.of.40%.aqueous.glyoxal.for.1.g.backbone.[200]..Regardless.of.the.amount.
of.glyoxal.added.to.the.glyoxalation.reaction,.there.is.always.an.excess.of.free.glyoxal.in.the.TWSR.
solution..Free.glyoxal.is.nonionic.and.it.has.a.low.molecular.weight.

The.effect.of.the.concentration.of.glyoxal.units.[200].is.still.under.debate.(see.also.Section.2.5):.
if.the.initial.wet.strength.is.obviously.improved.as.the.concentration.increases,.the.decay.rate.shows.
very.scattered.values.(Figure.4.9).
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The.number.of.pendant.aldehyde.groups.can.be.increased.by.the.glyoxalation.of.a.copolymer.
with.preexisting.aldehyde.functionalities.(such.as.acrylamide–acrolein.copolymers).[154].

4.4.2  the glyoxalated PolyacRylamide StaBility

The.amidol.bond. formation. is.an.equilibrium.reaction..At. the.equilibrium.point,. the.number.of.
new.amidol.bonds.is.equal.to.the.number.of.broken.amidol.bonds..A.glyoxalation.performed.with.
a.small.amount.of.glyoxal.reaches.the.equilibrium.in.several.weeks..If.the.glyoxal/PAAm.ratio.is.
small.enough,.at.the.equilibrium.point,.the.glyoxalated.polymer.is.still.soluble.in.water.and.has.an.
indefinite.shelf.life.

In.order.to.make.the.glyoxalation.process.economically.affordable,.the.reaction.time.should.be.
reduced.to.several.hours..To.speed.up.the.glyoxalation.process,.an.excess.of.glyoxal. is.used..At.
a.desired.molecular.weight.of.the.glyoxalated.PAAm,.estimated.based.on.the.viscosity.measure-
ments,.the.pH.is.dropped.to.2–3.(quench).in.order.to.slow.down.the.cross-linking.process..At.the.
quench.moment,.the.reaction.mixture.is.far.from.the.equilibrium.conditions..Even.at.that.low.pH,.
the.reaction.is.trying,.albeit.at.a.very.low.rate,.to.reach.equilibrium..Advanced.glyoxalation.results.
in.an.increased.viscosity.of.the.G-PAm.solution.and.a.shorter.shelf.life.

Resin.stability.can.be. tested.by.measuring. its.viscosity.versus. time.. In.order. to.speed.up. the.
ageing.process,.the.testing.temperature.is.increased.to.37°C.[244]..The.resin.viscosity.is.increasing.
steadily.[153]..Figure.4.10.shows.a.typical.profile.for.the.resin.viscosity.over.time.(20%.resin.con-
centration,.Ambond.1600)..The.viscosity.curve.profile.helps.to.predict.gel.formation.

For.a.final.concentration.of.G-PAm.of.8%.[190],.as.the.ageing.progresses,.the.samples.diluted.to.
2%–5%.yield.hazy.solutions,.which.show.that.the.polymer.therein.is.in.colloidal.state.

Commercial. products. delivered. at. 10%. solids. [28,79,102]. will. gel. in. less. than. 30. days. at.
room.temperature..For.a.longer.shelf.life,.they.need.to.be.stored.under.refrigeration.[198]..In.
order.to.prevent.the.loss.of.material.(cleaning.the.storage.tank.when.a.gel.of.G-PAm.has.been.
formed,.is.rather.difficult),.the.glyoxalation.reaction.is.performed.at.the.paper.mill.in.a.continu-
ous.process.[235].

There.have.been.attempts.at.producing.TWSR.with.a.longer.shelf.life..Scavenger.agents.for.gly-
oxal,.such.as.glycols.[245].or.amide.[246],.can.slow.down.the.aldehyde.group.reaction.with.amides..
Aldehyde.groups.can.be.involved.in.other.reactions.as.well.(with.phenols.in.the.presence.of.transi-
tion.metal.ion).[247,248].

The.reaction.of.the.G-PAm.with.sodium.bisulfite.has.also.been.performed.[151,218,249]..A.much.
longer.shelf.life.is.reached.when.sodium.bisulfate.is.added.[151].to.a.G-PAm.(Figure.4.11).
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FIGURE 4.9 The.effect.of.the.concentration.of.glyoxalated.units.on.polymer.properties.
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Unfortunately,.the.solutions.of.sulfite-stabilized.G-PAm.lose.nearly.all.of.their.wet.strengthening.
effectiveness.after.storage.for.a.few.weeks.under.normal.conditions:.10%.concentration,.at.25°C.and.
pH.=.7.0..The.larger.the.quantity.of.reacted.sulfite.present.in.G-PAm.and.the.higher.the.temperature.
at.which.the.solution.is.stored,.the.more.rapid.and.more.severe.is.the.loss.in.effectiveness.

The.loss.in.effectiveness.is.due.to.the.anionic.charges.developed.by.bisulfate,.which.make.the.
polymer.amphoteric.with.a.lower.retention.[81,82]:

R
O

HN

CH2

OH
HC

O

N+

R

H3C CH3

+
S

O

OH

O–
Na+Cl–

R
O

HN
OH

O

N+

R

H3C CH3

H
O

SO
O–

Cl–

Na+

HC

0
0 200 400 600 800

10

20

30

40

50

60

70

80

90

Vi
sc

os
ity

 (c
Ps

)

Aging time (h)

35°C

25°C

FIGURE 4.10 Self.life.for.a.G-PAm.solution.

0
0 5 10 15

5

10

15

20

25

30

35

40

Sh
el

f l
ife

 (d
ay

s a
t 2

5°
C)

Sodium bisulfate (%)

FIGURE 4.11 The.effect.of.sodium.bisulfate.on.the.G-PAm.shelf.life.

© 2012 by Georgia-Pacific Chemicals LLC

  



127Temporary Wet-Strength Resins

On.the.other.hand,.the.aldehyde.functionality.is.no.longer.available.for.the.cross-linking.process.
with.the.cellulose.fiber..Water-soluble.bisulfite.adducts.of.polyacrolein,.used.in.a.comparative.test,.
also.show.poor.results.when.used.as.strengthening.resins..Because.glyoxal.and.formaldehyde.are.
competing.for.the.bisulfite.molecules,.the.addition.of.formaldehyde.can.move.the.equilibrium.back.
to.the.aldehyde.pendant.moiety.[249].

The.equilibrium.reaction. is.manipulated. to.produce.a. resin.with.a. longer.shelf. life..The.post.
addition.of.glyoxal. [222]. increases. the. amount.of. free.glyoxal,. and,. therefore,. the. cross-linking.
process.is.slowed.down.because.the.free.glyoxal.reacts.first.to.provide.pendant.groups..The.self-
cross-linking.process.is.also.reduced.by.lowering.the.amid.group.concentration.with.a.diluter.(such.
as.N,N-dimethyl.acrylamide),.or.with.a.higher.concentration.of.the.cationic.comonomer.[244].

The.fundamental.change.in.the.equilibrium.of.the.glyoxalation.reaction.is.to.change.the.reactiv-
ity.of.the.aldehyde.by.using.a.blocked.aldehyde.group.[250]..Modified.glyoxal.(dimethoxyethanal).
[208].react.with.the.acrylamide–DADMAC.copolymer.to.form.pendant.acetal.groups.(m = n + p).
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The.polymer.(10%.solids.solution).is.kept.for.20.h,.at.about.40°C,.in.the.presence.of.5%.2.5N.hydro-
chloric.acid.solution.(pH.=.1,.see.[75]).to.convert.it.back.to.the.aldehyde.functionality.

There.is.a.possibility.to.glyoxalate.the.acrylamide.monomer.under.mildly.alkaline.conditions.
before.polymerization..The.glyoxalated.acrylamide.is.copolymerized.with.a.cationic.comonomer.
[251]..Now.the.final.viscosity.(for.G-PAm).is.controlled.by.controlling.the.monomer.conversion.(an.
inhibitor.prevents.any.further.polymerization).

4.5 PAPER wEt stREnGth And Its dEcAy

The.weakness. of. hemiacetal. and. amidol. bonds. are. tested. by.measuring. the.decay.of. the.paper.
wet.strength..During.the.papermaking.process,.the.TWSR,.which.has.pendant.aldehydes.bonded.
through.the.amidol.bond.to.the.PAAm.backbone,.reacts.with.the.hydroxyl.groups.from.cellulose.to.
form.hemiacetals.bonds.[252–258]..The.reaction.is.performed.at.90°C–110°C.[151]..Polyaldehyde.
makes. a. bridge. between. the. two. cellulose. fibers.. The. potential. ionic. bonds. [40,259,260]. (bond.
energy. of. 10–20.kcal/mol). between. the. anionic. charges. on. the. cellulose. fiber. and. the. cationic.
charges.of.the.TWSR.must.also.be.considered.along.with.amidol.and.hemiacetal.bonds..The.amide.
functionality.may.be.involved,.as.well.as.the.hydrogen.bond.formation.
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Due.to. the.new.covalent.bond.formation,.both.dry.and.wet.strength.will. increase..The.presence.
of.hydrolysable,.weak.chemical.bonds.(amidol,.hemiacetal.and.ionic.bonds).is.the.reason.for.the.
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temporary.character.of.the.paper.wet.strength..The.paper.sheet.containing.aldehyde.starch.shows.a.
decrease.in.its.wet.strength.after.a.prolonged.period.of.soaking.in.water.[261].

TWSRs.are.generally.distinguished.from.permanent.wet-strength.agents.in.that.they.provide.a.
certain.degree.of.wet.strength.immediately.(e.g.,.5.s.after.the.paper.is.wetted),.but.a.good.portion.
(e.g.,.30%–75%).of.this.immediate.wet.strength.is.lost.after.30–90.min.of.soaking.in.water.[46].

The. wet-strength. decay. rate. is. defined. according. to. the. following. equation. (Equation. 4.5).
[80,111]:

.
%Decay

WT WT
WT WT

i R

i

= −
−

×
0

100 . (4.5)

where
WTi.is.the.initial.wet.tensile.strength.of.paper.treated.with.TWSR
WTR.is.the.wet.tensile.strength.of.paper.treated.with.TWSR.after.90.min.soaking.in.neutral.pH.

water
WT0.is.the.wet.tensile.strength.of.paper.without.TWSR.after.a.90.min.soaking.in.water.at.neu-

tral.pH

The.testing.method.is.equally.critical.for.accurate.results..The.characteristics.of.water.used.for.
soaking.paper.samples.are.of.great.importance..The.soaking.water.[75].should.have.a.pH.=.7.5.and.
a.standard.hardness.(100.ppm.hardness,.50.ppm.alkalinity.based.on.calcium.carbonate).

In.spite.of.the.efforts.to.standardize.wet-strength.measurements,.a.large.variability.in.paper.wet-
strength.values.is.recorded.(see.also.Section.2.5),.which.results.in.a.higher.standard.deviation.for.
WTi.and.therefore,.for.the.W/D.ratio..An.aggravating.factor.is.that.the.WTR.is.measured.on.a.paper.
sample.and.the.WTi.is.estimated.on.another.paper.sample..The.overall.accuracy.is.poorer.especially.
when.the.decay.ratio.is.considered.at.shorter.soaking.time.[200].(Table.4.4).

Wet-strength.decay.over.soaking.time.is.a.nonlinear.process..Figure.4.12.shows.the.paper.wet-
strength.decay.for.two.different.TWSRs.(resin.concentration.2.lb/ton).[46]..The.slope.for.the.paper.
wet-strength.decay.is.steeper.during.the.first.minute,.i.e.,.within.a.short.soaking.time.interval,.a.
differentiation.between.resins.is.recorded.

In.order.to.overcome.that.huge.decay.in.the.first.minute,.a.very.high.initial.wet.strength.(at.5.s).is.
needed..By.changing.the.TWSR.chemical.structure.with.homo-cross-linking.units.in.G-PAm.[46].
was.possible.to.obtain.higher.initial.wet.strength.and.a.faster.decay.(Figure.4.12,.blue.curve).

The.hemiacetal.bond.formation.is.also.a.reaction.sensitive.to.pH..The.paper.wet.strength.depends.
on.the.wet.end.pH.[135].(Figure.4.13):.paper.made.with.1%.di-aldehyde.gum.at.higher.pH.at.the.wet.
end.shows.a.lower.wet.strength.

The.paper.wet-strength.decay.also.depends.on.the.access.of.water.and.on.the.local.distribution.of.
the.polymer–polymer.interactions..Those.interactions.between.polyelectrolytes.can.be.manipulated.
by.the.presence.of.inorganic.electrolytes.[262,263]..The.loss.of.strength.rate.is.an.exponential.decay.
curve.and.reflects.water.penetration.quite.well.[264]..If.a.hydrophobic.compound.(ASA).is.used,.

tABlE 4.4
the testing data for two Replicate (handsheets made with 
0.5% twsR)

Initial strength

wet/dry (%)

wet tensile decay (%)

dry wet 5 min 30 min

1-A 646 62 9.6 52 71

1-B 700 77 11.0 38 64
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water.penetration.is.slower.and.the.initial.wet.strength.is.higher.[265]..In.order.to.help.water.pen-
etration,.paper.is.impregnated.[30].with.a.mixture.of.water-soluble.(glycerol,.sorbitol,.polyethylene.
glycol,.CMC).and.water-insoluble.compounds.(liquid.paraffin),.or.it.is.strengthened.only.in.special.
areas.located.next.to.the.dispersibility.regions.[266].

Due.to.the.hemiacetal.bond.sensitivity.to.higher.pH,.the.incorporation.of.an.alkaline.reagent.into.
the.tissue.product.results.in.the.enhanced.paper.degradation.[267]..Sodium.bicarbonate.is.applied.
to.the.finished.sheet.(0.5%.based.on.total.sheet).[75,77,79,87,208].at.the.dry.end.[267]..The.catalyst.
is.located.next.to.the.TWSR.to.improve.paper.flushability.[268]..Alkaline.hydrolysis.removes.the.
entire.amount.of.glyoxal.being.bound.to.the.cellulosic.material.[245]..While.the.alkaline.reagent.
improves.flushability,.it.does.not.substantially.affect.the.initial.tensile.strength.of.the.tissue.

For.a.better.understanding.of.the.cross-linking.process,.numerous.studies.on.the.cross-linking.
of. cellulose. by. glyoxal. alone. were. performed. [245,269,270].. Competitive. hemiacetalizations. of.
glyoxal. (using.various.alcohols. as.models). show. that.vicinal.diols. (primary.or. secondary). [222].
are.much.more.reactive.than.isolated.alcohols.[269],.either.in.aqueous.solution.or.when.water.is.
removed.(see.the.paper.drying.step).

Paper.strengthened.with.G-PAm.includes.both.amidol.and.hemiacetal.bonds..The.bond.strength.
C–N.or.C–O.depends.on.their.vicinity.[271,272]..Hemiacetal.bonds.contribute.to.a.rate.of.decay.
in.paper.products,.which.is.believed.to.be.orders.of.magnitude.faster.than.amidol.bonds.at.neutral.
pH.[79]..Therefore,.the.hydrolysis.of.strengthened.paper.with.G-PAm.takes.place.at.the.hemiacetal.
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bond.[273]..The.rate.of.paper.wet-strength.decay.will.be.proportional.to.the.relative.number.of.ami-
dol.and.hemiacetal.bonds.[75,77,79,87,208].

Because.the.rate.of.decay.of.hemiacetal.bonds.is.faster.than.that.of.amidol.bonds.(at.neutral.pH),.
the.rate.of.the.wet.tensile.decay.increases.when.the.relative.proportion.of.amidol.bonds.decreases..
The.number.of.amidol.bonds.can.be.reduced.by.adding.a.diluter.N,N′-dimethyl-acrylamide.in.the.
TWSR.[200].

The.decay.mechanism.presented.above.suggests.that.a.faster.decay.is.expected.when.the.polymer.
molecular.weight. is. lower,.when.a.number.of.branches.are.present,.when.the.chemical.structure.
of.the.polymer.reduces.the.possible.interactions.with.cellulose,.when.homo-cross-linking.through.
hemiacetal.bonds.is.present.

Starch. has. a. large. molecular. weight,. which. makes. its. potential. wet-strength. decay. slower..
Aldehyde.starch.was.tested.as.wet-strength.resin.and.as.TWSR.[104]..As.expected,.the.aldehyde.
functionality.has.a.big.impact.on.both.wet.and.dry.strength,.but.the.decay.values.are.low..After.
16.h.of.soaking.in.water,.paper.made.with.aldehyde.functionalized.starch.shows.a.much.higher.wet.
strength.than.the.initial.wet.strength.for.paper.made.with.regular.cationic.starch.(Table.4.5).

Although.its.chemistry.is.almost.identical.with.that.of.G-PAm,.aldehyde.starch.displays.a.very.
slow.wet-strength.decay.[42,274]..Dextran.(2%).with.a.degree.of.substitution.with.aldehyde.of.about.
0.22.[130].and.a.molecular.weight.of.about.500,000,.has.a.slower.decay.even.at.pH.=.3.(Figure.4.14)..
Regardless.of.good.final.decay.(about.56%.after.2.days),.aldehyde.starch.seems.not. to.meet. the.
recommended.performance.as.“temporary”.wet-strength.resin..Figure.4.14.shows.that.G-PAm.with.
low-molecular-weight.backbone.provides.the.fastest.wet-strength.decay.

However,.all.these.parameters.and.especially.the.amount.of.reactive.groups.and.the.charge.den-
sity.must.reach.an.optimum..A.balance.needs.to.be.set.between.the.backbone.molecular.weight,.the.

tABlE 4.5
the Effect of cationic Aldehyde starch on Paper strength and Its decay

starch
dry strength 

(Bl) (m)

wet strength (Bl) (m) decay (%)

Initial 30 min 16 h 30 min 16 h

Cationic.starch.(no.functionality) 1640 83 43 — 48 —

Cationic.starch.(aldehyde.groups) 2140 382 260 122 32 68
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FIGURE 4.14 Wet-strength.decay.for.high.and.low.molecular.weigh.aldehyde.polymers.
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amide.group.concentration,.the.aldehyde.pendant.group.concentration,.the.glyoxal.bridges.between.
the.backbone.segments.and.the.molecular.weight.of.the.final.glyoxalated.polymer..Moreover,.some.
other.parameters.may.also.play.an.important.role:.the.molecular.weight.distribution.and.the.cationic.
charge.distribution.

The.hydrolysis.process.(in.excess.of.water).will.release.G-PAm,.glyoxal,.and/or.PAAm.in.water,.
which.will.result.in.less.cross-linking.of.cellulose.fibers.and.in.a.lower.strength.(paper.dispersibility.
in.water.[30]).

According.to.the.above.formula,.the.decay.rate.should.be.at.least.80%.after.90.min.[80]..For.a.
classic.glyoxalated.PAA,.the.best.results.are.described.as.around.35%.tensile.decay.at.5.min.and.
around.65%.at.30.min.after.saturation.rewetting.[79].

The.concept.of.standard.method.for.the.decay.rate.measurement.has.a.history.of.its.own:.in.1986.
[152],.it.was.suggested.that.the.soaking.time.should.be.of.16.h,.in.1991.[80],.90.min.were.recom-
mended,.and.in.2001,.2.h.[75]..During.that.lapse.of.time.paper.dispersibility.in.a.sewer.system.is.
simulated.(on.a.small.scale)..The.test.involves.standardized.paper.size,.curing.temperature.and.time,.
water.volume.for.soaking,.soaking.time.and.temperature,.etc.,.and.must.also.simulate.the.turbulence.
typically.observed.in.a.toilet.bowl.while.flushing.[268,275].
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5 Wet-Strength Resins

Paper.structure.refers.to.a.geometric.arrangement.of.cellulose.fibers..Paper.wet.strength.is.a.result.
of.cellulose.fiber.strength.[1].and.interfiber.interaction..Hydrogen.bonds.are.involved.in.both.the.
structure.of.cellulose.fibers.and. the. interfiber.bonding..The.number.of.hydrogen.bonds. is. larger.
within.the.tight.crystalline.structure.of.the.cellulose.fiber.which.is.less.sensitive.to.water..A.lower.
number.of.hydrogen.bonds.are.developed.within.the.amorphous.regions;.it.is.a.structure.less.ordered.
and.more.sensitive.to.water.[2].

The. interfiber. hydrogen. bonds. require. an. internuclear. distance. of. only. 2.7.Å.. They. are.
developed—supposedly—between. the. amorphous. zones. of. two. different. fibers.. Therefore,. the.
effectiveness.of. interfiber.hydrogen.bonds.depends.on. the. apparent.density.of.paper. and.on. the.
residual.moisture.content.

Figure.5.1.shows.the.paper.wet-strength.decay.as.a.function.of.the.moisture.content.[3]..When.
ordinary.(water.leaf).paper.has.been.completely.rewetted,.the.residual.paper.strength.is.less.than.
10%.of.its.original.dry.strength..The.presence.of.a.wet-strength.resin.(WSR).makes.paper.with.a.
residual.wet.strength.about.30%.of.its.initial.strength..Paper.containing.wet-strength.resins.shows.
a.significant.residual.wet.strength.which.is.constant.regardless.of.the.moisture.content.and.long-
lasting.(permanent).wet.strength.[4].

Paper. tissues. typically. contain. a. blend. of. relatively. long. fibers. (usually. softwood. fibers). and.
relatively.short.fibers.(hardwood.fibers).[5]..It.is.common.practice.in.the.industry.to.add.strengthen-
ing.agents..To.increase.the.permanent.paper.wet.strength,.and.make.it.less.sensitive.to.water,.the.
hydrogen.bonds.developed.within.the.interfibers.bonded.area.should.be.protected;.they.should.be.
enhanced. and/or. new.covalent. (50–100.kcal/mol). and/or. ionic.bonds. (10–30.kcal/mol). should. be.
added.

If.more.than.15%.of.the.original.dry.strength.is.retained.after.soaking.in.water,.paper.is.normally.
regarded.as.being.of.wet-strength.quality..This.chapter.presents.chemical.compounds.able.to.deliver.
a.“permanent”.wet.strength.to.paper.[6]..Wet-strength.resins.must.[7].(1).be.water.soluble,.(2).have.
a.high.molecular.weight.(polymer),.(3).have.cationic.charges,.(4).have.multiple.reactive.functional.
groups,.and.(5).be.able.to.generate.strong.bonds.during.the.curing.process.

Any. chemical. compound. which. increases. the. number. of. interfiber. bonds. (covalent,. ionic. or.
hydrogen. bonds). is. a. potential. wet-strength. resin.. More. hydrogen. bonds. at. the. point. of. contact.
between.two.cellulose.fibers.can.be.added.by.a.“glue”.[8].with.a.similar.chemical.structure.(such.as.
regenerated.cellulose.from.xanthate.[9,10],.cellulose.“hydrate”.[11],.or.locust.bean.gum.[12]).

More.covalent.bonds.are.added.to.the.bonded.area.by.chemical.compounds.able.to.react.with.two.
hydroxyl.groups.from.cellulose,.such.as.anhydride,.aldehyde,.or.methylol.[13–16].

We.will.see.in.what.is.to.follow.that.all.those.five.attributes.are.more.or.less.flexible:.there.are.
WSR. which. are. not. soluble. in. water. (dispersions. or. di-anhydrides);. the. reactive. groups. are. not.
always.present.and.the.need.for.a.macromolecular.compound.is.debatable..For.instance,.compounds.
with.small.molecules,.such.as.tris(2,3-epoxypropyl).amine.[17].or.formaldehyde.[18],.improve.the.
wet. strength.of.cellulosic.materials..That.diversity.explains. the.difficulty. in.designing.a.general.
mechanism. for. the.wet. strengthening.effect..However,. the.most.accurate.description. for.a.WSR.
would. be. a. macromolecular. cationic. compound. with. multiple. functionalities,. a. “reactive,. post-
cross-linkable.polymer”.[19].

The.effectiveness.of.a.WSR.is.expressed.through.the.wet.strength.of.paper.(Equation.5.1),.which.
is. much. lower. than. its. dry. strength.. The. wet. strength. of. a. resin-containing. sheet. is. commonly.
expressed.as.a.percentage.of.the.dry.strength.(W/D.ratio).[20]:
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.
%WS
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= ×100 . (5.1)

It.would.be.more.accurate.to.indicate.the.increments.of.wet.and.dry.strength.(ΔW.and.ΔD).in.relation.
to.the.strength.values.for.waterleaf.(WL),.WSo.and.DSo,.respectively.(Equation.5.2):
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100 . (5.2)

The.usual.wet-strength.resins.improve.both.paper.wet.strength.and.dry.strength.[21]..However,.a.
good.WSR.is.expected.to.have.little.effect.on.the.dry.strength.of.the.paper.and.a.strong.effect.on.
its.wet.strength.(as.compared.to.WL)..For.a.wide.range.of.WSR.(polyamidoamine.epichlorohydrin.
(PAE)).concentration.[22,23].(Figure.5.2),.the.wet.strength.(W/D.ratio).increases.faster.than.the.dry.
strength.

Wet-strength.resins.may.have.other.collateral.effects:. they.can.make.the.sheet.stiffer.or.more.
difficult. to. repulp. [24–26]..To.address. those. issues,. several. changes. in.WSR.chemical. structure.
are.made;.the.W/D.ratio.is.increased.by.reducing.the.paper.dry.strength.with.a.debonder.[27].or.by.
increasing.the.paper.softness.[28].
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There.are.many.criteria.according.to.which.WSR.are.classified:.their.effectiveness.at.a.particular.
pH;. their. solubility. in.water. (solutions.and.dispersions);. their. concentration,. shelf. life,.viscosity,.
number.of.components,.type.of.reactive.functionality,.etc..The.present.review.considers.the.chemi-
cal.structure.to.be.the.main.criterion..The.reasons.for.that.choice.are.the.understanding.of.the.affin-
ity.for.cellulose.fibers,.the.feasibility.of.the.synthesis,.the.way.the.cross-linking.process.is.working,.
and.how.easy.the.process.of.repulpingis.

All.the.resins.presented.in.this.chapter.belong.to.organic.chemistry..However,.there.are.inorganic.
compounds. (silicic. acid. [29]).with.unexpected.wet. strengthening.capabilities..The.organic.com-
pounds.used.as.WSR.can.be.ionic.or.nonionic..They.can.be.added.to.the.pulp.at.the.wet.end.or.to.
the.web.at.the.dry.end.[30,31]..At.the.dry.end.the.absorption.of.WSR.can.be.performed.from.a.bath.
or.can.be.“printed”.with.a.special.roll.[32].

Because.some.WSR.are.reactive,.for.a.good.performance,.the.reaction.time.and.the.temperature.
at.the.dry.end.is.taken.into.account..For.instance,.the.effect.of.formaldehyde.or.urea–formaldehyde.
(UF).resins.is.boosted.at.higher.temperatures.[33].

That. definition. of. WSR. (cationic,. high. molecular. weight,. water-soluble. reactive. molecule).
includes.some.potential.conflicts:.its.reactivity.reduces.the.shelf.life.or.may.react.with.water.[34];.
the.higher.molecular.weight.increases.the.viscosity.of.the.solution.and.imposes.the.use.of.a.diluted.
solution..These.issues.have.implications.on.the.WSR.synthesis.

Because.it.is.difficult.to.dissolve.high.molecular.weight.polymers.at.a.reasonable.concentration,.
the.WSR.synthesis. implies,.as.a.first.step,. the.synthesis.of.a.prepolymer.with.a. lower.molecular.
weight..The.prepolymer.concentration.in.water.can.reach.50%.or.higher..In.the.second.step,. the.
prepolymer.chemical.structure.and.molecular.weight.are.adjusted.to.fit.the.final.requirements.for.a.
WSR.in.the.papermaking.process.

5.1 PREPolymER synthEsIs

The.number.of.cationic.charges.and.reactive.groups,.and.their.reactivity.and.availability.[35].are.
a. problem. which. must. be. solved. during. the. prepolymer. synthesis.. The. prepolymer. structure. is.
designed.by.taking.into.account.the.second.reaction,.the.final.WSR.capabilities.and.even.the.repulp-
ability.of.paper.

Based.on.the.backbone.structure,.there.are.two.large.categories.of.macromolecular.compounds:.
(a).with.at.least.a.heteroatom.included.in.the.backbone,.and.(b).with.only.carbon–carbon.bonds..
The.carbon–hetero-atom.(nitrogen,.oxygen,.etc.).bond.is.weaker.than.a.carbon–carbon.bond.and.it.
is.easier.to.hydrolyze.them.during.the.repulpable.process.

5.1.1  PRePolymeRS With a heteRo-atom in the BacKBone

The. macromolecular. compounds. having. hetero-atoms. in. their. backbone. are. obtained. mainly.
through. polycondensation. between. poly-acids. and. poly-alcohols,. poly-acids. and. polyamine,.
polyamine. and. aldehyde,. urea. and. formaldehyde,. etc.. Phosphorus-containing. resins. [36]. or.
phenol–formaldehyde. (PF). resins. [37]. are. less. involved. in. the. papermaking. process:. the. PF.
modified.resins.with.amino.acids.(β-alanine.or.glycine.[38]).are.recommended.for.acid-resistant.
paper.[39].

5.1.1.1 Urea–Formaldehyde Resins
Polycondensation.reaction.involves.a.compound.with.at. least. two.reactive.groups.and.one.com-
pound.with.three.or.more.reactive.groups.in.order.to.develop.a.three-dimensional.network.[40]..
Urea.is.a.tetra-functional.condensation.monomer,.while.formaldehyde.is.a.difunctional.condensa-
tion.monomer..By.changing.the.UF.ratio.and.their.functionality,.a.cross-linked.structure.can.be.
built..A.third.compound,.such.as.furfuryl.alcohol.[41],.can.be.a.part.of.the.condensation.reaction.
as.well.
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The.first.step.of.the.condensation.reaction.is.the.synthesis.of.mono-methylol.(UF.mole.ratio.1:1).
and.di-methylol.urea.synthesis.(UF.mole.ratio.1:2)..This.is.an.equilibrium.reaction:.un-reacted.urea.
and.free.formaldehyde.are.present.at.any.value.of.the.reaction.conversion.[42].
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Due.to.its.higher.functionality.(in.blue.and.red),.di-methylol.urea.has.two.other.reactive.positions.
left:. the.hydrogen.atoms.of. the.secondary.amide..The.di-methylol.urea. is.still.a. tetra-functional.
compound..That.higher.functionality.is.the.driving.force.for.a.cross-linking.process.through.methy-
lene.groups.(blue.bridges).
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The.branched.UF.resins.still.have.multiple.reactive.methylol.groups.(in.red)..The.reactive.methy-
lol.can.react.with.other.amide.groups.(from.urea.units).and.provide.a.more.cross-linked.structure..
Resin.is.self-cross-linkable.and.a.resin.solution.in.water.(50%–70%.[43]).is.not.stable..Condensation.
is.an.equilibrium.reaction:.the.methylol.functionality.can.release.formaldehyde.from.a.UF.resin.at.
any.moment.during.its.application.

UF.resins.with.higher.molecular.weight.are.better.retained.and.show.a.higher.effectiveness.as.
wet-strength.resins.for.paper.[44]..The.methylol.group.reacts.with.paper,.making.an.ether.bond,.or.
with.resorcinol.[45].to.develop.a.hybrid.resin..The.reaction.with.the.hydroxyl.group.from.cellulose.
(curing.step).may.provide.wet.strength.for.paper.treated.with.UF.resin.[46].(Figure.5.3):.higher.tem-
peratures.and.a.lower.pH.will.result.in.better.strength.developed.in.a.shorter.time..An.acceptable.
increase.in.paper.wet.strength.is.obtained.after.a.curing.time.exceeding.10.min.

Unfortunately,.absorbent.paper.grades,.such.as.toweling.and.facial.tissues,.are.under.a.handicap.
at.pH.4.5.because.water.absorbency.tends.to.be.lower..Corrosion.problems,.the.fact.that.the.paper.
results.in.a.more.brittle.product.[47],.and.difficulties.in.recovering.the.broke.[48].(see.Section.5.6).
are.other.issues.involved.in.using.UF.resins.to.increase.paper.wet.strength.

Most.of. the.UF.resins.are.not.soluble. in.water..A.water-soluble.version.of. the.UF.resins.was.
obtained.by.a.new.condensation. in.which.a.cationic.polymer.reacts.with.UF.resin..The.cationic.
polymer.is.obtained.by.classic.condensation.between.a.polyamine.and.a.dihaloalkane.or.a.halohy-
drine.[49,50].
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The.presence.of.amine.functionalities. [51,52]. (primary,.secondary,.or. tertiary).makes. the.UF.
resin.potentially.cationic.in.acid.or.neutral.pH..Amine.functionalities.are.also.available.for.further.
reactions,.such.as.condensation.with.aldehyde.or.trans-amidation.with.urea..The.reaction.product.is.
recommended.as.highly.effective.for.improving.wet.strength.[50].

5.1.1.2 melamine–Formaldehyde Resins
Melamine.reacts.with.formaldehyde.in.water.or.in.isopropanol/water.blend.[53,54],.under.slightly.
alkaline. conditions. (pH.=.7.7),. within. a. reversible. process. resulting. in. methylol. derivatives.
[40,55,56].
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HN

H2N NH2

CH2
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In.this.reaction,.formaldehyde.has.a.functionality.of.2,.and.melamine.a.functionality.of.6:.there.
are.six.hydrogen.atoms.bonded.to.the.amine.nitrogen,.all.with.the.same.reactivity..Even.at.a.mole.
ratio.of.1:1.melamine/formaldehyde.(MF),.a.mixture.of.mono-,.di-,.tri-,.etc..derivatives.is.formed.
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FIGURE 5.3 The.effect.of.curing.time,.temperature,.and.pH.on.the.paper.strengthened.with.UF.resin..(From.
Hazard,.S.J..et.al.,.Tappi,.44,.35,.1961..With.permission.)

© 2012 by Georgia-Pacific Chemicals LLC

  



142 Chemistry of Modern Papermaking

along.with.un-reacted.melamine.and.free.formaldehyde..At.an.MF.ratio.of.about.1:3,.the.methylol.
group.from.one.melamine.molecule.will.react.with.the.un-reacted.amine.hydrogen.from.another.
melamine. molecule,. and. a. methylene. (–NH–CH2–NH–). or. a. methylene. ether. linkage. (–NH–
CH2–O–CH2–NH–).is.formed..This.process.leads.to.a.less.soluble.macromolecule.and.eventually.
in.a.cross-linked.material.[43]..The.number.of.methylol.groups.and.the.probability.to.get.a.cross-
linked.polymer.depend.on.the.MF.ratio..For.an.excess.of.formaldehyde.(1/8.mol.ratio),.a.hexamethy-
lol.melamine.is.obtained.

N
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N

C
N

C

N

N

CH2
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CH2
HO

CH2

OH

CH2
HO

H2C
OH

H2C

OH

N

During. the.MF.resin.application. to. the.wet.end,. resin. is.greatly.diluted;.changing.concentra-
tions.may.release.formaldehyde.and.shift.the.resin.composition.[55]..The.adsorbed.polymer.always.
contains.less.methylol.groups.than.its.parent.solution..For.that.reason,.the.MF.resin.dispersion.was.
doped.with.more.formaldehyde.(5%–10%.mole.per.mole.of.melamine).to.improve.the.wet.strength.
by.about.30%.[57].

In.spite.of.the.difference.in.reactivity.of.an.amine.in.melamine.and.an.amide.group.in.urea,.a.
copolymer.of.urea–melamine.and. formaldehyde. (hybrid.copolymer). can.be.obtained. for. a.wide.
range.of.urea/melamine.ratios.[58–60].

For.high.wet.strength,.paper. is.dried.at.100°C.and. then.cured.at.about.150°C.for.3.min.[54]..
However,.the.application.of.UF.and.MF.resins.is.impaired.by.the.requirement.for.a.low.pH.of.the.
paper.slurry.(4.5.<.pH.<.5.5)..The.un-reacted.formaldehyde.is.also.a.concern.because.formaldehyde.
is.well.known.as.a.harmful.chemical.compound.[61].

The.paper.made.in.acid.systems.has.a.lower.dry.strength.and.is.more.brittle.than.paper.made.
under.neutral.or.alkaline.conditions.[62]..Acid.conditions.cause.corrosion.of.the.metal.parts.of.the.
papermaking.machine..Moreover,.the.strength.developed.through.the.use.of.UF.and.MF.resins.is.
frequently.temporary.because.acid-cured.resin.is.readily.hydrolyzed.in.the.presence.of.acid.[63].(see.
the.equilibrium.reaction)..These.issues.pushed.the.research.teams.to.look.for.a.free.formaldehyde.
resin,.able.to.cure.in.neutral.or.alkaline.pH.

5.1.1.3 Polyamines and Polyethylene Imines
Polyamines. are. synthesized. by. condensation. or. by. polymerization.. The. polycondensation. reac-
tion. involves. amines. and. halogen. derivatives,. epoxy. compounds,. di-aldehyde,. di-halides,. etc..
Epichlorohydrin.is.a.difunctional.compound:.there.is.an.epoxy.ring.and.also.a.chlorine.derivative..
For.instance,.ammonia,.which.is.considered.as.the.simplest.amine,.reacts.with.epichlorohydrin.and.
forms.1.3-diamino-2-propanol.[64].

2NH3 +

O

H2C CH
CH2

Cl

H2N

CH2 HC

OH

CH2 NH2

That.equation. is. the.most. simplified.presentation.of. the.actual.process..The. reaction.product.
is.also.an.amine.which.can.react.with.another.molecule.of.epichlorohydrin.and.form.a.polymer.
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(polyalkanolamine)..The.chemical.structure.of.the.polyamine.depends.on.the.molar.ratio.and.on.
the.order.of.addition.[65]..There.is.a.difference.in.the.reactivity.of.epoxy.and.chlorine.derivatives:.
epoxy.reacts.faster..The.final.compound.is.a.water-soluble.thermosetting.cationic.resin:.it.has.both.
reactive.amine.and.chlorine.in.the.same.molecule.[65–70].

H2C O

CH

H2C
Cl

+ NH3
NH

CH2

CH

OH

CH2

R1 NH
CH2

CH
CH2

N

OH

R

OH

Cl

n

n n

For.better.control.of.the.process,.the.organic.bound.chlorine.is.adjusted.by.adding.an.excess.of.
ammonia.[71].and.the.amine.functionality.is.reduced.by.replacing.ammonia.with.secondary.amines.
[72–74]..The.reaction.between.the.organic.chlorine.and.the.amine.group.is.also.controlled.by.lower-
ing.the.pH.in.acid.range.(pH.<.5.0),.when.amines.are.protonated.[75–76]..If.the.right.molar.ratio.is.
used,.a.branched,.high.molecular.weight.poly-tertiary.amine.is.obtained.[77].

H3C

NH

H3C

+
O

Cl

R1 N+

CH3

CH3

CH2 CH

OH

CH2 R2

Cl–

Any.change.in. the.molar.ratio.can.lead.to. the.formation.of.a. thermosetting.resin..In.order. to.
control.the.cross-linking.reaction.during.the.polyamine.synthesis,.an.excess.of.amine.or.a.mono-
functional.compound.(such.as.trimethyl.amine).is.preferred..Due.to.the.different.types.of.condensa-
tion.processes,.the.molecular.weight.distribution.is.bimodal.[78].

DETA.reacts.with.epichlorohydrin.[79–81].in.water.or.water–propylene.glycol.mixtures.[82–84]..
The.molecular.weight.is.controlled.by.acid.addition.

+ O
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N

N+
Cl

OH Cl

OH

Cl

OH ClHO
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HO

R

H2N

NH

H2N

5

Cl–

Primary,. secondary,. and. tertiary. polyamines. react. with. halogen. derivatives. (at. least. a. func-
tionality.of.2,.such.as.1,2-dichloroethane,.1,3-dichloro-2-propanol,.or.3,4-dichlorotetrahydrothio-
phene-1,1-dioxide.[85–90]..Hexa-methylene.diamine.is.reacted.with.1,2-dichloroethane.to.obtain.a.
polyamine.with.secondary.amine.groups.[87,91].
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The.reaction.continues.with.a.branching.step.because.the.organic.bonded.halogen.reacts.with.sec-
ondary.amine.and.the.tertiary.amine.can.also.be.alkylated.to.obtain.a.poly-quaternary.ammonium.salt..
The.progression.of.that.reaction.can.reach.the.cross-linking.point..In.order.to.prevent.further.conden-
sation,.the.amine.functionality.is.reduced..Di-tertiary.amine.(N,N,N′,N′-tetramethylethylenediamine.
[92]).forms.a.linear.polymer..A.Michael.addition.(ethylenediamine.with.acrylamide.or.N-methylol.
acrylamide,.methacrylonitrile,.acrylates).is.a.way.to.obtain.tertiary.amines,.which.are.reacted.with.
1,4-dibromobutane.[93]..The.final.product.looks.like.a.cationic.polyacrylamide.
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This.type.of.condensation.is.characterized.by.the.release.of.hydrochloric.acid.as.a.by-product..
The.acid.is.captured.by.the.un-reacted.amine.and.the.protonated.amines.are.no.longer.active.in.
condensation.

In.another.type.of.condensation,.polyamines.react.with.a.di-aldehyde.(such.DETA.and.glyoxal).
[94]. to. obtain. a. poly-imine-amine. [95].. The. secondary. amine. functionalities. are. preserved. and.
subject.to.a.charge.addition.in.a.further.step.(polymer-analogous.reaction.with.epichlorohydrin).
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Guanidine. is. condensed.with. formaldehyde. (and.a.ketone,. such.as.acetone). to. form.a.poly-
amine.used.as.wet-strength. resin. in.alkaline.pH. [96]..Cyan-guanidine. reacts.with. the.aniline-
formaldehyde.condensation.products.to.form.a.cationic.poly-aryl-guanidine.[97]..The.new.resin.is.
modified.with.UF.resins.and.used.as.wet-.and.dry-strength.resins.for.paper.
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Unlike.the.condensation.reaction,.the.polymerization.process.does.not.generate.by-products..As.
early.as.1888.it.was.discovered.that.ethylene.imine.polymerizes.in.aqueous.solution.[98–101],.or.in.
the.presence.of.aliphatic.halides.as.initiators.[102]..The.reaction.product.is.a.poly-secondary.amine.
(polyethyleneimine.(PEI)).

H2C
CH2

CH2 CH2

CH2
NH2

H2C

NH
H+

NH
Hn

n

In.spite.of.the.difficulties.to.make.linear.PEI.[103],.PEI.is.produced.in.large.amounts..As.any.
other.polyamine,.PEI.has.cationic.charges.in.water.at.acid.or.neutral.pH.and.therefore.is.retained.
on.anionic.cellulose.fibers.

The.ethylene.imine.can.also.be.involved.in.other.reactions.to.generate.polyamines:.it.can.copo-
lymerize. with. epichlorohydrin. (less. than. 1%. Epi). [104],. or. react. with. polysaccharides. to. make.
polyaminoethyl.ether.[105].

Macromolecular.polyamines,.obtained.either.through.polycondensation.or.polymerization,.have.
multiple.reactive.groups.(mostly.secondary.amines)..Those.secondary.amines.allow.for.the.addi-
tion.of.other.groups. to. the.backbone..Polyamines. react.with. sodium.cyanate.and.a.poly-urea. is.
obtained.[90].

n

NH
RR

NaNCO

R
R

OH2N H2N O

NH

N N

A.linear.polymer.may.react.with.fatty.acid.chloride,.alkyl.halide,.chlorinated.waxes,.epichloro-
hydrin.[87,106],.or.formaldehyde.[101].to.make.branched.or.cross-linked.materials..PEI.reacts.with.
urea.in.a.trans-amidation.and.a.cross-linking.reaction.[107].
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The.amine.groups.are.in.excess,.many.secondary.amines.remain.un-reacted,.and.the.increase.
in. the. molecular. weight. is. limited.. It. has. an. important. potential. as. a. wet-strength. resin. and. its.
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repulpability. should. be. an. interesting. experiment. to. perform.. Figure. 5.4. shows. a. much. faster.
increase.in.the.paper’s.wet.strength.than.in.its.dry.strength..The.W/D.ratio.reaches.good.numbers.
for.high.PEI.concentration.in.the.case.of.unbleached.Kraft.pulp.

5.1.1.4 Polyamidoamine
UF.and.MF.resins.as.wet-strength.agents.(and.acid-curing.processes).are.used.in.old.technologies..
The.modern.technology.uses.WSR.curable.in.neutral.or.alkaline.pH..The.backbone.of.those.resins.
is.a.polyamidoamine.[108,109].

In.1960,.when.research.began,.a.patent.was.published.which.claimed.a.reaction.between.a.poly-
amidoamine.and.formaldehyde.[110].for.curing.in.acid.pH..This.compound.represents.the.transition.
from.formaldehyde.condensates. to.polyamidoamine.WSR..The.PAE.resins,. reaction.products.of.
polyamidoamines.with.epichlorohydrin,.were.the.turning.point. in.wet-strength.resin.synthesis:.a.
curing.reaction.can.be.developed.at.alkaline.pH.[109].

Polyamidoamine.is.obtained.from.diacids.and.polyamines.[111]..The.polyamine.must.have.both.
primary.and.secondary.amine.groups. (such.as.diethylene. triamine.(NH2–CH2–CH2–NH–CH2–
CH2–NH2)..The.secondary.amine.group.can.be.replaced.by.a.tertiary.amine.group.[112–114].(such.
as.N,N-bis(3-aminopropyl).methylamine)..The.mole.ratio.between.polyamine.and.diacid.is.roughly.
1:1. [67].. During. the. condensation. reaction. only. the. primary. amine. reacts. with. the. carboxylic.
group.of.the.diacid.and.forms.an.amide.bond..The.secondary.amine.remains.available.for.further.
reactions.
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CH2
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n

There.is.a.wide.diversity.of.dicarboxylic.acids,.or.their.esters,.used.in.reaction.with.polyamine.
to. make. a. WSR:. adipic,. glutaric,. succinic. acids. [113,115–117],. oxalic. acid. [114]),. itaconic. acid.
[47,118,119],.nitrilotriacetic.acid. [120],.polyethylene.glycol.bis(carboxymethyl).ether. [121]),.poly-
meric.fatty.acids.[122–124],.aromatic.acids.(isophtalic.acid.[119,125–127]),.or.polysiloxane.dicar-
boxylic. acid. [128,129].. Multi-carboxylic. acid. (such. as. ethylenediaminotetracetic,. nitrilotriacetic.
acid).[130].or.citric.acid.[118].are.also.used.in.that.condensation.

Itaconic.acid.shows.a.triple.functionality.in.the.reaction.with.amines..Diamines.(such.as.hexa-
methylene. diamine. which. is. a. tetra-functional. compound). react. with. itaconic. acid. first. with. a.
Michael.addition,.and.then.a.polycondensation.takes.place.[131]..The.structure.of.that.polyamide.
does.not.include.a.residual.secondary.amine.
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R

O

O

N

NH R

The.same.pyrrolidone.structure.is.obtained.from.itaconic.acid.and.an.amino.acid.[132–134]..The.
new.diacid.can.be.involved.in.a.condensation.with.a.diamine.
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NH2
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Polyamines.are.partners.of.diacids.in.the.synthesis.of.the.backbone.of.polyamidoamine..Their.
structure. must. have. the. general. formula. NH2–CH2–CH2–(NH–CH2–CH2)a–NH2. where. 1.≤.a.≤.6.
(two.primary.amines.and.at. least.one.secondary.or.tertiary.amine.[113,135–138].are.included.in.
its.molecule)..Blends.of.different.polyamines.[[116,122,125–127,137,139–142].and.blends.of.acids.
[143,144].are.also.recommended.

Changes.in.the.acid.and/or.amine.structure.could.bring.important.modifications.in.the.backbone.
properties..Hydrophobic.tails.are.added.in.both.diacid.[123].and.polyamine.[145].to.make.polyami-
doamine.a.raw.material.for.wet-strength.resins.and.internal.sizing.agents..Polyamines.may.have.a.
reactive.double.bond.(such.as.bis(2-aminoethyl).allyl.amine.[146]).and.polyamidoamine.will.have.
an.allylic.pendant.functionality.

N
NHNH

OO

RR

H2C
CH

CH2

Polycondensation.(adipic.and.DETA).is.neatly.performed.with.hydrochloric.acid.[147,148],.sul-
furic.acid,.or.p-toluene.sulfonic.acid.(0.03–0.04.mol.for.1.mol.of.adipic.acid).as.a.catalyst.[149,150]..
The.presence.of.a.catalyst.shortens.the.reaction.by.about.40%.[151].

The.neutralization.reaction.between.the.diacid.and.the.polyamine.develops.a.large.amount.of.
heat,. which. is. why. water. must. be. added. in. order. to. help. the. dissipation. of. neutralization. heat..
Condensation.is.an.equilibrium.reaction.(see.Section.2.4.1);.water.is.released.during.synthesis..In.
order.to.move.the.equilibrium.toward.the.polymer.formation,.the.water.should.be.distilled.[152–154].

The.polycondensation.reaction.is.performed.at.temperatures.of.160°C–200°C,.and.the.final.pre-
polymer.solution.(after.dilution.with.water).has.a.concentration.ranging.from.20%.[94].to.over.50%.
[108,109].

The.esters.of.diacid.compounds.can.also.react.with.polyamines.[22,116,155,156].and.the.corre-
sponding.alcohol.will.be.released..In.that.process.no.neutralization.is.involved.and.a.low.molecular.
weight.alcohol.is.much.easier.to.distil.at.lower.temperatures.(80°C–105°C)..However,.at.lower.tem-
peratures.viscosity.is.higher.for.a.given.molecular.weight.

The.most.common.prepolymer.(adipic.acid–DETA).has.a.secondary.amine.at.every.10.carbon.
atoms..To.increase.the.concentration.of.secondary.amines.(reactive.group.in.the.prepolymer),.the.
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acid.must.have.a.smaller.number.of.carbons.(oxalic.acid.replaces.the.adipic.acid.[137]),.or.an.amino.
acid.can.be.used..The.ester.of.the.amino.acid.is.synthesized.through.a.Michael.addition.[22,157–
160].between.methyl.acrylate.and.DETA..However,.secondary.amines.are.also.reactive.in.a.Michael.
addition;.therefore.this.reaction.has.a.very.low.selectivity.
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The. amino. acid. ester. is. condensed. with. a. new. portion. of. DETA.. The. new. polyamidoamine.
includes.a.higher.number.of.secondary.amines.(in.red).in.its.backbone.
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The. really.poor. selectivity.of. the.Michael.addition. is.proven.by. the. reaction.between.methyl.
acrylate.and.ethylenediamine.[161].
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Four.different.amino.acid.esters.are.synthesized.and.after.polycondensation.with.polyamine,.a.
highly.branched.polyamidoamine.(dendrimer).is.obtained.[161,162].

In.order.to.obtain.a.co-polyamidoamine,.small.amounts.of.organic.compounds.with.both.amine.
and.acid.functionalities.(lactame.[22,142,163,164].or.amino.acids.[22]).can.be.involved.in.the.poly-
condensation.process.[165].

Urea,. which. is. the. diamide. of. the. carbonic. acid,. may. react. with. secondary. and/or. primary.
amines. through. a. trans-amidation. reaction. when. ammonia. is. released. as. small. molecules.. The.
reaction.with.diamines.(such.as.N-methyl.bis.(3-aminopropyl).amine).is.performed.at.175°C–225°C.
[166].to.obtain.a.new.polyamidoamine.(polyaminoureylene).
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Condensation.and.trans-amidation.can.be.performed.simultaneously:.N-methyl.bis(3-aminopropyl).
amine.reacts,.in.one.or.two.steps.[114],.with.dimethyl.oxalate.and.urea.to.make.a.hybrid.polyamido-
amine.[115,167].
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Polyaminoureylene.has.a.tertiary.amine.in.its.backbone.which.can.be.transformed.into.a.qua-
ternary. ammonium. salt. (epichlorohydrin. reaction).. The. new. resin. has. epoxy. groups. as. reactive.
functionalities..The.tertiary.amine.also.helps.the.curing.process.during.the.drying.step.

The.molecular.weight.of.the.final.polyamidoamine.depends.on.the.amount.of.water.distilled..
At.high.conversions,.the.distillation.of.a.small.amount.of.water.results.in.an.important.increase.
in.molecular.weight..Because. it. is. quite.difficult. to. control.molecular.weight.by.water.distil-
lation,. some.other. techniques. are. used..The.prepolymer.molecular.weight. can.be. tailored.by.
changing. the.mole. ratio.between. the.polyamine.and. the.diacid:. for.PA/DiAc>1.0,. all. the.end.
groups.are.amines.[168]..Molecular.weight.can.also.be.adjusted.by.adding.a.mono-functional.
amine.(i.e.,.mono-ethanol.amine).[169,170].or.a.mono-functional.acid.or.ester.(such.as.methyl-
benzoate.[171]).

In.order.to.avoid.an.equilibrium.reaction.and.the.distillation.of.small.molecules,.a.poly-addition.
reaction. is.used:.polyamidoamine.synthesis. through.multiple.Michael.additions.between.a.poly-
amine.(DETA).and.N,N′-methylene-bis-acrylamide.[172]..The.lack.of.selectivity.(see.above).adds.
branches.to.the.final.product.
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The. Michael. addition. and. polycondensation. can. be. combined. [47].. For. that. type. of. process,.
the.diacid.has. in. its. structure.a.carbon–carbon.double.bond.next. to. the.carboxylic.groups. (such.
as.maleic.half-ester),.which.reacts.with.DETA.within.a.Michael.addition.and.a.polycondensation.
[173–175].
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The.resulting.product.is.a.polyamidoamine.with.a.pendant.ester.group..Depending.on.the.poly-
condensation. parameters,. the. ester. group. can. also. be. involved. in. condensation. and. a. branched.
structure.can.be.obtained.

Di-isocyanates. [176]. react. with. polyamines. through. a. poly-addition. reaction. and. the. poly-
amide.structure. includes.secondary.amines,.available. for. further. reactions. (polymer-analogous.
reactions).
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Secondary. amines. react. with. acrylates. (Michael. addition). [159],. with. the. epoxide. with. long.
hydrocarbon.tail.(1,2-epoxyoctadecane),.or.with.the.acylchloride.of.fatty.acids.[177]..All.these.reac-
tions.reduce.the.number.of.secondary.amines.and.make.the.polyamidoamine.more.hydrophobic.

Formaldehyde,. which. is. a. difunctional. compound,. adds. methylol. groups. to. the. secondary.
amines.[178].and.then.cross-links.the.polymer..Other.difunctional.compounds,.such.as.dichloro-
ethane,.diglycidyl.ether,.N,N′-methylene.bis-acrylamide,.or.glyoxal.[138],.are.also.cross-linkers.for.
polyamidoamines.

The.secondary.amine.reacts.with.potassium.cyanate.[110].and.is.converted.to.amide.functional-
ity.(urea.derivatives).which.can.react.with.formaldehyde.and.becomes.WSR.
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The.diversity.of.chemical.reactions.performed.on.the.polyamidoamine.backbone.shows.the.broad.
chemistries.available.to.obtain.WSR..However,.all.these.potential.technologies.should.consider.the.
addition.of.the.cationic.charges.(see.Section.5.2)..There.is.a.possibility.to.build.molecular.weight.
through.a.condensation.reaction.and.quaternize.nitrogen.atoms.at.the.same.time.[179]..The.adduct.
between.1,3-bis(dimethylaminopropyl)urea.with.2.mol.of.epichlorohydrin.is.a.di-halogen.derivative.
quaternized.with.a.di-tertiary.amine..The.reaction.is.actually.a.poly-quaternization.
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5.1.1.5 Polyamidoamine Esters
A.polyamide-type.structure.and.a.polyester-type.structure.(from.a.diacid.and.a.diol).can.be.built.
within.one.polycondensation.step.[180]..Actually,.the.diol.(ethylene.glycol.or.diethanolamine.[141]).
will.replace.about.25%.mol.of.DETA..The.copolymer.(polyamidoamine.ester).is.water.soluble.and.
it. has. a. corresponding. residual. secondary.amine.available. for.quaternization..From.adipic. acid,.
DETA.and.ethylene.glycol.result.in.a.backbone.with.ester.bonds.(blue),.amide.bonds.(in.green),.and.
a.secondary.amine.(in.red).
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The. ester. functionality. is. also. obtained. by. partially. replacing. DETA. with. about. 10%. molar.
mono-ethanol.amine.[181].or.di-ethanol.amine.[141]..That.type.of.process.shows.how.versatile.the.
condensation.process.is..However,.the.di-alcohol.replaces.the.polyamine;.consequently.the.polyami-
doamine.ester.has.a.lower.concentration.of.secondary.amines.

A.polyamine.ester.structure.can.be.built.on.a.polyester.backbone.(diethylene.glycol.and.maleic.
anhydride.polycondensation),.and.pendant.amine.groups.are.added.by.a.Michael.addition.of.difunc-
tional.amines.[182].
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R
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Bond.angle.and.bond.strength.[183].make.the.difference.between.a.polyamidoamine.and.a.poly-
amidoamine.ester.in.terms.of.solubility,.chemical.reactivity,.repulpability,.and.properties.as.wet-
strength.resins.

5.1.1.6 Polysaccharides
Although. cellulose,. starch,. and. their. derivatives. display. potentially. important. features. as. wet-
strength.resins,.such.as.high.molecular.weight.and.chemical.structure.similar.to.that.of.pulp.fibers,.
other.important.characteristics.are.missing:.water.solubility.is.limited,.they.are.mostly.nonionic.
and.nonreactive.with.cellulose..However,.their.chemical.structure.allows.for.the.addition.of.reac-
tive.groups.and.cationic.charges..The.addition.of.cationic.charges.may.improve.water.solubility.
as.well.

Chapter. 4. describes. the. conversion. of. regular. starch. to. cationic. di-aldehyde. starch. and. its.
effectiveness. as. temporary.wet-strength. resin..The. slow.decay.of. the.paper.wet. strength. after.
soaking.in.water.invalidates.cationic.di-aldehyde.starches.as.temporary.wet-strength.resins,.and.
suggests. that. the. combination. of. aldehyde. functionalities,. high. molecular. weight. compounds.
(such.as.polysaccharides),.and.cationic.charges.may.provide.an.adequate.permanent.wet-strength.
resin.

Aldehydes. and. their. derivatives. (such. as. formaldehyde,. glyoxal,. urea,. and. glyoxal. [184]. or.
methylol. compounds. of. urea. or. thiourea. [185]). react. with. cellulose. fibers. [186–188]. and. the.
resulting.paper.shows.a.good.wet.strength,.dimensional.stability,.and.reduced.swelling.capacity..
Because.glyoxal.lacks.specific.substantivity.to.cellulose,.it.must.be.applied.to.the.web.after.sheet.
formation.[189].

The. treatment. with. glutaraldehyde. alone. causes. severe. paper. embrittlement. and. extensibility.
reduction..The.presence.of.a.reactive.polymer.(1%.polyvinyl.alcohol).reduces.the.effect.of.the.down-
sides.of.low.molecular.weight.aldehydes:.treatment.with.2%.glutaraldehyde.(at.140°C.and.Zn(NO3)2.
as.catalyst).[190].increases.both.the.dry.strength.and.the.W/D.ratio.up.to.50%.

The.water-soluble.hydroxyethyl.cellulose.modified.with.glyoxal.[191].or.pyruvic.aldehyde.[192].
was.used. to. increase. the.paper.wet. strength..Glyoxalated.hydroxyethyl.cellulose. is.used.as.wet-
strength.resin.by.impregnation.(or.in.size.press.solution).because.no.charge.is.attached.to.it.
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153Wet-Strength Resins

For.retention.at.the.wet.end,.a.potential.wet-strength.resin.must.have.both.reactive.groups.and.
electric.charges..The.combination.of.the.molecular.weight.of.starch.and.the.high.number.of.alde-
hyde.groups.defines. this.product. (cationic.di-aldehyde. starch. [193–195]).as.a.wet-strength. resin.
candidate. especially. for. repulpable.paper. [196]..Due. to. the.very. low.concentration.of.polymers.
.used at.the.wet.end,.high.molecular.weight.starches.can.be.used.without.significantly.increasing.
viscosity.of.the.process.water.[197].

The.aldehyde.functionality.is.added.to.polysaccharide.by.oxidation.[198,199],.which.can.be.per-
formed.at.different.conversions.[200]..During.that.reaction.some.aldehyde.functionalities.are.con-
verted.to.carboxyl.groups.[201–203]..Oxidized.compounds.are.anionic.and.the.preferred.aldehyde/
carboxyl.ratio.is.up.to.10:1.

Oxidized.starches.[195,204–208].(see.Section.2.3).as.well.as.their.bisulfite.adducts.[200,209],.
di-aldehyde.galactomannan.gum.[210,211],.starch.with.blocked.aldehyde.groups.[212],.and.grafted.
starch.with.polyacrylamide.are.carriers.for.aldehyde.functionalities.[213–215].and.anionic.carbox-
ylic.groups..Oxidized.polysaccharides.improve.the.paper.wet.strength.when.used.as.a.beater.addi-
tive.[216].or.at.the.wet.end.in.the.presence.of.alum.

More.anionic.charges.are.added.on.starch.by.reaction.with.carbon.disulfide.in.the.presence.of.
potassium.hydroxide,.when.a.xanthate.derivative.[217,218].is.obtained.
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The.di-aldehyde.starch.retention.is.lower.than.100%.[207].and.depends.on.the.amount.of.alum.
and.the.stock.pH..Instead.of.alum.as.retention.aid,.cationic.starch.[206,219],.PAE-type.resin.[220],.
zirconium.salt.[221],.or.borax.[204].are.used.to.retain.anionic.di-aldehyde.

Cationic.charges.can.be.added.[222].before.oxidation.through.a.reaction.at.the.hydroxyl.group.
with. diethyl-aminoethyl. chloride. hydrochloride. in. the. presence. of. caustic. [223,224]. or. sodium.
methoxide.[225]..The.addition.of.cationic.charges.to.the.oxidized.starch.(aldehyde.starch).is.per-
formed.by.reacting.the.aldehyde.groups.with.melamine.[226],.with.PAE.resins.[220],.with.unsym-
metrical.dimethyl.hydrazines,.with.betaine.hydrazide.hydrochloride.[227].or.with.Girard’s.reagent.
in.order.to.attach.a.cationic.charge.[128].
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Anionic. polysaccharides. (such. as. xanthate. derivatives). are. changed. into. a. cationic. version.
through.a.reaction.with.PEI,.which.results.in.a.starch.polyethyleneiminothiourethane.[229–231].
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Starch.xanthate.also.reacts.with.PAE.[232]..It.can.be.cross-linked.(by.oxidation.[217].or.with.
diepoxides. [233]). for. better. wet-strength. performance.. Depending. on. the. ratio. between. anionic.
groups.(xanthate).and.secondary.amines,.the.resulting.compound.can.be.cationic.or.amphoteric.

The.effect.of.the.cationic.di-aldehyde.starch.on.the.wet/dry.ratio.(Figure.5.5).is.lower.than.that.
developed.by.PEI.resin.(Figure.5.4).

Aldehyde-containing.polymers.are.not.stable.upon.storage.[195].because.they.can.undergo.cross-
linking,.oxidation. [234],.or.a.Canizzaro. reaction. [214]. (see.also.glyoxalated.polyacrylamide).. In.
order.to.prevent.any.further.reaction,.the.aldehyde.group.in.the.modified.dextran.or.starch.[235,236].
is.protected.by.acetalization.[194].
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FIGURE 5.5 The.effect.of.cationic.di-aldehyde.starch.on.the.wet/dry.ratio.
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Dextran.acetal.is.converted.to.the.corresponding.aldehyde.derivative.by.hydrolysis.at.pH.2.5–3.
and.80°C–94°C.for.20–120.min..The.hydrolyzed.polymer.must.be.used.immediately.

The.paper.wet.tensile.after.treatment.with.aldehyde-containing.dextran.depends.on.the.degree.
of.substitution:.a.larger.number.of.aldehyde.groups.per.one.macromolecule.(higher.degree.of.sub-
stitution).will.provide.a.higher.wet.tensile..The.covalent.bond.formation.has.an.impact.on.the.wet/
dry.strength.ratio.[212].(Figure.5.6):.the.reactive.groups.will.make.more.covalent.bonds,.which.will.
improve.the.paper.wet.strength.

The. reactions. performed. to. add. reactive. functional. groups. to. starch. can. also. be. performed.
on. cellulose. (see. Section. 2.3).. Functional. cellulose. fibers. need. lower. amounts. of. paper. chemi-
cals..Oxidized.pulp.is.self-cross-linkable.and.shows.a.better.wet.strength.than.regular.pulp.[237]..
Di-aldehyde. cellulose. [237–240],. obtained. through. cellulose. oxidation,. increases. the. paper. wet.
strength.from.5%.to.about.20%.of.the.paper.dry.strength.[241].and.wet/dry.ratio.of.24%.[242]..The.
presence.of.carboxylic.groups.along.with.aldehyde.may.have.a.catalytic.effect.on.the.hemiacetal.
bond.formation.

Di-aldehyde.cellulose.is.converted.to.cationic.fibers.by.reaction.with.(carboxymethyl)trimethyl-
ammonium.chloride.hydrazide.(Girard’s.reagent.T)..The.paper.wet.strength.is.improved.by.adsorp-
tion.of.an.anionic.aldehyde.starch.on.the.cationic.cellulose.fibers.[240].

For.modified.starch.and.cellulose.with.aldehyde.groups,.the.curing.mechanism.involves.hemi-
acetal.formation.within.an.equilibrium.reaction.[207].(see.Chapter.4)..Some.other.functionalities.
(aliphatic.hydrocarbon.tails.or.polysiloxane.moiety).may.be.added.to.the.cationic.starch.structure.to.
make.it.a.better.wet-strength.resin.[243,244].

5.1.1.7 Polyisocyanates
A.polyisocyanate.has.multiple.isocyanate.functional.groups.(hetero-cumulene.double-bond.sys-
tem.[245]).
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The.isocyanate.group.reacts.easily.with.compounds.containing.“active.hydrogen.”.The.reaction.
is.reversible.and.the.equilibrium.is.moved.in.one.direction.or.the.other.as.a.function.of.the.active.
hydrogen.compound.and.the.resulting.urethane.
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FIGURE 5.6 Cationic.starch.and.reactive.cationic.starch.as.WSR.
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Compounds.containing.active.hydrogen.are.water,.alcohols,.phenols,.acids,.oximes.(O–H.bonds),.
mercaptans.(S–H.bond),.amine.(N–H.bond),.and.malonates.(C–H.bond)..The.hydroxyl.group.in.
cellulose.fibers. is.a.candidate. for. that. type.of. reaction. [246–249];.polyisocyanate.can.develop.a.
stronger.interfiber.bonding.

The.main.concern.in.this.case.is.the.side.reaction.of.the.isocyanate.groups.with.water,.which.is.
present. in.large.amounts.around.cellulose.fibers.[250]..Protecting.their.reactivity.and.preserving.
them.for.further.reactions.are.key.in.the.attempt.to.use.polyisocyanates.as.WSR..As.a.general.rule,.
aliphatic.polyisocyanates.are.preferred.insofar.as.prepolymers.react.more.slowly.with.water.than.
those.prepared.from.aromatic.polyisocyanates.[251].

There.are.two.different.approaches.to.using.polyisocyanates.as.WSR:.the.addition.of.a.solu-
tion.(or.dispersion).of.polyisocyanates.as.is.(and.lose.an.important.amount.of.their.functionalities.
by.reacting.with.water),.and.the.protection.of.the.isocyanate.group.until.the.paper.reaches.the.
drying.step.

5.1.1.7.1  Straight Polyisocyanates as Wet-Strength Resins
The. use. of. the. straight. polyisocyanate. for. the. cellulose. fiber. treatment. involves. the. risk. of. los-
ing. some.of. the. isocyante.group. in. side. reactions..There. are. strategies. to. limit. those. side. reac-
tions..Thus,.the.protection.of.the.isocyanate.group.is.ensured.by.incorporating.it.in.a.hydrophobic.
structure..Polyisocyanate.was.obtained.by.homopolymerization.and.copolymerization.[252].with.
the.styrene.of.2-methacryloyloxyethyl.isocyanate.[246].in.the.absence.of.air.and.moisture.(solvent.
tetrahydrofuran.[THF])..In.this.case.paper.was.soaked.in.the.THF.solution.of.those.(co)polymers.
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The.infrared.(IR).spectra.of.cured.paper.(at.100°C.for.10.min).show.some.un-reacted.isocyanate.
groups..This.finding.suggested.that.several.isocyanate.groups.surrounded.by.hydrophobic.phenyl.
groups.(from.styrene).are.still.available.for.further.reactions,.regardless.of.the.residual.moisture.in.
paper..This.is.an.indication.of.some.sort.of.“physical.protection”.of.the.reactive.groups.by.the.hydro-
phobic.parts.of.polyisocyanate..The.reaction.of.isocyanates.with.water.and.the.possible.protection.
system.are.important.for.the.commercial.application.of.polyisocyantes.as.wet-strength.resins.

The.concept.of.straight.“water-dispersible. isocyanates”. includes,.after. the.contact.with.water,.
molecules.with.both.reactive.isocyanate.groups.and.some.urethane.groups.obtained.by.sacrificing.
the.isocyanate.group.in.the.side.reaction.with.water..The.effectiveness.of.water-dispersible.polyiso-
cyanates.is.driven.by.the.kinetic.of.reaction.with.water:.how.many.isocyanate.groups.remain.active.
in.a.certain.amount.of.time?

The.interaction.between.polyisocyanates.and.cellulose.fibers.depends.on.the.size.of.the.contact.
surface..For.a.large.contact.surface,.the.polyisocyanate.must.be.dispersed.in.water.with.very.small.
particle.sizes..Aromatic.di-isocyanates.are.emulsified.in.the.presence.of.a.polyvinyl.pyrrolidinone.
(nonionic). type. stabilizer. [253].. A. combination. of. nonionic. (Propylene. Oxide–Ethylene. Oxide.
[PO–EO]. copolymer). and. anionic. emulsifiers. sodium. lauryl. sulfate. (SLS). is. also. useful. [254]..
Those.emulsifiers.and.stabilizers.may.create.foaming.issues.and.bring.undesired.chemicals.on.the.
fiber.surface.

The.preferred.polyisocyanates.are.polymers.having.a.hydrophobic.part.and.a.hydrophilic.part.
that.are.able.to.self-emulsify..The.hydrophobic.part.is.the.aliphatic.or.aromatic.segment.from.poly-
isocyanate..In.order.to.be.self-retained.on.anionic.cellulose.fibers,.the.polyisocyanate.must.also.have.
cationic.charges..Both.hydrophilic.properties.and.cationic.charges.are.obtained.by.converting.some.
of. the. isocyanate. groups. [255–257].. Polyisocyanates. partially. react. with. hydrophilic. polyethers.
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(mono-functional.PEG).resulting.in.a.water-dispersible.polyisocyanate,.which.has.a.reduced.num-
ber.of.isocyanate.groups..In.order.to.attach.potential.cationic.groups.to.the.hydrophilic.polyisocya-
nate,.other.isocyanate.groups.react.with.the.hydroxy-tertiary.amine.

There.is.an.unexpectedly.low.reaction.rate.for.isocyanate.with.water..After.storage.of.the.aque-
ous.emulsion.for.6.h,.the.wet-strength.action.still.reaches.about.70%.of.the.value.on.the.immediate.
use.of.the.emulsion..No.significant.loss.in.paper.strength.(dry.or.wet).occurs.at.up.to.6.h.of.emulsion.
aging.(Figure.5.7)..The.effectiveness.of.the.emulsion.diminishes.in.the.first.24.h.by.16%.in.terms.of.
paper.dry.strength.and.by.67%.in.terms.of.wet.strength.[247].

The. rate.of.disappearance.of. the. isocyanate.groups. in. emulsion.depends.on. the.hydrophobic.
character.of.polyisocyanate.(Figure.5.8):.the.more.hydrophilic.it.is,.the.higher.the.reaction.rate.with.
water.[258]..For.aromatic.di-isocyanates.the.reaction.rate.with.water.is.much.slower.[253].

Water-dispersible.polyisocyanates.have.a. stronger.effect. than. the. same.concentration.of.PAE.
resin.before.curing.(drying.at.85°C.for.8.min).[259]..After.curing,.the.PAE.resins.are.more.effective.
than.the.polyisocyanate.(Figure.5.9)..Under.those.circumstances,.a.synergetic.effect.between.PAE.
and.polyisocyanates.is.not.quite.unexpected.[259].

High.molecular.weight.glycols.react.with.an.excess.of.di-isocyanates. to.obtain.“reactive.ure-
thanes.”.“Reactive.urethanes”.are.dispersed.in.water.in.the.presence.of.an.anionic.emulsifier.and.
the. resulting. emulsions. are. used. to. saturate. the. paper. sheet. [247].. There. is. a. hydrophobic. core.
with.reactive.isocyanate.groups.(isocyanuric.trimer,.in.red).and.a.hydrophilic.tail.(in.blue)..Self-
emulsified.polyisocyanate.(Bayer—ISOVIN).follows.the.same.pattern.[260].
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Difunctional.polyether.increases.the.molecular.weight.and.functionality.of.reactive.urethane..To.
make.it.cationic,.an.un-reacted.isocyanate.groups.is.converted.to.tertiary.amine.[261].
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The.new.molecule.has.multiple.isocyanate.groups.(in.red).with.an.important.hydrophilic.part.
(in.blue).and.a.potential.cationic.charge.(in.green)..Because.there.is.no.differentiation.between.the.
reactivity.of.the.isocyanate.groups,.the.reaction.with.polyethers.and.hydroxylamine.does.not.have.
any.selectivity..As.a.result,.a.broad.distribution.of.the.chemical.composition.will.be.obtained:.along.
with.the.target.compound.(cationic–hydrophilic.polyisocyanate),.compounds.with.no.hydrophilic.
part.and.others.with.no.cationic.charges.will.coexist..For.instance,.the.reaction.of.a.di-isocyanate.
with.a. tri-ol. (star-type.polyether.obtained.from.glycerol). [262,263]. results. in.a.higher.molecular.
weight.with.an.“average”.composition.
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The.physical.protection.of.the.isocyanate.groups.can.be.better.performed.by.encapsulation..
The. encapsulated. material. includes. a. polyisocyanate. core. confined. to. an. envelope. of. protec-
tive. substance.which. is. inert. to. isocyanates. and. to. aqueous.media..One. approach. is. to.make.
a. protective. shell. from. deactivated. polyisocyanate:. a. fraction. of. polyisocyanates. react. at. the.
interface.with.polyamines. (such.as.4,4′-diamino-3,3′-dicyclohexylmethane. [264]),. polyamido-
amines.[265],.and.silanoates.[266]..Encapsulation.can.also.be.performed.on.the.blocked.isocya-
nate.[267]..The.reaction.is.accompanied.by.protective.film.formation..Thus.the.progression.of.
the.isocyanate.reaction.with.water.is.stopped.and.such.systems.have.a.longer.shelf.life.(over.3.
months).[268].

The.protective.shell.can.also.be.made.from.an.inert.material.such.as.polystyrene..Naphthylene.
1,5-di-isocyanate.(average.particle.size.of.5.μ).is.dispersed.in.a.large.volume.of.polystyrene.solution.
in.carbon. tetrachloride. (1.25%)..A.plasticizer. for.polystyrene,. like.chlorinated.di-phenyl,. can.be.
added.in.order.to.choose.the.most.convenient.Tg.for.the.protective.shell..The.suspension.was.atom-
ized.in.a.nitrogen.current.spray-dryer.[269]..The.average.particle.size.was.30.μ.and.the.di-isocyanate.
is.well.enveloped.by.the.protective.shell.

Polystyrene

Poly-
isocyanate

The.partial.consumption.of.the.isocyanate.groups.will.only.slow.down.their.reaction.with.water:.
the.moment.when.the.isocyanate.conversion.reaches.100%.is.only.a.matter.of.time..It.is.desirable.
that.the.polyisocyanate.be.released.from.the.shell.when.it.still.has.a.functionality.of.at.least.2..The.
protective.shell.can.be.destroyed.by.shear.forces.or.through.facilitating.the.diffusion.of.the.poly-
isocyanate.through.the.poly-adduct.layer.or.even.through.the.dissolution.of.the.poly-adduct.layer.by.
an.appropriate.solvent.

5.1.1.7.2  Blocked Polyisocyanates
The.polyisocyanates.presented.in.Chapter.4.have.a.relatively.low.molecular.weight.and.their.aver-
age.functionality.is.about.3–4..Any.reaction.with.water.reduces.the.functionality.down.to.a.value.
where.the.cross-linking.capabilities.are.almost.lost..A.higher.number.of.reactive.isocyanate.groups.
can.be.incorporated.into.a.polymeric.structure..The.synthesis.and.the.handling.of.such.polymeric.
polyisocyanates.are.more.difficult..In.order.to.make.it.easier.to.operate.a.polymeric.polyisocyanate,.
the.isocyanate.groups.are.protected.

The.protection.of.the.isocyanate.group.converts.the.reactive.groups.to.nonreactive.functionalities.
(blocking.reaction).[270–273]..A.mono-functional.blocking.agent.can.be.any.compound.capable.
of.reacting.with.the.isocyanate.group.so.as.to.retard.or.prevent.its.reaction.with.water..The.terms.
“blocked”.and.“latent”.functionalities.are.interchangeable.[274].

The.sequence.of.the.blocking.process.includes.first.the.addition.of.the.hydrophilic.tail.to.a.hydro-
phobic.polyisocyanate..Then,.the.isocyanate-terminated.prepolymers.are.blocked.by.heating.with.
an.excess.(10%).of.blocking.agent,.in.dry.toluene.under.nitrogen.until.the.isocyanate.IR.absorption.
disappears..The.solvent.is.removed.under.vacuum.at.temperatures.below.50°C.[275].

The.blocking.agents.can.be.alcohols,.phenols,.amines,.alkanol.amines,.or.oximes.[251,254,276–
279]..The.preferred.blocking.agents.are.of.the.lactame.type,.the.oxime.types.and.the.hydroxamic.
acid.ester,.or.the.acyl.hydroxamate.type.[280–282]..The.blocking.agent.can.also.be.difunctional.
and,.in.that.case,.a.reaction.with.a.difunctional.isocyanate.will.result.in.a.polymeric.blocked.poly-
isocyanate.[283]..The.blocked.polyisocyanate.has.“reactive”.urethane.type.groups.
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This.type.of.reaction.should.be.reversible;.the.blocking.agent.is.released.at.higher.temperatures.
[278].or. replaced.by.a. stronger.hydrogen.active.compound. (de-blocking).. If. the.hydrogen-active.
compound.has.multiple. functions,. a. cross-linking.process. can.be.developed..The. curing.by.de-
blocking.of.the.blocked.polyisocyantes.with.poly-nucleophiles.depends.on.the.chemical.structure.of.
the.isocyanate,.the.blocking.agent.and.nucleophile,.the.relative.rate.of.reactions.(nucleophile.with.
the. isocyanate.compared. to. the. reverse. reaction. rate.of. isocyanate.with. the.blocking.agent),. the.
temperature,.and.the.type.and.concentration.of.catalysts.[271,277].

The.cationic.blocked.polyisocyanate.was.tested.in.a.hand.sheet.study.[276]..For.wet.tensile,.the.
samples.were.soaked.in.a.solution.(1%).of.Aerosol.OT.(wetting.agent).for.6.h..Figure.5.10.shows.that.
the.strongest.effect.is.obtained.at.very.low.concentrations.of.polyisocyanate..Blocked.polyisocya-
nate.increases.the.WL.dry.strength.up.to.100%,.which.clearly.separates.them.from.other.WSR..Wet.
strength.is.increased.from.less.than.5%.of.the.WL.dry.strength.to.about.90%.

The.blocked.isocyanate.group.can.react.with.a.hydroxyl.group.from.a.copolymer.of.2-hydroxy-
ethyl. acrylate. [284,285].. The. polymer. which. has. both. reactive. groups. (blocked. isocyanate. and.
hydroxyl).is.self-cross-linking.[286]..Those.two.functionalities.must.be.isolated.from.each.other..
The.polymer.structure.should.be.rigid.enough.(such.as.solid.particles).to.prevent.a.reaction.before.
the.polymer.is.added.to.pulp)..The.emulsion.copolymerization.of.butadiene,.styrene,.and.amide-
blocked.isopropenyl-α-α-dimethyl.benzyl.isocyanate.along.with.hydroxyethyl.acrylate.results.in.a.
reactive.WSR.[286–288].
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FIGURE 5.10 Blocked.isocyanate.as.wet-strength.resin.
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The.de-blocking.reaction.(presumably.during.the.paper.drying).is.the.most.important.step.when.
the.strengthening.capabilities.of.blocked.isocyanate.are.evaluated..The.thermal.de-blocking.step.
needs.time.and.high.temperatures:.15–60.min.at.100°C–140°C.[267,275]..The.contact.time.in.the.
drying.step.of.the.current.papermaking.process.(<60.s.at.105°C).is.not.sufficient.to.achieve.quantita-
tive.de-blocking.

However,.there.is.a.broad.range.for.the.reactivity.of.blocked.isocyanates..Blocked.isocyanates.with.
blocking. agents. as. phenols,. caprolactam,. and. alcohols. were. less. reactive. than. those. blocked. with.
oximes,.N,N-diethyl.hydroxylamine,.or.hydroxypyridine..Prepolymers.containing.blocked.aromatic.
isocyanates.were.more.reactive.than.those.containing.blocked.aliphatic.isocyanates.[275]..On.the.other.
hand,.a.“partial”.de-blocking.reaction.may.result.in.a.reasonable.increase.in.the.paper.wet.strength.

The.de-blocking.process. releases.an.organic.compound. into.water,.having.no.affinity. for. the.
cellulose.and.that.may.enter.the.white.water.of.the.paper.machinery.[261],.which.is.another.short-
coming.of.this.method.

5.1.1.8 Polycarboxylic Acids
Polycarboxylic.compounds,.as.potential.WSR,.deserve. the.attention.of. the.scientist.because.car-
boxylic.groups.can.react.with.the.cellulosic.hydroxyl.(ester.bond.formation).and.are.stable.in.the.
presence.of.water.

A.carboxylic.functionality.can.be.a.pendant.group.attached.either.to.a.carbon–heteroatom.back-
bone.or.to.a.carbon–carbon.backbone.(such.as.in.acrylic.acid.copolymers.[289,290])..Regardless.of.
the.backbone.type,.these.compounds.are.located.under.the.“carbon–heteroatom.backbone”.because.
they.develop,.after.curing,.an.ester-type.bond,.which.is.breakable.during.the.repulpable.process.

The.ester.bonds.between.the.cellulose.and.wet-strength.resin.will.improve.both.its.hydropho-
bicity.and.the.paper.strength..On.the.other.hand,.the.un-reacted.carboxyl.group.has.a.hydrophilic.
character,.and.thus.it.decreases.wet.strength.by.allowing.more.water.around.the.cellulose.fibers.

The.following.potential.issues.should.be.considered.when.a.polycarboxylic.compound.is.used.as.
WSR:.the.anionic.carboxylic.groups.alter.the.resin.retention.capabilities;.the.ester.formation.is.an.
equilibrium.reaction.and.water.must.be.distilled.to.increase.conversion;.and.esterification.is.usually.
performed.at.higher.temperatures.and.in.the.presence.of.a.catalyst.

Small. molecules. of. polycarboxylic. acids. (such. as. 1,2,3,4-butantetracarboxylic. acid. [291],. the.
succinic.acid.[292,293],.the.tricarballylic.acid,.the.citric.acid.[294],.and.the.poly-maleic.acid.with.
low.molecular.weight.[295]).are.very.efficient.as.cross-linker.agents.for.paper.[295–298]..For.citric.
acid.the.bridge.is.presented.in.the.following.figure.(in.red).
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The.distance.between.functional.groups.can.be.enlarged.by.reacting.ethylene.glycol.(or.polyeth-
ylene.glycol).with.trimellitic.anhydride.[299,300];.the.resulting.molecule.still.has.a.low.molecular.
weight.
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For. those. polycarboxylic. compounds,. the. wet/dry. ratio. shows. values. ranging. from. 40%. to.
85%.. The. catalyst. for. the. esterification. reaction. (such. as. sodium. hypophosphite,. NaH2PO2).
[32,295,299,301].is.also.useful.for.the.curing.process.

The.paper.wet.strength. increases.with. the. increasing.content.of.poly-acids..Since.ester. link-
ages.are.stable.in.water.and.more.hydrophobic,.they.prevent.the.swelling.of.the.fibers.and.hold.
them.together.in.the.wet.condition..Polycarboxylic.compounds.with.medium.molecular.weights.
(less. than.3000).are.poly-maleic.acid. (Mw.=.800. [190]).or.copolymers.of.acrylic.acid.or.maleic.
anhydride.[32].

Polycarboxylic.acid.can.be.neatly.obtained.directly.from.cellulose.fibers,.by.reaction.with.halo-
acetic.acid.[302,303].or.by.oxidation.[304,305].(see.also.Section.2.3),.or.by.methyl–vinyl.ether.copo-
lymerization.with.maleic.anhydride.(1:1)..That.copolymer.has.a.molecular.weight.of.about.one.million.
[190]..A.higher.molecular.weight.of.the.maleic.anhydride.homopolymer.(Mw.=.81,000).is.obtained.at.
high.temperatures.(130°C–150°C).in.the.presence.of.large.amounts.of.dibenzoyl.peroxide.[306].

Because.the.polycarboxylic.compounds.do.not.have.cationic.charges,.they.are.added.to.the.exist-
ing.paper.web.[307].as.water.solution.(carboxylalkyl.cellulose.[308]).or.by.printing.with.a.selected.
pattern.[32].

The.ammonium.salt.of.a.carboxymethyl.cellulose.(CMC).(DS.=.1.23).was.used.as.a.wet-strength.
resin.[309].to.treat.paper..The.wet.strength.of.the.final.paper.is.a.function.of.drying.time.and.temper-
ature..After.1.min.soaking.in.water,.the.wet.strength.went.to.62%.from.the.initial.dry.strength.(when.
paper.was.dried.for.24.h.at.room.temperature).to.82%.when.paper.was.dried.at.280°F.for.10.min,.to.
110%.when.paper.was.dried.for.30.min,.and.142%.when.it.was.dried.for.2.h.at.the.same.temperature..
The.carboxylic.groups.of.CMC.or.those.developed.on.cellulose.fibers.can.also.be.cross-linked.with.
salts.of.polyvalent.cations.(zirconium,.zinc,.aluminum,.etc.).with.a.view.to. improving.the.paper.
strength.[305,310,311].

Mixed.functionalities.along.with.carboxylic.groups.are.also.useful.in.the.cross-linking.process..
Poly-acids.of.the.poly-maleamic.type.(half.amide.and.half.acid).are.obtained.from.the.copolymers.
of.maleic.anhydride.[312].with.ethylene,.methyl–vinyl.ether,.etc..When.treated.with.water.solution.
of.the.copolymers.dissolved.in.ammonia,.paper.needs.3.min.curing.time.at.149°C.

High.temperatures.are.always.requested.for.the.cellulose.hydroxyl.esterification.[313]..The.cur-
ing.process.based.on.the.carboxyl–hydroxyl.reaction.asks.for.a.higher.temperature.or.a.longer.reac-
tion.time:.at.250°C–320°C.for.less.than.15.s.[307],.90.s.at.180°C.[297],.2.min.at.170°C.[186,301].or.
10–15.min.at.130°C–150°C.[289–291,296],.or.20.min.at.170°C.[314].

The.paper.wet.strength.was.measured.after.soaking.in.water.for.12.h..After.curing,.paper.(treated.
with.1,2,3,4-butanetetracarboxylic.acid).shows.an.unchanged.dry.strength.and.a.much.higher.wet.
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strength.(Figure.5.11)..The.wet.strength.seems.to.be.due.to.the.ester.bond.formation:.as.the.con-
centration.of.the.carboxylic.compound.is.higher,.the.concentration.of.ester.carbonyl.band.is.higher.
[301]..However,.the.significant.effect.was.noted.at.high.concentration.of.poly-acids..The.covalent.
ester.bond.formation.shows.a.differentiation.in.terms.of.dry.strength.properties.from.the.urethane.
bond.formation.in.the.case.of.polyisocyanates.as.WSR.(Figure.5.10).

In.order.to.be.used.at.the.wet.end,.this.strengthening.material.should.be.cationic.(or.amphoteric).
and.have.a.higher.molecular.weight..Water-soluble.carboxymethyl.hydroxyethyl.celluloses. [303].
have.both.functionalities.(hydroxyl.and.carboxyl).and.can.be.applied.either.at.the.dry.or.the.wet.end.
(in.the.presence.of.alum).

5.1.1.9 Polyethers
Polyethers.are.synthesized.by.the.ionic.polymerization.of.cyclic.ethers..Cationic.polymerization.is.
performed.with.boron.trifluoride-etherate.and.ethylene.glycol..If.the.di-ol.is.replaced.by.polyethyl-
ene.oxide,.a.tri-block.copolymer.can.be.obtained..The.solely.polyether.backbone.has.a.nonreactive.
structure.

In.order.to.perform.as.wet-strengthening.agents,.polyethers.must.have.reactive.functionalities.as.
pendant.groups..Cationic.polymerization.is.very.sensitive.to.other.reactive.groups.(such.as.amine,.
hydroxyl,.carboxyl,.etc.),.and.therefore.the.cyclic.ether.structure.must.not.include.those.functional-
ities..Other.moieties,.able.to.be.reacted.within.a.further.polymer-analogous.reaction,.are.incorpo-
rated.in.the.cyclic.ether.structure..Epichlorohydrin.fits.that.requirement.[315,316]..Epichlorohydrin.
is.(co)polymerized.with.boron.tri-fluoride;.the.(co)polymer.has.pendant.chlorine.groups..After.an.
amination.(reaction.with.ethyl.amine),.a.poly-secondary.amine.is.obtained..During.the.last.step,.the.
secondary.amine.is.reacted.with.epichlorohydrin.to.form.an.azetidinium.cycle.
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The.curing.mechanism.depends.on.the.chemical.structure.of.the.pendant.group..Allylic.pendant.
groups. on. a. polyether. backbone. are. obtained. by. cationic. polymerization. of. allyl–glycidyl. ether.
[317–322]..For.allylic.double.bonds,.the.curing.mechanism.is.based.on.an.auto-oxidation.process.
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FIGURE 5.11 The.effect.of.the.1,2,3,4-tetracarboxylic.acid.concentration.on.paper.strength.
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When.the.oxidation.process.has.cross-linked.the.polymer,.the.paper.wet.strength.reaches.up.to.
50%.of.its.dry.strength..However,.there.are.several.shortcomings.of.this.process:.the.final.polymer.
cannot.be.added.at.the.wet.end.(it.is.nonionic),.the.auto-oxidation.process.is.slow,.and.the.amount.
of.resin.added.to.paper.is.unusually.high.(20%).

5.1.2  BacKBone With caRBon–caRBon BondS only

The.carbon–carbon.backbones.are.made.mainly.through.condensation.(phenolic.rings.are.bonded.
through.methylene.groups.[323],.but.that.topic.is.not.covered.in.this.chapter).or.though.free.radical.
(co)polymerization,.a.kinetically.controlled.process..The.number.of.cationic.charges,.of. reactive.
groups.and.their.distribution.within.the.macromolecular.structure.can.be.designed.by.choosing.the.
comonomers.molar.ratio.and.the.order.of.addition.

The.simplest.structure.for.carbon–carbon.backbone.is.polyethylene,.which.is.hydrophobic.and.
not.soluble.in.water..Some.hydrophilic.pendant.groups.are.required.in.order.to.increase.the.polymer.
solubility.in.water..There.are.several.potentially.hydrophilic.groups:.amide,.carboxyl.(polyacrylic.
acid.[298],.hydroxyl,.amine,.and.all.the.anionic.and.cationic.functionalities.known.in.organic.chem-
istry..Those.functionalities.must.provide.not.only.the.hydrophilic.character,.but.also.the.reactivity.
during.the.curing.step.

Some.reactive.and.hydrophilic.functionalities.(such.as.amines,.quinines,.thiols,.aldehydes,.etc.).
may.interfere.with.the.free.radical.process.and.must.be.avoided,.which.is.why.the.monomers,.ini-
tiators,.and.solvents.should.be.carefully.chosen..Any.interference.with.the.polymerization.process.
reduces.either.the.polymer.molecular.weight.or.the.reaction.rate.

The.WSR.can.be.synthesized.in.one.or.two.steps..The.one-step.polymerization.involves.reactive.
monomers.carrying.functional.groups.and.ionic.charges..The.two-step.option.includes.the.synthesis.
of.a.nonreactive.(and/or.nonionic).copolymer.in.the.first.step,.and.in.a.second.step,.the.copolymer.is.
modified.by.addition.of.cationic.charges.and/or.reactive.functionalities.through.polymer-analogous.
reactions.

5.1.2.1 homopolymers as wet-strength Resins
Acrylic.[324–328].or.vinyl.monomers.[329].undergo.faster.polymerizations.that.make.wet-strength.
resins.in.a.one-step.process..Acrylates.or.methacrylates.have.incorporated.azetidine.or.azetidinium.
functions.as.pendant.groups..The.azetidinium.cycle.is.both.cationic.and.reactive.
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The.polymerization.was.performed.in.water.as.a.solvent.(1.mol/L).at.40°C.and.the.initiation.was.
made.by.potassium.persulfate.(0.5.mol.%)..After.a.12.h.reaction.time,. the.conversion.was.100%..
3-(1-Cyclohexyl).azetidinyl.methacrylate.was.polymerized.at.70°C.in.1,4-dioxane.as.solvent,.in.the.
presence.of.a.free.radical.initiator.[330]..The.homopolymer.can.be.conserved.in.dry.form.without.
showing.any.tendency.to.cross-link.at.room.temperature.[324].

Vinyl.benzyl.dimethyl. ammonium.chloride. is.polymerized. in.water. [329,331].with.ammo-
nium.persulfate..To.make.a.WSR,.in.a.second.step,.the.poly-tertiary.amine.is.partially.reacted.
with. epichlorohydrin. (pH. is. 7.5). to. obtain. a. quaternary. ammonium. salt. with. reactive. epoxy.
functionality.
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CH3

CH3

H

R
R

N
CH3

CH3

R
R

pH = 7.5

CH3

CH3

R
R

O

O
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The. aldehyde. functionality. is. well. known. as. a. reactive. group. in. the. reaction. with. hydroxyl.
groups.of.cellulose.fibers..Acrylic.aldehyde.(acrolein).is.the.most.known.aldehyde-type.monomer.
[332]..Acrolein.homo-polymerizes.in.the.presence.of.free.radical.initiators.[333].and.the.resulting.
polymer.reacts.with.bi-sulfite..The.soluble.form.(bi-sulfite.adduct).is.anionic..Cationic.starch.was.
used.to.retain.it.on.the.cellulose.fibers.[332].

H2C CH
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Initiator R CH2 HC R

CH
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n

R CH2 HC R

CH

O
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O

O–

H

Na+

n
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The. simplest. amine. monomer,. vinyl. amine,. is. thermodynamically. and. kinetically. unstable.
[334]..Allyl-amines.show.important.chain.transfers.during.free.radical.polymerization.and.produce.
mainly.low.molecular.weight.polymers.and.copolymers.[335]..In.order.to.obtain.a.carbon–carbon.
backbone,.a.different. type.of.polymerization.should.be.used.(such.as.cyclo-polymerization).or.a.
different.structure.of.the.initial.monomer.in.which.the.amine.group.should.be.protected.as.a.less.
reactive.function.(such.as.amide.in.N-vinyl.formamide).

H2C H2CCH

NH2

CH

CH2 NH2

Vinyl amine Allyl amine

To.protect.the.amine.group.that.can.interfere.with.the.initiator.(oxidant),.the.free.radical.cyclo-
polymerization.of.di-allyl.amine.should.be.carried.out.only.after.amine.neutralization.with.hydro-
chloric.acid.[336–339].
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Cyclo-polymerization.(an.internal.copolymerization).results.in.a.carbon–carbon.backbone.with.
a.five-member.cycle.included.in.the.propagation.step..In.other.words,.regardless.of.its.functionality.
(a.di-allyl.monomer.has.two.double.bonds),.a.linear.polymer.is.obtained.
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Allyl.monomers.are.much.less.reactive.than.vinyl.monomers.and.special.initiators.are.required.
[340–342]..Anyway,.the.polymerization.is.slower.and,.for.a.reasonable.reaction.time,.the.conversion.
reaches.a.plateau.at.about.85%.[336].

The. cyclo-polymer. and. the.un-reacted.monomers.go. to. the.quaternization. reaction. step.with.
epichlorohydrin. [337,343–347]..Careful. polymer.purification. is.mandatory.before.quaternization.
(pH. must. be. changed. in. the. alkaline. side. and. the. water–monomer. azeotropic. mixture. must. be.
distilled)..For.quaternization,.the.preferred.amount.of.epichlorohydrin.ranges.from.about.1.mol.to.
about.1.5.mol.per.mole.of.tertiary.amine..Polymers.of.the.N,N-diallyl.amine.quaternized.with.epi-
chlorohydrin.provide.wet.strength.and.a.higher.dry.strength.[344].
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Allyl. chloride,. which. is. a. precursor. of. epichlorohydrin,. can. also. be. used. for. quaternization.
[348–351].(the.excess.of.allyl.chloride.is.1.2–1.3.mol.based.on.the.equivalent.nitrogen).
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The.quaternization.reaction.can.be.performed.on.the.monomer.before.the.polymerization:.for.
instance,.C-vinyl.pyridine.is.quaternized.with.allyl.chloride.[351].

The.amine.functionality.may.be.protected.as.amide.and,.after.polymerization.the.polymer.with.
amide.as.pendant.groups.is.hydrolyzed.to.a.polyamine..N-vinylformamide.(or.N-vinyl.acetamide.
[352,353],.or.N-vinyl.phthalimide.[62]). is.polymerized.in.water.(solution,.suspension.[354],.or. in.
inverse.emulsion.polymerization.[355,356]),.with.regular.free.radical.initiators.[357],.such.as.cat-
ionic.azo-derivatives.[339]..The.monomer.purity.is.a.key.parameter.for.vinyl–amide.polymerization.
[353,358].
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O
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N-vinyl acetamide N-vinyl phthalimideN-vinyl formamide

H2C CH
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H2C CH O

CH3

NH C

N-vinyl.formamide.has.attractive.physical.and.toxicological.properties.[359]:.boiling.point:.84°C.
at.10.mm.Hg,.melting.point:.16°C,.density:.1.014.g/cc,.flash.point:.102°C,.viscosity:.4.cPs.at.25°C,.
surface. tension:.36.2.dyn/cm.at.21°C,.heat.of.polymerization:.19.kcal/mol,.mutagenicity. testing:.
negative,.acute.oral.LD50.(rat):.1,444.mg/kg,.dermal.LD50:.>2000.mg/kg.

The.resulting.polymer.is.hydrolyzed.to.obtain.the.corresponding.polyamine.[360,361].in.a.slower.
reaction.[362]..The.hydrolysis.is.performed.at.temperatures.ranging.from.70°C.to.90°C,.in.the.pres-
ence.of.hydrochloric.acid.(1:1.mol).
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PVAm.is.a.poly-primary.amine..Because.of.the.nearest.neighbor.effects,.the.PVAm.is.a.weaker.
base.than.a.primary.amine.with.a.small.molecule.[363]..It.is.assumed.that.under.normal.papermaking.
conditions.(6.5.≤.pH.≤.7.0),.the.degree.of.protonation.is.0.5.and.because.of.its.high.cationic.charge.con-
tent,.PVAm.readily.adsorbs.onto.fibers..The.ability.to.change.the.reactivity.and.properties.of.amine.
groups.by.a.simple.change.of.pH.provides.numerous.valuable.options.for.viscosity.control,.polymer.
solubility,.or.formulating.self-stable.polymers.(and.making.them.reactive.at.another.pH).[334].

Cross-linked.polymers,.recommended.as.wet-strength.resins,.are.obtained.from.the.polyamine-
type.polymers.(such.as.PVAm).with.polyphenols.in.the.presence.of.an.oxidizing.agent.[364].

A.cationic.resin.with.a.right.ratio.between.its.hydrophilic.and.hydrophobic.segments.is.a.good.
WSR.even.if.reactive.groups.are.missing..Hexahydro-1,3,5-triacrylyl-s-triazine.is.condensed.with.
1–2.mol.of.fatty.amine.and.protonated.with.acetic.acid..The.acrylic.double.bonds.are.polymerized.
through.free.radicals.[365];.the.new.polycationic.resin.shows.a.good.wet/dry.strength.ratio.
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Homopolymers.have.a.very.high.concentration.of. function.groups. (such.as. the.homopolymer.
of.N-(β-acrylamidoethyl)-ethyleneurea.[366],.or.ureidoethyl.vinyl.ether.[367]).. It. is.also.difficult.
to.solve.solubility,.cationicity,.and.reactivity.problems.in.one.reaction.step.(homopolymerization)..
Some.homopolymers.were.partly.modified.(such.as.the.partial.hydrolysis.of.polyvinyl.formamide);.
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the.resulting.compound.was.a.copolymer..That.is.why.the.involvement.of.a.larger.number.of.como-
nomers.in.the.same.process.(copolymerization).opens.the.opportunity.to.make.the.right.WSR.in.a.
one-step.process.

5.1.2.2 copolymers as wet-strength Resins
Two.or.more.comonomers.are.involved.in.a.copolymerization.reaction..The.simplest.copolymer-
ization.is.binary..It.involves.two.comonomers.and.is.governed.by.specific.composition.equations.
(Equation.5.3).concerning.the.relationship.between.the.final.copolymer.composition.(mi),.the.initial.
monomer.composition.(Mi),.and.the.reactivity.of.the.comonomer.(ri).[368].
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. (5.3)

For.a. larger.number.of.comonomers,. copolymerization.equations.are.more.complicated,.but. the.
process.is.not.difficult.to.control.[369].

The.large.diversity.of.comonomers.generates,.after.copolymerization,.an.even.larger.diversity.of.
copolymers..Their.properties.depend.on.the.chemical.structure.of.the.monomers,.and.the.ratio.and.
distribution.of.comonomers..Thus,.those.copolymers.can.be.ionic.or.nonionic,.hydrophilic.or.non-
soluble.in.water,.reactive.or.nonreactive..For.instance,.the.acrylic.copolymers.with.tertiary.amine.
groups.and.a.hydrophobic.comonomer.(ethyl.acrylate).are.dispersions.in.alkaline.pH.but.become.
water.soluble.in.acid.pH.[370]).

If.the.cationic.comonomer.is.not.a.quaternary.ammonium.salt,.the.free.radical.copolymeriza-
tion.should.be.performed.with.special.precautions..The.acrylamide–dimethylaminomethyl.meth-
acrylates.copolymerization.[371].is.performed.in.a.mixture.of.solvents.(water–acetone).and.the.pH.
is.adjusted.to.4..At.that.pH.the.tertiary.amine.is.protonated.and.cannot.interfere.with.the.initiator.
(potassium.persulfate)..The.copolymer.of.acrylamide.and.20%.2-aminoethyl.methacrylate.hydro-
chloride.[326].is.a.cationic.polyamine.able.to.make.ionic.bonds.with.anionic.cellulose.fibers.

Copolymers.of.acrylonitrile.with.2-vinyl.pyridine.[372],.of.acrylamide.with.dimethyl-2-methy-
len-3-butenyl.sulfonium.chloride.[373],.or.with.trimethyl.(2-methylene-3-butenyl).ammonium.chlo-
ride.[374].are.wet-strength.resins.for.paper.
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All.those.cationic.copolymers.are.used.as.wet-strength.resins.even.when.functionalities.able.to.
develop.covalent.bonds.with.cellulose.are.missing..However,.the.ionic.bonds.are.important..In.order.
to.develop.stronger.inter-.and.intramolecular.ionic.bonds,.dimethylaminoethyl.methacrylate.(or.its.
copolymers).is.reacted.with.epichlorohydrin.in.acid.pH.to.form.a.water-soluble.cationic.comonomer.
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Copolymers.of. that. cationic.methacrylate.with. ethyl. acrylate. are.partly.hydrolyzed. to.obtain.
an.amphoteric.wet-strength.resin,.which.performs.better.than.PAE.resin.at.the.same.dosage.[327].

The.copolymerization.process.is.flexible.and.offers.the.possibility.to.combine,.in.the.same.mac-
romolecule,.cationic.charges.and. reactive.groups..The. reactive.group.can.preexist. in. the.acrylic.
monomer.(as.in.2-(1-aziridinyl.ethyl).methacrylate.[375]),.or.can.be.developed.into.the.final.copo-
lymer.as.in.the.copolymer.of.acrylamide.with.aminoethyl.methacrylate.(quaternized.with.epichlo-
rohydrin),.which.is.converted.to.a.thermosetting.resin.in.alkaline.pH.(epoxy.ring.formation).and.
used.as.a.WSR.[371].
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Different.reactive.groups.can.coexist.in.the.same.molecule..For.instance,.maleic.acid.and.di-allyl.
amines.can.copolymerize. to.obtain.an.amphoteric.copolymer. [376]. that. is. self-cross-linkable.at.
higher.temperatures.
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Reactive.comonomers.(such.as.vinyl.isothiocyanate.[377].or.2-methylene-3-butenyl.isothiocya-
nate.[378]).are.copolymerized.with.acrylamide.(12:88.weight.ratio).and.the.resulting.copolymer.is.
self-cross-linkable.in.water.solution.in.the.presence.of.polyamines.

Acrolein. is. copolymerized. with. acrylonitrile. and/or. acrylic. acid. [379]. or. with. 2-hydroxy-3-
methacryloyloxy-propyl. trimethyl. ammonium. chloride. to. make. a. wet-strength. resin. [380].. The.
aldehyde.functionality.can.be.blocked.as.acetal.(such.as.acrylamidoacetaldehyde.dimethyl.acetal.
[19,381,382]).and.the.copolymers.could.still.be.reactive.toward.the.hydroxyl.groups.

CH2

O

O

OH

N+

CH3

CH3H3C

Cl–

CH2

HC

O

NH

CH2 HC

O

O CH3

CH3

The.copolymerization.of.acrylamide.(cyclo-copolymerization.with.di-allyl.amine.comonomers).
can. be. performed. through. a. free-radical. mechanism. [326,337,343,344,383],. where. n ≫ m.. The.
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copolymer.is.already.a.cationic.polyelectrolyte.(see.also.Section.3.3.for.PAAm.as.retention.aid)..
Quaternary. ammonium.salts.with. epichlorohydrin. are.obtained. in. the. same.way.as.poly-diallyl.
amines.(see.figure).
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N,N-diallyl-3-hydroxyazetidinium.chloride. is.a.cationic.monomer.with.a. reactive.azetidinium.
ring.[384,385]..Its.synthesis.uses.epichlorohydrin.but.the.monomer.is.purified.by.vacuum.stripping.
or.distillation.to.substantially.reduce.the.level.of.these.by-products.(chloropropandiol.(CPD).and.
dichloropropanol.(DCP),.see.Section.5.3.4).
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After. the. copolymerization. of. the. purified. new. monomer,. no. by-products. are. present. in. the.
WSR.solution..N,N-diallyl-3-hydroxyazetidinium.chloride. is. involved. in.copolymerization. reac-
tions. with. comonomers. such. as. acrylamide,. N-vinyl. formamide. and. N-vinyl. 2-pyrrolidinone.
[384,385]..The.total.concentration.of.CPD.and.DCP.falls.below.200.ppm.based.on.the.polymer.dry.
weight..The.same.type.of.comonomer.is.1-diallylamino-2,3-epoxypropane,.which.copolymerizes.
with.styrene.[386].

The.option.of.modifying.the.functional.monomers.before.(co)polymerization.was.used.for.sev-
eral.other.compounds..For.instance,.the.reaction.of.N-vinylformamide—at.the.unusually.acidic.NH.
group—with.isocyanate.gives.vinylacylureas..Methyl.acrylates.and.acrylonitrile.react.with.N-vinyl.
formamide.according.to.the.Michael.addition.to.the.same.nitrogen.atom.[359].
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The.new.type.of.vinyl–amide.monomers.copolymerize.and,.after.hydrolysis,.a.more.hydrophobic.
poly-secondary.amine.is.obtained.
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The.WSR.synthesis.through.binary.copolymerization.is.limited.to.a.cationic.comonomer.and.
a.reactive.compound..However,.a.concentration.of.5%–20%.reactive.groups.per.macromolecule.
is.enough.for.the.cross-linking.step.and.the.cationic.charges,.(needed.for.retention).must.also.be.
in. a. limited.number..Therefore. a. third. comonomer. (nonionic,.nonreactive,. and. less. expensive).
should.be.incorporated.in.a.ternary.copolymer..That.ternary.copolymer.is.obtained.either.through.
ternary.copolymerization.or. through.a.polymer-analogous.reaction.on.a.binary.copolymer.(see.
Section.5.1.3).

A.typical.terpolymer.used.as.wet-strength.resin.is.the.copolymer.of.acrylamide.(nonionic)—
N-methylol. acrylamide. (nonionic. reactive)—dimethylaminoethyl. acrylate. (quaternized. with.
dimethyl.sulfate).which.shows.a.wet-strength.capability.similar.to.the.PAE.resin.[387]..The.new.
WSR.is.soluble.in.water.

If.the.third.comonomer.(nonionic.and.nonreactive).is.hydrophobic,.the.final.copolymer.can.be.
either.water.soluble.or.an.emulsion..This.is.the.case.for.the.ternary.copolymer.2-hydroxy-3-meth-
acryloyloxy.propyltrimethylammonium.chloride/acrolein/stearyl.methacrylate.(or.acrylonitrile,.or.
vinyl.acetate).as.wet-strength.resins.[388].

The.(co)polymers.with.a.carbon–carbon.backbone.and. the.possibility. to.form.covalent.bonds.
with.cellulose.fibers.raise. the.concern.about.paper.repulpability:.a.carbon–carbon.bond.is.much.
stronger.than.an.amide.bond.in.PAE.resins.

5.1.3  PolymeR-analogouS ReactionS

Homopolymers.of.the.common.monomers.(such.as.acrylamide).are.easy.to.obtain,.and.a.nonionic.
polymer.can.be.converted.to.a.wet-strength.resin.through.a.polymer-analogous.reaction.(see.Section.
2.4.1)..The.polymer-analogous.reactions.are.selective.and.may.add.ionic.charges.and.reactive.func-
tionalities.to.a.preexisting.backbone..The.organic.chemistry.of.high.polymers.is.focused.on.chang-
ing.different.functionalities.without.any.impact.on.the.molecular.weight.or.on.the.molecular.weight.
distribution.[389,390].

The.amide.group.in.polyacrylamide.is.converted.to.an.amine.functionality.through.a.Hofmann.
degradation.with.sodium.hypochlorite.[391–393].(see.Section.2.4.1)..If.the.reaction.conversion.is.
lower.than.100%,.the.final.product.is.a.binary.copolymer.of.acrylamide.and.vinyl.amine.

Polyacrylamide.[394].(Mw.=.20,000).undergoes.a.trans-amidation.performed.at.95°C–105°C..The.
amine.must.be.difunctional.(such.as.ethylene.diamine).or.polyamine.(PEI.[151])..They.can.carry.
a. cationic. charge. (3-dimethylamino-propylamine). [395]. or. a. hydrophobic. tail. [396,397].. For. an.
excess.of.about.10:1.amine.(ethylene.diamine).to.amide.groups,.only.about.30%.of.amide.groups.
are.converted.to.amine.pendant.functionalities.
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The.new.copolymer.is.a.polyamidoamine.having.a.carbon–carbon.backbone..The.amine.will.
provide.cationic.charges.by.protonation.in.neutral.or.acid.pH..Epichlorohydrin.is.used.in.excess.to.
build.up.possible.azetidinium.functionalities,.similar.to.a.PAE.resin.
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Cationic.polyacrylamide.can.be.functionalized.with.difunctional.compounds.such.as.di-alde-
hyde.(glyoxal).[398,399].and.glycidyaldehyde.[400].(obtained.through.the.oxidation.of.acrolein.with.
hydrogen.peroxide).

Difunctional. compounds,. such. as. 3-glycidoxy-propyl. trimethoxysilane. [401],. react. with. the.
polyamidoamine.backbone.to.make.a.cross-linkable.WSR.
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Only.15%–50%.of.the.secondary.amines.are.converted.during.that.reaction..Residual.second-
ary.amines.are.used.to.add.cationic.charges.through.a.reaction.with.glycidyltrimethyl.ammonium.
chloride.

Polyvinyl.amine.hydrochloride,.obtained.through.the.hydrolysis.of.all.the.amide.groups.of.poly-
vinyl.formamide.(Section.5.1.2.1),.is.an.attractive.wet-strength.resin.at.[62].(Figure.5.12).
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FIGURE 5.12 The.effect.of.PVAm.concentration.on.the.paper.wet.strength.
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Paper.treated.with.PVAm.has.a.pronounced.tendency.to.yellow.[402]..In.order.to.discontinue.the.
colored.compound.formation,.vinyl.formamide.copolymerization.is.a.better.choice..Actually,.the.
synthesis.of.a.WSR.from.PVAm.involves.three.steps:.the.copolymerization.of.N-vinyl.formamide,.
the.hydrolysis.of.the.copolymer.(polymer-analogous.reaction),.and.the.cross-linking.process.on.cel-
lulose.fibers.

The. copolymers. of. N-vinylformamide. [354]. or. foramidoethyl. vinyl. ether. [403]. are. obtained.
either.through.the.copolymerization.or.the.partial.hydrolysis.(20%–90%).of.polyvinyl.formamide..
The.binary.copolymer.contains.pendant.amine.and.amide.groups..Ternary.copolymers.with.vinyl.
acetate,.N-vinyl.pyrrolidone,.and.acrylonitrile.are.an.even.better.solution.to.the.yellowish.problem.
[339,402,404,405]..The.whiteness.made.with.this.type.of.copolymer.is.identical.to.that.obtained.
with.PAE-type.WSR.

N-vinyl. formamide. has. a. strong. tendency. to. copolymerize. (see. the. reactivity. ratio. values. in.
Table. 5.1,. rNVF.<.1.0). [404–407].. However,. the. copolymerization. of. N-vinyl. formamide. [359]. is.
not.easy:.the.process.implies.a.complicated.addition.procedure.for.the.monomers.and.the.initiator..
Different.reactivities.in.the.copolymerization.and.hydrolysis.processes.are.recorded.when.N-vinyl-
tert-butyl.carbamate.is.used.instead.of.N-vinyl.formamide.[408].

When.the.comonomer.is.also.a.functional.monomer.(like.maleic.anhydride.[359,409]).the.pro-
cess.is.even.more.difficult..However,.reactive.comonomers.(such.as.boronic.acid.derivatives.[410]).
will.react.as.cross-linkers.for.the.cellulose.fiber,.starch,.or.guar.[410,411].(see.Section.4.2.1.).
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Polymers.and.copolymers.of.N-vinyl. formamide.grafted.on.a.water-soluble.polymer. (such.as.
polysaccharide.[412],.polyvinyl.alcohol.[413],.or.polyethylene.glycol.[414]).show.good.performances.
as.wet-strength.resins.

The.synthesis.of.the.NVF.copolymers.follows.the.same.pattern.as.in.the.polyvinyl.acetate.(PVA).
technology..Moreover,.the.most.common.comonomer.is.vinyl.acetate..The.base.hydrolysis.of.the.
VAc-NVF. copolymer. almost. favors. ester. cleavage,. but. in. acid. pH. amid. hydrolysis. takes. place.
alongside.partial.ester.hydrolysis. [334,354,415]..N-vinyl. formamide.copolymers.with.acrylamide.
[416],.acrylate.[417],.and.acrylonitrile.[418,419].are.also.hydrolyzed.in.acid.pH.

Copolymers.N-vinyl.acetamide–vinyl.acetate.show.different.Tg.values.as.a.function.of.the.como-
nomer.ratio.in.the.final.copolymer.[358].and.their.hydrolysis.requires.much.milder.conditions.than.
those.used.for. the.N-vinyl.acetamide.homopolymer.[353]..The.concentration.of. the.vinyl–amide.
in.those.copolymers.and.the.degree.of.hydrolysis.generate.multiple.chemical.microstructures..The.

tABlE 5.1
Reactivity Ratios for vinyl 
Formamide (M1) copolymerization

comonomer (M2) rnvF r2

Maleic.anhydride 0.028–0.05 0.01–0.02

Vinyl.acetate 4.62 0.31

Acrylamide 0.05 0.52

Sodium.acrylate 0.25 0.58

n-butyl.acrylate 0.06 0.54
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vinyl–amide.content.is.recommended.to.be.over.1%.but.less.than.15%..The.vinyl.acetate.units.are.
hydrolyzed.in.two.steps:.by.alkali.saponification.using.0.1.mol.Na.methoxide.in.methanol.(step.one).
and.by.concentrated.hydrochloric.acid.at.90°C.(step.two),.at.over.75%.while.the.amide.hydrolysis.is.
about.25%.[420]..The.final.quaternary.copolymer.has.hydrophilic.units.(in.blue),.hydrophobic.units.
(in.black),.and.potential.cationic.charges.attached.to.the.amine.group.(in.red)..That.structure.com-
bines.two.different.CCDs:.the.distribution.generated.during.copolymerization,.and.the.distribution.
generated.during.hydrolysis.
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After.the.copolymer.hydrolysis,.the.copolymerization.of.vinyl.acetate.with.N-allyl.formamide.
(or. N,N-diallyl. formamide. made. by. trans-amidation. of. ethyl. formate. with. the. corresponding.
amine). [421]. allows. for. the. incorporation. of. primary. amines,. a. cyclic. secondary. amine,. and. a.
hydroxyl.group.
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Polyvinyl.amines.undergo.the.well-known.reactions.of.amines:.acylation,.alkylation,.arylation,.
diazotation,.oxidation,.Michael.addition.to.double.bonds,.etc..[422]..Most.of.these.reactions.which.
involve.a.macromolecular.compound.are.quite.different.from.those.on.small.molecules.[389]..When.
the.polyamine.is.reacted.with.a.difunctional.compound.(such.as.butandiol.diacrylate,.epichlorohy-
drin.[423],.or.glyoxal.[423,424]),.the.polymer-analogous.reaction.generates.a.cross-linked.material.
even.at.room.temperature.
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Aldehydes. with. only. one. functionality. (such. as. butyraldehyde). react. with. vinyl. amine–vinyl.
alcohol.copolymer.(6%/94%).in.water.solution.to.form.a.polyaminal.[425,426].
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The.long.hydrocarbon.tails.[427].make.the.copolymer.more.hydrophobic..The.hydrophobic.part.
can.also.be.added.through.a.reaction.with.epoxides.[428,429],.with.alkenyl.ketene.dimer.(AKD).
and/or.alkenyl.succinic.anhydride.(ASA).[177,430]..It.seems.that.a.synergetic.effect.is.developed.
when.the.PVA–PVAmine.is.modified.with.AKD.[431].because.the.polyvinyl.alcohol.(PVA)/AKD.
blend.does.not.show.any.improvement.in.wet.strength.

Maleic.anhydride.copolymers.(with.isobutylene,.diisobutylene,.styrene,.and.propylene).are.very.
attractive.as.potential.backbones.for.many.reactions.on.the.anhydride.functionality..Thus.the.esteri-
fication.with.diethylaminoethanol.[432].or.the.imidization.[433].of.the.maleic.unit.with.a.difunc-
tional.amine.(such.as.dimethyl.aminopropylamine.[434]).converts. the.polymer. to.a.hydrophobic.
backbone.with.cationic.charges..In.a.subsequent.step,.the.tertiary.amine.is.quaternized.(with.epi-
chlorohydrin.or.any.other.alkylation.agent.[435]).
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The.grafting. reaction.may.change. the.molecular.weight.of. the.backbone. [436].but. a.hydro-
philic.macromolecular.compound.(such.as.polyethylene.oxide).may.be.converted.to.a.functional.
polymer..For.instance,.polyethylene.oxide.(molecular.weight.about.100,000).is.reacted.with.vinyl.
functional.monomers.such.as.methacryloxypropyl.trimethoxy.silane.in.the.presence.of.a.free.radi-
cal.initiator.[437].
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The.reaction.mechanism.involves.a.chain.transfer.to.PEO.and.the.number.of.monomer.molecules.
attached. to. the.PEO.macromolecule.depends.on. the.reaction.parameters:. initiator.concentration,.
mole.ratio.between.backbone.and.monomers,.order.of.addition,.etc..The.final.functional.polymer.is.
a.WSR.that.still.needs.cationic.charges.for.its.retention.at.the.wet.end.
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5.1.4  PolymeR latexeS

Water-soluble.polymers.and.copolymers.are.particularly.effective.because.their.cationic.charges.and.
reactive.groups.are.wide.open.for.interactions.with.cellulose.fibers..Surprisingly,.dispersions.of.poly-
mers.are.also.good.WSR..Polymer.particles.may.have. ionic.charges.and.reactive.groups,.but. the.
interaction.with.the.fibers.is.possible.only.for.those.groups.that.are.distributed.on.the.particle.surface.

Polymers. and. copolymer. latexes. are. obtained. directly. by. emulsion. (co)polymerization. or. by.
dispersing.a.solution.of.the.(co)polymer.in.water.(see.Sections.2.4.1..and.9.1.2.2)..Any.latex.used.as.
WSR.has.three.major.characteristics:.the.type.of.(co)polymer.(Tg.and.hydrophobicity.seem.to.be.the.
most.important.parameters),.the.particle.size,.and.the.type.of.charges.and.functional.groups.existing.
on.the.particle.surface.

Styrene–butadiene.copolymers.are.very.hydrophobic..Paper.treated.with.latex.shows.a.very.low.
water.penetration:.in.order.to.achieve.complete.paper.wetting.(for.a.wet.tensile-strength.determina-
tion).a.surfactant.must.be.added.to.water..The.effectiveness.of.water.repellency.depends.on.the.Tg.of.
the.polymer,.which.is.a.function.of.the.copolymer.composition.[438].

The.properties.of.nonreactive.neoprene.latexes.as.WSR.[439].differ.significantly.from.those.of.
UF.or.MF.resins.[440]..The.neoprene.particles.are.hydrophobic,.with.low.Tg,.nonreactive.toward.
cellulose,.and.non-thermosetting..A.poly-chloroprene.concentration.in.paper.of.about.10%.increases.
wet.strength.tremendously.(up.to.about.80%.of.its.dry.strength).

The.following.latexes.are.used.as.wet-strength.resins:.butadiene–acrylonitrile.and.butadiene–sty-
rene. copolymers. [441],. polyacrylates,. polyvinylidine. chloride,. paraffin. wax. emulsion. [442–444],.
ethylacrylate–aconitic.acid. (10%.acid). [445],.vinyl.acetate–butyl.acrylate–maleamic.acid.copoly-
mers.[446].and.blends.of.anionic.latexes.(styrene-butadiene.rubber.[SBR].and.styrene–hydroxyethyl.
acrylate–itaconic.acid).[447].

The.emulsion.polymerization.of.chloroprene.results.in.a.dispersion.with.anionic.charges.(rosin.
salt.as.stabilizer).on.the.particles’.surface.[448]..Thus,.when.the.latex.and.the.pulp.are.mixed,.there.
should.be.no.immediate.co-coagulation.(latex.retention.on.the.cellulose.fibers)..For.better.adsorp-
tion.on.cellulose.fibers,.aluminum.sulfate.[449,450],.zinc.white.[451],.and.a.cationic.“deposition.aid”.
[439,452].(such.as.polyvinyl.pyridinium.butyl.bromide.[444]).are.involved..The.best.choice.for.the.
cationic.“deposition.aid”.would.be.a.cationic.wet-strength.resin.(such.as.PAE).[451].

The.particle. size. (the. average.diameter. is. about. 0.2.μm).and. the. amount.of. emulsifier. exist-
ing.in.the.latex.(see.the.surface.tension.of.about.36.dyn/cm).are.the.key.parameters.for.a.proper.
co-coagulation.[453,454]..In.order.to.have.a.uniform.deposition.on.fibers,.the.homo-coagulation.
(latex-to-latex.flocculation).must.be.prevented.[449].

The.amount.of.neoprene.needed.to.improve.the.W/D.ratio.is.2%–4%.[449,450],.but.the.curing.
process.[454,455].still.needs.closer.attention.in.terms.of.the.time–temperature.relationship.

Sticky.polymer.particles.are.able.to.improve.wet.strength.in.the.absence.of.any.new.covalent.bond.
formation..Moreover,.the.ionic.bonds.are.less.important.and.the.W/D.ratio.is.less.sensitive.to.pH;.the.par-
ticles.are.too.large.to.diffuse.into.existing.fiber–fiber.bonds.[456]..What.neoprene.can.do.is.to.increase.
the.hydrophobic.character.and.glue.the.cellulose.fibers.through.hydrophobe–hydrophobe.interactions.

PVA.latexes.were.also.tested.as.nonreactive.wet-strength.resins.[457]..Cationic.modified.PVAc.
latexes.are.self-retained,.while.the.anionic.PVAc.latexes.are.retained.with.alum..The.curing.param-
eters.(time–temperature).are.related. to. the.glass. transition. temperature.of. the.PVAc..Plasticizers.
will.lower.the.Tg.but.their.type.and.their.amount.are.still.uncertain.

Due.to.their.retention.on.the.anionic.cellulose.fibers,.the.cationic.latexes.are.preferred.as.dis-
persed.WSR..Cationic.charges.are.provided.by.a.cationic.surface.active.agent.(such.as.trimethyl,.
hexadecyl.ammonium.chloride).[458]).and.by.a.cationic.comonomer.(such.as.2-vinyl.pyridine.copo-
lymers.[372])..The.cationic.charges.can.also.be.generated.after.particle.formation.by.a.polymer-
analog.reaction.[459,460]..2-Bromoethyl.metacrylate.and.butadiene.are.copolymerized.in.emulsion.
and.the.resulting.copolymer.is.quaternized.with.triethylamine..The.quaternary.ammonium.salt.is.
located.on.the.surface.and.is.chemically.bonded.to.the.polymer.particle.[461].
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Anionic.latexes.(methacrylic.acid.as.comonomer.and.sodium.dodecylbenzene.sulfonate.as.emul-
sifier.and.styrene.maleic.anhydride.copolymer.(SMA).as.macromolecular.stabilizer).are.blended.
with.a.PAE-type.resin..That.blend.is.applied.on.the.paper.surface.[462].or.at.the.wet.end..The.cat-
ionic.resin.is.in.excess.and.provides.a.cationic.character.to.the.dispersion..The.blend.of.hydrophobic.
latex.and.PAE.resin.shows.a.synergetic.effect.[463].

In.order.to.make.a.reactive.compound,.the.polymer.particles.are.made.from.a.soft.copolymer.
(butadiene.as.a.main.comonomer).and.with.some.reactive.groups.on.the.surface..Amide-blocked.
isocyanates. [286],. from. N-methylol-acrylamides. [464]. or. from. acetoacetoxyethyl. methacrylates.
[465],.are.examples.of.reactive.groups.
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In. this.case,. the.wet-strength.mechanism.seems.to.be.of. the.hybrid. type:.a.reactive.group.on.
the.surface.appears.to.help..However,.the.low.Tg.of.the.polymer.seems.to.be.the.main.reason.for.a.
cement-like.behavior.of.polymer.particles.between.the.cellulose.fibers.

The.reactive.latex.(butadiene–styrene-2-isopropenyl-2-oxazoline.[466]).is.combined.with.reactive.
latex.(carboxylated.latex.having.itaconic.acid.as.a.comonomer.[467]).for.a.blend.of.polymers.curable.
at.room.temperature.[468]..In.order.to.avoid.working.with.a.highly.toxic.monomer.(2-isopropenyl-2-
oxazoline),.a.poly-methacrylic.ester.is.converted.to.an.oxazoline-containing.polymer.[469].through.
a.polymer-analogous.reaction..Carboxylic.groups.on.the.cellulose.fibers.may.also.be.involved.in.the.
curing.process..Self-curable.latexes.are.obtained.by.a.2-isopropenyl-2-oxazoline.functionality.on.top.
of.the.carboxylated.latexes.(seeded.emulsion.copolymerization).[470,471].

A.special.case. is.when. the. stabilizer. is.a.wet-strength. resin. itself. [159,472,473]..A.PAE.resin.
is.modified.2-ethyl-hexyl.acrylate.(Michael.addition)..The.acrylate.part.provides.the.hydrophobic.
character.and.the.azetidinium.ring.provides.the.reactivity.and.retention.capability.(in.red)..The.larg-
est.part.of.that.stabilizer.(in.blue).will.be.distributed.in.water.due.to.its.hydrophilic.character..In.this.
case,.there.is.no.chemical.bond.between.the.stabilizer.and.the.polymer.which.forms.the.particle.core.
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A. chemical. bond. between. the. stabilizer. and. the. polymer. particle. is. formed. when. a. macro-
monomer. is. used. in. emulsion. copolymerization.. A. kind. of. polyamidoamine. (pre-polymer. with.
secondary.amine).reacted.with.acrylic.acid.(or.glycidyl.methacrylate.[GMA]).resulted.in.a.cationic.
macro-monomer.
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The.cationic.comonomer.(10%).is.compolymerized.with.styrene.and.butadiene.to.make.a.cat-
ionic.latex.(styrene-butadiene).[474].

Cl–

CH2
CH2

N
CH2

CH2
HNHN

HN

C
O

R

C

O

R

CH2

H2C

R

CH2
CH2

N+

H2C
HC

CH2

OH

CH2

CH2
N

HN
C

O

R

C

O

R

CH2
CH2

R

CH2
CH2 CH2

CH2
N+

H3C

H3C

CH2CH

H2C

HO

Cl–

This.type.of.resin.can.provide.not.only.wet.strength.but.also.a.higher.hydrophobic.character.of.
the.sheet.along.with.an.additional.elasticity.of.the.paper.

The.reactivity.of.functional.groups.and.their.availability.are.equally.important.for.latex.as.a.wet-
strength.resin..Styrene–glycidyl.methacrylates.1:1.copolymer.[475,476].has.a.high.Tg..Due.to.the.
reaction.with.water.at.the.interface,.about.5%.of.the.glycidyl.groups.are.lost.during.latex.synthesis..
Any.attempt.at.involving.the.remaining.95%.of.reactive.groups.(located.in.the.particle.core).in.a.
reaction.with.cellulose.will.require.very.high.temperatures:.200°C.for.20.min.

It. is. no. longer. a. matter. of. glycidyl. group. reactivity. but. of. how. to. make. those. groups. avail-
able..Higher.drying.temperatures,.which.help.the.spreading.process,.will.result.in.better.paper.wet.
strength.[477].even.for.polymers.with.a.low.Tg.number.

5.2 IonIc chARGE AddItIon

Due.to.the.absence.of.any.ionic.interaction.between.cellulose.fibers.and.nonionic.WSR.at.the.wet.end,.
the.paper.sheet.must.be.tub-sized.[33,445,478,479]..Nonionic.compounds.(such.as.dry.formaldehyde.
monomer.or.dimethylolurea).are.used.for.the.direct. treatment.of.paper.articles.[15,18,480]..When.
added.to.the.wet.end,.UF.resins.show.a.poor.retention.on.the.cellulose.fiber.(less.than.50%).[43].

Despite.the.fact.that.the.UF.resin.may.be.precipitated.on.pulp.fibers.with.the.aid.of.alum.[481],.
the. presence. of. ionic. groups. would. improve. retention.. The. addition. of. ionic. charges. should. be.
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performed.by.avoiding.cross-linking.reactions..Thus,.the.pH,.the.concentration,.and.the.reaction.
temperatures.are.controlled.to.prevent.the.reactive.groups.from.developing.side.reactions.

5.2.1  anionic gRouPS

For.UF.or.MF.resins,.several.methylol.groups.react.with.sodium.bisulfate.[482].(or.sulfur.dioxide.
[483,484],.sodium.lignin.sulfonate.[485],.or.hydroxyalkane.sulfonate.[486]).to.add.anionic.charges.
to.the.macromolecule.[487].
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Bisulfite.may.be.added.at. the.beginning.of. the.condensation.[488].and.uncontrolled.polycon-
densation.is.reduced.by.adding.an.excess.of.butyl.alcohol.[489]..Anionic.MF.resins.are.obtained.
through.a.very.similar.procedure.[490,491].

Anionic. charges. are. added. though. a. reaction. with. the. methylol. group. or. the. resin;. thus. the.
anionic.resin.will.have.less.reactive.groups,.but.the.ionic.resin.is.still.reactive.because.both.UF.and.
MF.resins.are.branched,.with.multiple.methylol.groups..The.new.reactive.anionic.resins.are.retained.
in.the.presence.of.salts.of.a.polyvalent.cation.(such.as.alum).[487].

5.2.2  cationic gRouPS

The.base.strengths.of.the.ionizable.amine.groups.of.the.MF.resin.provide.charges.in.the.presence.of.
an.acid.[55,58,492]..For.MF.resins.(1:2.5.MF.ratio).hydrochloric.acid.(0.5–3.5.mol.of.acid.for.1.mol.
of.melamine.[493]).has.been.used.

Some.of.the.preexisting.functional.groups.in.a.nonionic.WSR.are.sacrificed.to.make.the.polymer.
cationic..Cationic.charges.are.located.at.a.nitrogen.or.sulfur.atom..For.instance,.cationic.charges.at.
a.sulfur.atom.are.in.alkyl.thioether.[63].
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Cationic.charges.located.at.a.nitrogen.atom.are.easier.to.obtain..The.methylol.group.reacts.(at.
pH. lowered. to. 5.5. with. formic. acid). with. triethanolamine. [53,54,494,495],. ethylene. polyamine.
[482,496],. hexamethylene.diamine. [497],. or.dimethyl. amino.ethanol. [498]. and. the.new.cationic.
charge.is.added.to.the.polymer.
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Triazone.is.a.cyclic.tertiary.amine.[499].which.results.from.the.condensation.of.formaldehyde,.
urea,.and.a.primary.amine..The.amide.functionalities.are.able.to.react.with.formaldehyde.in.a.regu-
lar.condensation..The.final.product.is.a.di-methylol.triazone..The.tertiary.amino.group.is.potentially.
a.cationic.charge.
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The.methylol.groups.have.a.similar.reactivity.with.those.of.UF.resins.and,.therefore,.di-methylol.
triazone.can.be.added.to.the.UF.condensation.[500].in.order.to.obtain.a.cationic-modified.resin.

Polyamines. (such.as. triethylene. tetramine).multiply. the.process.of.UF.condensation–cationic.
charge.addition.[501]..The.modified.resin.is.used.as.WSR.at.a.pH.=.4.0.when.residual.amine.groups.
are.quaternary. salts..Polyamines.also. reduce. the.content.of. free. formaldehyde. in. the.final. resin.
[42,502].

The.addition.of.cationic.charges.through.methylol.for.a.better.retention.of.ionic.WSR.(UF.and.
MF).on.cellulose.fibers.also.brings.several.other.benefits:.a.better.solubility.in.water,.and.a.better.
control.of.the.polymer.reactivity.for.a.longer.shelf.life.

The.cationic.charges.are.added.by.reaction.of.the.aldehyde.group.of.the.backbone..The.aldehyde.
moiety.is.introduced.in.the.polymer.structure.by.acrolein.copolymerization.[503].or.by.hydrofor-
mylation.of.polybutadiene.[504].(in.toluene.as.solvent.at.high.pressure.600.psig).

CH2 CH2 CH2 CH2 –CH2

CH2CH CHCH CH –HC

CH2

C

O

H

RRR R
CO/H2

This.is.a.synthesis.in.which.the.cationic.charges.are.added.before.the.reactive.moieties..The.alde-
hyde.groups.are.converted.to.an.amino.group.by.reductive.amination.with.an.excess.of.amine.[505].
(see.also.the.reductive.amination.performed.on.olefin–carbon.monoxide.binary.copolymers.[480]).

CH2 CH2 CH2 CH2
CH2 CH2–CH2 CH2
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R
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To.make.a.reactive.and.cationic.WSR,.a.new.hydroformylation.is.performed..That.compound.is.
cationic.at.neutral.pH.and.cross-linkable.with.epichlorohydrin.[505].
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Acrolein.copolymers.react.with.diamine.[506].to.add.cationic.charges.and.the.paper.treated.with.
them.shows.a.W/D.ratio.of.about.30%.[507].

The.amide.moiety.(as.in.polyacrylamide).is.converted.to.a.cationic.group.through.Mannich.reac-
tion. [400,508,509]..The.polyacrylamide.backbone.changes. into.a.copolymer.of.acrylamide.with.
N-dimethylaminomethyl.acrylamide.(n = m + p).
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The.m/p. ratio.can.be.changed.by.modifying. the. reaction.parameters..The.distribution.of. the.
cationic.charges.depends.on.the.molecular.coil.shape.in.the.solution..During.these.reactions.the.
molecular.coil.shape.can.change.due.to.different.types.of.interactions.with.the.solvent.of.the.newly.
formed.pendant.groups.

Polyamines. (PEI,. polyvinyl. amine,. or. polyallylamine. [335]). in. aqueous. solution. are. cationic.
because.the.amine.groups.are.protonated.even.in.neutral.pH.[510].(equilibrium.of.neutralization)..
Quaternary.ammonium.salts.provide.a.better.charge.density.for. the.polyelectrolyte.on.a.broader.
pH.range,.which.makes.it.possible.for.the.retention.of.the.wet-strength.resin.to.occur.at.neutral.and.
slightly.alkaline.pH..The.secondary.amine.is.converted.to.a.tertiary.amine.and.quaternary.ammo-
nium.salt.by.a.reaction.with.glycidyl.trimethyl-ammonium.chloride.[511].
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Polymers.with.tertiary.amine.groups.may.be.quaternized.by.reagents.such.as.p-toluenesulfonate.
[512].or.with.methyl.chloride.in.the.presence.of.methanol.and.sodium.chloride.[508].
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The.cationic.charge.can.be.formed.through.intramolecular.reaction:.the.primary.amines.in.the.
hydrolyzed. acrylonitrile–N-vinylformamide. copolymer. react. with. the. nitrile. groups. (amidiniza-
tion),.in.the.presence.of.hydrochloric.acid,.to.form.the.amidine.cationic.functionality.[510].

CH2 HC
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N
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5.2.3  Pae ReSinS SyntheSiS: the ePichloRohydRin aBility to add cationic chaRgeS

Most.backbones.of.the.WSRs.presented.in.previous.chapters.are.polyamines.[86],.such.as.polyeth-
ylene.imine.[106,513]),.polyamidoamine,.the.polyamidoaminester.[180],.or.the.polyester.backbone.
with.pendant.secondary.amine.groups.[182]..Amines.react.with.epichlorohydrin.to.form.tertiary.
amines.and.quaternary.ammonium.salts.

The.reaction.mechanism.of.amine.and.epichlorohydrin.in.the.presence.of.water.(or.alcohol.[145]).
is. supposed. to. involve.an.epoxy. ring.opening. [514]. and.a. ring. re-formation. [515]. (the.amine. in.
excess.will.capture.the.released.hydrochloric.acid).
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In.order.to.reduce.the.hydrolysis.of.epichlorohydrin,.the.reaction.is.performed.at.low.tempera-
tures.(5°C–30°C).[161].and.high.solids.concentration.(45%)..During.that.stage.no.significant.change.
in.molecular.weight.was.noticed.

The. tertiary. amine. forms. an. internal. quaternary. ammonium. salt. (cyclization. to. 3-azetidinol.
[516])..The.presence.of.the.azetidinium.cycle.was.identified.by.NMR.[517].in.PAE.resins.
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The.linear.chlorohydrin.group.was.also.identified.in.the.same.type.of.resin.[518].and.even.in.a.
concentration.which.exceeds.the.concentration.of.the.azetidinium.cation.[519].

Epichlorohydrin.is.nonsymmetrically.reactive..The.two.functionalities.of.epichlorohydrin.react.
differently.with.amines:.the.ring.opening.of.the.epoxide.does.not.release.any.small.molecules,.while.
organic.chlorine.reacts.with.an.amine.and.the.resulting.hydrochloric.acid.is.captured.by.another.
amine..There.are.thermodynamic.and.kinetic.differences.between.those.two.reactions:.the.epoxy.
group.reacts.first..Thus,.at.a. low.epichlorohydrin/secondary.amine.ratio. (0.25),.only.a.branched.
structure.is.obtained.in.the.absence.of.any.azetidinium.cycle.[520].

Due.to.the.epichlorohydrin.involvement.in.hydrolysis.reactions.(see.Section.5.3.4),.the.secondary.
amines.are.only.partially.converted..The.un-reacted.secondary.amine.reacts.with.the.azetidinium.
cycle.or.with.the.chlorohydrin.moiety.within.a.cross-linking.process..In.order.to.control.it,.the.sec-
ondary.amine.should.be.protonated.with.sulfuric.acid.[153].

Cationic.charges.increase.(almost.linearly).during.the.reaction.with.epichlorohydrin.[519],.mean-
ing.that.the.quaternization.process.is.a.unimolecular.reaction..Viscosity.follows.a.different.pattern.
(Figure.5.13). showing. that.a.certain.amount.of. the.azetidinium. ion. is.needed. to.start. the.cross-
linking.process.

The.chlorohydrin.pendant.groups.are.involved.either.in.a.unimolecular.reaction.(the.azetidinium.
ring.formation).or.in.a.bimolecular.reaction.(cross-linking.process)..To.prevent.bimolecular.reac-
tions,.the.azetidinium.cycle.is.synthesized.in.the.second.step.performed.at.higher.temperatures.of.
60°C–65°C.but.at.a.lower.concentration.(20%.solids).[521].

The.ratio.between.the.cyclic.form.(internal.quaternary.ammonium.salt).and.the.tertiary.amine.is.
the.key.of.the.conversion.reaction.and.the.final.performances.of.the.WSR.[518]..The.cyclization.to.
form.the.azetidinium.group.is.slower.than.the.addition.of.the.epoxide.[517]..A.slower.process.means.
a.longer.reaction.time,.and.a.longer.reaction.time.will.result.in.a.partly.cross-linked.polymer..In.
other.words,.there.are.limitations.in.obtaining.a.high.content.of.azetidinium.cation.in.PAE.resins..
Changing.the.pH.and.the.resin.concentration.are.other.tools.for.a.better.control.of.the.cross-linking.
reaction.[154].

Figure.5.14.shows. that. the.azetidinium.ring.concentration. reaches.a.maximum,.after.which.
its.concentration.is.almost.constant:.the.number.of.newly.formed.rings.is.equal.with.the.number.
of. the. rings. consumed. in. the. cross-linking.process..During. this. period.of. constant. concentra-
tion.of.the.azetidinium.ring,.viscosity.increases.very.fast.[521]..Apparently,.the.reason.for.cross-
linking.is.the.reaction.of.the.azetidinium.cycle.[522]..The.amount.of.azetidinium.cation.involved.
in.the.cross-linking.reaction.depends.on.its.concentration.and.reactivity:.the.terminal.groups.are.
more.reactive.[523]..The.increase.in.cationic.charges.over.time.(see.Figure.5.13).suggests.that.the.
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FIGURE 5.13 Epichlorohydrin. reaction.with.PAA.resin.. (From.Devore,.D.I.. and.Fischer,.S.A.,.Tappi J.,.
76(8),.121,.1993..With.permission.)
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chlorohydrin.pendant.group. reacts.with. the. tertiary. amine.as.well. and.generates. a.quaternary.
ammonium.salt.[519].

At.high.conversions,.the.newly.formed.polymer.is.self-cross-linkable:.both.reactive.functional-
ities.are.on.the.same.backbone..The.azetidinium.group.is.reactive.with.polyamide.including.proteins.
[524,525]..In.order.to.reduce.the.functionality.of.the.system.and.thus.to.prevent.gel.formation.through.
bimolecular.reactions,.the.epichlorohydrin.reaction.with.polyamidoamine.is.performed.in.the.pres-
ence.of.a.polyamine.with.a.small.molecule.(bis(3-aminopropyl).amine).[526],.or.of.ammonia.[67].

The.cross-linking.reaction.is.simplified.by.replacing.the.nonsymmetric.reactive.compound.(epi-
chlorohydrin).with.a.symmetric.one.(such.as.1,3-Dichloro-2-propanol.(DCP).[527]),.or.by.control-
ling.the.backbone.molecular.weight.(end-capped.with.hydroxyl.amines)..The.shorter.segments.of.
the.polyamidoamine.backbone.reduce.the.probability.of.gel.formation.

Tertiary.amines.[113,370,528].can.also.be.involved.in.a.reaction.with.epichlorohydrin.(or.with.
any. other. halohydrine). to. form. a. quaternary. ammonium. salt. (pH.=.2–3). as. WSR.. The. nitrogen.
atom.of.the.quaternary.ammonium.salt.is.located.in.the.backbone.structure,.or.as.a.pendant.group.
[338,371].when.tertiary.amines.are.within.di-allylmethyl.amine.homopolymers.or.copolymers.
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5.2.4  the SyntheSiS of Pae-tyPe ReSin Without ePichloRohydRin aS RaW mateRial

The.use.of.the.PAE.resin.involves.several.drawbacks.[166]:.the.hydrolysis.of.epichlorohydrin.gener-
ates.toxic.by-products.(see.Section.5.3.4),.their.maximum.wet-strength.properties.are.gained.after.
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FIGURE 5.14 The.azetidinium.content.(based.on.the.repeating.units).and.the.resin.viscosity.as.a.function.
of.reaction.time.
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an.aging.period,.the.resins.require.a.relatively.low.pH.for.stabilization,.and.corrosion.problems.are.
encountered.in.the.handling.and.storage.of.PAE.resins..Due.to.environmental.and.health.hazards,.
the.products.obtained.by.using.epichlorohydrin.have.become.highly.undesirable.

In.order. to. rule.out.any.by-products,.other. reaction. routes.are. suggested. [348,529]:.water. is.
eliminated. from. the. synthesis. involving. epichlorohydrin,. or. an. allyl. group. chemistry. is. used.
because.the.allylic.structure.is.a.precursor.of.epichlorohydrin..An.allyl.double.bond.can.be.added.
to. the. polyamidoamine. directly. from. the. condensation. reaction,. using. bis(2-aminoethyl)allyl.
amine. [146],.or. the.quaternary.ammonium.salt. is. formed.with.an.allyl.chloride. reacted.with.a.
polyamidoamine.

A.polyamidoamine.(as.the.prepolymer.made.from.DETA.and.diacids).reacts.with.an.excess.of.
allyl.chloride.(1.mol.secondary.amine.to.1.2–1.3.mol.allyl.chloride.[348])..Due.to.that.excess,.both.
a.quaternary.ammonium.and.a.tertiary.amine.are.formed.
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The.quaternization.of.a.tertiary.amine.[529].is.done.with.a.lower.allyl.chloride/polyamidoamine.
ratio..The.reaction.is.performed.at.a.temperature.of.25°C–105°C.in.water.and.the.allyl.chloride.is.
used.in.amounts.ranging.from.1.0.mol.to.about.1.05.mol.per.mole.of.tertiary.amine.[351].

The.next.step.is.to.add.the.chlorohydrin.functionality.by.a.reaction.of.the.allylic.double.bond.
with.hypochlorous.acid.created.in.situ.by.sparging.with.chlorine.
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5.3  PolyAmIdoAmInE EPIchloRohydRIn 
PolymERs As wEt-stREnGth REsIns

The.retention.and.the.performances.of.PAE.polymers.as.WSRs.depend.on.their.chemical.structure:.
the.molecular.weight,.the.charge.density,.and.the.distribution.of.the.azetidinium.cycle..That.chemi-
cal.structure.is.set.with.the.polymer.synthesis,.which.involves.three.major.steps:.(1).the.conden-
sation.of.polyalkylene.polyamine.with.a.dicarboxylic.acid.to.form.a.polyamidoamine.(backbone.
synthesis),. (2). the. polyamidoamine. reaction. with. epichlorohydrin. at. a. temperature. below. 40°C.
(secondary. amines. are. converted. to. tertiary. amines),. and. (3). the. tertiary. amines. are. partially.
converted.to.quaternary.ammonium.salts.(azetidinium.cycle).at.temperatures.ranging.from.50°C.
to.70°C.
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While.steps.1.and.2.show.good.selectivity,.during.step.3.the.cyclization.reaction.competes.with.
the.cross-linking.process..As.a.result,.the.PAE.resin.shows.broad.molecular.weight.and.chemical.
composition.distributions.

5.3.1  chemical StRuctuRe of Pae ReSinS

PAE-type.resins.contain.a.polyamidoamine.backbone.with.a.quaternary.ammonium.salt.located.in.
the.backbone.structure..Due.to.the.excess.of.epichlorohydrin,.there.are.virtually.no.secondary.or.
primary.amines.left..At.pH.=.3,.tertiary.amines.are.protonated..The.linear.chlorohydrin.conversion.
to.the.azetidinium.cycle.is.developed.in.parallel.with.the.cross-linking.reaction..The.number.of.lin-
ear.units.and.the.number.of.cyclic.units.depends.on.the.epichlorohydrin.concentration.and.reaction.
time.[517]..Thus,.there.are.four.possible.structures.for.the.ionic.units.

m
CH2 N

+ CH2

H

CH2
HC

CH2

HO

Cl

R R
Cl–

n

H

N+ CH2CH2

CH2
CH

CH2

O

R R
Cl–

Cl–
CH2

N+

CH2

CH2

CH
H2C

OH

R R
p

(A) (B)

(C) (D)

CH2 N+ CH2

H

CH2
HC

CH2

HO

R R

CH2

N
CH2

R

R

The.structure,. as. illustrated.above,. is. complex.and. shows.a.very. reactive.polymer.. In.order.
to.prevent.any.chemical.reactions.(hydrolysis,.cross-linking,.or.ring.opening.of.the.azetidinium.
cycle),.the.analysis.of.the.PAE.resin.structure.is.performed.in.water,.along.with.all.the.residuals.
from.its.synthesis.[522].

There.is.no.evidence.for.the.presence.of.the.epoxy.structure.(A),.and.the.azetidinium.cycle.unit.
(C).is.in.a.concentration.of.less.than.70%.mol.[519,522]..During.the.synthesis.of.the.PAE.resin,.holo-
genated.alkyl.amines.(B.structure).are.converted.(intramolecular.reaction).to.a.cyclic.quaternary.
ammonium.salt.[530–534].(structure.C).or.to.a.cross-linked.macromolecule.(structure.D).through.
an.intermolecular.reaction.

Nonionic.chlorine. is.converted. to. ionic.chlorine. through.both. intra-.and. intermolecular. reac-
tions..Intermolecular.reactions.result.in.higher.molecular.weights..According.to.the.Mn.measure-
ments,.there.are.about.four.bridges.(D).between.the.polyamidoamine.backbones.in.one.big.PAE.
macromolecule.[521].

The. PAE. synthesis. is. a. very. delicate. process. during. which. the. ideal. polymer. would. have. a.
higher.concentration.of.(C).units.with.a.reduced.number.of.cross-links.(D)..Unfortunately,. these.
two.properties.are.interrelated.(see.Figure.5.15)..Moreover,.the.presence.of.reactive.functionalities.
determines.the.poor.stability.of.the.final.product.

Tertiary. amines. (B. and. D). behave. differently. when. pH. changes. from. 3. to. 8. [522].. Through.
1H-NMR.and.13C-NMR.on.the.PAE.resin.dissolved.in.water,.it.was.possible.to.identify.a.differen-
tiation.in.the.hydrogen.atoms.bonded.to.the.carbon.atoms.located.next.to.the.nitrogen.from.tertiary.
amines..These. important. changes.can. result. in. a.different.macromolecular. coil. conformation.at.
different.pH.and.electrolyte.concentrations.(see.polyelectrolytes.in.solution).
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The.type.of.ionic.charges,.the.distance.between.cationic.charges,.and.the.characteristics.of.the.
environment.(pH,.ionic.strength.of.the.solution).will.influence.the.shape.of.the.molecular.coil.and.
its.capability.to.adsorb.on.the.cellulose.fiber.

The. retention. of. PAE-type. resin. [123,535]. reaches. a. plateau. at. 1%–2%. resin. concentration..
At.higher. resin.concentrations,. the. resin.adsorption. (calculated.based.on.pulp). increases.but. the.
adsorbed.fraction.of.PAE.resin.starts.decreasing.after.the.100%.values.has.been.reached.

The.resin.structure.is.responsible.for.the.charge.density.and,.thus,.for.the.resin.retention.on.cel-
lulose..The.charge.density.of.the.PAE.resin.is.adjusted.by.the.amine/epichlorohydrin.ratio,.by.the.
diacid.molecular.weight,.and.by.the.polyamine.functionality..A.lower.charge.density.is.obtained.
with.a.higher.diacid.molecular.weight.and/or.by.substituting.DETA.with.ethylenediamine.[536].

Retention.is.a.process.driven.by.the.charge.density.[122,123]:.for.a.higher.molecular.weight.of.
the.diacid.(dimer.acid),.the.charge.density.(per.gram.of.resin).is.lower.and.the.retention.has.lower.
values.at.the.same.resin.concentration.(Figure.5.15,.in.red).

PAE. includes. a. broad. distribution. of. macromolecules. with. a. different. potential. as. wet-
strengthening.material.for.paper..Different.fractions.(separated.by.dialyze).of.polymers.within.
a.sample.of.PAE.resin.were.identified.as.having.a.lower.retention.and.much.lower.performances.
than.average.[537].

The.retention.values.of.PAE.were.higher.when.the.pulp.had.a.higher.carboxyl.content..However,.
small.amounts.of.PAE.were.retained.in.the.handsheets.prepared.from.pulp.with.no.carboxyl.func-
tionality.detected.by.the.TAPPI.titration.method.[538].

5.3.2  moleculaR Weight

The.WSR.molecular.weight.is.a.crucial.parameter.for.its.performances.and.shelf.life..The.polymer.
molecular.weight.is.built.up.in.two.steps:.during.the.pre-polymer.synthesis.(linear.macromolecule).
and. during. the. epichlorohydrin. reaction. (branched. macromolecules—a. partially. cross-linking.
process).

The.attempt.to.use.NMR.for.molecular.weight.measurements.seems.to.lead.to.numerous.incon-
sistencies. [522]..Thus,.data.on. the.molecular.weight.of. the.PAE.resins.are.obtained.by.working.
with.diluted.polymer.solutions..The.behavior.of.the.PAE.resin.in.solution.becomes.a.key.factor.in.
understanding.experimental.data.

Polyamidoamines. are. polyelectrolytes:. the. amine. groups. are. protonated. in. acid. and. even.
in.neutral. pH..The. extent.of.protonation. and. the. shape.of. the.macromolecular. coil. depend.on.
pH..That. is.why. the.molecular.weight.estimation.for. those.polyamidoamine.polymers.must.be.
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performed.in.a.standard.solution.of.1.N.ammonium.chloride.[152]..The.molecular.coil.size.also.
depends.on.the.presence.of.other.electrolytes.[77].(see.Section.2.3.2),.and.on.the.rigidity.of.the.
polymer.structure.[521].

The.gel.permeation.chromatography.(GPC).method.shows,. for.all.cationic.polyelectrolytes,.a.
reduction.in.their.apparent.molecular.weight.when.pH.and/or.the.ionic.strength.are.increased.[539]..
Intrinsic. viscosity. in. NaNO3. solution. depends. on. the. concentration. of. the. inorganic. electrolyte..
Strong.effect.is.noticed.at.very.low.concentrations.of.inorganic.salt:.from.1.dL/g.in.the.absence.of.
electrolyte.to.about.0.35.dL/g.at.0.5.mol/L.NaNO3.

For.consistent.results,.pH.and.the.conductivity.of.the.polyelectrolyte.sample.should.be.carefully.
managed..The.molecular.weight.of.the.epichlorohydrin–dimethyl.amine.condensate.was.measured.
by.high-performance.liquid.chromatography.(HPLC).using.an.eluent.of.0.3125.mol/L.sodium.ace-
tate.and.0.3125.mol/L.acetic.acid.[78]..The.same.eluent.was.used.for.the.molecular.weight.measure-
ment.of.cationic.polyelectrolytes.by.size-exclusion.chromatography.(SEC).[521,540]..Moreover,.the.
column.should.be.treated.with.specific.reactants.in.order.to.add.quaternary.ammonium.salt.to.the.
stationary.phase.and.the.eluent.should.be.carefully.chosen.(0.1.N.nitric.acid.for.a.cationic.polyacryl-
amide-type.copolymer).[541]..A.better.method.(SEC.with.a.multi.angle.laser.light-scattering.detec-
tor).has.been.developed.using.a.solution.of.0.5.M.acetic.acid.and.0.2.M.sodium.nitrate.as.eluent,.or.
acetic.acid.(0.3.M)-sodium.acetate.(0.3.M).[540].

During.the.PAE.resin.synthesis,.parallel.reactions.develop.(azetidinium.cycle.formation,.alkyla-
tion,.and.cross-linking)..The.higher.molecular.weight.fraction.may.undergo.a.faster.cross-linking.
process.and.the.higher.cationic.charge.density.in.a.molecule.will.change.the.shape.of.the.coil.(it.
extends.due.to.the.repulsive.forces).for.an.easier.action.with.epichlorohydrin..Therefore,.the.macro-
molecules.start.to.be.differentiated.by.their.molecular.weight.and.chemical.composition.

The.GPC.of.the.PAE.resin.shows.two.peaks.(bimodal.distribution.[542]).which.shift.positions.
and.intensities.when.pH.and/or.the.ionic.strength.is.increased.[517]..This.suggests.that.there.are.at.
least.two.macromolecular.species.with.different.chemical.structures.and.molecular.weights..This.
polymer.shows.a.polydispersity.of.both.its.molecular.weight.and.chemical.composition.

Different.fractions.are.influenced.differently.by.the.electrolyte.concentration:.lower.molecu-
lar.weight.(separated.by.fractionation).shows.a.lower.impact.of.the.electrolyte.on.its.molecular.
shape.[517].

A.systematic.study.[543].reveals.that.there.is.no.correlation.between.the.molecular.weight.and.
the.charge.density.of.PAE.resin.(Figure.5.16).

For.an.ideal.experiment.aimed.at.studying.the.effect.of.the.molecular.weight.on.the.resin.per-
formances,.polymers.with.different.molecular.weights.and.with.the.same.charge.density.should.be.
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tested..Due.to.the.lack.of.availability.of.such.resins,.apparently,.the.PAE.resin.molecular.weight.
does.not.have.any.impact.on.the.paper.wet.or.dry.strength.(Figure.5.17)..It.is.more.reasonable.to.
believe.that.although.the.molecular.weight.of.the.wet-strength.resin.is.important,.the.experimental.
data.cannot.reveal.it.

But.when.the.molecular.weight.is.associated.with.the.concentration.of.the.azetidinium.cycles,.
during.the.PAE.resin.synthesis,.the.polymer.molecular.weight.has.a.strong.impact.on.the.paper.wet.
strength:.the.molecular.weight.should.be.over.104.and.the.azetidinium.content.over.65%.[521].

The.PAE.resin.solution.viscosity.is.a.function.of.the.molecular.size.and.shape.of.the.molecular.
coil..For.a.given.molecular.weight,. the.polymer.solution.depends.on.the.electrolyte.added.to.the.
system:. acids,. buffers,. and. the. electrolytes. brought. by. water. used. for. dilution.. The. presence. of.
electrolytes.reduces.the.size.of.the.macromolecular.coil,.which.also.changes.the.molecule’s.vicinity..
The.environment,.the.distribution.of.azetidinium.cycles,.and.the.polymer.molecular.weight.dictate.
not.only.the.solution.viscosity.but.also.the.resin.stability.

5.3.3  ReSin StaBility and Shelf life

Several.patents.claim.a.very.stable.PAE.resin:.6.months.at.25°C–30°C.for.37%.solids.[22].or.even.
53%.solids. [141]..However,.as.a.general.behavior,. for. that. type.of. resin,.viscosity. increases.over.
time.[544]..Figure.5.18.shows.the.viscosity.of.the.PAE.solution.as.a.function.of.time..Regardless.of.
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the.polymer.concentration,.the.curves.profile.is.the.same:.with.a.shorter.aging.time,.a.decrease.in.
viscosity.is.noted,.while.with.a.longer.time,.viscosity.increases.exponentially.

The.cross-linking.process.is.responsible.for.the.increase.in.viscosity..There.is.no.reason.to.believe.
that.the.cross-linking.reaction.starts.later.during.the.shelf.life..It.is.more.likely.that.the.cross-linking.
reaction.competes.against. the.hydrolysis.process. from.moment.zero.of. the.shelf. life..Those. two.
reactions.are.developed.simultaneously.

The.cross-linking.mechanism.is.supposed.to.develop.through.the.attack.on.the.azetidinium.cycle.
resulting.in.a.bridge.(in.red).between.two.macromolecules.(in.blue).
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This.cross-linking.reaction.keeps.constant.the.number.of.tertiary.amines.and.quaternary.ammo-
nium.cations,.but.lowers.the.concentration.of.azetidinium..Higher–molecular.weight.polymers.have.
a.larger.number.of.azetidinium.and.chlorohydrin.groups.and.are.more.likely.to.involve.them.in.the.
cross-linking.step.(statistical.factor)..The.partially.cross-linked.polymer.has.an.even.higher.molecu-
lar.weight,.which.is.why.the.process.is.developed.exponentially.(see.Figure.5.18).

The.macromolecule.of.the.polyamide.backbone.can.be.broken.[545],.and.hydrolysis.was.sug-
gested.as.a.reason.for.lower.viscosity.during.the.shelf.life.[517,546–548]..The.amide.bond.is.the.
weakest.part.of.the.backbone.and.its.hydrolysis.is.supposed.to.take.place.at.a.low.pH.[549].
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The.signals.in.H-NMR.spectra.of.3-hydroxy-azetidinium.groups.of.PAE.decreased.with.aging.
time..The.four-member.cycle.is.hydrolyzed.to.2,3-dihydroxypopyl.groups.[548,549].
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The.hydrolysis.and.the.cross-linking.change.the.solution.viscosity,.reduce.the.azetidinium.cycle.
concentration,. and.make. the.polymer. shelf. life. shorter..From. the. commercial. point. of. view. the.
best.WSR.product.would.have.a.high.concentration.(lower.costs.for.production,.storage,.and.ship-
ping),.as.well.as.high.molecular.weight.and.high.azetidinium.content.for.better.performances..Thus,.
increasing.resin.stability.is.a.common.objective.for.scientists.
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There.are.two.approaches.to.improve.the.stability.of.the.PAE.resin.solution:.one.is.to.use.chemi-
cal.reactions.which.interfere.with.the.aging.process.and.the.other.is.to.reduce.the.probability.of.
developing.higher.molecular.weight.species.

At.pH.8.0,.even. in.a.diluted.solution,. tertiary.amines.are. less.protonated,.and. the.PAE.resin.
shows.an.increase.in.molecular.weight.after.1.h.[540]..Because.secondary.and.tertiary.amines.seem.
to.be.involved.in.the.cross-linking.process,.a.chemical.reaction.used.to.improve.resin.stability.was.
to.convert.all.secondary.amines.to.tertiary.amines.(reaction.with.ethylene.oxide.[550].or.formal-
dehyde.[551]).and.to.block.the.tertiary.amine.nitrogen.by.protonation.with.an.acid.[171,528,540]..
Water-soluble.acids.are.added.to.the.resin.solution.in.order.to.convert.the.reactive.groups.to.quater-
nary.ammonium.salts.(2.0.<.pH.<.3.0).[113,552].
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Unfortunately,.the.quaternary.ammonium.salt.is.part.of.an.equilibrium.reaction.and.free.tertiary.
amines.are.still.present.even.at. lower.pH..That. is.why,.even.at.a.very.low.pH,.the.cross-linking.
process.continues..The.pH.can.be.changed.(pH.=.7.0).either.before.[154].or.after.the.reaction.with.
epichlorohydrin..The.pH.of.the.PAE.resin.is.adjusted.with.inorganic.and.organic.acids.and.their.
blends.[553],.such.as.sulfuric.and.formic.acids.in.different.sequences..Those.two.acids.can.be.added.
in.a.sequence.(first.formic.acid.[546,552]).or.even.better.as.a.blend.in.only.one.shot.[547]..A.higher.
acid.concentration.provides.better.stability.(see.Figure.5.21)..Stability.is.also.improved.by.heating.
for.3.5.h.at.70°C,.and.at.pH.=.2.[114],.or.by.adding.inorganic.salts.(calcium.chloride,.magnesium.
chloride,.aluminum.chloride,.etc.).at.pH.=.4.5.[554].

The. low. pH. and. the. potential. corrosion. concerns. have. led. to. an. attempt. to. convert. tertiary.
amines.to.quaternary.ammonium.salts..If.all.the.nitrogen.atoms.were.quaternary.ammonium.salts.
the.resin.stability.would.be.much.longer.[347]..The.quaternization.reaction.(with.dimethyl.sulfate).
can.be.performed.before.[555].or.after.cross-linking.with.epichlorohydrin.[536,556].

The. cross-linking. process. is. self-accelerating. because. the. probability. of. developing. a. bridge.
between. two. molecules. increases. with. their. increasing. molecular. weight.. Another. chemical.
approach.to.increase.the.resin.stability.is.to.slow.down.the.cross-linking.reaction.by.adding.a.low.
molecular.weight.compound.but.with.the.same.chemical.structure.[557]..The.intermolecular.reac-
tion.is.developed.at.the.same.reaction.rate,.but.the.“cross-linked”.polymer.has.a.smaller.partner.and.
the.increase.in.viscosity.is.not.significant.

A.reduction.in.the.probability.of.developing.a.reaction.can.be.obtained.by.decreasing.concentra-
tion.of.the.reactants..Therefore,.good.resin.stability.requires.lower.solid.content,.lower.molecular.
weight,.and.lower.azetidinium.concentration.[558–561].

The.resin.shelf.life.is.longer.in.diluted.solutions..However,.dilution.can.be.performed.only.down.
to.a.reasonable.point..The.first.generation.of.PAE.resins.was.delivered.at.3%.[94],.6%.[562],.or.9%.
concentration.[108,109].

Resin.stability.can.be.improved.by.lowering.the.molecular.weight.of.the.resin.and/or.the.con-
centration.of.the.azetidinium.cycle..A.PAE.resin.made.from.a.low.molecular.weight.prepolymer.
(polyamidoamine.obtained.with.an.excess.of.amine.[168]).will.take.more.cross-links.to.build.up.
molecular.weight..This.resin.with.a.concentration.of.40%.is.stable.for.6.weeks.at.90°F.

The.prepolymer.molecular.weight.is.set.during.the.adipic.acid/polyamine.condensation:.a.mole.
ratio.close.to.1.0.will.result.in.a.higher.molecular.weight.for.the.polyamidoamine.prepolymer.[150]..
At.a.mole.ratio.(adipic/DETA).lower.than.1.0,.the.PAE.resin.stability.was.improved.to.over.30.days.
at.50°C.[151].
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The.concentration.of.the.azetidinium.cycle.and.the.corresponding.tertiary.amine.concentration.
depend.on.the.epichlorohydrin/secondary.amine.mole.ratio.[22]:.the.higher.the.mole.ratio,.the.better.
is.the.resin.stability.(Figure.5.19)..Although.these.experimental.data.are.interesting,.higher.epichlo-
rohydrin.concentrations.are.prohibitive.in.terms.of.production.costs.and.of.by-products.resulting.
from.hydrolysis.of.epichlorohydrin.(see.Section.5.3.4..and.Figure.5.20).

A.PAE.resin.with.a.very.low.pH.has.good.stability.but.loses.its.wet-strength.efficiency.with.
aging:.both.hydrolysis.and.cross-linking.reduce. the.azetidinium.cycle.content..The.“re-activa-
tion”.of.the.low.pH.PAE.resin.is.performed.with.a.base.[552],.within.a.complicated.process.that.
requires.an.aging.step.of.4.h.at. room.temperature.before.dilution.from.25%.to.2%.and.uses. it.
promptly.

Due.to.the.fact.that.resin.stability.is.related.to.the.concentration.of.the.azetidinium.cation,.
the. reactive. groups. can. be. eliminated.. The. final. polymer. would. no. longer. be. a. self-reactive,.
thermosetting.resin.[170]..The.synthesis.involves.the.same.chemical.compounds.(adipic.acid.and.
DETA.and.epichlorohydrin).but.the.molecular.weight.of.the.prepolymer.is.controlled.with.mono-
functional.amines. (mono-ethanol.amine).and. the.epichlorohydrin.concentration. is.kept.below.
0.5.mol.per.mole.of.secondary.amine..The.final.polymer.is.highly.branched,.but.the.azetidinium.
cycle.and. the.chlorohydrin.pendant.groups.are.missing..Actually,. this.branched.compound. is.
a.poly-tertiary.amine..The. tertiary.amine.groups. (in. red).can.easily.be.protonated. to.make.a.
cationic.resin.

0

5

10

15

20

25

0.9
Re

sin
 st

ab
ili

ty
 at

 5
0°

C 
(d

ay
s)

Moles ratio Epi/SA
2.41.91.4

FIGURE 5.19 PAE.resin.stability.at.50°C.as.a.function.of.epichlorohydrin.concentration.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

60

70

80

90

100

110

120

130

A
O

X 
(%

 b
as

ed
 o

n 
so

lid
s)

W
et

 te
ns

ile
 (%

 o
f a

 st
an

da
rd

 P
A

E 
re

sin
)

0.6
Epi/sec-amine (mol/mol)

1.41.210.8

FIGURE 5.20 The.effect.of.epichlorohydrin.concentration.on.the.AOX.content.and.the.PAE.resin.perfor-
mances.for.mixed.hardwood–softwood.Kraft.paper.

© 2012 by Georgia-Pacific Chemicals LLC

  



193Wet-Strength Resins

HO

HN

O
NH

O
N

NH

O

O

NH
N

NH

O

O

NH
OH

OH

OHHN

O

NH

O
N

NH

O

O

NHN

NH

O

O

NH
HO

OHO

NH N
NH

O

R

CH2

HC
R

HO

R

5.3.4  By-PRoductS (dcP and cPd) and hoW to loWeR theiR concentRation

During.the.PAE.resin.synthesis,.only.a.fraction.of.the.epichlorohydrin.reacts.with.the.amine.groups.
from.the.polyamidoamine.prepolymer..Some.of. it. remains.un-reacted,.and.some.reacts.with. the.
water.or.the.chloride.ion.to.form.CPD.and.DCP.respectively.

The.amount.of.by-products.(up.to.40%.based.on.the.dry.product.[384]).depends.mostly.on.the.
ratio.between.epichlorohydrin.and.amine..It.is.preferable.to.use.sufficient.epichlorohydrin.to.convert.
all.secondary.to.tertiary.amine.groups.or.to.add.dimethyl.sulfate.to.make.quaternarium.ammonium.
salt. [152]..High.Epi/amine.ratio. involves.an. important.benefit:.a.higher.conversion.of. the.amino.
groups.(a.completely.quaternized.copolymer.[563].and.therefore.a.longer.shelf.life).

An. excess. of. epichlorohydrin. is. involved. in. the. other. side. reactions.. Organic. chlorine. from.
epichlorohydrin.is.converted.to.anionic.chlorine.in.quaternary.ammonium.salt..The.ionic.species.
(such.as.Cl−,.H+,.and.HO−).may.move.the.process.toward.the.neutral.organic.compound.formation.
(dichloro-2-propanol,.DCP).

In.an.aqueous.medium,.about.one-third.of.epichlorohydrin.undergoes.the.reaction.with.hydro-
chloric.acid.to.form.DCP.[64]..The.consumption.of.hydrochloric.acid.changes.the.pH.to.alkaline.
[564],.which.favors.the.formation.of.3-chloropropane-1,2-diol.(CPD).and.eventually.glycerol.

+O

Cl Cl

OH

OH

H2O

CPD

+O

Cl Cl

OH

Cl

HCl

DCP

The.presence.of.DCP.and.CPD.is.a.specific.characteristic.of.the.synthesis.of.PAE.resins..A.PAE.
resin.without.those.by-products.can.be.obtained.only.by.replacing.epichlorohydrin.with.another.
cross-linker.(such.as.3-glycidoxypropyl.trimethoxysilane).[401].or.by.using.other.anions.in.solu-
tion.[331,346]..A.change.in.chemistry.through.an.“epichlorohydrin-free.process”.will.also.change.
the.wet-strength.resin.application:.dosages,.pH,.temperature,.repulpability,.etc..Because.the.epi-
chlorohydrin.technology.is.more.affordable,.the.presence.of.DCP.and.CPD.in.PAE.resins.must.be.
dealt.with.
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PAE. resins. with. good. performance. as. wet-strengthening. agents. should. have. a. high. con-
centration. of. the. azetidinium. group.. That. high. concentration. is. obtained. when. a. high. ratio.
of.Epi/secondary.amine. is.used. (1.3–1.5)..A.higher.Epi. concentration.will.generate.a.higher.
concentration.of.by-products:. for. the.Epi/amine. ratio. ranging. from.1.5. to.2.0,. the.DCP.con-
centration. is. about. 4%–6%. based. on. solids. [563].. Commercial. PAE. resins. typically. contain.
1%–19%.(dry.basis).of.epichlorohydrin,.1,3-dichloropropanol.(DCP),.and.3-chloropropandiol.
(CPD).[114,171,565,566].

Regardless.of.their.nonionic.character,.about.50%.of.those.by-products.(absorbable.organic.halo-
gen,.AOX.[261]).are.retained.on.cellulose.at.the.wet.end.[565].or.are.brought.by.water.remaining.in.
the.wet.web.[567]..These.organic.chloride.by-products.are.generally.considered.to.be.environmental.
pollutants..The.environmental.concerns.have.created.an. interest. in.wet-strength. resins. that.have.
reduced.levels.of.such.by-products.[568]..By.1990.[567],.the.residual.AOX.was.reduced.by.50%,.
while.by.2006.the.reduction.was.of.90%.[562].

Both. chemical. and.physical. processes. are.used. to. reduce. the.DCP.and.CPD.content. in.wet-
strength. resins. [569].. But. in. order. to. reduce. the. AOX. content. in. PAE. resins,. any. changes. in.
technology. should. be. supported. by. very. accurate. analytical. data.. Gas. chromatography. (GC). or.
reverse-phase.HPLC.[570].are.largely.used.for.that.purpose.(GC.on.ethyl.acetate.extract.with.no.
derivatization. [571,572]).. This. method. can. determine. 10–80.ppm. DCP. and. CPD. based. on. PAE.
solution.(the.coefficient.of.variance.is.about.10.times.higher.for.CPD.than.that.for.DCP)..The.CPD.
detection.limit.is.10.ppm.

The.lack.of.accuracy.in.the.estimation.of.CPD.concentration.is.explained.by.its.capability. to.
react.with.other.chemicals.(such.as.ketones.[573])..For.that.reason.a.derivatization.of.DCP.and.CPD.
is.applied..After.paper.extraction.with.acetonitrile.[574].a.derivatization.with.N,O-bis(trimethylsilyl)
trifluoroacetamide.(or.phenyl–boronic.acid.[575,576],.1-butan-boronic.acid.[577],.hepta-fluorobu-
tyric.acid.anhydride.[578]).is.performed;.the.internal.standard.being.1-fluoronaphtalene.(or.tetra-
decane,.n-heptadecane,.and.d5-3-monochloro-1,2-propandiol).[573].

One. of. the. most. important. steps. in. AOX. estimation. from. the. water. solution. of. resins. is.
their.extraction.with.an.organic.solvent.(hexane.[577],.ethyl.acetate,.iso-octane)..A.high.con-
centration. of. sodium. chloride. in. water. (12%–20%). is. recommended. for. a. better. extraction.
[575]..Residual.water.from.the.AOX.solution.in.an.organic.solvent.is.removed.by.the.anhydrous.
sodium.sulfate.[578].

5.3.4.1 wsR with low AoX by Adjusting the synthesis Parameters
During.the.PAE.resin.synthesis,.there.is.a.competition.between.the.reaction.of.epichlorohydrin.with.
secondary.amine.and.the.involvement.of.epichlorohydrin.in.the.side.reaction.(such.as.hydrolysis)..
In.order.to.reduce.the.formation.of.by-products,.the.reaction.temperature.should.be.lower,.and.the.
concentration.of.polyamidoamine,.higher.[171]..An.increase.in.the.resin.concentration.from.about.
20%.to.about.40%.and.even.59%.[579].reduces.the.total.AOX.by.50%..Epichlorohydrin.is.added.in.
three.portions.[580].at.a.reaction.temperature.of.5°C.[117,161,581,582].

Even.at.high.concentrations.of.polyamine.in.water.and.at.low.temperatures,.the.ratio.between.
epichlorohydrin.and.the.secondary.amine.is.still.the.most.important.parameter.for.the.AOX.con-
centration. and. the. polymer. quality. as. wet-strength. resin. for. paper.. If. the. Epi/secondary. amine.
ratio. ranges. from. 0.95. to. 1.0,. the. DCP. content. is. 0.13%. [583].. For. a. ratio. much. lower. than. 1.0.
[572,579,581,582],.the.final.content.of.DCP.may.reach.a.value.of.less.than.0.01%.[149]..Figure.5.20.
shows.the.increase.in.total.chlorine.by-products.and.in.paper.wet.strength.as.the.epichlorohydrin.
concentration.goes.up.[565].

The.by-product.composition.includes.a.larger.amount.of.DCP:.it.is.more.likely.a.reaction.between.
epichlorohydrin.with.hydrochloric.acid..To.reduce.the.amount.of.DCP,.a.specific.amount.of.a.hal-
ogen-free.mineral.acid.is.added.to.the.reaction.mixture.after.the.major.part.of.the.epichlorohydrin.
charge.has.alkylated.the.polyamidoamine.resin.[584].
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5.3.4.2 the Reduction of the concentration of dcP and cPd by their hydrolysis
Lower. concentrations. of. epichlorohydrin,. DCP,. and. CPD. are. achieved. by. post-treatment. of. the.
aqueous.solution.of.PAE.with.an.inorganic.base.(2.8.mmol.NaOH/g.dry.resin.reduces.the.AOX.from.
2500.ppm.to.less.than.20.ppm).[139,181,566,544].or.a.dibasic.phosphate.and.an.alkanolamine..The.
hydrolysis.of.epichlorohydrin.[585].is.an.equilibrium.reaction,.and.with.a.very.diluted.base.(0.5.M.
NaOH).DCP.is.converted.back.to.epichlorohydrin..The.amount.of.DCP.depends.on.the.base.con-
centration.[564]..The.reduction.of.the.by-product.concentration.is.based.on.the.hydrolysis.reaction.

Cl

O

Cl

OH

Cl

Cl

OH

OH

HO

OH

OH

Epichlorohydrin

k1 k2

DCP CPD Glycerin

In.order.to.simplify.the.picture,.we.can.assume.that.k1.=.k2..The.reaction.kinetic.is.a.pseudo-uni-
molecular.process.(water.in.large.excess):.the.residual.concentration.(C).of.DCP.(or.CPD).depends.
(Equation.5.4).on.their.initial.concentration.(Co).and.time.(t).[586]:

. C kt C= − + ln o . (5.4)

and.the.rate.constant.(k).is.a.function.(Equation.5.5).of.pH.and.temperature.(T).[570]:

. k e s
E

RT= + − −107 73347 0 83775 1. . ( ).pH
a

. (5.5)

At.a.constant.value.for.pH.(pH.=.6.8),.the.CPD.hydrolysis.follows.Equation.5.6.(the.activation.energy.
is.about.118.kJ/mol).[586]:

.
ln

,
. .k

T
= − +14 209

34 683 . (5.6)

The.inorganic.base.increases.the.pH.up.to.12.0,.and.after.the.hydrolysis.of.chlorinated.compounds,.
the.pH.is.reduced.to.stabilize.the.final.resin.[544]..The.PAE.resins.with.a.longer.shelf.life.and.a.
lower.covalent.bonded.chlorine.are.obtained.[587].by.hydrolysis.at.pH.=.10.with.sodium.hydroxide..
The.mixture.is.then.acidified.to.pH.=.2.0.by.a.sulfonic.acid.(methansulfonic.acid,.benzenesulfonic.
acid,.p-toluenesulfonic.acid,.formic.acid,.etc.).

The.addition.of.organic.bases. (such.as.diethanolamine).can. reduce. the. total.organic.chlorine.
from.0.8%.to.0.07%.[588]..The.treatment.with.organic.amines.can.also.be.combined.with.an.inor-
ganic.base.[72]..Ammonia,.primary.amines.(monoethanol.amine.or.ethylene.diamine),.secondary.
amines.(dimethyl.amine),.and.tertiary.amines.(trimethyl.amine).can.reduce.the.DCP.concentration.
by.about.50%.[583]..Ammonia.can.be.added.even.during.the.prepolymer–epichlorohydrin.conden-
sation.process.[67].

A.bioprocess.is.also.suggested.[589–591].in.which.a.reduction.below.10.ppm.DCP.and.CPD.is.
obtained.after.about.20.min.in.a.bioreactor..An.enzyme.is.added.to.the.composition.in.an.amount.of.
about.5.×.10−5.weight.percent.[592]..The.four-component.bacteria.of.community.H10.are.shown.to.
completely.convert.DCP.to.glycerol.[593,594].

The.possibility.to.address.the.problem.of.by-product.formation.through.bioprocesses.suggests.
that.the.PAE.synthesis.could.be.revised.and.a.higher.ratio.of.Epi/secondary.amine.might.be.used..
The.higher.substitution.degree.will.result.in.a.more.stable.resin.(longer.shelf.life),.while.the.DCP.
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and.CPD.will.be.eliminated.within.the.final.step.by.a.reaction.with.an.enzyme.[595]..In.order.to.
help. the.enzymatic.process,. a.hybrid.procedure. is. suggested. [596,597]:. the.PAE-type. resins.are.
treated.with.sodium.hydroxide.or.sulfuric.acid.to.reduce.the.AOX.content;.the.enzyme.treatment.is.
the.final.step.

5.3.4.3 Producing wsR with Reduced AoX via Physical Processes
The.previous.processes.are.based.on.chemical.reactions..Physical.processes,.such.as.adsorption,.
distillation,.and.dilution,.are.also.considered.in.order.to.lower.the.AOX.content.

Selective.adsorption.is.effective.in.reducing.the.AOX.concentration.from.about.7000.ppm.to.
less.than.5.ppm.total.AOX.[598,599]..Adsorbents.are.selected.from.a.group.consisting.of.ion-
exchange. resins. (strongly. basic. ion-exchangers. containing. tertiary. amino. groups. [600,601]),.
nonionic.polymeric.resins,.activated.carbon,.zeolites,.silica,.clay,.and.alumina..Such.adsorbents.
have.a.limited.capacity;.they.need.to.be.regenerated.once.they.no.longer.remove.the.epichlo-
rohydrin.by-products.efficiently..A.dwell. time.of.less.than.1.h.is.preferred..The.total.chlorine.
(organic.and.inorganic).is.reduced.by.more.than.90%.(the.reduction.in.AOX.exceeds.99%)..The.
ion-exchanger. regeneration. (from. the. chlorine. to. the. hydroxyl. form). is. needed. before. a. new.
cycle..The.effectiveness.of. treated.wet-strength. resin. is. identical. to. that.of. the.original. resin.
[600,601].

DCP.and.water.form.an.azeotrope.(11.3%.DCP.with.a.boiling.point.of.99.4°C),.which.can.be.
distilled.under.reduced.pressure.(below.0.5.kg/cm2).[69,602].

An. attempt. at. reducing. the. AOX. concentration. by. dilution. with. another. cationic. polymer.
(pDADMAC.or.cationic.polyacrylamide.[603]).has.been.made.[604]..Due.to.the.synergetic.effect.
between.PAE.and.pDADMAC,.dilution.is.followed.by.a.reduction.in.the.total.amount.of.WSR.(see.
Section.5.4).

5.3.4.4 Epichlorohydrin-Free Resins as Paper wet-strengthening Agents
Epichlorohydrin.is.a.cross-linker.with.two.functionalities.having.different.reactivities.against.the.
secondary.amine..The.cross-linking. reaction.of. the.polyamidoamine.with.epichlorohydrin. takes.
place.in.two.steps:.the.epoxy.group.reacts.at.lower.temperatures.and.the.newly.formed.chlorohydrin.
pendant.groups.make.bridges.between.two.different.molecules.or.make.an.azetidinium.cation.by.
intramolecular.reaction.

Ideally,.a.WSR.free.of.chlorinated.by-products.would.be.obtained.through.a.reaction.in.which.
epichlorohydrin.is.no.longer.involved..In.that.case.the.cross-linking.agent.can.be.a.different.epoxy-
type.compound..Because.chlorine.is.missing.from.that.picture,.the.new.compound.should.have.a.
poly-epoxy.structure.such.as.1,3,5-triglycidylisocyanurate.[605].

O

N

O

N

ONO
O

O

A.poly-epoxy.compound.has.three.identical.reactive.groups.and.is.used.to.cross-link.the.regular.
polyamidoamine.backbone..The.new.WSR.performs.like.the.regular.PAE.resin,.but.residual.DCP.
is.less.than.0.05.ppm.and.CPD.less.than.0.1.ppm.

Nonsymmetrical. cross-linkers. were. also. explored.. 2,3-Epoxypropyl. sulfonate. (R1. is. an. alkyl.
group).[606,607].or.3-glycidoxypropyl.trimethoxysilane.[608].can.replace.epichlorohydrin.in.the.
reaction.with.a.polyamine..The.resulting.polymer.doesn’t.show.any.residual.organic.halogen;.the.
sulfonate.and.silane.groups.are.reactive.to.cellulose.
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These.compounds.react.based.on.the.same.concept.as.epichlorohydrin.does:. they.are.difunc-
tional.cross-linkers.for.polyamine,.with.a.nonsymmetrical.structure..The.two.reactive.groups.have.
a.different.reactivity.and.the.cross-linking.process.is.developed.in.two.steps..The.silyl-linked.poly-
amidoamines.are.thermosetting.and.they.are.prepared.with.minimal.levels.of.halide.ion.
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5.4 wsR mAdE FRom BlEnds

WSRs.are.used.in.conjunction.with.other.chemicals.in.order.to.improve.their.performances..There.
are.several.reasons.for.blending.two.or.more.compounds.as.wet-strength.resins:. the.dilution.(for.
reduced. cost. and. lower. AOX. for. PAE. resins). [163,604],. the. manipulation. of. the. charge. density.
(WSR.and/or.cellulose.charge.density).in.order.to.increase.the.WSR.retention,.the.improvement.of.
the.cellulose.chemical.reactivity,.and.the.synergetic.effects.[609].

Blends.of.wet-strength.resins.are.obtained.either.by.mixing.the.components.or.by.synthesizing.a.
new.resin.in.the.presence.of.another.resin..Each.component.of.the.final.mixture.can.interfere.with.
cellulose.in.a.separate.way.or.a.synergetic.effect.can.be.developed.by.component.interaction.before.
or.during.the.curing.step..The.existence.of.a.synergetic.effect.is.recorded.when.a.response.(R).does.
not.fit.the.simplest.mixture.rule.[610].

5.4.1  BlendS of ReSinS With SimilaR chemiStRy and no SyneRgetic effect

No.synergetic.effect.is.expected.between.two.cationic.resins.with.similar.chemistry.or.within.inter-
polymers.made.from.compounds.with.similar.chemical.structures..Blends.of.polyvinyl.amine.and.
PAE.(or.polyDADMAC—epi).[339,604].or.cationic.polyacrylamide.(5%.DADMAC).with.PAE.res-
ins. [603]. are. used. as. wet-strength. resins.. PolyDADMAC. and. PAE-type. resins. can. be. added. in.
one.shot.or.sequentially.to.the.pulp.fiber.slurry.[611,612]..During.their.retention,.the.two.different.
cationic.resins.compete.for.the.same.anionic.spot.on.fiber.

The.above-mentioned.blends.are.obtained.by.simply.mixing.the.water.solution.of.the.preexisting.
polymers..As.expected,.the.blend.of.a.permanent.wet-strength.resin.(such.as.PAE).and.a.cationic.
polyacrylamide.provides.wet.strength.to.paper.but.at.a.lower.value.than.the.PAE.resin.by.itself.at.
the.same.dosage.[603].
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In.order.to.improve.the.interactions.between.the.two.cationic.resins,.the.synthesis.of.one.resin.
is.performed.in.the.presence.of.the.other.resin.or.of.its.precursor..The.precursor.of.the.PAE-type.
resins.is.the.polyamidoamine.prepolymer..The.reaction.of.the.prepolymer.with.epichlorohydrin.is.
performed.in.the.presence.of.ammonia.[67]..The.final.product.is.a.blend.of.PAE.resin.and.thermo-
setting.polyamine.

5.4.2  SyneRgetic effectS PRovided By BlendS of ReSinS With diffeRent chemiStRieS

Wet-strength. resins. are. cationic. polymers. with. reactive. functional. groups.. The. term. “differ-
ent.chemistries”.implies.chemical.or.ionic.interactions.between.two.components.of.the.blend,.or.
between.WSR.and.cellulose..The.effect.of.grafted.starch.to.improve.compatibility.between.starch.
and.wet-strength.resins.[412].can.also.be.considered.as.a.synergetic.effect.

The.(co)polymers.presented.in.this.chapter.have.their.own.mechanism.to.impart.wet.strength.to.
paper..These.curing.mechanisms.are.based.on.their.particular.chemistry.(organic.chemistry.of.the.
functional.groups),.and.blends.of.different.wet-strength.resins.(MF,.PAE,.and.acrylamide.copoly-
mers).are.claimed.to.have.a.synergetic.effect.[613].

The.synergetic.effect.of.the.blends.of.different.WSRs.can.be.explained.by.an.ionic.interaction.
between.polyelectrolytes..Polyanionic.and.polycationic.compounds.interact.in.the.continuous.phase.
or.at. the. interface.of.water–cellulose.fibers..For. those. types.of.blends,.a.covalent.bond.between.
resins.is.not.a.must.

Blends.of.cationic.and.anionic.compounds.[614–616].result.in.supra-molecular.aggregates.able.
to. impart.wet.strength.to.paper..The.cationic.polymers.are. thermosetting.resins.with.quaternary.
ammonium.salts. as.cationic.moieties..The.anionic.polyelectrolyte. is. an.acrylamide–acrylic.acid.
copolymer,.poly-methacrylic.acid,.or.a. styrene–maleic.anhydride.copolymer..Poly-anionic.phos-
phorus. compounds. [87,617],. poly-phosphonium,. or. poly-sulfonium. compounds. are. also. recom-
mended.[618,619].
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The.cationic.copolymer.of.acrylamide.with.acryloyloxyethyl–trimethyl.ammonium.chloride.(46%.
mol).is.added.first,.followed.(after.3.min).by.an.anionic.acrylamide.(24%.mol.anionic.comonomer:.
2-acrylamido,.2-methylpropane.sulfonate)..The.effect.on.the.paper.wet.strength.reaches.85%.of.the.
standard.PAE.resin.[615]..Still,.the.best.performance.is.obtained.at.an.almost.double.concentration.
of.WSR.(cationic.plus.anionic.resins).(Figure.5.21),.and.both.anionic.and.cationic.resins.perform.
poorer.than.the.PAE.resin.at.the.same.concentration..Figure.5.21.shows.a.curve.with.a.maximum.
(the.synergetic.effect):.the.blend.performs.better.as.a.wet-strength.resin.than.each.of.its.components.

The.idea.of.“dual.systems”.as.wet-strength.agents.is.quite.old:.in.1946.[483].(with.a.continuation.in.
1952.[484]).anionic.UF.resins.were.blended.with.cationic.MF.resins,.and.in.1954.a.blend.of.cationic.
MF.resin.and.an.anionic.(oxidized).guar.was.suggested.[620].in.acid.pH.in.the.presence.of.alum.

A.cationic.macromolecular.compound.(PAE.resin,.cationic.UF.resin,.or.cationic.guar.gum).
[621,622].is.added.first,.and.an.anionic.compound.afterward:.lignin.sulfonic.acid,.anionic.UF.
resin,. soybean.oil.modified.with. fumaric. acid,. the. sodium.salt. of.CMC. [621],. the. copolymer.
of. ethylene. with. maleic. anhydride. modified. with. fatty. amines. [623],. the. glyoxalated. anionic.
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polyacrylamide. [624],. or. the. ammonium. salt. of. ethylene–maleic. anhydride. copolymer,. to.
increase.the.wet.strength.for.paper.(up.to.100%.[625]).as.compared.to.the.cationic.resins.only.
[482,626].

A.dual.system.can.be.prepared.in.situ.at.the.wet.end.or.in.a.separate.reactor..At.the.wet.end,.the.
addition.of.the.anionic.polyelectrolyte.(anionic.guar).is.followed.by.the.addition.of.the.cationic.guar.
gum.[627]..The.supra-molecular.aggregate.is.developed.in.the.aqueous.phase.and.is.then.retained.
on.pulp.(see.also.Section.3.3.3.5)..Ternary.systems.are.formed.from.two.cationic.resins.(only.one.is.
thermosetting).which.are.added.first.to.the.pulp,.and.an.anionic.polymer.(copolymer.acrylamide–
acrylic.acid).added.later.[628].

Generally.speaking,. the.addition. in.a.sequence.of.cationic.and.anionic.polymers. is.a. ternary.
system:.cellulose,.as.an.anionic.polyelectrolyte,.is.the.third.partner..A.multilayer.structure.obtained.
by. successive. addition—directly. to. the.pulp—of.cationic,. then.anionic,. and. then.cationic. again.
[629–634].seems.to.be.a.new.direction.for.better.wet-strength.resins.

Anionic–cationic. macromolecular. complexes. (CMC—partially. hydrolyzed. polyvinyl. for-
mamide).[616].can.also.be.prepared.separately,.before.their.addition.to.the.pulp.[614]..In.this.case,.
at.the.wet.end,.anionic.cellulose.is.a.part.of.a.binary.system.and.deals.with.an.anionic–cationic.
polyelectrolyte.aggregate..The.complex.is.effective.as.wet.adhesive.only.if.the.concentration.of.the.
cationic.group.exceeds.the.concentration.of.the.carboxyl.group..Those.aggregates.are.mentioned.as.
amphoteric.retention.aids.as.well.(see.Section.3.3.3.5).

Ionic. interactions.are.critical.within. the.aggregate.and.during. the.adsorption.of. the.polyelec-
trolyte.complex.on.the.cellulose.fibers..However,.the.covalent.bonds.are.much.stronger.and.a.syn-
ergetic.effect.on.paper.wet. strength. is.expected.when.chemical.bonds.are.developed.along.with.
ionic.bonds..The.synergetic.effect.can.be.the.result.of.the.new.chemical.bond.formation.within.the.
polyelectrolyte.complex.or.during.the.papermaking.process.

Two. reactive.polymers.may. react.with. each.other. to. form.an. inter-polymer. through. covalent.
bonds..Inter-polymers.are.obtained.between.polyvinyl.alcohol.and.PEI.resin.(modified.with.epichlo-
rohydrin).[635],.MF.resins.[636],.or.cationic.polyacrylamide.(functionalized.with.blocked.glyoxal).
[637]..Every.time.the.polyvinyl.alcohol.is.converted.to.a.cationic.wet-strength.resin.

The.epichlorohydrin.reaction.with.the.backbone.of.polyamidoamine.is.performed.in.the.presence.
of.polyvinyl.amine.[638].or.starch,.and.the.azetidinium.cation.formation.takes.place.simultaneously.
with.the.formation.of.the.inter-polymer..As.a.proof.of.the.synergetic.effect,.the.inter-polymer.(about.
50%.PAE.resin).has.the.same.performance.(wet/dry).as.the.straight.PAE.resin.at.the.same.polymer.
concentration.[163].
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Covalent.bonds.between.two.polymers.are.also.formed.when.one.macromolecular.compound.is.
obtained.in.the.presence.of.the.other..During.the.free-radical.copolymerization.of.vinyl.or.acrylic.
monomers. in. the.presence.of.PAE,.a. large. fraction.of.grafted.polymer. is.obtained..Acrylamide.
[639],.N-vinyl.pyrrolidone,.vinyl.triazole,.or.vinyl.imidazoles.are.grafted.[640].on.PAE-type.resins..
The.grafted.copolymer.brings.more.hydrogen.bonding.to.the.wet-strength.resin..The.grafted.poly-
mer.is.obtained.along.with.a.large.amount.of.linear.(co)polymers.which.are.not.retained.on.fibers.

These.wet-strength.resins.(inter-polymers.and.graft-copolymers).show.a.synergetic.effect.but,.at.
the.same.time,.their.synthesis.is.not.selective,.which.may.result.in.linear.polymers.less.effective.as.
wet-strength.resins..Moreover,.both.inter-polymers.and.graft-copolymers.have.a.molecular.weight.
much.higher.than.the.individual.compounds.and.therefore.their.solutions.have.higher.viscosities..It.
seems.a.better.idea.to.build.the.covalent.bonds.during.the.papermaking.process.

The.anionic.groups.(carboxyl).on.cellulose.fibers.are.responsible.for.wet-strength.retention.and.
(arguably).for.covalent.bond.formation.by.reacting.with.the.azetidinium.cycles..In.other.words,.higher.
wet.strength.is.expected.to.be.retained.when.more.carboxylic.groups.are.on.the.cellulose.fibers..Due.
to.the.low.concentration.of.carboxyl.on.cellulose.fibers,.carboxylated.compounds.(or.amphoteric.
[641,642]).are.used.to.improve.the.PAE.resins.(or.the.modified.PAE.resin.[556]).capabilities.as.a.
wet-strength.resin..Carboxylated.compounds.are.latexes.(ethylene–vinyl.acetate.[30,643].or.butyl.
acrylate–methyl.methacryclate.(MMA)–methacrylic.acid.copolymers.[463]),.CMC.[314,644,645],.
maleic. anhydride. copolymer,. polyacrylic. acid. [153],. carboxymethylated. starch,. oxidized. starch.
[646,647],.or.starch.xanthate.[218,648,649]..The.film.cast.from.the.solutions.of.PAE.and.carboxyl-
ated.polymers.is.over.90%.insoluble.in.water..In.the.case.of.starch.xanthate,.the.cationic–anionic.
interactions.are.followed.by.ester.bond.formation.during.the.papermaking.process.
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An.ionic.interaction.takes.place.before.a.real.covalent.bond.is.formed..The.overall.concentra-
tion.(as.low.as.2%.[153]),.the.mixing.temperature,.the.presence.of.electrolytes,.the.order.of.addi-
tion,.and.the.polymer.molecular.weights.are.critical.parameters.for.the.intermolecular.ionic.bond.
formation..The.charge.density.is.also.important:.if.CMC.is.in.excess.in.the.aggregate.containing.
the.PAE.resin,.the.cellulose.fibers.should.be.pretreated.with.an.additional.amount.of.PAE.resin.
for.a.better.adsorption.[632]..PAE.develops.better.wet.strength.at.an.optimum.amount.of.carboxy-
methyl.cellulose.[20,650]..The.charge.density.can.also.be.balanced.by.adding.cationic.surfactants.
[651,652].

The.high.reactivity.of.the.PAE.resin.allows.for.a.diversity.of.reactions.with.water-soluble.gum.
[152],.cationic.starch.grafted.with.acrylonitrile,.butyl.acrylate.and.styrene.[653],.glyoxalated.poly-
acrylamide.[651,652,654–656],.and.polyamines.(such.as.the.hydrolyzed.copolymers.of.N-vinyl.for-
mamide). [657]..PAE.resins.can.also.be. included. in. ternary.systems.with.di-aldehyde.starch.and.
CMC.[609],.or.anionic.polyacrylamide.and.acrylic.emulsion.[658].

Other.wet-strength.resins.are.also.involved.in.blends.with.synergetic.effects..Polyvinyl.amine.
(co)polymers.are.cross-linked.with.UF,.PF,.MF.resins.or.glyoxal.[659].or.with.anionic.polyelectro-
lytes. (ethylene–maleic. anhydride. copolymers). [660].. Cationic. starch. is. reacted. with. glyoxalated.
resins. [661]. or. other. compounds. able. to. generate. free. glyoxal. [662]. to. form. a. cationic. reactive.
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wet-strength.resin.[663]..The.effectiveness.of.the.cationic.aldehyde.starch.is.enhanced.by.the.pres-
ence.of.zirconium.oxychloride.(ZrOCl2).or.chitosan.[664]).

Phenol–formaldehyde.resins. [323].can.be.associated.with.PVA.latexes.[457]. in.a. ratio.of.1:9:.
after.curing.for.2.h.at.140°C;.the.wet-strength.resin.is.about.30%.of.the.initial.dry.strength..The.very.
high.concentration.of.the.resins.(10%.based.on.dry.paper),.the.high.curing.temperature,.and.a.very.
long.curing.time.make.this.process.less.attractive.

Due.to.the.huge.amounts.of.water.used.in.the.papermaking.industry,.“green.chemistry”.is.an.
interesting.concept.[665]..Polyvinyl.amines.make.a.gel.with.saccharides.(or.polysaccharides).con-
taining.a.reducible.aldehyde.function,.based.on.the.Maillard.reaction.[666,667].

5.5 PAPER wEt-stREnGthEnInG mEchAnIsms

Ordinary.paper.retains.less.than.5%.of.its.dry.strength.after.it.is.fully.wetted..The.addition.of.a.wet-
strength.resin.increases.the.paper.wet.strength.up.to.an.average.of.about.25%..The.previous.chapters.
have.shown.the.diverse.chemical.structure.of.wet-strength.resins:.reactive.or.nonreactive,.able.to.
provide.hydrogen.bonding.or.not,.hydrophilic.or.hydrophobic,.ionic.or.nonionic,.flexible.or.rigid.
molecule,.etc..This.diversity.has.an.impact.on.their.adsorption.and.conformation.on.the.cellulose.
fiber.surface,.on.their.interaction.with.water,.on.their.involvement.in.the.ion-exchange.retention.pro-
cess,.on.their.chemical.reactions,.and.on.hydrogen.bonding..At.first.glance,.these.diverse.structures.
would.point.to.the.difficulty.to.find.a.unique.strengthening.mechanism.for.wet.paper.

Despite.literature.reviews.published.every.decade.(1965.[668],.1967.[669],.1979.[670],.1987.[20],.
1995.[7]),. in.2002.[234],.arguably,.“the.origin.of. the.wet-strength.mechanism.is.not.clear.”.And.
that,.for.a.good.reason:.it.is.hard.to.incorporate.that.diversity.in.a.unique,.generally.accepted,.wet-
strength.mechanism.

There.are.data.supporting.a.certain.mechanism.but.that.particular.mechanism.is.not.confirmed.
by. other. experimental. data.. Terms. such. as. “perhaps,”. “probably,”. “the. evidence. must. be. ques-
tioned,”.“the.proposed.mechanisms.are.uncertain,”.“any.present.explanation.is.highly.speculative,”.
etc.,.are.often.used.in.relation.to.this.topic..In.2003,.Lars.Wagberg.wrote:.“[T]here.is.still.a.debate.
regarding.the.molecular.mechanism.responsible.for.the.wet.strengthening.action”.[671].

The.statement.“One.very.common.pitfall.with.paper.systems.is.that.of.analyzing.strictly.chemi-
cal.phenomena.on.the.basis.of.physical.effects.produced”.[672].made.in.1959.is.still.valid.today,.i.e.,.
after.60.years..On.the.other.hand,.the.WSR.concentration.is.below.2%.based.on.dried.pulp,.and.the.
reacted.functional.group.concentration.is.much.lower..A.very.low.concentration.of.the.potentially.
newly.formed.bonds.makes.it.very.difficult.to.identify.them.by.current.analytical.methods..Based.
on.the.dry.and.wet-strength.measurements.on.paper.we.can.only.speculate.which.mechanism.is.
more.likely.

Strictly.accurate.data.concerning.the.WSR.diffusion,.adsorption,.and.distribution.on.the.fiber.
surface,. the. nature. of. potential. chemical. reactions,. and. their. conversions. are. still. missing.. The.
entire.picture.gets.even.more.complicated.due. to. the. intrinsic.properties.of. the.macromolecular.
compounds.used.as.WSR:.the.distribution.of.the.molecular.weight.and.of.the.chemical.composition..
The.broad.distribution.of.polymer.molecules.is.set.up.against.the.distribution.of.the.size,.porosity,.
and.anionic.charge.density.of.cellulose.fibers..For.instance,.highly.beaten.pulp.having.low.freeness.
shows.increased.wet.strength.[309].

5.5.1  the StRength of Wet and dRy PaPeR

There.is.a.reciprocal.interaction.between.water.and.cellulose:.water.association.is.changed.in.the.
presence.of.cellulose.[673–675].and.the.presence.of.water.disrupts.the.interfiber.hydrogen.bonding.
in.paper.[676]..The.wet.strength.of.untreated.paper.is.less.than.5%.from.its.dry.strength;.therefore.
the.water’s.fate.in.the.wetted.paper.is.crucial.for.the.understanding.of.the.wet-strength.mechanism.
[677,678].(see.Section.4.1).
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The.effect.of.water.molecules.on.the.paper.structure.depends.on.the.distribution.and.the.strength.
of.existing.bonds..Since.the.enthalpy.of.hydrogen.bonds.(4.75.kcal/mol).[679].is.much.lower.than.
that.of.ionic.bonds.(5–20.kcal/mol).and.covalent.bonds.(80.kcal/mol),.the.latter.are.more.stable.in.
water.[314]..However,.the.presence.of.the.hydrogen.bonds.in.the.paper.structure.may.allow.for.the.
existence.of.other.molecular.forces.[680].such.as.Van.der.Waals’.bonds.of.about.1–2.kcal/g.mol.

In.terms.of.their.sensitivity.to.water,.there.are.two.different.types.of.hydrogen.bonds.in.the.paper.
sheet:.one.within.the.fiber.architecture.and.the.other.between.fibers.(interfiber.bonding)..About.one-
third.of.the.hydrogen.bonds.existing.in.paper.are.involved.in.intramolecular.(cellulose).hydrogen.
bonding.and.are.therefore.not.available.for.fiber-to-fiber.bonding.[679,681].

The.water.content. in.paper. (w). ranges. from.zero. to.saturation..There. is. free.water.and.about.
5%.of.bonded.water.[682]..The.critical.water.content.(wc).[683].is.a.limit.up.to.which.the.hydrogen.
bonds.which.have.been.triggered.to.break.have.little.opportunity.to.remain.broken.and.are.quickly.
re-formed..The.general.relationship.is.(Equation.5.7).[681]:

.
ln ( , , ),
E

E
f T w ti

o

= . (5.7)

where
Eo.is.Young’s.modulus.for.the.standard.conditions
Ei.is.Young’s.modulus.for.paper.kept.at.temperature.T,.with.a.moisture.w.after.the.time.t

If.Eo.=.28.8.GPa,.then.Young’s.modulus.for.wet.paper.can.be.calculated.(for.given.temperature.
and.time).and.plotted,.as.in.Figure.5.22..There.is.a.change.in.the.curve.slope.at.a.critical.moisture.
value.(wc.=.4.5%).[684,685]:.at.lower.moisture.(w.≤.0.045).Equation.5.8.fits.the.experimental.data:

. E E e w= −
o , . (5.8)

while.at.higher.moisture.content.(w.≥.wc).a.new.value.(Equation.5.9).governs.the.process.[679]:

. E E e w= −
o

( . . )0 2433 6 4074 . (5.9)

When.w.≥.0.045,. the. interfiber.hydrogen.bonds.are.cooperatively.dissociated.by.water. [686]:. the.
dissociation.of.one.hydrogen.bond.will.induce.the.dissociation.of.seven.other.hydrogen.bonds.(“the.
zipper.effect”)..Interfiber.hydrogen.bonds.are.randomly.distributed.and.in.a.much.smaller.number.
per.macromolecule,. which. makes. the. “zipper. effect”. very. effective.. At. higher.moisture. content.
(w.≥.0.045).the.paper.strength.decays.much.faster.(Figure.5.22).
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The.water.effect.on.the.paper.strength.should.be.reviewed.starting.with.“zero”.concentration.for.
water:.dried.paper..The.untreated.paper,.dried.at.140°C.for.4.h,.shows.an.important.increase.(30%).
in.its.dry.strength.[687]..When.paper.is.heated.under.controlled.conditions,.its.swelling.in.water.can.
be.reduced.by.60%.[187,688].

The. curing. process. seems. to. help. with. hydrogen. bonding. formation.. The. higher. number. of.
hydrogen.bonds.may.improve.the.paper.wet.strength.as.well..The.heat.cure.increases.the.wet/dry.
ratio.up.to.25%.at.170°C.and.up.to.33%.at.195°C.[314]..If.the.WL.(in.the.absence.of.any.WSR).is.
heated.at.245°C–260°C.for.a.short.period.of.time.(1–2.s),.then.an.important.increase.in.wet.strength.
is.noticed.[33].

Taylor.[689].published.a.systematic.study.on.the.curing.effect.on.paper.without.any.resin..For.
a.long.curing.time.at.120°C.it.is.possible.to.reach.a.wet.strength.higher.than.about.20%.from.the.
initial.dry.strength.(Figure.5.23).

The.curing.process.is.a.function.of.time:.perhaps.in.the.amorphous.area.cellulose.fibers.need.
time.to.reorient.themselves.to.a.new.position.so.that.they.are.able.to.provide.more.hydrogen.bonds.
with.the.neighbors..The.access.of.water.to.the.hydrogen.bonds.may.also.be.changed..In.other.words,.
in.the.absence.of.any.wet-strength.resin,.hydrogen.bonds.alone.are.able.to.improve.the.paper.wet.
strength..The.availability.and.the.“protection”.of.the.existing.hydrogen.bonds.can.be.a.reasonable.
explanation.for.the.wet-strength.mechanism.

The.boost.in.wet.strength.provided.only.by.higher.temperatures.reinforces.the.idea.that.the.paper.
wet-strengthening.mechanism.is.related.to.hydrogen.bonds..The.rewetting.process.can.be.seen.as.
the.reverse.of.the.drying.step.in.the.papermaking.process:.the.swelling.of.paper.in.water.is.a.com-
bination.of.a.reversible.separation.of.fibers.and.reversible.swelling.of.individual.fibers.[187,690]..
Intramolecular.hydrogen.bonds.are.less.sensitive.to.water:.their.number.and.distribution.are.associ-
ated.with.the.macromolecule.rigidity.which.blocks.the.zipper.effect..Therefore,.fibers.are.swollen.
in.water.but.fiber.integrity.is.kept.within.reasonable.range.

The.approach.for.solving.the.paper.wet-strengthening.mechanism.must.firstly.include.the.quan-
titative.dimension.of.the.process:.WSR.retention..The.adsorbed.WSR.should.be.then.placed.in.the.
real.circumstances.of.the.papermaking.technology:.the.water.effect.on.paper.and.on.cellulose.fibers..
Finally,.the.diversity.of.the.chemical.structure.of.WSR.should.be.discussed.in.connection.with.their.
effectiveness.in.a.particular.mechanism..In.its.diversity,.the.chemical.structure.incorporates,.along.
with.cationic.polymers,.several.ammonium.salts.of.anionic.copolymers.used.as.WSR.[691,692].

5.5.2  WSR Retention mechaniSm

Any.comments.on.physical.or.chemical.interactions.with.cellulose.should.include.the.quantity.of.
the.wet-strength.resin.involved.in.the.paper-strengthening.process..The.wet-strength.retention.will.
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set.the.amount.of.adsorbed.resin.and.its.distribution.on.the.cellulose.fiber..The.retained.polymer.is.
a.part.of.the.adsorption.equilibrium.because.some.of.the.wet-strength.resins.remain.dissolved.in.
water.[693].

At. the. wet. end,. the. cationic. WSR. macromolecular. coil. is. dissolved. in. water. and. will. adsorb.
on. the.anionic.cellulose.fibers.swollen. in.water..Swollen.fibers.are.different.from.fibers.obtained.
after.drainage.and.drying.[694]..Water.adsorption.takes.place.at.the.same.amount.regardless.of.the.
“new.external.surface”.developed.during.pulp.beating.[695]..Because.the.“internal.surface”.is.about.
3.×.106.cm2/g,.and.the.“external.surface”.is.about.1000.times.smaller.(2.×.103.cm2/g).[696].the.beating.
increases.external.surface.to.a.value.below.the.detection.limit.of.the.water.adsorption.method..The.
absorbed.water.interacts.with.the.hydroxyl.groups..Water.adsorption.on.the.internal.surface.of.the.
fibers.generates.the.swelling.process,.which.changes.the.distribution.of.hydroxyl.groups.and.their.
availability.for.hydrogen.bonding..Pulp.oxidation.reduces.the.number.of.hydroxyl.groups.and.there-
fore.reduces.the.capacity.of.cellulose.to.swell.in.water.[239].

The. fact. that. ionic. interactions. are. crucial. for. resin. adsorption. has. long. been. acknowledged.
[697]..In.that.dispersed.system,.the.distance.between.individual.cellulose.fibers.is.much.higher.than.
in.the.final.sheet.and.much.higher.than.the.WSR.molecular.coil.diameter.

There.are.many.parameters.of.the.retention.process.[698]:.pH,.the.carboxylic.group.concentra-
tion.on.cellulose.fibers,.the.WSR.ionic.charge.density,.temperature,.the.ionic.trash.concentration,.
the.degree.of.pulp.refining,.the.time.of.contact.between.resin.and.pulp,.the.presence.of.an.electro-
lyte,.etc..[699,700].(see.Chapter.3).

The. retention. of. wet-strength. resins. on. cellulose. takes. place. in. two. steps:. diffusion. (resin.
transport.from.solution.to.the.surface.of.the.fiber).and.adsorption.[700,701]..Both.diffusion.and.
adsorption.are.time.and.temperature.dependent..Besides.polymer.concentration,.stirring.rate,.type.
of.cellulose.fiber,.temperature,.and.presence.of.electrolytes,.the.M–F.resin.retention.is.a.function.
of.the.time.of.contact.[56,701].(Figure.5.24)..The.largest.amount.of.resin.is.retained.within.the.
first.5.min.of.contact..A.longer.contact.time.improves.the.amount.of.retained.resin.only.with.a.
limited.quantity..However,.even.after.a.very.long.contact.time,.a.large.amount.of.cationic.resin.is.
still.in.the.aqueous.phase..PEI.retention.on.cellulose.fibers.[702].follows.the.same.general.pattern:.
for.high.resin.concentration.(2.5%.based.on.dried.fibers),. the.equilibrium.is.reached.only.after.
about.5.min.

The. time.needed. for. retention.may.be.different. from.one. resin. to. the.other. [537],.but.higher.
temperatures.increase.the.retention.rate..Figure.5.25.shows.how.higher.temperatures.improve.the.
cationic.MF.resin.adsorption.on.the.sulfite.pulp.at.pH.=.7.0.[703]..The.curves.have.the.same.profile.
as.those.in.Figure.5.28.and,.even.at.a.higher.retention.rate,.the.amount.of.adsorbed.resin.is.far.from.
100%..For.instance,.the.PAE.resin.is.retained.100%.only.at.very.low.concentration.of.the.resin:.
0.3%.based.on. the.dry.pulp.[535].. In.order. to. increase. the.amount.of.adsorbed.resin,.more.of. it.
should.be.added.to.the.system,.and.more.remains.dissolved.in.water.
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FIGURE 5.24 MF.resin.retention.on.sulfate.pulp.
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205Wet-Strength Resins

The.PEI.retention.(black.curve.in.Figure.5.26).on.bleached.Kraft.pulp.follows.the.same.pat-
tern:.it.is.far.from.100%.retention.(dotted.line)..As.expected,.at.lower.concentrations.of.PEI.resin,.
the.percentage.of.retained.polymer.is.higher..But.at.10%.added.PEI.(based.on.pulp),.about.65%.
[704].of.the.polymer.remains.in.water.(red.curve)..White.water.contains.the.non-retained.material.
and.a.second.pass.(recirculation).will.improve.retention.[705].based.on.a.longer.time.provided.for.
adsorption.

During.the.retention.step,.each.WSR.(UF,.MF,.or.PAE).shows.a.specific.behavior.[706]:.there.
are.different.adsorption.profiles..At.very.high.resin.concentrations,.the.amount.of.resin.adsorbed.on.
paper.reaches.saturation.point.(the.plateau.in.Figure.5.27).

Figure.5.31.shows.a.complex.adsorption.mechanism.in.which.the.excess.of.WSR.and.the.pres-
ence.of.WSR.in.the.white.water.seem.to.be.the.intrinsic.characteristics.of.the.papermaking.process.

The.ion-exchange.mechanism.involves.the.following.equilibrium.
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The. ion-exchange. mechanism. implies. the. reversibility. of. each. ionic. bond.. As. the. molecular.
weight.and.the.charge.density.are.higher,.the.polymer.adsorption.becomes.pseudo-irreversible:.it.is.
difficult.to.break.“all”.the.ionic.bonds.at.once.

Equilibrium.depends.on. the.pH.and. the.basicity–acidity.of. the. ionic. species..PEI. is. retained.
under.neutral.or.alkaline.pH.with.a.maximum.retention.at.pH.=.9.9..At. this.pH.value.carboxylic.
groups.are.largely.dissociated.and.ready.to.form.ionic.bonds.[101]..The.steric.availability.of. the.
ionic.charges.(pore.size),.the.polymer.molecular.weight,.and.the.shape.of.the.macromolecular.coil.
should.also.be.considered.as.factors.which.influence.WSR.adsorption.[707].

The.retention.mechanism.reveals.[707].that.the.positively.charged.sites.(on.the.WSR).should.be.in.
close.enough.proximity.to.those.negatively.charged.for.electrostatic.attraction.to.occur..Adsorption.
is.also.a.matter.of.steric.hindrance:.branched.PEI.with.high.molecular.weight.(DP.=.1165).has.less.
than.0.2%.of.the.cationic.charges.involved.in.electrostatic.bonding..Therefore,.a.large.amount.of.
retained.PEI.provides.the.cationic.character.of.the.cluster.and.most.of.the.anionic.charges.remain.
occluded.on.the.cellulose.fiber.due.to.the.PEI.“cloud.”

There.is.a.big.difference.between.the.anion.concentration.of.the.pulp.and.the.amount.of.cationic.
groups.brought.by.the.adsorbed.PEI:.about.tenfold.more.cationic.groups.are.present.on.cellulose.
fibers..Regardless.of.the.large.excess.of.cationic.resin.and.the.repulsive.effects,.cellulose.fibers.can.
adsorb.increasing.quantities.of.cationic.resin.

The.relation.between.the.anion.concentration.(estimated.by.regular.titration.method.involving.
a.small.molecule).and.a.poly-cationic.macromolecular.compound.is.a.fascinating.topic..The.issues.
of.how.the.anions.and.cations.interact.and.how.the.“charge.density”.for.the.new.aggregate.changes.
are.still.under.debate.

The.position.occupied.by.WSR.in.the.paper.structure.was.identified.by.staining.with.OsO4.
[537].. Crude. data. show. that. a. major. amount. of. the. resin. remains. on. the. fiber. surface,. but.
the.penetration.of.the.wood.cell.wall.cannot.be.rejected.either..Some.resin.is.only.physically.
adsorbed.[672].

The.ion-exchange.mechanism.suggests.the.importance.of.the.ion.concentration.(charge.den-
sities. of. anionic. groups. on. cellulose,. and. cationic. on. resin). and. the. effect. of. other. ionic. spe-
cies. which. might. be. present. at. the. wet. end. (pH,. electrolytes,. anionic. trash,. other. ionic. paper.
chemicals).

The.retention.of.wet-strength.resins.(such.as.PEI.[101]).increases.with.the.increasing.content.of.
carboxyl.groups.in.the.cellulose.fiber.[537]..The.number.of.carboxylic.groups.on.cellulose.fibers.can.
be.increased.by.oxidation.reaction.[706,708,709],.with.reactive.dyes.[707,710],.carboxymethylation.
[302],.reaction.with.poly-acids.(such.as.succinic.acid.[292,293],.polyacrylic.acid.[711]),.and.by.CMC.
irreversible.adsorption.[644,712–714].
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Any.other.cationic.compound.(such.as.a.debonder).will.compete.with.WSR.for.an.anionic.spot.
on.cellulose.fiber..The.WSR.adsorption.is.reduced.and,.as.a.consequence,.both.the.paper.dry.and.
wet.strength.are. reduced.[28,121]..Surprisingly,. the.debonder.effect.on. the.paper.dry.strength. is.
relatively.stronger.

In.other.words,.the.ratio.between.anionic.and.cationic.species.is.crucial.for.wet-strength.reten-
tion..Resin. retention.can.be. improved.by. increasing. the.anionic.charges.on.cellulose.fibers. (see.
above).or.by.reducing.the.relative.charge.density.of.the.wet-strength.resin..That.adjustment.can.be.
performed.at.the.wet.end.by.adding.CMC.[715],.starch.xanthate.[218],.or.an.amphoteric.aggregate.
obtained.separately.(see.Section.3.3.3.5).

Cationic.wet-strength.resins.are.polyelectrolytes..Their.solubility.in.water,.molecular.coil.shape,.
and,.eventually,.their.adsorption.on.the.cellulose.fibers.depend.on.the.pH.[716]..For.instance,.the.
stock.pH.changes.the.adsorption.of.the.cationic.MF.resin.[703].

There.are.multiple.ionic.bonds.between.the.anionic.groups.of.cellulose.and.the.adsorbed.cat-
ionic.WSR;.dilution.with.water.does.not.reverse.the.adsorption.process..The.number.of.ionic.bonds.
between.the.cellulose.fibers.and.WSR.depends.on.the.shape.of.the.polyelectrolyte.coil..On.the.fiber.
surface,.the.adsorbed.macromolecular.coil.takes.a.different.shape.as.a.function.of.the.pH.and/or.the.
concentration.of.electrolytes.in.its.vicinity.(such.as.sulfate.ion.for.MF.resin.[55,717])..The.concen-
tration.of.the.divalent.metal.ion.is.particularly.important.[718].

PAE.resin.retention.is.strongly.influenced.by.the.presence.of.inorganic.electrolytes.(Figure.5.28)..
That.is.also.valid.for.PEI.resins.adsorption.[702]..Calcium.is.more.effective.than.sodium.in.compet-
ing.with.PAE.for.the.carboxyl.group.in.the.pulp.[712,718];.as.a.result,.paper.strength.decreases.as.
the.ionic.strength.and.the.fraction.of.divalent.metal.ions.in.the.pulp.increase.

The.retention.is.far.from.100%.of.the.added.resin,.and.even.at.very.high.concentrations.of.PAE.
in.water,.the.saturation.point.is.not.reached..There.is.a.competition.for.cellulose.carboxylic.groups.
and.the.polymeric.cation.shows.a.pseudo-irreversible.adsorption..The.calcium.cation.is.replaced.by.
changing.the.equilibrium.conditions.[719].(Figure.5.29).

Bleaching. residues. interfere.with. the. retention.of.WSR..They.are. insoluble.anionic.particles,.
which.adsorb.some.of.the.resin..Many.of.these.fine.particles.with.accompanying.resin.presumably.
pass.through.the.wire.into.the.white.water.[698].

The.ion-exchange.retention.mechanism.explains.the.resin.retention.up.to.the.neutralization.of.
the.anionic.charges.onto.the.cellulose.fibers..However,.the.resin.retention.exceeds.that.point..The.
amount.of.cationic.resin.adsorbed.on.cellulose.fibers.and.the.paper.wet.strength.show.two.distinct.
slopes.[720]..The.break.point.is.related.to.a.zero.streaming.current,.after.which.retention.is.most.
likely.due.to.hydrogen.bonding.and/or.van.der.Waals’.forces..The.excess.of.cationic.resin.changes.
the.electrophoretic.mobility.of.the.pulp–resin.complex.[716].
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Adsorbed.WSR.can.migrate.and.the.macromolecular.coil.can.change.its.shape..The.migration.
of.cationic.polymers. from.the.fiber.surface. to. its. interior.can.diminish. the.effectiveness.of. the.
WSR.[7].

Most.of.wet-strength.resins.are.cationic.polymers..The.retention.of.the.anionic.wet-strength.res-
ins.(such.as.UF.resin).is.performed.with.alum:.more.the.alum,.more.the.resin.is.retained.within.a.
faster.process.[698]..Anionic.poly-acrolein.needs.retention.aid.but.its.retention.shows.a.lower.yield:.
less.than.70%.of.the.resin.is.retained.on.the.pulp.[332]..The.retention.process.through.a.retention.
aid.appears.to.be.more.complicated.and.more.difficult.to.control.

The.major.portion.of.water.is.adsorbed.(as.multilayer).[721].in.the.amorphous.region,.which.may.
have.an.effect.on.the.interfiber.bonding..However,.hydrogen.bonding.is.a.reversible.and.dynamic.
process:.even.in.the.presence.of.water.in.large.excess,.segments.of.amorphous.cellulose.can.rear-
range.and.re-form.an.organized.structure.

How. the. paper. swelling. process. can. be. controlled. is. a. major. question. when. one. attempts. at.
describing.the.wet-strength.mechanism..The.swelling.process.should.also.be.associated.with.the.
water.“structure’.[722],.its.availability.for.interactions.with.cellulose,.and.its.effect.as.plasticizer.for.
cellulose.[723]..Plasticizer.can.greatly.reduce.the.glass.transition.temperature,.making.the.polymer.
chains.more.flexible.

At.the.wet.end,. the.wet-strength.resins.are.added.to.plasticized.fibers,.which.have.crystalline.
and.amorphous.zones..The.wet-strength.resins.hold.together.a.fiber.mass,.within.which.the.fibers.
themselves.have.substantially.no.cohesion.[724]..WSR.retention.takes.place.in.the.presence.of.a.
huge. volume. of. water. as. continuous. phase. and. involves. ionic. interactions. with. cellulose. fibers..
The.drying.step.complicates.the.picture.even.further:.WSR.may.be.involved.in.the.new.interfiber.
hydrogen.bond.formation,. in. the.protection.of. the.existing.hydrogen.bonds.and.in. the.formation.
of.new.covalent.bonds..In.other.words,.the.presence.of.wet-strength.resins.may.change.the.paper.
rewettability.and.interfiber.bonding.by.physical.and/or.chemical.processes.

The.forces.required.to.bring.fiber.surfaces.into.close.contact.and.thus.consolidate.the.paper.web.
are.provided.by.water.itself.as.it.departs.during.drying.[725].(the.tensile.index.of.the.wet.web.starts.
to.increase.[726].at.a.concentration.of.fibers.higher.than.50%).

New.covalent.bonds.between.an.additive.and.the.cellulose.fibers.may.have.a.strong.impact.on.
paper.properties..For.a.given.pulp.type.[727],.water.absorbency.depends.on.the.presence.of.cross-
linkers.(such.as.formaldehyde.or.methylolated.urea).[728–730]:.the.increase.in.wet.strength.is.cor-
related.with.a.lower.swelling.index..Other.potential.cross-linkers.are.butane.tetracarboxylic.acid.
or.PAE.resins,.which.reduce.the.pore.size.of.the.cellulose.fibers.[291].and.the.water.access.to.the.
hydroxyl.groups.
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5.5.3  diveRging vieWS on the Wet-StRength mechaniSm

Water. added. to. dried. paper. damages. the. cellulose. fiber. structure,. which. results. in. a. dramatic.
decrease. in.paper.strength..Retained.WSR.reduces. this.deterioration.of. the.paper.structure..The.
effect.of.the.WSR.is.similar.to.that.of.the.hemicellulose–lignin.matrix.on.wood.strength,.in.the.
presence.of.water,.by.holding.the.cellulosic.fibrils.together.in.the.wood.cell.wall.[731]..The.degrada-
tion.of.this.matrix.may.allow.the.fibrils.to.slide.over.one.another.[732].

The.addition.of.a.very.small.amount.of.WSR.(less.than.2%).increases.the.residual.wet.strength.
of.paper.from.5%.to.about.25%.of.its.dry.strength..However,.even.at.high.WSR.concentrations,.it.is.
next.to.impossible.to.bring.the.paper.wet.strength.to.the.same.level.as.its.dry.strength.

It.is.rather.difficult.to.explain.the.paper.wet-strengthening.mechanism..The.first.reason.for.that.
difficulty.is.the.large.number.of.parameters.to.take.into.consideration:.the.chemical.structure.of.
WSR,.the.charge.density,.the.molecular.weight,.the.resin.concentration.in.the.final.paper,.the.tem-
perature,.the.formation.of.ionic.and.covalent.bonds,.the.ionic.strength.of.water,.the.pH,.the.specific.
area.of.paper.(2–10.m2/g.[733]),.the.carboxyl.group.concentration.on.fibers.(2–20.meq/100.g.[734]),.
the.curing.time,.etc..Most.of.these.data.are.missing.in.studies.developed.for.resins.associated.with.
any.particular.furnish.

The.final.paper.(cellulose.fibers.and.adsorbed.macromolecular.compounds).may.be.regarded.as.a.
composite.[670]..After.the.drying.step,.the.chemical.composition.and.the.relative.distribution.of.the.
components.have.changed..After.soaking.in.water.the.properties.of.the.cellulose.fiber.are.modified.
and.the.number.of.interfiber.bonds.is.altered.

The.loss.in.paper.strength.on.rewetting.is.not.related.to.the.change.in.the.degree.of.polymeriza-
tion.of.cellulose.but.to.the.plasticization.by.water.of.cellulose.fibers.[723]..Therefore,.changes.in.
the.fiber.architecture.(such.as.fiber.size.and.distribution,.porosity,.etc.).and.the.interfiber.bonds.are.
responsible.for.the.low.wet.strength.of.paper.soaked.in.water.

Regardless.of.the.hydrophilic.character.of.“the.repeating.unit”.of.cellulose.(glucose),.cellulose,.
which.still.has. three.hydroxyl.groups.for.each.repeating.unit,. is.no. longer.soluble. in.water..The.
association.of.macromolecules,.within.the.cellulose.fibers,.through.intermolecular.hydrogen.bond-
ing.allows.for.a. lower.number.of.possible.interactions.of. those.hydroxyl.groups.with.water.mol-
ecules.[735]..Water.cannot.disrupt.those.hydrogen.bonds.and,.in.that.case,.the.zipper.effect.does.
not.function.

The.failure.of.paper.under.wet.stress.shows.that.only.2%.of.the.fibers.are.broken.in.the.presence.
of.the.MF.resin,.while.over.60%.of.the.fibers.are.broken.during.the.dry.tensile.measurements.[679]..
It.is.unlikely.that.the.WSR.can.penetrate.the.fiber.surface..It.is.much.more.reasonable.to.consider.
that.WSR.adsorbs.on.the.fiber.surface.and.improves.only.the.interfiber.bonded.area.

It. is. generally. accepted. that. different. WSRs. are. effective. through. different. mechanisms.
[671].. In. Figure. 5.30. the. wet. tensile. values. for. three. different. resins. are. shown. as. a. function.
of. the.retained.resin.[706]..Each.resin.involving.a.different.chemistry.provides.a.different.wet.
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strength.for.paper..The.PAE.resin.is.more.efficient.than.the.UF.and.MF.resins,.especially.at.lower.
concentrations.

Wet.strength.depends.both.on.resin.adsorption.and.its.reactivity..Different.chemical.structures.
(functional. reactive.groups),. involved. in.a.curing.process,.have.different.activation.energies.at.a.
given.temperature..A.corona.treatment.also.accelerates.the.curing.reaction.[736].

The.possible.modes.of.action.of.various.wet-strength.resins.[23].are.very.diverse:.ionic.bond.for-
mation.with.fibers;.formation.of.covalent.bonds.with.fibers.(“co-cross-linking”.or.“reinforcement”);.
prevention. of. water. penetration. into. the. fiber. and. the. interfiber. area. (“protection”. mechanism);.
formation.of.secondary.valence.bonds. that.are.not.disrupted.by.water;. formation.of.an. intimate.
physical.mixture.of.additives.and.fibers.by.interdiffusion;.development.of.a.separate.network.by.
self-cross-linking.reactions..It.is.quite.likely.that.parallel.mechanisms.are.operative.and.one.mecha-
nism.can.be.dominant.based.on.the.wet-strength.resin.type.

The.large.number.of.parameters.and.the.very.low.concentration.of.WSR.in.the.final.paper.make.
it.very.difficult.to.study.the.paper-strengthening.mechanism..That.is.why,.in.the.absence.of.direct.
measurements,.indirect.data.are.considered.valuable.[535].

5.5.3.1 Are cellulose Fibers Involved in new covalent Bond Formation?
The.most. compelling.mechanism.would.be. the.one. involving. covalent. bond. formation.between.
different.fibers.through.the.reactive.functional.groups.of.the.wet-strength.resin..Cross-linking.reac-
tions.with.formaldehyde,.in.the.presence.of.acid,.strongly.improve.the.paper.wet.strength.[18].and.
reduce.its.specific.surface.[723]..That.is.an.indication.of.the.cellulose.fiber.involvement.in.the.cova-
lent.bond.formation.[671]..Moreover,.the.C6.hydroxyl.oxidation.of.cellulose.fibers.to.aldehyde.[737].
reduces.the.paper.density.and.dry.strength.due.to.a.reduction.in.hydrogen.bonding..The.hemiacetal.
bond. formation,.between. the.hydroxyl.groups.of.one.fiber.and. the.aldehyde. functionality.of. the.
other,.increases.the.paper.wet.strength.

Several.commercially.available.WSRs.have.a.macromolecular.structure.and.reactive.function-
alities,.such.as.methylol.in.the.UF.and.MF.resins,.or.the.azetidinium.cycles.in.the.PAE.resins..This.
reactivity.of.the.wet-strength.resin.supports.the.idea.of.covalent.bond.formation..However,.the.WSR.
concentration.in.paper.is.very.low.and.only.a.small.number.of.reactive.groups.may.be.involved.in.
chemical.reactions..The.number.of.new.covalent.bonds.is.very.small;.common.analytical.methods.
can.hardly.identify.them.

The.covalent.bond.formation.takes.into.account.the.chemical.reactivity.of.cellulose.fibers.[738]..
The.number.of.hydroxyl.groups.available.for.reaction,.the.swelling.degree.of.amorphous.cellulose,.
and.the.reorientation.of.the.WSR.molecule.after.reactions.could.be.part.of.the.covalent.bond.forma-
tion.mechanism.

The.idea.of.interfiber.bonding.by.covalent.bonds.developed.within.a.reaction.with.the.WSR.is.
supported.by.the.fact.that.WSR.contributes.to.the.paper.dry.strength.as.well.[7]..Dry.strength.can-
not.be.related.to.“the.protection.of.existing.hydrogen.bonds.against.water.interaction.”.On.the.other.
hand,.those.resins.are.also.self-cross-linkable,.and.the.interfiber.covalent.bonds.can.increase.the.
number.of.hydrogen.bonds..Thus,.a.mixed.mechanism.can.also.be.possible.[670].

In.order.to.verify.the.homo-cross-linking.versus.the.co-cross-linking.mechanism,.several.model.
compounds.were.synthesized.[739–743]..There.are.two.different.groups.of.potential.WSR:.one.is.
designed.to.avoid.chemical.interaction.with.cellulose.and.the.other.prefers.to.react.with.the.func-
tional.groups.existing.on.cellulose.fibers.

The.polymer.synthesis.was.performed.either.by.direct.polymerization.of. the.appropriate. (co)
monomers. or. by. polymer-analogous. reactions.. Ideally,. the. models. should. only. differ. from. each.
other.in.terms.of.their.chemical.behavior.during.the.papermaking.process..However,.it.is.hard.to.
believe.that.different.copolymers.obtained.through.different.reaction.pathways.will.show.the.same.
retention,.the.same.molecular.weight,.the.same.charge.distribution,.and.the.same.physical.interac-
tions.with.the.fiber.surface.
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 1..Polymers.intended.for.homo-cross-linking.have.both.functionalities.(amino.and.vinylsul-
fonyloxy).in.the.same.molecule.(self-cross-linkable).
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. . The.homo-cross-linking.reaction.is.an.intermolecular.Michael.addition.developed.in.neu-
tral.and.alkaline.pH..Paper.strengthened.with.that.WSR.shows.a.wet.strength.of.11%–18%.
from.the.initial.dry.strength.[744]..Auto-oxidation.for.poly-allyl.glycidyl.ether.[317–322].
is.another.reaction.designed.to.improve.the.paper.wet.strength,.in.which.the.cross-linking.
process.does.not.involve.cellulose..Thus,.the.self-cross-linking.reaction.cannot.be.rejected.
as.a.possible.part.of.the.wet-strength.mechanism..However,.a.higher.concentration.of.poly-
mer.is.required.to.improve.the.paper.wet.strength.when.both.Michael.addition.and.auto-
oxidation.reactions.are.used.as.self-cross-linking.mechanisms.

. 2..Polymers with pendant vinylsulfonyl groups for cross-linking cellulose fibers

. . In.order.to.get.univocal.reactions.between.cellulose.fibers.and.WSR,.the.fiber.surface.has.
been.modified.by.adding.more.reactive.functional.groups.[314]..The.WSR.is.designed.to.
have.only.one.type.of.reactive.group,.which.prevents.the.self-cross-linking.reaction..The.
homopolymer.with.vinylsulfonyloxy.groups.may. react. through.a.Michael.addition.with.
cellulose.only..Other.polymers.intended.for.co-cross-linking.were.equipped.with.ketene.or.
N-hydroxysuccinyl.functionalities.
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. . The.reactive.bonds.(in.red).are.able.to.react.with.the.hydroxyl.groups..The.expected.cova-
lent.bonds.formed.between.cellulose.and.the.wet-strength.resin.are.ester.or.ether.bonds..
The.co-cross-linking.reaction.is.more.effective:.the.paper.wet.strength.reaches.up.to.39%.
from. its. dry. strength. [744],. which. proves. that. the. paper. wet-strengthening. mechanism.
works.through.covalent.bonds.within.a.co-cross-linking.reaction.

 3..Wet-strengthening by the entanglement mechanism.requires.that.the.originally.soluble.
polymer.could.be.rendered.“insoluble”.during.the.drying.of.the.paper.without.the.for-
mation.of.any.cross-links.[739]..A.macromolecular.compound.may.become.insoluble.
due. to. polar. group. interactions. (see. polyethers–polycarboxylic. acids). or. change. the.
resin.solubility.through.a.unimolecular.reaction,.such.as.the.elimination.of.hydrophilic.
moieties.

Polymers.that.support.the.third.mechanism.have.multiple.quaternary.ammonium.pendant.groups.
located.at.the.right.distance.from.a.carbonyl.(or.sulfonyl).group..The.base-catalyzed.elimination.of.
the.hydrophilic.part.(the.quaternary.ammonium.group).is.performed.through.a.Hofmann.degrada-
tion.of.the.quaternary.ammonium.base.
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The.entanglement.mechanism.resulted.in.fairly.modest.levels.of.wet.strength:.only.18%.from.the.
initial.dry.strength.[744],.which.is.still.a.confirmation.of.that.concept.

The.model.compound.study.did.not.clearly.rule.out.any.of.the.possible.strengthening.mecha-
nisms..The.covalent.bond.formation.with.cellulosic.support,.the.self-cross-linking.of.the.WSR,.and.
the.entanglement.mechanism.are.still.valid.explanations.for.how.WSR.might.work.to.improve.paper.
wet.strength.

Formaldehyde.(up.to.7%).[745],.polycarboxylic.acids,.or.poly-aldehydes.[295].develop.covalent.
bonds.with.cellulose.hydroxyl.groups..Polycarboxylic.acids.react.with.the.cellulose.fibers.(cur-
ing.temperature.140°C–160°C).in.the.presence.of.a.catalyst.(sodium.hypo-phosphite.NaH2PO2).
[190]..Paper.with.cross-linked.fibers.shows.up.to.60%.lower.water.absorption.and.lower.specific.
surface.(from.1.8.×.106.cm2/g.to.0.7.×.106.cm2/g).[723,746]..Due.to.the.cross-linking.reaction.the.
paper.wet.and.dry.strengths.are.higher,.and.some.other.properties,.such.as.stiffness,.are.altered.
as.well.

The.commercially.available.WSRs.(UF,.MF,.and.PAE).are.different.from.the.cross-linkers.men-
tioned.above:.they.are.cationic.and.have.a.higher.molecular.weight..The.behavior.of.these.resins.is.
somehow.ambiguous:. they.may.both.cross-link.cellulose.fibers.and.homo-cross-link..During.the.
paper.drying.step,.the.methylol.groups.of.UF.or.MF.resins.react.with.cellulose.or.are.dehydrated.to.
form.methylene.and/or.methylene.ether.bridges.between.different.macromolecular.units.to.generate.
a.cross-linked.structure.which.involves.WSR.only.[7]..The.curing.process.is.developed.at.acid.pH..
Paper.wet.strength.drops.by.about.40%.when.the.stock.pH.is.increased.from.4.to.7.[747]..UF.and.
MF.resins.boost.both.paper.wet.and.dry.strengths.[21].

The.chemistry.of.the.azetidinium.functionality.is.very.interesting.[558–561]..The.reactive.azeti-
dinium.cycle.of.PAE-type.resins.may.polymerize.(cationic.mechanism).[748–753],.or.can.react.with.
carboxylic. acids. and.amines. [754,755]..Both. tertiary. amines. and.carboxylic.groups.are. reactive.
and.thus.PAE.resin.may.cross-link.cellulose.fibers.and/or.homo-cross-link.to.make.an.independent.
network.

PAE.resin.retention.is.based.on.the.ionic.interaction.between.azetidinium.and.the.carboxyl.anion.
from.cellulose.fibers.and.thus.two.reactive.groups.are.close.to.each.other..The.carboxyl.group.reacts.
with.the.azetidinium.cycle.resulting.in.an.ester.bond.formation.[7]..It.is.well.documented.that.PAE.
resins.react.with.the.carboxyl.groups.from.the.carboxymethylated.cellulose.fibers.to.form.the.ester.
bonds.shown.in.the.IR.spectrum.[542].
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The.PAE.resin.also.has.hydroxyl.groups.along.with.tertiary.amines..Organic.compounds.with.an.
azetidinium.cycle.[559].react.with.ammonia.or.with.primary.and.secondary.amines.[756].

© 2012 by Georgia-Pacific Chemicals LLC

  



213Wet-Strength Resins

The. azetidinium. cycle. is. also. reactive. to. the. tertiary. amine.. For. PAE. wet-strength. resins,. a.
tertiary.amine.(like.N-methyl.bis-(3aminopropyl).amine).in.the.backbone.provides.a.faster.curing.
process.[519].than.PAE.made.from.DETA.[112].
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Based.on.this.self-cross-linking.mechanism,.the.quaternary.ammonium.concentration.does.not.
change.. Another. curing. mechanism. was. suggested. by. Bogaert. et. al.. [324]. for. the. cross-linking.
reaction.of.poly-methacrylates.of.1-alkyl-3-hydroxyazetidines..This.mechanism.involves.two.azeti-
dinium.ions.and.the.resulting.cross-linked.polymer.has.a.lower.number.of.cationic.charges..The.
self-cross-linking.reaction.simulates.the.evolution.of.the.molecular.weight.(and.viscosity).during.
the.PAE.synthesis.
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The. azetidinium. concentration. decreases. (while. a. steady-state. tertiary. amine. concentration.
was.maintained).during.the.thermosetting.reaction.of.the.PAE.resin..The.curing.process.follows.a.
pseudo-first-order.kinetic.[519].

Starch.with.blocked.reactive.groups.reacts.with.cellulose,.resulting.in.higher.paper.wet.strength,.
as.compared.with.regular.cationic.starch.[212]..That.reaction.can.also.be.both.a.co-cross-linking.
and.a.homo-cross-linking.process.

Cellulose.fibers.have.two.types.of.potentially.reactive.groups:.hydroxyl.and.carboxyl..Changes.
in.chemical.structure.take.place.during.the.curing.step,.but.the.nature.of.those.new.covalent.bonds.
(co-cross-linked.or.self-cross-linked).seems.to.be.undecided..The.ideas.presented.so.far.leave.open.
the.topic.of.which.wet-strength.mechanism.prevails..Another.detail.makes.the.picture.even.more.
complex:.the.chemical.bonds.developed.in.paper.strengthened.with.UF,.MF,.and.PAE.resins.are.
very.strong,.and.strengthened.paper.is.not.repulpable.
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There. have. been. several. attempts. to. solve. the. problem. concerning. which. wet-strengthening.
mechanism. is. involved.when.WSR. is. added. to.paper..Kinetic. and. thermodynamic. studies.were.
performed.along.with.the.use.of.model.compounds.to.simulate.possible.reactions.

These.studies.involve.many.experimental.difficulties.because.the.resin.concentration.in.paper.
is.very.low..Moreover,.the.involvement.of.functional.groups.into.covalent.bond.formation.with.cel-
lulose.is.difficult.to.identify.due.to.the.presence.of.other.potential.reactions.with.water.and.other.
paper.chemicals.(starch,.CMC,.anionic.trash,.etc.).

Both.WSR.and.cellulose.have.reactive.groups.in.large.numbers..However,.it.was.found.that.only.
a.minor.fraction.of.the.reactive.groups.of.the.PAE.resin.was.consumed.when.the.resin.alone.was.
cured.to.a.water-insoluble.film.[670].and.therefore.few.covalent.homo-cross-links.are.very.effective.
in.imparting.wet.strength..Less.than.20.out.of.a.total.of.70.reactive.sites.present.per.100.repeating.
units.are.sufficient.for.full.wet-strength.development.[23]..However,.the.absorbance.due.to.the.ester.
bond.formation.in.the.PAE-treated.handsheets.increased.nearly.equal.to.that.in.the.case.of.the.cured.
PAE.films.[538].

There.is.some.other.evidence.for.the.PAE.resins.homo-cross-linking.process:.different.pulp.
furnishes. give. similar. percentages. of. wet/dry. ratio. when. treated. with. PAE. resin. at. the. same.
concentration. [20,650],. which. suggests. that. the. pulp. is. not. directly. involved. in. the. chemical.
reactions.

The.self-cross-linking.of.the.UF.resins.[671].is.still.an.option.because.thermodynamic.mea-
surements.show.that.the.activation.energy.for.the.curing.process.is.similar.to.that.for.resin.cured.in.
the.absence.of.cellulose.[323,687]..The.average.activation.energy.associated.with.the.wet-strength.
development.is.about.22.6.±.0.8.kcal/mol.for.the.cellule.fibers.and.UF.resin,.which.is.almost.iden-
tical.(within.the.experimental.errors).with.that.for.glass.paper.and.UF.resin.(23.8.±.0.6.kcal/mol).
[687]..This.is.a.strong.indication.that.the.reaction.leading.to.wet.strength.is.independent.of.the.
fiber.

In.order.to.check.the.strengthening.mechanism,.the.reaction.was.performed.with.model.mol-
ecules.and.at.higher.concentrations.of. the. reaction.partners.. It.was. found. that.N,N-dimethyl-N′-
methylolurea,.which.has.an.active.methylol.group,.did.not.react.with.the.hydroxyl.group.of.cellulose.
[687]..Model.molecules.of.cellulose.(such.as.sucrose.or.methyl-α-glucopyranoside.[440]).did.not.
react.with.the.UF.resin,.with.the.PAE,.or.with.the.MF.resins.[757].

The.PAE.reactions.with.the.model.compounds.(acetic.acid,.ethanol,.dibutyl.amine,.methyl-β-
glucoside). [23]. were. performed. and,. within. the. experimental. errors,. no. covalent. bond. between.
the.azetidinium.ring.and.acetic.acid.or.ethanol.was.identified.[519]..There.is.negligible.bonding.of.
glucoside.to.the.insolubilized.resin.either.at.pH.=.6.or.under.alkaline.conditions.[23]..The.extent.of.
the.co-cross-linking.process.(if.any).appeared.to.be.rather.limited.[669].

However,.the.H-NMR.data.are.not.accurate.enough.to.reach.the.final.conclusion.concerning.the.
curing.mechanism.for.PAE.as.WSR..If.the.chemical.bond.formation.between.WSR.and.cellulose.
is.unlikely,.and.the.separate.cross-linked.structure.is.formed.based.only.on.the.very.low.polymer.
concentration,.it.is.very.interesting.to.explore.the.effect.of.the.change.in.chemical.structure.on.other.
properties.of.fibers.

5.5.3.2 to what Extent does hydrogen Bonding Explain the Paper wet strength?
The.formation.of.covalent.bonds.would.increase.both.the.dry.and.wet.strengths..Surprisingly,.in.the.
presence.of.wet-strength.resins,.the.paper.wet.strength.is.much.more.improved.than.its.dry.strength..
A.little.change.in.the.paper.dry.strength.[687].was.found.to.accompany.the.substantial.increase.in.
wet.strength..For.instance,.1.2%.PAE.increases.the.dry.strength.by.35%.while,.for.the.same.paper,.
the.wet.strength.increases.by.about.20-fold.[670]..In.the.case.of.the.PEI.resin,.when.the.polymer.
content.in.paper.increases.from.0%.to.1.54%,.the.dry.strength.increases.from.18.57.to.22.18.lb/in..
(20%),.while.the.wet.tensile.strength.ranges.from.0.69.to.3.78.lb/in..(5.5-fold),.and.the.W/D.ratio.
changes.from.4%.to.17%.[101]..Because.the.number.of.new.covalent.bonds.(if.any).is.low,.the.effect.
of.hydrogen.bonding.on.the.paper.wet.strength.must.be.revisited.
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If.the.paper.dry.strength.is.generated.by.the.hydrogen.bond.formation,.the.loss.of.strength.of.
paper.on.rewetting.could.be.the.result.of.breaking.the.interfiber.hydrogen.bonds.by.water..To.accom-
plish.this,.water.must.penetrate.and.have.access.to.the.bonding.area.

The.importance.of.the.hydrogen.bond.formation.can.also.be.explored.by.using.polymers.which.
do.not.have.any.chemical.reactivity.toward.cellulose..This.is.the.case.of.PEI.[707],.PVAm.[363],.or.
blends.of.nonreactive.anionic.and.cationic.resins.[616]..Those.WSRs.can.only.be.involved.in.ionic.
and.hydrogen.bond.formation.

Ionic.bonding.is.considered.very.important. in.the.case.of.PEI.[758]..The.mechanism.put.for-
ward.by.Trout.in.1951.[101].was.an.ion.exchange.mechanism:.anionic.species.from.cellulose.fibers.
exchange.their.cation.with.the.cations.delivered.by.PEI.[704,707]..The.fact.that.the.paper.needs.to.
be.dried.in.order.to.enforce.this.interaction.is.hard.to.explain.

PEI.and.polyvinyl.formamide.are.by.far.the.polymers.with.a.much.higher.charge.density.per.
gram. than. pDADMAC.. PEI. and. polyvinyl. amine. are. “isomers”. with. the. same. general. formula.
(C2H5N).and.a.charge.density.of.22.meq/g.in.acid.pH.(about.10.times.higher.than.the.regular.PAE.
resin)..The.very. short.distance.between. the.potential. cationic.charges. in.PEI.and. the.molecular.
capabilities.to.rotate.around.the.simple.covalent.bonds.are.also.factors.which.must.be.taken.into.
account..More.frequent.cationic.charges.will.better.fit.the.random.distribution.of.anionic.charges.
on.cellulose.fibers:.it.is.more.likely.to.couple.an.anionic.group.with.a.cationic.group.through.the.
macromolecule. re-conformation.. The. larger. number. of. ionic. bonds. could. be. the. reason. for. the.
pseudo-irreversible.PEI.retention..However,.the.transport.and.reorientation.of.macromolecules.on.
the.cellulose.fiber.surface.is.a.time-consuming.process.[672].

Ionic.bonds.are.2–3. times.stronger. (10–20.kcal/mol). than.hydrogen.bonds. (only.about.5.kcal/
mol)..By.consequence,.a.polymer.with.multiple.electric.charges.is.an.interesting.candidate.as.wet-
strength. resin,.even. in. the.absence.of.any. reactive. functionality..This. idea. led. to. the.concept.of.
modifying. the. cellulose. fibers. themselves. with. pendant. groups. carrying. zwitterions. (N6-(1,3,5-
triazin-2-yl)-l-lysine).[725]..Modified.fibers.show.a.significant.higher.paper.wet.strength.without.
the.involvement.of.any.other.strengthening.agent.
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Polyvinyl.formamide.partially.hydrolyzed.(11%.cationic.units).is.capable.of.providing.both.dry.
and.wet.strengths. [361]..Figure.5.31.shows. that. the.high.wet.strength. is.obtained.only.at.higher.
polymer.concentrations..This.kind.of.graph.is.representative.for.wet-strength.resin.performances.
(see.also.Figures.5.4.and.5.5)..The.only.difference.is.the.amount.of.resin.needed.to.reach.a.certain.
level.of.the.W/D.ratio.

The.importance.of.ionic.interactions.is.challenged.by.the.fact.that.poly-DADMAC,.a.cationic.
polyelectrolyte,.does.not. improve.wet-strength..pDADMAC,.which.has.a.very. rigid.backbone,.
can. interact.with.cellulose.fibers. through. ionic.bonds.but.cannot.be. involved. in.any.hydrogen.
bonding.
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Modified.PEI.with.epichlorohydrin.[513].shows.the.same.performances.as.the.PAE.resin..The.
potential.cross-linking.definitely.helps.in.the.wet-strengthening.process..The.effect.of.the.thermo-
setting.resin.on.the.paper.wet.strength.can.be.explained.either.by.the.restriction.on.water.access.or.
by.the.increase.in.the.glass.transition.temperature.of.cellulose.[723]..The.adsorbed.PAE.resins.may.
change.the.macromolecular.coil.shape.in.the.presence.of.electrolytes:.higher.conductivity.(>2.mS/
cm).reduced.the.performance.of.the.resin.[712].

The.results.obtained.on.UF.resin.(homo-cross-linking).are.compatible.with.the.hypothesis.that.
wet. strength. is. largely.due. to. the.protective.action.of. resin.on. the. interfiber.hydrogen.bonds..A.
necessary.condition.for. the.high.degree.of.wet.strength.may.be. the.penetration.of.resin. into. the.
amorphous.cellulose.of.the.interfibrillar.regions.[440].

The.mechanism.of.sheet.reinforcement.by.latex.particles.must.take.into.account.that.more.poly-
mer.is.needed.(up.to.10%).to.reach.a.reasonable.wet.strength..In.that.case.no.reaction.takes.place.
and.no.new.ionic.bond.is.formed..The.hydrophobic.polymer.particles.incorporate.many.macromol-
ecules;.their.effectiveness.is.reduced.because.the.macromolecule.coil.is.smaller..Thus,.a.small.cellu-
lose.fiber.surface.is.covered.by.a.thick.polymer.layer..However,.a.thicker.polymer.layer.can.increase.
the.number.of.interfiber.bonds:.the.interfiber.bonds.are.substituted.by.polymeric.bonds.[759].

5.5.3.3 what would a Protective mechanism look like?
Paper. is.an.aggregate.of.cellulose.fibers..Cellulose.fibers.are. formed.from. linear.cellulose.mac-
romolecules.which. interact.with.each.other. through.intramolecular.and. intermolecular.hydrogen.
bonds..Paper.disintegrates.after.soaking.in.water.but.fibers.retain.their.shape.because.the.“inter-
nal”.hydrogen.bonds.are,.somehow,.not.broken.by.the.water.molecule..There.is.something.in.the.
hydrogen.bonds’.organization.within.the.fibers.that.makes.them.behave.not.as.individuals.but.as.an.
“association,”.or.as.a.system.of.reciprocal.protection.against.the.zipper.effect.

Due.to.a.large.number.of.intermolecular.hydrogen.bonds,.there.is.an.extended.hydrophobic.area.
resulting.in.the.reorientation.of.the.macromolecules.(see.crystalline.structure.of.the.cellulose.fiber)..
The.hydrophobic–hydrophobic.interactions.can.improve.the.fiber.strength.and.prevent.water.pen-
etration.into.fiber.structure..Swelling.occurred.in.hydrophobic.organic.solvents,.which.proves.the.
existence.of.a.hydrophobic.part.in.paper.[760].

The.failure.of.paper.shows.that.only.2%.of.the.fibers.are.broken.under.wet.stress.[687]..The.inter-
molecular.hydrogen.bonds.developed.in.interfiber.bonding.area.are.broken.when.paper.is.soaked.in.
water..If.the.hydrogen.bonds.within.the.cellulose.fibers.are.compared.with.those.developed.between.
fibers,.it.seems.that.the.interfiber.hydrogen.bonds.are.not.protected.against.water.aggression.
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The.fiber.internal.strength.can.be.a.model.of.how.to.improve.the.interfiber.strength..There.are.
several.ways.for.a.wet-strength.resin.to.interact.with.the.existing.interfibers.bonds.[667]:.making.
the.hydrogen.bonding. less. sensitive. to. the. swelling.and.dissolving.action.of. the.water;.bringing.
hydrophobicity;.increasing.the.number.of.hydrogen.bonds;.adding.ionic.and.covalent.bonds.which.
restrict.the.freedom.of.the.macromolecules.involved.in.interfiber.bonding.will.improve.the.paper.
wet.strength..The.higher.molecular.weight.of.WSR.has.the.benefit.of.pseudo-irreversible.(“partially.
irreversible”.[735]).interactions.as.well.

The. amorphous. zone. is. the. most. likely. interfiber. bonding. area. because. cellulose. macromol-
ecules.from.different.fibers.can.be.entangled..The.entanglement.will.generate.a.large.number.of.
hydrogen.bonds..The.paper.dry.strength.is.based.on.those.hydrogen.bonds..The.amorphous.part.is.
also.highly.susceptible.to.the.swelling.effects.produced.by.water.[706]..The.structure.swollen.in.
water.has.a.larger.distance.between.molecules.and,.consequently,.a.lower.number.of.intermolecular.
hydrogen.bonds.(see.“zipper”.effect.[686];.see.Figure.5.25)..The.increase.in.the.paper.wet.strength.
can.be.due.to.the.protection.of.hydrogen.bonds.against.water.aggression.

In. has. been. shown. [187]. that. impregnation. with. polyethylene. glycols. greatly. reduces. paper.
swelling..In.that.case.no.chemical.reaction.was.developed..However,.water.penetration.in.the.paper.
structure.has.been.changed.by.the.presence.of.a.polyether.(or.polycarboxylic.acid,.poly-alcohols.
[761–763]).able. to.occupy. the.space.around. the.hydroxyl.groups..The.macromolecular.character.
of.polyether.makes.the.interaction.pseudo-irreversible.and.may.retard.the.dissociation.of.hydrogen.
bonds.

A.dynamic.process.of.breaking.and.re-formation.of.hydrogen.bonds.takes.place.within.those.
polymeric.aggregates. [735],.but. the. total.number.of. intermolecular.bonds. is.constant.even. in.
the. presence. of. water.. In. these. aggregates. more. than. two. polymers. are. involved.. If. two. of.
those.polymers.are.cellulose.molecules.and.the.third.is.WSR,.then.interfiber.interaction.can.be.
reinforced.

Hemicellulose.can.be.the.third.component..Hemicellulose.is.very.much.involved.in.the.strength-
ening.process.and.is.responsible.for.the.paper.dry.strength.[764–766]..Water.has.very.little.impact.
on.the.Tg.of.the.crystalline.cellulose.[767].but.hemicellulose.shows.a.much.lower.softening.tempera-
ture.when.water—as.a.“solvent”—is.present..The.hemicellulose.sensitivity.to.water.is.part.of.the.
explanation.for.the.weakness.of.wet.paper.

Ethylenediamine.does.not.show.any.effect.on.the.paper.wet.strength.but.a.low.molecular.weight.
polyamine.(pentaethylene–hexamine).does.impact.the.paper.wet.strength.[758]..Unlike.most.other.
WSR,.PEI.is.essentially.a.nonreactive.polymer,.with.high.charge.density.and.relies.on.its.strong,.
largely.irreversible,.adsorption.to.the.cellulose.fibers.[704,768]..Polysaccharides.have.been.found.
to.give.precipitates.(complex.formation).when.mixed.with.wet-strength.resins.[762].(see.also.the.
complex.formation.between.cellulose.and.amines.and.polyamines.[769–772]).

The.tight.aggregate.between.polyamine.and.cellulose.may.reduce.the.“zipper”.effect.by.water.
molecules..Hydrogen.bond.formation.between.amino.and.hydroxyl.group.is.well.documented.[773].

R

O H N

R

R

R

The. number. of. bonds. between. fiber. and. resin. is. a. function. of. charge. density. and. molecular.
weight..The.number.of.interactions.between.PEI.and.cellulose.can.be.increased.by.increasing.the.
number.of.anionic.charges.of.the.cellulose.fibers.(modified.fibers).[758],.or.by.increasing.the.PEI.
molecular.weight. (reaction.with. formaldehyde). [101]..With.a.higher.number.of. ionic.bonds,.wet.
strength.increases.tremendously.for.the.same.amount.of.retained.PEI.with.a.molecular.weight.of.
75,000.(Figure.5.32)..That.means.that.a.higher.number.of.ionic.bonds.is.probably.able.to.make.a.
tighter.structure,.and.the.water.effect.(“zipper”).is.slowed.down.
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Water. penetration. into. the. interfiber. bonding. area. can. be. controlled. with. small. amounts. of.
hydrophobic.material.[774]..Wet.strength.was.improved.by.simply.adding.an.internal.sizing.agent.
(rosin).[775],.lecithin.[776,777],.or.dextrane.palmitate.[778]..The.acetalylation.of.the.hydroxyl.group.
makes.the.fiber.more.hydrophobic.and.less.sensitive.to.water.penetration;.therefore.the.wet.strength.
of.acetylated.paper.is.higher.[728,779].

Polycationic.wet-strength.resins.with.no.reactive.groups,.but.with.hydrophobic.tails.[365],.are.
more.efficient.WSRs..A.more.hydrophobic.PAE.resin.[177,430,431,780].provides.a.higher.wet/dry.
tensile.ratio..Hydrophobic.polymers.like.PVA.reduce.the.water.adsorption.of.cellulose.[781]..AKD.
along.with.temporary.wet.strength.[654].also.enhances.the.wet.strength.of.board.

Latexes.[782].can.significantly.improve.wet.strength.without.any.new.covalent.bond.formation,.
with.no.redistribution.of.the.cationic.charges,.and.no.macromolecular.penetration.in.the.cellulose.
pores..Paper.treated.with.neoprene.latex.shows.a.very.low.strength.decay.after.soaking.in.water.for.
about.120.h.at.25°C.[440]..Wet.strength.seems.to.be.related.to.the.hydrophobic.interactions.and.the.
formation.of.a.polymeric.film.sandwiched.between.the.fibers.[783].

The.hydrophobic.properties.of.the.cellulose.fiber.surface.are.improved.by.ionic.charge.neutral-
ization.with.another.polymer..The.fiber.surface.behaves.like.an.anionic.polyelectrolyte.gel..After.
the.adsorption.of.cationic.wet-strength.resins,.a.polyelectrolyte.complex.(anion–cation).is.formed.on.
the.cellulose.fiber.surface..The.aggregate.becomes.more.hydrophobic.(even.before.the.drying.step),.
water.is.expelled,.and.the.aggregate.shrinks.[784]..By.rejecting.water.molecules.from.the.interfiber.
volume,.more.hydrogen.bonds.are.formed..Their.sensitivity.to.water.is.lower.due.to.the.more.hydro-
phobic.character.of.the.polyelectrolyte.complex.

The.PAE.resin.can.be.made.more.hydrophobic.in.a.complex.with.an.anionic.copolymer.(ethyl-
ene–maleic.anhydride).modified.with.N-methyl-N-octadecylamine.[623].

R RCH2 CH2

C

C
O–

N

O

O

H3C

C18H37

Na+

CHCH

The.hydrophobic.character.of.the.wet-strength.resin.dual.system.increases.the.paper.wet.strength.
by.25%..Blends.of.PAE.resin.and.a.reactive.anionic.polymer.[780].also.enhance.it..However,.the.
aggregate. formed. between. the. cationic. PAE. resin. and. the. poly-anionic. reactive. polymer. (SMA.
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219Wet-Strength Resins

reacted.with.N-methyl-N-octadecylamine).will. add.more.homo-cross-links. in.which.cellulose. is.
not.involved.

The.additivity.rule.follows.Equation.5.10.[538,610]:

. DT DT (WT WT ),r b r b= + − . (5.10)

where
WT.is.wet.tensile.index
DT.is.dry.tensile.index
r.stands.for.“resin-treated.handsheet”
b.stands.for.“blank.(untreated).handsheet”

The.dry.tensile.index.meets.the.additivity.rule.and.therefore.the.wet-strength.mechanism.of.the.PAE.
resin.can.be.explained.by.a.“protection.mechanism.”

The.curing.process.is.a.chemical.modification.reaction.of.the.WSR:.the.hydrophilic.methylol.groups.
(or.the.azetidinium.cycle).are.converted.to.the.more.hydrophobic.carbon–carbon.bonds..The.rate.of.
water.adsorption.is.reduced.by.acid-curing.wet-strength.resins,.such.as.UF.or.MF.resins.[628,785]..
The.reduction.of.water.adsorption.can.be.due.to.a.protection.system.that.reduces.the.water.access.to.
the.hydrogen.bonds,.or.to.the.reaction.between.the.hydrophilic.groups.and.the.wet-strength.resin..It.
has.been.suggested.[55].that.wet.strength.is.the.result.of.the.formation.of.MF.resin.bonds.which.are.
not.sensitive.to.water,.and.of.a.protective.“shielding”.of.the.cellulose-to-cellulose.hydrogen.bonds.

The.protection.mechanism.will.allow.the.wet-strength.resin.to.be.adsorbed.in.the.amorphous.
zone.and.will.prevent.the.zipper.effect.of.water.molecules.on.the.interfiber.bonds.by.ionic,.covalent,.
and. hydrogen. bonds.. Physical. and/or. chemical. interactions. between. fibers. and. WSR. bring. seg-
ments.of.macromolecules. in.short.range.where.the.hydrogen.bonding.is.effective.(<0.2.nm)..The.
angle.between.a.given.hydrogen.bond.donor.and.acceptor.is.also.restricted.to.a.narrow.range.[786]..
Therefore,.the.resin.merely.reinforces.and.protects.preexisting.hydrogen.bonds.and.thus.the.water.
sensitivity.decreases.and.the.paper.wet.strength.increases.[706,787].

The.aggregate.stability.depends.on.the.molecular.weight.of.the.wet-strength.resin..A.polymer.
with.a.higher.molecular.weight.is.more.likely.to.develop.a.larger.number.of.hydrogen.bonds.with.an.
increased.probability.for.a.rigid.structure..However,.the.resin–cellulose.cross-link.formation.can-
not.be.completely.ruled.out,.but.if.those.cross-links.do.exist,.they.only.help.the.protection.effect.by.
freezing.the.polymer.coil.shape.

The.protective.mechanism.is.a.hybrid.one:.the.new.chemical.bonds.(ionic.or.covalent).can.be.
formed.but.their.effect.consists.in.not.only.the.increased.number.of.links.but.also.in.the.increas-
ing.rigidity.of. the.polymeric.aggregate.and.boosting.of. the.protection.of.existing.bonds..Homo-
cross-linking. [788].and/or.co-cross-linking. increase. the.molecular.weight.as.well,.which.makes.
the.structure.even.less.flexible.due.to.a.larger.number.of.possible.interactions..The.ionic,.hydrogen,.
and.hydrophobic.bonds.are.all.conducive.to.higher.paper.wet.strength.[712]..The.cooperative.effect.
of.the.“hydrophilic”.strength.(hydrogen.bonding.protection).and.“hydrophobic”.strength.should.be.
incorporated.in.order.to.have.a.better.picture.of.the.paper.wet-strengthening.mechanism.

5.6 PAPER REPUlPABIlIty

Paper.wet.strength. is.an. important.property. for.both.paper.application.and.production..The.fact.
that.the.wet.strength.is.more.or.less.“permanent”.raises.the.questions.about.broke.recycling.[789].
and.the.ability.of.the.final.paper.product.to.be.reintroduced.into.the.papermaking.process.(repulp-
ability)..In.other.words,.the.pulp.and.paper.industry.was.concerned.about.sustainability.long.before.
that.concept.became.popular.

In.2008.there.was.a.56%.recovery.rate.for.fiber,.the.goal.being.to.reach.60%.[790]..However,.
the.quality.for.recovered.fiber.is.lower.and.the.amount.of.recycled.paper.in.the.blend.with.virgin.
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fiber.is.only.about.34%..Due.to.higher.repulping.temperatures.and.repeated.drying.operations,.the.
strength.properties.of. recycled.fibers. are.dramatically.decreased.with. recycling. [791,792]..After.
recycling.the.fines,.crystallinity.is.increased,.their.surface.is.richer.in.carboxylic.groups.[793],.the.
water.retention.value.is.lower.[794],.and.the.interfiber.bonding.is.weaker.(small.bonded.area.[795]).

A.milder.repulping.process.is.key.in.preserving.fiber.characteristics..WL.readily.disintegrates.in.
water..Paper.chemicals.slow.down.the.disintegration.process.because.most.of.them.are.hydrophobic.
and/or.thermosetting.compounds.[21,716]..In.other.words,.the.recovery.of.the.cellulose.fibers.during.
the.repulping.process.has.to.do.with.the.paper.chemicals.incorporated.in.paper.and.mainly.with.the.
wet-strength.resins.

Paper.chemicals. are.designed. to.make.cellulose.fibers.more.hydrophobic.and. to. increase. the.
interfiber.bonding..What.used.to.be.positive.contributions.during.the.papermaking.are.now.obsta-
cles.for.fiber.recovery.

The.ideal.paper.chemical.would.provide.properties.to.the.web.for.an.indefinite.number.of.repulp-
ing.cycles..Ideally,.only.the.interfiber.bonds.should.be.broken.during.the.repulping.process.but.they.
must.re-form.during.the.further.papermaking.process..The.real.repulping.process.is.far.from.ideal.
and.the.current.goal.is.to.extract.the.cellulose.fibers.from.paper.by.sacrificing.all.the.paper.chemicals.
previously.used.to.make.that.paper..It.is.like.a.cleaning.process.which.tries.not.to.harm.the.fiber.

Commercial.wet-strength.resins.fall.into.two.categories..Temporary.wet-strength.resins.provide.
paper.wet.strength,.which.decays.by.50%.in.5.min.and.about.90%.in.1.h.after.soaking.in.water..
Permanent.wet-strength.resins.impart.long-lasting.wet.strength..The.wet.strength.of.a.sheet.soaked.
for.2.h.will.typically.be.80%–90%.of.the.value.measured.after.a.10.s.wetting.and.does.not.fall.much.
further.after.longer.soaking.[795].

The.structure.of.the.paper.wet-strengthened.with.permanent.WSR.is.different.from.WL,.which.
makes.the.reworking.of.broke.difficult.[797,798]..To.be.readily.repulpable,.paper.should.disinte-
grate.easily.at.a.temperature.of.38°C–60°C.and.a.pH.of.6–8.[654,799,800]]..The.mild.conditions.
are.needed.to.prevent.any.chemical.degradation.of.the.cellulose.fibers..A.reduction.in.chemicals.
discharged.in.water.after.repulping.is.also.important.[801].

However,.regular.repulping.procedures.involve.mechanical.energy,.heat,.and.chemical.treatment.
in.a.very.large.volume.of.water..Special.equipment.[25,802].is.required.for.higher.pH.and.higher.
temperatures.. At. 135°C. (obtained. with. superheated. steam. [25]),. repulping. is. performed. under.
pressure.

In.order.to.preserve.the.cellulosic.substrate.unchanged,.the.repulping.process.should.be.selec-
tive..Due.to. the.chemical.architecture.developed.during.the.papermaking.process,. there.are. two.
approaches.for.repulping.paper:.one.is.related.to.improving.repulping.chemicals.and.equipment,.
and.the.second.to.making.readily.repulpable.paper.

5.6.1  fighting the chemicalS that yield PeRmanent Wet StRength

Water.is.the.continuous.phase.for.the.pulping.process,.and.chemicals.used.for.pulping.are.supposed.
to.be.soluble.in.water.and.penetrate.the.paper.structure..Due.to.the.presence.of.hydrophobic.and.
cross-linked.compounds,.water.penetration.is.slow..Better.wettability.is.obtained.when.surfactants.
(sodium.oleate.[803].or.nonionic.compounds.[804]).are.added.to.the.repulper.

The.structure.of.the.wet-strengthened.paper.includes.strong.(carbon–carbon,.ether).bonds.and.
weaker.bonds:.amide,.esters,.ionic.and.hydrogen.bonds..In.order.to.liberate.cellulose.fibers.from.
that. structure,. the.weaker.bonds. can.be.broken.by.hydrolysis. or. by.oxidation..The. cross-linked.
structure.is.broken.into.short.segments.which.are.dissolved.in.water.as.a.part.of.that.“cleaning.”.In.
other.words,.the.ideal.repulping.process.would.be.able.to.separate.individual.fibers.by.selectively.
disintegrating.only.paper.chemicals.(or.the.bond.between.the.fiber.and.the.wet-strength.resin,.such.
as.the.ester.bond.formed.between.a.functional.latex.and.cellulose.[446])..The.art.of.the.repulping.
process.lies.in.its.selectivity:.chemical.compounds.used.to.repulp.paper.should.be.active.at.lower.
temperatures,.lower.pressure,.and.moderate.pH.
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Hydrolysis.can.be.performed.in.acid.or.alkaline.pH..UF.or.MF.resins.are.hydrolyzed.at.pH.<.3.0.
with. regular. acids. [48,805]. or. with. alum. [48].. Glyoxalated. polymers. are. hydrolyzed. at. pH. >. 9.
[796,806].and.paper.made.with.a.PAE.resin.was.repulped.in.aqueous.NaOH.at.pH.=.12.(temperature.
of.about.85°C.for.60.min).[113,135–137]..Carboxylated.polymers.incorporated.in.the.coating.formu-
las.[807].are.also.hydrolyzed.at.higher.pH.

Paper.mills.use.chemicals.available.on. their. facility. for. the. repulping.process..Hypochlorous.
acid.is.obtained.by.continuous.addition.of.chlorine.to.the.repulper.[808].and.can.oxidize.the.PEI.
resins..Sodium.hypochlorite.(NaOCl).is.active.in.alkaline.pH.[789]..However,.hypochlorites.gener-
ate.absorbable.organic.halides.in.paper.mill.effluents.[809]..These.substances.are.environmentally.
undesirable.[804].

Alkali.metal.persulfates.(oxidizing.agents).have.been.used.as.reagents.to.replace.hypochlorites.
[804].in.repulping.the.paper.strengthened.with.the.PAE.resin,.but.the.process.is.slower.than.with.
hypochlorite.[809]..As.persulfate.repulping.proceeds,.the.pH.may.fall.and.a.base.[810,811].or.buf-
fer. systems. are. recommended. [812]. (acetic. acid/sodium. acetate. for. 5.0.<.pH.<.5.5. [813]).. Shorter.
repulping.times.were.required.at.a.pH.of.about.10.with.sodium.carbonate..The.persulfate.activity.is.
enhanced.by.the.presence.of.a.copper.salt.[814]..For.paper.made.with.UF.and.MF.resins.as.WSR,.
a.mixed.oxidizing.agent.(sodium.hypochlorite.and.ammonium.persulfate).is.recommended.[26].

The.oxidizing.agents,.such.as.hydrogen.peroxide.or.peracetic.acid,.are.activated.as.repulping.
agents.by.the.presence.of.ferrous.sulfate.[815]..Chemical.treatment.may.combine.caustic.and.oxi-
dizing.agents.in.order.to.help.the.repulping.process.[802]..The.oxidizing.process.is.performed.in.
two.steps:.the.first.in.acid.pH.(pH.=.3.for.less.than.60.min).and.the.second.at.higher.pH.(pH.=.11.for.
30.min.at.70°C).[804,816–818]..That.procedure.increases.the.repulpability.yield.up.to.90%.

The.effect.of.the.repulping.process.parameters.(temperature,.pH,.time,.chemicals,.etc.).must.be.
evaluated.within.an.adequate.standard.method.[805].applied. to.both.filtrate.(for.residual.chemi-
cals). and. pulp.. A. testing. method. for. repulpability. is. presented. by. Darlington. and. Lanier. [654]:.
110.g.board,.2895.g.DI.water,. temperature.120°F,.pH.=.6–7. in.Maelstrom.pulper..A.15.min. soak.
time.is.recommended.before.turning.on.the.pulper.motor..After.15.min.of.agitation,.a.sample.of.
pulp.containing.11.g.of.dry.fiber.was.taken.from.the.pulper.and.screened.through.a.vibrating.plate,.
Somerville.screen.with.0.006.in..slots..The.fiber.retained.on.the.screen.and.that.passing.through.the.
screen.were.collected.separately,.dried,.and.weighted.after.equilibrating.at.50%.relative.humidity.
and.23°C..The.percent.of.the.fiber.fed.to.the.screen.that.passed.through.was.the.repulping.yield.

5.6.2  the RePulPing mechaniSm

The.wet.strength.of.paper.treated.with.UF.and.MF.resins.decreases.at.high.temperatures.and.differ-
ent.pH.[6]..The.acid.hydrolysis.mechanism.of.UF.resins.[819].is.a.reversed.condensation.reaction.
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The. mechanism. of. the. alkaline. hydrolysis. of. PAE. resins. involves. a. cleavage. of. amide. bond.
[716,819].
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The. hydrolysis. process. can. be. performed. under. milder. conditions. (pH.=.9.0. and. temperature.
40°C).in.the.presence.of.enzymes.[820]..The.resin.molecular.weight.was.reduced.and.the.presence.
of.adipic.acid.showed.an.accelerated.degradation.of.the.polyamide.structure.after.45.min.

5.6.3  RePulPaBle PaPeR

An.analysis.of.the.paper.repulpability.process.is.actually.a.review.of.the.entire.paper.chemistry.in.
a.new.perspective:.what.kind.of.paper.chemicals.(or.binders.in.coatings.[821–825]).are.required,.
given.the.need.for.them.to.be.recovered.by.the.process.as.part.of.the.recycled.paper.

In.order.to.set.an.easier.protocol.for.paper.recycling,.the.wet.end.chemistry.was.changed..The.
wet-strength.paper.seems.to.be.developed.based.on.the.increased.number.of.hydrogen.bonds.and.
fewer. covalent. and. ionic. bonds.. The. addition. of. the. weaker. bond. (within. WSR. structure. or. in.
within.the.interconnection.between.WSR.and.cellulose.fibers).can.help.the.recycling.process.[654]..
It.should.be.no.surprise.that.a.larger.number.of.amide.bonds.per.gram.of.resin.(due.to.the.partial.
replacement.of.adipic.acid.with.succinic.or.oxalic.acid.in.polyamidoamine.resin.[143,144]).makes.
the.repulping.process.easier.[113,135–137].

A.weaker.PAE.chemical.structure.was.obtained.by.the.reaction.of.the.adipic–DETA.prepolymer.
(large.excess.of.DETA).with.glyoxal.to.introduce.weaker.bonds..After.the.reaction.with.epichloro-
hydrin,.the.mixed.cross-links.and.di-aldehyde.bridges.(double-base.Schiff.in.red).are.weaker.during.
the.repulping.process.[826,827].
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The.sensitivity.of.WSR.to.hydrolysis.depends.on.the.weaker.bond.position..Because.the.azeti-
dinium.cycle. is.considered. the. reactive. functionality. in. the. reaction.with.cellulose.fibers,. it.was.
located.in.a.pendant.group.[161]..Now.paper.is.easier.to.recycle.because.the.weak.bond.(in.red).is.
more.accessible.
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An.example.of.weak.bond.is.the.hemiacetal.bond.presumably.formed.between.aldehyde.starch.
and.cellulose.(193–195)..Broke.and.waste.paper.containing.di-aldehyde.gum.can.be.readily.recycled.
by.subjecting.them.to.an.alkaline.repulping.system.[214].

The.weaker.bonds.are.introduced.in.the.MF.resin.through.a.reaction.between.the.MF.resin.and.
starch. [828]..The.new. resin.provides. a.better.dry. strength.without. any. significant. effect.on.wet.
strength.over.the.paper.treated.only.with.starch.

Blends.of.different.resins.as.WSR.lower.the.cost.of.energy.for.its.recovery.from.recycled.paper.
[196]..Some.polymer.blends.(such.as.PAE.and.cationic.PAAm).show.the.paper.strength.but.allow.
for.a.reduction.in.the.PAE.dosage,.which.results.in.better.repulpability.[603].

The.repulpability.of.the.linerboard.and.newsprint.paper.obtained.with.blends.of.starch.xanthate.
and.PAE.[218].shows.better.repulpability..An.inter-polymer.between.PAE.and.ammonia–epichloro-
hydrin.resins.seems.to.be.easier.to.repulp.as.well.[716,829].

Temporary.wet-strength.resins.contain.a.large.amount.of.un-reacted.glyoxal.and.are.also.hydro-
lytically.unstable..Thus.they.open.the.possibility.to.obtain.100%.repulpable.paper..However,.paper.
(or.paperboard).strength.should.be.high.enough.when.wet.for.certain.applications..It.is.suggested.
that.a.combination.of.wet-strength.resin.(0.01%,.with.a.low.repulpability.rate).with.temporary.wet-
strength.resin.(0.05%,.with.a.high.rate.of.hydrolysis),.in.the.presence.of.internal.sizing.agents.[799],.
can.reach.a.reasonable.balance.between.the.wet.strength.and.the.rate.of.disintegration.[655,656].

Blends.of.PAE.resins.with.glyoxalated.polyacrylamide.[654,655,830].can.be.made.before.their.
addition.at.the.wet.end.or.can.be.added.in.a.sequence..Any.other.carrier.for.glyoxal.(such.as.poly-
di-allyl.amine.or.its.copolymers.with.acrylamide.[4,831]).is.also.usable.to.make.the.paper.easier.to.
recycle..The.chemical.interaction.between.PAE.and.G-PAm.seems.to.be.a.must..Aldehyde.groups.
(from.G-PAm).react.with.secondary.amines.or.amide.groups.(from.PAE.resin).[832],.and.an.inter-
polymer. is. obtained.. That. inter-polymer. has. a. higher. molecular. weight. and. contains. functional.
groups. which. may. react. with. the. cellulose. fibers. to. form. hydrolysable. bonds.. In. order. to. opti-
mize.that.interaction,.the.resin.concentration.and.the.contact.time.should.be.considered..Those.two.
parameters.are.interrelated:.a.higher.resin.concentration.asks.for.a.shorter.reaction.time.

To.show.the.balance.between.strength.and.repulpability,.a.relationship.(Equation.5.11).between.
the.repulpability.index.(RI),.the.paper.wet.tensile.strength.(WTS),.and.fiber.yield.(FY).[4,831].was.
put.forward:

.
RI

WTS FY= × (%)
.

100
. (5.11)

According.to.this.formula,.the.PAE.resin.has.a.repulping.index.of.2.0,.and.a.blend.of.5.7.
Another.type.of.weak.bond.is.the.ionic.interaction:.anion–cation..Blends.of.the.PAE.resin.and.

anionic.SMA.copolymers.provide.a.reasonably.fast.reworkability.of.the.paper.[833].
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An.interesting.concept.is.that.the.cationic.starches.used.at.the.size-press.are.able.to.improve.the.
repulped.fiber.quality:.improved.filler.retention.along.with.higher.strength.were.noted.[834].

5.6.4  imPRoved Recycled fiBeRS

The.use.of.recycled.paper.(in.board.grades.and.even.in.tissue.manufacture.[835]),.which.remains.
cheaper.than.virgin.fibers,.will.continue.to.support.the.demand.for.a.wide.variety.of.paper.chemi-
cals.to.improve.the.quality.of.recycled.fibers.[836,837].

In.order.to.regain.the.initial.strength.properties.of.untreated.pulp,.the.treatment.of.recycled.pulp.
with.different. chemicals. (ammonia,. caustic,. organic. solvent).was.performed.but.with.very. little.
success.[791].

One.attempt. is. to. increase. the.strength.of. the.bonds.between.the.chemicals.and.the.cellulose.
fibers..Regenerated.cellulose.fibers.need.a.treatment.with.high.molecular.weight.polyacrylic.acid.to.
improve.the.properties.of.their.blend.with.virgin.fibers.[838].

Another.attempt.is.to.incorporate.chemicals.that.are.able.to.go.trough.the.repulping.process.and.
be.retained.in.the.recycled.fibers.when.used.to.form.a.new.paper.web..Thus,.cationic.starch.(made.
from.oxidized.starch.cooked.in.the.presence.of.cationic.resins.Epi.+.ammonia).[839].and.a.dual.
system.(anionic.+.cationic.polymers).[840].are.tightly.bound.to.paper.and.are.still.present.during.
the.repulping.of.broke.

Some.paper.chemicals.(such.as. those.from.recycled.coated.broke).will.form.a.separate.phase.
(white.pitch)..Cationic.resins.(polyacrylamide.with.more.than.20%.DADMAC).coagulate.the.white.
pitch.on.the.repulp.fibers.[841]..Thus,.recycled.fibers.bring.some.old.chemicals.adsorbed.on.their.
surface.in.the.mix.with.virgin.fibers.
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6 Dry-Strength Resins

Failure,. during. the.breakage.of.dry.paper,. occurs. either. at. the.point.of. contact.between. the.fibers.
(bonded.area.[1,2]).or.as.a.complete.rupture.of.the.fiber.wall.[3]..The.dry.strength.of.paper.is.derived.in.
part.from.the.intrinsic.strength.of.cellulose.fibers.[4–6]..It.is.also.derived.from.the.papermaking.param-
eters,.which.include.the.pulping.process,.the.presence.of.surfactants.that.can.modify.the.water’s.surface.
tension.[7,8],.the.beating.process.[9–11],.the.retention.of.fines.[12],.the.sheet.formation.[13],.and.the.wet.
and.dried.sheet.compression.[14,15])..The.paper.dry.strength.typically.decreases.with.higher.hardwood.
content.[16].or.recycled.fibers,.but.the.cellulose.fiber.selection.may.improve.the.paper.strength.[17]..
When.the.sheet.is.heavily.wet.pressed,.a.boost.in.paper.dry.strength.is.noted.[18–20]..This.boost.is.at.
least.partly.due.to.the.Campbell.effect,.which.involves.a.drawing.together.of.the.fibers.and.increase.in.
the.number.of.hydrogen.bonds.during.drying,.giving.rise.to.forces.in.excess.of.100.atm).[21].

Some.wet.end.additives.can. interfere.with. the.bonding.between.cellulose.fibers..Such.effects.
can.either.enhance.or.reduce.the.ability.of.those.fibers.to.form.a.strongly.bonded.sheet.of.paper..
However,.the.dry.strengthening.effect.of.chemical.additives.is.generally.smaller.than.the.effects.of.
pulp.beating.[22]..Moreover,.even.the.effect.of.the.dry-strength.resin.(DSR).depends.on.the.degree.
of.beating..In.the.case.of.cationic.polyacrylamide.[23],.not.only.does.the.unbeaten.pulp.show.a.lower.
tensile.index,.but.also.a.plateau,.meaning.that.polymer.adsorption.is.limited.(Figure.6.1)..Beaten.
pulp.provides.a.higher.dry.strength.for.paper.even.in.the.absence.of.resin.due.to.due.to.the.tremen-
dous.increase.in.the.conformability.of.the.fiber.surface.

Dry.strength.resins.are.“specialized.compounds”.because.they.impart.strength.to.paper.“only.
when. the.paper. is.dry”.. In. this. respect. they.are.different. from. the.wet-strength. resins. that.were.
described. in.Chapter.5..The. latter.are.paper.chemicals.with. reactive. functions.capable.of.cross-
linking.the.cellulose.fibers..Paper.chemicals.with.reactive.functions.crosslink.the.cellulose.fibers.
and.that.may.result.in.some.undesired.side.effects:.formaldehyde.[24].increases.the.embrittlement.
of.the.paper,.acrylamide–acrolein.copolymers.[25,26],.acrylamide–glycidyl.methacrylate.copoly-
mer.[27].polyacids.[28],.epichlorohydrin.[29–34],.dimethylol.urea.[35].and.polyisocyanate.[36–37].
increase.the.paper.dry.strength,.which.makes.it.difficult.to.repulp..Formaldehyde-based.resins.are.
also.involved.the.issue.of.formaldehyde.emission.[38].

By.contrast,.a.dry.strength.resin.(DSR).should.increase.inter-fiber.bonding,.but.the.paper.must.
remain.repulpable:.that.means.that.when.the.paper.is.soaked,.the.effects.of.the.DSR.should.disappear.

6.1  InvolvEmEnt oF chEmIcAls In thE dRy 
stREnGth mEchAnIsm oF PAPER 

The.precise.meaning.of.“bonding”.in.paper.is.still.unclear.[39]:.the.bonds.involved.in.ordinary.dry.
paper.products.are.drastically.reduced.(by.95%).after.soaking.in.water..The.extension.of.the.bond-
ing.area.in.dry.paper,.the.hydrogen.bonding,.the.molecular.entanglement.in.the.amorphous.phase,.
the.ionic.bonding,.the.van.der.Waals.interactions,.and.the.hydrophobic.interactions.are.still.under.
scrutiny.in.an.effort.to.clarify.the.mechanism.of.paper.dry.strength.

Arguably,.if.the.fiber.mechanical.entanglement.and.covalent.bonding.are.rejected.[5].(especially.
because. the.mechanical.entanglement.and. the.covalent.bonds.should.not.be.water.sensitive),. the.
hydrogen.bonds.are.responsible.for.inter-fiber.bonding.

The.entire.papermaking.process.can.be.called.“the.process.within.which.hydrogen.bonding.is.
managed”..The.beating,.the.web.formation,.the.wet.press.and.the.drying.steps.are.milestones.for.
the.formation.and.activation.of.hydrogen.bonding.[15]..The.number.of.inter-fiber.hydrogen.bonds.is.

© 2012 by Georgia-Pacific Chemicals LLC



242 Chemistry of Modern Papermaking

also.related.to.the.pulping.process.when.carboxylic.groups.are.added.to.the.cellulose.structure..The.
number.and.the.distribution.of.carboxylic.groups.may.enhance.the.swelling.and.the.plasticization.
of.fibers.leading.to.more.extensive.bonding.during.sheet.formation.[40,41].

The.high.dry.strength.of.paper.indicates.that.interfiber.bonding.involves.the.hydrogen.bonding.
between.the.hydroxyl.groups.of.adjacent.cellulose.molecules.[42]..The.hydrogen.bonding.capabili-
ties.depend.on.the.availability.and.reactivity.of.hydroxyl.groups..Any.damage.to.those.interfiber.
bonds.results.in.lower.paper.dry.strength..The.paper.dry.strength.is.reduced.by.the.addition.of.filler.
particles.[39,43],.hydrophobic.compounds,.such.as.paraffin.wax.[44],.hydrophobic.resins.[45,46],.or.
hydrophobic.pendant.groups.[47].

The.paper.dry.strength.is.also.diminished.by.changes.in.the.chemical.structure.of.the.hydroxyl.
groups.such.as.acylation.[8,48].and.cyanoethylation.[49,50],.C6.hydroxyl.oxidation.[51],.or.by.the.
presence.of.a.compound.(such.as.polyether.[52]).able.to.compete.with.the.hydroxyl.groups.in.hydro-
gen.bond.formation.
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Hydrogen.and.ionic.bonds.(as.well.as.van.der.Waals.forces).are.active.only.over.a.short.distance.(of.
about.2.5.Å),.and,.hence,.the.bonding.surface.must.be.in.molecularly.close.contact..It.is.difficult.to.
bring.the.crystalline.area.of.the.cellulose.fiber.to.that.distance..Rough.cellulose.fiber.surfaces.have.
larger.asperities,.which.physically.prevent.the.formation.of.hydrogen.bonds.[53].

It.is.more.likely.to.have.a.macromolecular.entanglement.in.the.amorphous.zone.[54],.which.is.
swollen.by.water..Segments.of.macromolecules.of.cellulose.from.the.amorphous.zone.located.at.the.
contact.area.between.two.fibers.need.water.as.a.solvent.to.allow.for.the.hydroxyl.groups.to.reach.
a.proper.position.and.generate.the.hydrogen.bonds..Swollen.fibers.have.more.flexible.surfaces.and.
are.able.to.develop.a.higher.proportion.of.bonded.area.under.a.given.set.of.conditions.for.forming,.
pressing,.and.drying.of.the.paper.sheet.[55].

The.morphology.of.the.fibers.changes.during.water.evaporation..The.water-swollen.fibers.and.
the.movable.fibrils.attached.to.them.lose.their.flexibility.during.drying..The.air.dried.pulp.has.more.
intra-fiber.hydrogen.bonding.and.fewer.positions.are.left.for.interfibers.interactions..As.a.result,.the.
once-dried.pulp.(see.also.the.recycled.pulp).produces.paper.with.a.lower.water.retention.and.lower.
strength.than.never-dried.pulp.[8,56].
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FIGURE 6.1 The.effect.of.beating.the.pulp.on.the.paper.dry.strength.
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It.is.interesting.to.see.how.a.paper.chemical.may.fit.in.the.fiber.geometry.and.what.structures.are.
involved.in.the.hydrogen.bonding.process..DSR.may.fill.out.the.asperities.with.more.flexible.mol-
ecules.[56],.and.so.can.hemicellulose.[54],.starch.[57],.acidified.starch.[58],.protein.modified.with.
PAAm.[59],.or.modified.starch.with.formaldehyde.[60–62]..Although.a.difunctional.small.molecule.
(such.as.maleic.anhydride).provides.higher.dry.strength.for.the.pulp.cured.at.65°C–115°C.[63],.dry-
strength.resins.are.ionic.macromolecular.compounds..Because.it.is.hard.to.believe.that.polymers.can.
penetrate.the.fiber.structure,.the.dry-strength.resins.are.designed.to.improve.the.interfiber.bonding.

Hemicellulose. shows. a. particular. propensity. to. improve. the. paper. dry. strength. [64–67]..
Hemicellulose. is.partly.extracted.during.pulping,.but. residual.hemicellulose. remains.on. the.cel-
lulose.fibers.(about.10%.in.hardwood.pulp).[68].

The.structure.of.hemicellulose.includes.units.of.arabinose.(pentosan).(>10%),.xylose.(55%–85%),.
hexoses.(glucose).[64],.and.uronic.acid.(3%–7%).[65]..The.presence.of.hemicellulose.on.the.fiber.
surface.and.its.chemical.structure.(hydroxyl.and.carboxyl.groups).open.the.possibility.of.an.interac-
tion.with.the.paper.chemicals.used.as.dry-strength.resins.
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The.involvement.of.paper.chemicals.in.enhancing.hydrogen.bonds.with.the.hydroxyl.groups.in.
cellulose.is.a.key.part.of.the.papermaking.process..This.type.of.interaction.has.been.well.demon-
strated.for.polyethylene.oxide.(PEO),.grafted.N-vinyl.formamide.on.PEO.[69].or.polyvinyl.alcohol.
(PVA).[70]..The.hydroxyl.at.the.C-6.position.was.engaged.in.a.strong.hydrogen.bonding.with.the.
ether.oxygen.in.PEO..PVA.is.involved.in.a.diversity.of.hydrogen.bonds.with.both.hydroxyl.and.the.
ether.group.(C5).of.the.cellulose.

The.“pseudo-irreversible”.character.of.this.bonding.is.provided.by.the.number.of.intermolecular.
hydrogen.bonds,.which.depends.on.the.resin.molecular.weight,.the.frequency.of.the.active.groups.
in.hydrogen.bonding.(hydroxyl,.ether,.carboxyl,.and.amine),.the.macromolecular.coil.flexibility,.the.
polymer–water.interactions,.etc.

A.macromolecular.compound.can.be.formed.on.the.surface.of.the.cellulose.fiber.by.polyconden-
sation:.pulp.treatment.with.γ-aminopropyl. trimethoxy-silane.has.improved.the.paper.strength.by.
about.20%.[71]..Dry-strength.resins.can.also.be.added.by.spraying.on.the.wet.web.[72],.at.size.press.
[73–74],.by.impregnation.(glyoxal.and.hydroxyethyl.cellulose.[75]).or.by.application.on.the.Yankee.
dryer.[76]..A.solution.of.nonionic.dextran.is.almost.100%.retained.at.the.dry.end.[74].
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The.paper.dry.tensile. is.significantly.improved.if. the.dry-strength.resin.is.added.at. the.wet.end,.
such.that.the.sheet.is.strengthened.throughout.its.structure..The.DSR.added.at.the.wet.end.should.
have.ionic.charges:.the.vinyl.or.acrylic.monomers.are.copolymerized.with.ionic.monomers.(acryl-
amide–acrylic.acid.copolymers).[77]..Preexisting.polymers.(such.as.starch.or.PVA).are.chemically.
modified.by.the.addition.of.ionic.charges..Dry-strength.resins.are.polyelectrolytes.involved.in.the.
web.formation.as.well.[78,79]..Dry-strength.additives.increase.the.paper.dry.strength.by.positively.
influencing.the.sheet.formation,.enlarging.the.bonded.area,.and.increasing.the.fiber.to.fiber.bonding.
[79,80]..An.increase.in.paper.density.is.also.noticed.[81].

The.amount.of. ionic.material. that. can.be. retained. is. limited,.due. to. the. limited.fiber.charge.
density. [82]..Retention.capabilities.should.be.considered.along.with.strengthening.properties. for.
each.dry-strength.resin..Because.the.nonionic.compounds.added.to.the.wet.end.(such.as.retention.
aid.resin).make.nearly.no.contribution.to.paper.strength.[83],.the.paper.chemical.contribution.to.the.
paper.dry.strength.is.focused.on.the.ionic.compounds.

The.paper.strength.is.developed.in.several.steps.during.the.papermaking.process..Dry-strength.
resins.are.ionic.macromolecular.compounds.and.are.involved.in.retention.and.web.formation.pro-
cesses..The.large.majority.of.chemical.structures.recommended.for.dry-strength.resins.are.identical.
to.those.of.retention.aids.(see.Chapter.3)..At.the.wet.end,.the.dry-strength.resin.may.adsorb.onto.
cellulose.fibers.(probably.in.the.amorphous.area).and.large.loops.and.tails.of.the.polymer.remain.
in.the.water.phase.

Adsorption

The.increase.in.the.number.of.fiber-to-fiber.bonds.(relative.bonded.area).plays.a.major.role.in.
the.enhancement.of.the.dry.tensile.strength.of.paper..Suitable.strength.additives.enhance.the.bond.
strength.per.unit.of.bonded.area.[84–86]..However,.the.size.of.the.bonded.area.and.the.relative.posi-
tion.of.fibers.to.each.other.are.set.during.the.sheet.formation..Cationic.starch.seems.to.be.very.effec-
tive.as.a.dry-strength.resin.due.to.its.preferential.retention.on.the.most.likely.potential.bonded.area.
[21]..The.flocculation.process.occurs.when.a.loop.or.the.tail.of.the.adsorbed.polymer.is.adsorbed.on.
the.other.cellulose.fiber.(probably.on.the.amorphous.area.as.well).

Flocculation

The.dry-strength. resin.must. diffuse. into. the. area.where.macromolecules. of. hemicellulose.or.
segments.of.cellulose.preexist..In.the.presence.of.water.(a.good.solvent.for.each.polymer),.an.actual.
solution.can.be.formed.at.the.fiber.surface..The.paper.strength.depends.on.the.compatibility.of.poly-
mers.at.the.fiber–water.interface.[47].and.their.capability.to.develop.hydrogen.bonds.

It. is. obvious. that. the. amount. and. the. type. of. retained. resin. are. important. for. the. paper. dry.
strength..The.amount.of.retained.resin.depends.not.only.on.the.number.of.anionic.charges.existing.
on.the.cellulose.fibers,.but.also.on.the.resin.charge.density:.more.resin.is.retained.when.the.resin.
charge.density.is.lower.[46].
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Although.the.polymer.solution.is.diluted.at.the.wet.end,.the.polymer.concentration.at.the.inter-
face. is. higher..At. that.moment. the. “concentrated. solution”.may.behave. as. an. adhesive.between.
fibers..Different.polymers.on.the.fiber.surface,.with.different.chemical.structures,.which.do.not.mix,.
give.a.weaker.interfiber.bonding.[47].

During.the.sheet.formation,.the.polymer.coil.shape.shrinks,.the.fibers.are.brought.closer.to.each.
other,.and.the.adsorption.areas.may.overlap;.thus.the.future.bonded.area.is.prefigured.(see.also.the.
effect.of.the.surface.tension.[10]).

Bonded area

Up.to.this.point.(a.large.amount.of.water.is.still.present),.the.strength.between.fibers.is.still.weak.
and.the.stress.due.to.the.shear.rate.may.break.the.bond..The.crucial.final.step.of.the.sheet.formation.
is.the.pressure.applied.under.high.temperature.(drying.step.[87]).when.the.bonded.area.is.fortified.
by.fibers.brought.within.very.close.proximity.to.one.another.and.by.water.evaporation..Thus,.the.
dry-strength.additives.intensify.bonding.within.the.bonded.area.at.each.fiber–fiber.crossover.[92].

Drying process

The.tendency.of.bonding.within.areas.where.the.fibers.contact.each.other.seems.to.be.valid.even.
for.the.DRS.applied.at.the.size.press.[16].

A.dry.strength.agent.compensates.for.the.tendency.of.fillers.and.low-quality.fibers.[62,88–90].to.
reduce.interfiber.bonding.[43]..Thus,.DSRs.allow.for.a.reduction.in.grammage.and.increase.in.the.
filler.content.while.maintaining.the.paper.strength.[91,92].

Nonionic.polymers.(such.as.PVA,.starch.[61,93],.and.PAAm).show.great.potential.as.dry-strength.
resins,.but. their.adsorption.on.anionic.cellulose.fibers. is.very. limited..Native.starches.(basically.
nonionic.or.slightly.anionic).show.a.retention.of.less.than.40%.[53],.while.a.slightly.cationic.starch.
(degree.of.substitution.[DS].=.0.023).is.retained.more.than.90%.[79].

An.ionic.macromolecular.compound.used.as.a.paper.dry-strengthening.agent.must.be.able. to.
improve.the.paper.dry.strength.by.at.least.20%–40%.over.the.normal.dry.strength.of.paper.[94,95],.
impart.a.low.degree.of.wet.strength,.and.have.no.adverse.effect.on.the.drainage.rate.[88].

6.2 AnIonIc dRy-stREnGth AddItIvEs

In.the.absence.of.a.retention.aid,.the.retention.mechanism.for.anionic.polymers.looks.like.a.mechan-
ical.entanglement..Adsorption.of.most.anionic.or.nonionic.starches.is.a.fairly.reversible.process..
In.order.to.improve.the.amount.of.retained.starch,.the.slightly.anionic.starch.is.used.along.with.a.
cationic.retention.aid.[96].

The.paper.dry.strength.is.not.improved.by.low.molecular.weight.polycarboxylic.acids.(such.as.
butane.tetra.carboxylic.acid.[97])..The.dry-strength.resin.must.have.a.high.molecular.weight.[74]:.
the.pulp.treated.with.low.molecular.weight.carboxy.methyl.cellulose.(CMC).shows.less.strength.
gains.than.that.treated.with.high.molecular.weight.CMC.[98].
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Anionic.polymers.that.improve.the.paper.dry.strength.may.be.synthetic.macromolecular.com-
pounds.or.modified.natural.polymers,.such.as.anionic.starch.[93],.starch.and.boric.acid.[99],.sodium.
carboxymethyl.cellulose.[100],.carboxymethyl.guar,.starch.xanthate.(cross-linked.with.di-epoxides.
[101]),.or.modified.lignin.[102–104]..Anionic.copolymers.can.also.be.grafted.on.a.polysaccharide.
backbone.[105,106].

Synthetic. copolymers. with. an. anionic. functionality. are. of. a. wide. diversity,. with. different.
types. of. anionic. groups,. with. or. without. other. reactive. functionalities. (such. as. anionic. acro-
lein.copolymers.[107])..The.most.frequently.used.anionic.dry-strength.resins.are.the.acrylamide.
copolymers.[77,108,109]..The.anionic.comonomers.incorporate.phosphonic.acid.[110,111],.sulfo-
nate.[112].or.sulfonic.groups.[111],.as.well.as.carboxyl.groups.from.the.itaconic.acid.[113,114]..
Although. some. other. comonomers. may. be. involved. in. the. copolymerization. process. (such. as.
modified.acrylonitrile.[115]),.the.most.popular.anionic.dry-strength.resin.is.the.copolymer.of.the.
acrylamide–acrylic.acid.[116–118].

The. acrylamide-acrylic. acid. copolymer. is. obtained. either. by. the. hydrolysis. of. PAAm. or. by.
binary.copolymerization..The.amide.hydrolysis. from.acrylamide.copolymers. [119–123]. is. a.dif-
ficult.process:.upon.heating.the.acrylamide-acrylic.acid.copolymer.(30%.acrylic.acid).in.water.at.
pH.=.4–7,.a.conversion.to.90%.acrylic.acid.content.has.been.reached.after.16.days.[121]..There.is.
a.slowing.down.of.the.process.as.the.conversion.increases.(“an.auto-retarded”.process.[120]).due.
to. the.nearest.neighbor.effect. [122].and. the.accumulation.of. the.anionic.charges.on. the.copoly-
mer.macromolecular.coil..The.repulsive.forces.developed.by.the.anionic.charges.existing.on.the.
macromolecular.coil.prevent. the.anionic.hydroxyl.group. from.performing. the.amide.hydrolysis..
Therefore,.the.final.anionic.polyelectrolyte.has.a.different.carboxylic.group.distribution.depending.
on.the.concentration.of.caustic.used.for.hydrolysis.[119].

Due.to.the.shortcomings.of.hydrolysis,.the.synthesis.of.the.copolymer.of.the.acrylamide–acrylic.
acid. through. binary. copolymerization. is. preferred. [109,124]. (especially. by. inverse. water-in-oil.
emulsion.copolymerization.[125])..Copolymerization.is.performed.in.water.and.the.reactivity.ratios.
depend.on.the.pH.[124].and.the.nature.of.the.cations.present.in.the.system.(Na,.Ca,.Ba,.and/or.Sr).
[126]..In.other.words,.there.is.a.difference.in.reactivity.of.the.acrylic.acid.and.the.acrylate.salts,.and.
the.copolymer.composition.can.be.controlled.not.only.by.the.comonomer.ratio.but.also.by.the.pH.of.
the.comonomer.solution.and.the.electrolyte.concentration.

Difunctional. monomers. (e.g.,. N,N′-methylene-bis-acrylamide-MBA). can. be. used. to. increase.
molecular.weight.and.to.form.branched.structures.of.ternary.copolymers..The.comonomer.ratios.
were.92%.acrylamide,.0.018%.MBA,.and.about.8%.acrylic.acid.[127].

Natural.compounds.can.be.combined.with.synthetic.polymers,.as.in.the.case.of.blends.of.CMC.
and.anionic.latexes.[128]..Starch.and.PAAm.both.are.capable.of.increasing.the.hydrogen.bonding..
A.PAAm.grafted.on.starch.is.therefore.a.good.fit.as.a.dry-strength.resin.[95,129,130].

Acrylamide–acrylic.acid.copolymers.are.water.soluble.and.able.to.develop.hydrogen.bonding..
The.addition.of.more.hydrophobic.comonomers,.such.as.acrylonitrile,.methyl.acrylate,.or.methyl.
methacrylate. (MMA),. reduces. the. hydrogen. bonding. capability.. If. the. amount. of. hydrophobic.
comonomer.(ethyl.acrylate,.MMA).is.low.enough,.the.copolymers.are.still.soluble.in.water.[131].or.
in.an.ammonia.solution.[73].(such.as.the.styrene–maleic.anhydride.copolymer.(SMA).copolymers.
[132,133]).
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The.hydrophobic.part.of.the.molecule.has.a.significant.sizing.effect.and.can.also.reduce.the.dry-
strength.capabilities.of.the.copolymer..The.interaction.of.an.anionic.rosin.salt.with.an.anionic.dry-
strength.resin.in.the.presence.of.alum.[134,135].imparts.hydrophobic.properties.to.paper.

At.higher.concentrations.of.hydrophobic.comonomers.(>10%),.the.copolymers.may.not.be.solu-
ble.in.water.even.in.alkaline.pH..They.are.as.dispersions.[136]..Carboxylated.latexes.are.retained.
on.pulp.by.a.cationic.polyelectrolyte.or.alum.[137]..The.latex.concentration.on.paper.can.reach.up.
to.40%,.but.the.final.paper.still.keeps.its.porosity.[138].

In.the.absence.of.an.anionic.comonomer,.but.in.the.presence.of.the.anionic.emulsifier.as.stabi-
lizer,.dispersions.of.nonionic.polymers.(such.as.N-vinyl.pyrrolidone/MMAs/acrylamide.copolymer).
[139].are.retained.with.alum.and.function.as.dry-strength.resins..When.both.the.polymer.(such.as.
ethylene–vinyl.acetate.copolymers).and.the.stabilizer.are.nonionic,.particle.retention.is.performed.
with. a. cationic. polyelectrolyte,. which. interacts. with. the. residual. sulfate. ions. resulting. from. the.
decomposition.of.the.initiator.[140].

The.use.of.an.aluminum.salt.such.as.alum.(Al2(SO4)3.·.14H2O).or.poly-aluminum.chloride.(for.
anionic. starch). [92,93,103]. is.one.approach. to. increase. the. retention.of.anionic.polymers.on. the.
cellulose.fibers..The.alum.should.be.added.first.at.a.concentration.of.2%.based.on.dry.pulp..The.
optimum.pH.is.related.to.the.alum.chemistry.(see.Section.7.1).and.the.ionization.degree.of.the.poly-
anionic.dry-strength.resin..The.maximum.dry-strength.improvement. is.achieved.at. the.stock.pH.
between.4.2.and.5.0.[77,141,142].

However,. for. high-tensile-strength. paper,. the.higher. valence. (+3). cation. concentration. should.
be.kept.at.a.minimum.[143]..Moreover,.the.presence.of.alum,.a.very.common.paper.chemical,.can.
adversely.affect.the.solubility,.viscosity,.and.effectiveness.of.anionic.polymers.[144].(Figure.6.2)..
The.acrylamide–maleic.acid.copolymer.is.less.sensitive.to.the.stock.pH.than.the.acrylamide–acrylic.
acid.copolymer.[145].

That.is.why.some.other.options.should.be.considered.as.potential.dry-strength.resins..When.
alum.is.replaced.by.a.cationic.anchoring.resin.[146],.the.cationic.wet-strength.resins.can.be.used.
to.retain.potato.starch.phosphate,.which.has.a.negative.charge.[92]..Alum.and.a.cationic.resin.can.
also.be.used.along.with.an.anionic.dry-strength.resin.(such.as.anionic.PAAm).[147]..The.optimum.
ratio.of.cationic.resin.to.anionic.dry.strength.and.the.optimum.proportion.of.alum.depend.on.the.
acidity.of.pulp,.the.resin.charge.densities,.and.the.pH.of.the.aqueous.phase..In.the.presence.of.a.
resin.with.quaternary.ammonium.cations.in.its.structure,.the.retention.of.the.anionic.dry-strength.
resin.is.less.pH.sensitive.

The.DSR.efficiency.depends.on.the.type.of.cellulose.(Figure.6.3).and.has.a.tendency.to.reach.a.
plateau.at.the.higher.resin.dosages.[77]..For.a.broad.distribution.of.cellulose.fibers.(large.amount.of.
fines),.the.anionic.PAAm.has.a.stronger.effect.when.added.to.the.long.fiber.fraction.[81].
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The.idea.of.using.dry-strength.agents.(anionic.copolymer.of.acrylamide–acrylic.acid.together.
with. alum). in. papermaking. dates. back. prior. to. 1951. [109].. One. of. its. shortcomings. is. the. fact.
that.that.paper.is.produced.at.a.pH.of.about.4.5,.which.needs.to.be.very.closely.controlled..Paper.
produced.at.pH.=.4.5.is.significantly.acidic.and.undergoes.acid.tendering.on.aging..Moreover,.the.
system.operating.at.low.pH.results.in.a.significant.amount.of.corrosion.of.the.apparatus.

6.3 cAtIonIc dRy-stREnGth AddItIvEs

Cationic.dry-strength.resins.are.self-retained;.alum.is.no.longer.needed..The.chemical.structure.of.
the.cationic.dry-strength.resins.include,.besides.the.units.with.cationic.charges,.segments.of.groups.
able.to.be.involved.in.hydrogen.bonding.or.hydrophobic.soft.parts.designed.to.interact.with.cel-
lulose.fibers.through.hydrophobic.interactions..Chemical.compounds.with.multiple.hydroxyl.and/
or.amide.groups.and.hydrophobic.latexes.(low.Tg.values.are.preferred).will.perform.as.good.dry-
strength.resins.

6.3.1  cationic StaRch aS a dRy-StRength additive

Cationic.starch.is.the.most.common.cationic.additive.and.the.third.most.frequently.applied.wet.end.
additive.[148]..Starch.has.a.more.flexible.macromolecule.and.can.accommodate.the.uneven.fiber.
surface.and.act.like.“cement”.between.fibers..Starch.has.a.chemical.structure.very.similar.to.cel-
lulose.and.can.bond.with.fines.and.fibrils.to.enhance.strength.[149].by.performing.the.same.function.
as.hemicellulose[21]..Even.lower.molecular.weight.cationic.starch.shows.a.strong.improvement.of.
the.paper.dry.strength.[150–152].

Cationic.starch.is.generally.obtained.by.reacting.starch.(or.starch.ethoxylated.[153]).with.acry-
lonitrile.and.hydroxylamine.[154],.with.diethyl.amino-ethyl.chloride.hydrochloride.[155,156],.with.
4-chloro-2-butenyl.trimethyl.ammonium.chloride.[157].(more.reactive.chlorine.in.the.allylic.posi-
tion),.or.with.2,3-epoxypropyl. trimethyl.ammonium.chloride. [158]. (see.Section.2.3.1)..Nonionic.
starch. is.also.modified.with.cationic.polymers. (such.as.melamine-formaldehyde-guanidine. resin.
[159]).in.alkaline.conditions.[160,161].or.in.the.presence.of.an.oxidizing.agent.[162].

The.addition.of.cationic.charges.is.performed.in.a.heterogeneous.system.and.it.may.result.in.a.
broad.chemical.composition.distribution..The.degree.of.substitution.(0.03–0.1).is.an.average.value,.
some.starch.molecules.(on. the.particle.surface).show.a.higher.concentration.of.cationic.charges,.
while. some. other. macromolecules. remain. nonionic.. In. order. to. improve. the. cationic. charge.
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distribution,.the.polysaccharide.structure.is.modified.before.the.addition.of.cationic.charges..The.
linear.structure.is.changed.through.successive.degradation.(hydrogen.peroxide.and.potassium.per-
manganate).and.cross-linking.steps.[163–165].

Cationic.starch.added.at.the.wet.end.is.a.dry-strength.resin,.which.is.also.involved.in.web.for-
mation.[166]..Cationic.starch.(up.to.2.5%.based.on.dry.fibers).is.completely.retained.by.pulp.[167];.
its.adsorption.is.virtually.irreversible.[168]..The.interactions.between.cationic.starch.and.cellulose.
fibers.are.ionic,.hydrogen.type,.and.van.der.Waals.bonds.that.can.be.disrupted.only.by.acid.treat-
ment. [168]..Therefore,. the. retained.cationic.starches. increase. the.bonded.areas.and. the.bonding.
strength.[54,78,79].

Cationic.starch.increases.the.dry.strength.of.paper.[169].up.to.50%.(for.2%.additive).but.does.
not.improve.the.wet.strength.of.the.web.[167]..In.order.to.increase.the.paper.dry.and.wet.strength,.
chemical.bonds.between.starches.and.cellulose.are.required.[148,167,170]..The.starch.effectiveness.
is.strongly.increased.by.reactive.groups.(such.as.aldehyde.[171,172]).attached.to.the.starch.structure.
[148,167,170,173–179].

Cationic.aldehyde.starch. (CAS). is.obtained. through.starch.modification. (see.Sections.2.4.2.
and.5.1.1.6).or.by.ionic.interaction.between.aldehyde.starch.(slightly.anionic.due.to.the.oxida-
tion. reaction). and. polyvinyl. amine. [180]. or. with. urea-formaldehyde. resin. (cationic. groups. by.
polyamine. [181])..For. instance,. corn. starch. can.be. reacted.with.MF. resin. in. acid.pH.at. room.
temperature.[182].

The.aldehyde.groups.react.with.the.cellulose.hydroxyl.groups.and.form.the.hemiacetal.bonds.
(see.Chapters.4.and.5),.which.is.why.CAS.[183].is.a.more.effective.dry-strength.resin.than.cationic.
starch.(Figure.6.4)..The.new.covalent.bonds.have.a.strong.effect.on.the.dry.strength.of.the.paper.

CAS.(or.starch.with.blocked.aldehyde.groups.[183,184]).is.assumed.[148].to.form.covalent.bridges.
between.fibers,.and.thus.the.strength.of.the.rewetted.paper.[170].is.higher.(Figure.6.5)..The.effect.
of.di-aldehyde.gum.is.evident.for.a.wide.pH.range.[185],.but.the.increase.in.paper.wet.strength.is.
significant.at.high.dosages.of.CAS.resin.only.and.the.W/D.is.still.inferior.to.that.provided.by.poly-
aminoamine.epichlorohydrin.polymer.(PAE).resin.at.much.lower.concentrations.

In.order.to.improve.the.hydrogen.bonding.capability.of.starch.(or.other.polysaccharides.such.as.
chitin.[106]),.free.radical.grafting.reactions.were.developed.[94]..The.retrogradation.process.(supra-
molecular.organized.gel).for.grafted.cationic.starch.is.slower.due.to.the.cationic.pendant.groups.and.
the.grafted.branches.

Cationic.charges.can.preexist.on.starch.or.can.be.brought.about.by.grafting.copolymerization.in.
which.a.cationic.comonomer.is.involved..The.following.cationic.comonomers.are.used.along.with.
nonionic.comonomers.(such.as.acrylamide.[94,186]):.chloride.of.trimethyl.amino.ethyl.methacry-
late.and.diallyl.dimethyl.ammonium.chloride.(DADMAC).
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The.grafting.degree.is.less.than.100%,.which.means.that.some.(co)polymer.is.linear.and.some.
starch.may.remain.un-grafted..Grafted.nonionic.starches.show.lower.performances.because.the.un-
grafted.nonionic.starch.is.not.retained.on.cellulose.fibers.

6.3.2  cationic Polyvinyl alcohol aS dRy-StRength additive

PVA.may.replace.starch.as.dry.strength..Nonionic.PVA.is.obtained.by.hydrolyzing.the.homopoly-
mer.of.vinyl.acetate..The.cationic.PVA.is.obtained.through.the.hydrolysis.of.the.cationic.copolymers.
of.vinyl.acetate.[187,188]..Cationic.comonomers.are.derivatives.of.acrylamide.or.methacrylamide.
such.as.N-(3-dimethylaminopropyl).acrylamide,.and.the.copolymerization.reactions.are.performed.
after.neutralization.of.the.tertiary.amine.with.acetic.acid..The.cationic.PVA.is.obtained.in.alkaline.
hydrolysis.of.the.ester.bonds.when.the.amide.bond.(in.red).shows.a.good.stability.
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The. copolymerization. reaction. has. a. higher. number. of. steps. some. of. which. are. rather. diffi-
cult..That. is.why. it. is.preferable. to.modify. the.commercially.available,.nonionic.PVA..Cationic.
charges.are.added.to.the.PVA.backbone.through.a.polymer.analogous.reaction.(an.acetalization.with.
2,2,6,6-tetramethyl-4-piperidone).[189]
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or.a.trans-acetalization.with.4-amino.butyraldehyde.dimethyl.acetal.[190]).
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FIGURE 6.5 The.effect.of.CAS.on.paper.dry.and.wet.strength.

© 2012 by Georgia-Pacific Chemicals LLC

  



251Dry-Strength Resins

R

R

OH

OH

+
O

N+

N+

H

H

H
OH3C

CH3

Cl–

Cl–

R
O

O
R

H

H

H

The.cationic.group.is.also.added.by.a.reaction.with.an.epoxy.compound.[190–192].(such.as.gly-
cidyl.trimethyl.ammonium.chloride,.see.also.the.cationic.starch.synthesis)
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or.with.formaldehyde.and.a.secondary.amine.[193]
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As.in.the.case.of.starch,.cationic.charges.are.added.to.PVA.by.interaction.with.a.cationic.poly-
mer..The.inter-polymer.PVA-melamine-formaldehyde.resins.[194].or.the.hydrolyzed.polyvinyl.for-
mamide.grafted.PVA.[195].improve.the.paper.dry.strength.

The.dry.strength.of.the.paper.made.with.those.compounds.is.significantly.higher.than.the.water.
leaf..However,.due.to.the.lack.of.chemical.reactivity,.the.wet.strength.provided.by.cationic.PVAs.is.
less.than.12%.of.their.dry.strength.

6.3.3  cationic PolyacRylamide aS a dRy-StRength ReSin

PAAm.is.a.good.dry-strength.resin.but.its.effectiveness.depends.on.the.type.of.pulp.[12]..cPAAm.
is.easy.to.synthesize..Because.acrylamide.is.a.nonionic.monomer,.cPAAms.are.obtained.either.by.
copolymerization.[196].or.by.polymer.analogous.reactions.[197].

High.molecular.weight.cPAAms,.suitable.as.dry-strength.resins,.are.obtained.by.copolymeriza-
tion.of.acrylamide.(or.methacrylamide).with.cationic.acrylamide.(or.methacrylamide).comonomers.
[198],.diallyl-melamine.[199],.DADMAC,.or.with.vinyl.pyridine.[200].(see.also.Section.4.3)..The.
acrylamide.copolymerization.has.several.drawbacks:.cationic.comonomers.are.expensive,.the.dif-
ference.in.reactivity.in.the.free.radical.polymerization.may.lead.to.complicated.technologies,.the.
un-reacted.cationic.comonomer.poses.environmental.problems,.etc..Moreover,.the.water.solution.of.
high.molecular.weight.cPAAm.(a.solution.of.0.045%.has.a.reduced.viscosity.of.5.0.dL/g).shows.high.
viscosity.at.low.concentrations..Due.to.the.high.viscosity,.PAAm.is.precipitated.to.dispersion.[196]..
Inorganic.electrolytes. (ammonium.sulfate).are.used. to.partially.precipitate. the.cationic.polymer,.
and.the.dispersion.of.20%.has.a.viscosity.of.1500.cPs.
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In. order. to. obtain. a. dry-strength. resin,. a. polymer. analogous. reaction. involves. a. nonionic.
PAAm.(or.its.copolymer.with.styrene).and.the.amide.group.is.converted.to.a.cationic.functional-
ity.through.a.Mannich.reaction.[201–203].or.by.a.sequence.of.three.reactions.[204,205].(see.also.
Section.5.1.3).
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Only.less.than.10%.of.the.amide.units.are.converted.to.cationic.groups..A.cationic.copolymer.
can.also.be.obtained.by.partial.conversion.of. the.amide.group.to.amine.(Hofmann.degradation).
[206,207]..Amines.are.protonated.in.aqueous.solution.even.at.neutral.pH.

cPAAm.with.higher.molecular.weight.can.be.functionalized.by.glyoxalation.in.order.to.obtain.
a.dry-strength.resin.[208–210]..Due.to.the.higher.molecular.weight,.the.wet.strength.decay.is.much.
slower..The.reactive.functionality.can.be.methylol.in.the.copolymer.with.N-methylolacrylamide.and.
a.cationic.comonomer.[211].

Both.reactive.groups.and.cationic.charges.can.be.incorporated.in.the.structure.of.PAAm.by.reac-
tion. with. a. cationic. polymer. obtained. through. polycondensation. (dicyandiamide,. formaldehyde,.
urea.with.or.without.polyamine.and/or. epichlorohydrin). [212,213]..PAAm. is.glyoxalated.first. to.
make.it.reactive.to.polyamidoamine-epichlorohydrin.or.to.di-methylamine-epichlorohydrin.resins.
[214],.which.add.cationic.charges.to.the.new.inter-polymer.

The.capabilities.of.hydroxyl.groups.and.amide.groups.to.form.hydrogen.bonds.can.be.combined.
in.one.molecule.(inter-polymer).through.an.intermediate.reaction.involving.asymmetrically.blocked.
glyoxal.[215].(such.as.dimethoxyethanal.[216])..The.reactivity.of.glyoxal.is.controlled.by.blocking.
with.urea.derivatives.[217]:.the.inter-polymer.is.carrying.blocked.aldehyde.functionalities.available.
to.react.with.cellulose.during.the.paper-drying.step..However,.due.to.the.high.functionality.of.PVA.
and.PAAm,.gel.formation.during.reaction.and.a.short.shelf.life.product.should.be.expected..Efforts.
to.explore.the.diversity.of.inter-polymer.structures.suggest.the.need.to.explore.the.polymer.blends.
as.well.

6.3.4  BlendS of cationic ReSinS aS dRy-StRength additiveS

Dry-strength. additives. are. made. from. high. molecular. weight. cPAAm. (Mw.=.100,000),. which. is.
glyoxalated. at. very. low. polymer. concentration. (2%);. the. polymer. is. blended. with. a. glyoxalated.
polyvinyl.amine.[218].

cPAAm.and.cationic.starch.help.the.web.formation..Blends.of.those.two.polymers.show.a.syn-
ergetic.effect.on.the.sheet.formation.[166]..The.PAE-type.resin.has.a.strong.tendency.for.thermo-
setting.and.enhances.the.paper.dry.and.wet.strength.[219]..The.thermosetting.effect.is.due.to.the.
presence.of.the.azetidinium.cation..The.dilution.with.cPAAm.[220].increases.the.dry.strength.and.
keeps.the.wet.strength.at.the.level.set.for.PAE.or.lower..In.order.to.reduce.the.thermosetting.effect.
and. to. increase. the. hydrogen. bonding. capabilities,. the. azetidinium. cation. should. be. in. a. lower.
concentration.(almost.zero.azetidinium.groups.[221]).and.more.hydroxyl.groups.should.be.added.
to.the.DSR.
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There.are.two.approaches.[222,223].to.building.a.new.macromolecule:.(1).to.reduce.the.number.
of.secondary.amines.in.the.polyamidoamine.prepolymer.by.a.reaction.with.a.hydroxyl–carboxylic.
acid.(lactobionic.acid).and.(2).to.convert.the.azetidinium.cation.in.PAE.resin.with.hydroxyl–amino.
compounds,.such.as.glucosamine.[223].
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6.3.5  Polyamine

Polyamine. homopolymers. (such. as. the. poly-allyl. amine. [224,225]),. copolymers. of. vinyl. amine.
[226–229],.or.branched.polyamines.(condensation.with.epichlorohydrin.or.glyoxal.[230].or.grafted.
with.N-vinylpyrrolidone.[231]).are.protonated.in.neutral.or.acid.pH.and.are.effective.dry-strength.
resins.. A. poly-tertiary. amine. is. obtained. through. a. Mannich. reaction:. DETA.+.TETA. (>3.mol),.
.acetone.(0.5.mol).and.formaldehyde.(1.5.mol).in.water.at.92°C.
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Poly-quaternary.ammonium.salts.(such.as.poly-ionene).are.effective.on.a.broader.pH.range.[232]..
Most.of.the.polyamines.are.cooked.with.starches.first.[233–236].to.combine.the.starch.effect.and.
make.it.cationic.(the.cationic.resin.is.seen.as.“retention.aid.for.starch”.[237])..Polyethylene.imine.
(PEI).(poly-secondary.amine).has.a.strong.impact.on.the.dry.stiffness.and.dry.tensile.strength.in.the.
presence.of.tris-(1-aziridinyl).phosphine.oxide.[238].

Macromolecular. compounds. presented. so. far. in. this. chapter. are. all. water-soluble. materials,.
which. explains. why. their. interaction. with. cellulose. is. supposed. to. be. at. the. molecular. level—
hydrogen.bonding.

6.3.6  cationic latexeS aS dRy-StRength additiveS

Certain.polymeric.dry-strength.resins.[239].are.not.soluble.in.water,.for.example.cationic.latexes..
Cationic.charges.are.added. to.polymer. latex.by.copolymerization.or.by.reactions.with. the.func-
tional.groups.located.on.nonionic.latex.[240]..In.other.words,.a.latex.particle.contains.copolymers.
in.which.at.least.one.comonomer.is.hydrophobic.(styrene,.acrylic,.or.methacrylic.esters).and.at.least.
one.has.cationic.charges.or.reactive.functionalities.

The.very.hydrophobic.homopolymer.of.styrene.is.converted.to.a.cationic.copolymer.by.succes-
sively.performing.a.chloromethylation.and.then.a.reaction.with.trimethyl.amine.[241]..This.copo-
lymer.does.not.have.any.capability.to.develop.hydrogen.bonds..But.an.increase.of.over.30%.in.the.
paper.dry.strength.was.noticed.when.cellulose.pulp.was.treated.with.it.

The.particles.of. the. styrene–acrylamide. copolymer. (89:11). are. synthesized. through.emulsion.
copolymerization.and.reacted.with.formaldehyde.and.di-methyl.amine.(Mannich.reaction).to.develop.
cationic.groups.on.the.acrylamide.units.located.on.the.particle.surface.[242–244]..The.dispersion.
shows.high.viscosity.because.a.large.amount.of.the.acrylamide.homopolymer.has.remained.in.the.
water. phase..Thus,.DSR.combines. cPAAm.and. a. cationic.dispersion.of. the. styrene–.acrylamide.
copolymer.

The. cationic. polystyrene. latex. (Tg.>.105°C). needs. high. drying. temperatures. (1.h. at. 150°C).
to. reach. its. effectiveness. as. a. dry-strength. resin.. A. strong. increase. in. breaking. length. was.
noticed.[245].at.regular.drying.temperature.only.for.copolymers.with.low.glass.transition.points.
[246,247].(such.as.styrene–butadiene.copolymers)..Cationic.styrene-butadiene.latexes.were.pre-
pared.with.different.Tg.[240].and.used.as.dry-strength.agents.(Figure.6.6).[248]..The.paper.dry.
strength.increases.to.over.100%.the.water.leaf.dry.strength..At.about.5%.latex.concentrations.
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FIGURE 6.6 The.effect.of.St-Bu.latex.concentration.on.the.paper.strength.
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(based.on.dry.paper),.the.adsorption.plateau.was.not.reached.yet..The.latex.composition.was.65%.
styrene.and.110.nm.particle.size.

The. amount. of. cationic. resin. retained. on. fiber. is,. unfortunately,. limited. to. the. number. of.
existing.anionic.charges.on.the.cellulose.pulp..In.other.words,.there.is.a.limit.for.the.concentra-
tion.of. the.potential.cement.able. to. link. together. the.cellulose.fibers..The.amount.of. retained.
polymer.can.be.increased.by.using.blends.of.anionic.and.cationic.polymers.(see.Chapter.3.and.
Section.6.5).

The.nature.of.the.mechanism.of.paper.dry.strengthening.through.hydrophobic.polymers.is.still.
undecided.. Cellulose. fibers. are. smoother. after. latex. deposition. and. film. formation. but. whether.
or.not.that.will.increase.the.hydrogen.bonding.is.still.under.debate.[246]..A.more.likely.explana-
tion.for.this.effect.is.that.additional.interfiber.bonding.arises.due.to.hydrophobic.interactions.[249].
involving.the.cellulose.surface.and.hydrophobic.molecular.segments.of.the.polymer..These.types.of.
interactions.are.not.sensitive.to.water.(see.wet.strengthening.by.latexes,.Section.5.1.4)..Therefore,.
the.repulpability.of.paper.treated.with.latexes.as.dry-strength.resins.should.be.a.concern.

6.4 AmPhotERIc dRy-stREnGth REsIns

Amphoteric.compounds.display.both.anionic.and.cationic.charges.in.the.same.molecule..There.is.
a.new.opportunity.to.manipulate.the.charges.for.an.easier.way.to.use.dry-strength.resins.at.the.wet.
end..Better.dry-strength.properties.provided.by.amphoteric.resins.can.be.attributed.to.the.higher.
amount.of. resins. adsorbed.on.cellulose.fibers. (their. superior.bonding.ability),. due. to. their. ionic.
groups.of.opposite.charge.(making.a.significant.contribution.to.the.overall.bonding.mechanism),.
and.due. to. their. capability. to. increase. the.amount.of. surface-associated.water. (possibly.helping.
the.hydrogen.bond.formation.during. the.drying.step). [250]..Amphoteric. resins.also. tend. to.self-.
associate.when.the.pH.conditions.favor.ionization.of.both.positive.and.negative.groups.[250].

Amphoteric.polymers.are.efficient.dry-strength.resins.on.a.broader.pH.range.and.more.robust.on.
a.wider.electrolyte.concentration.[251–253]..A.straight.anionic.dry-strength.resin.is.able.to.increase.
the.paper.dry.strength.at.a.pH.ranging.from.4.0.to.4.7,.after.which.the.dry-strength.values.steadily.
declined..The.resin.became.completely.inactive.at.pH.=.9.0..In.the.case.of.the.amphoteric.polymer,.
the.dry.strength.increased.steadily.up.to.about.pH.=.7.0.[254].

Amphoteric.dry-strength.resins.are.synthesized.by.copolymerization.process.[255],.grafting,.and.
polymer.analogous.reactions..The.copolymerization.involves.at.least.three.comonomers:.a.nonionic.
monomer.(such.as.acrylamide,.which.is.the.major.component.of.the.final.ternary.copolymer),.an.
anionic.monomer.(the.acrylic.acid),.and.a.cationic.monomer,.such.as.DADMAC.[221,254]..Acrylic.
acid.can.be.replaced.by.itaconic.acid.and.DADMAC.by.dimethyl.aminopropyl.acrylamide.or.acry-
loyloxyethyl.trimethyl.ammonium.chloride.[256,257].to.obtain.a.polyampholyte.[250,252].

Amphoteric.dry.strength.resins.are.made.by.grafting.a.ternary.system.(acrylamide,.cationic.and.
anionic.comonomers).on.a.nonionic.backbone.(starch).[258].and.by.grafting.an.anionic.PAAm.on.
cationic.backbones.(polyamine.or.polyamidoamine).[259–261]..The.grafting.reaction.is.performed.
with.cerium.nitrate.[262].(see.also.Section.2.3.2).

Amphoteric.polymers.are.also.obtained. through.a.polymer-analogous. reaction:.an.anionic.or.
cationic.copolymer.is.converted.to.an.amphoteric.compound.by.adding.cationic.or.anionic.groups,.
respectively.. Hofmann. and. Mannich. reactions. add. cationic. charges. to. an. anionic. PAAm. [253],.
cationic. groups. are. added. to. anionic. potato. starch. [263],. cationic. starch. is. xanthated. with. CS2.
[264]..Amphoteric.starch.is.also.obtained.by.reacting.starch.with.functionalized.amino.acids.(such.
as.2-chloroethyl,.N-methylaminosuccinic.acid).[265–267]..The.presence.of.a.pair.of.anion–cation.
charges.in.the.same.pendant.group.(zwitterions.[167]).significantly.increases.the.starch.adsorption.
on.the.anionic.pulp.

From.a.polyamine.(or.polyamidoamine).[268–270].the.ionic.charges.are.added.in.two.successive.
steps:.reaction.with.sodium.chloroacetate.(or.acrylic.acid.for.a.Michael.addition.[269]).and.then.a.
reaction.with.epichlorohydrin.[270].
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The.amount.and.the.chemical.composition.of.the.amphoteric.dry-strength.resin.used.at.the.wet.
end. depend. on. the. pH,. the. anionic/cationic. charges. ratio,. the. fiber. anionicity,. and. the. presence.
of.another.polyelectrolyte..If.another.cationic.polyelectrolyte.is.present,.a.higher.concentration.of.
anionic.charges.in.the.amphoteric.compound.is.required.[257].

Figure.6.7.shows.the.effect.of.adding.DADMAC.[271].to.an.anionic.PAAm,.at.a.given.copolymer.
molecular.weight..A.higher.acrylic.acid.content.(AAc).results.in.higher.dry.strength;.DADMAC.
further.enhances.the.paper.strength.

The.reduced.bonding.ability.of.recycled.fibers.requires.an.effort.to.restore.the.interfiber.bond-
ing.by.using.the.right.dry-strength.resin.[56]..The.large.number.of.dry-strength.resins.should.be.
associated.with.their.blends..Thus,.the.effectiveness.of.dry-strength.resins.is.enhanced.if.the.resin.
structure.(macromolecular.polyelectrolytes).matches.the.cellulose.fiber.structure.(which.is.a.macro-
molecular.polyelectrolyte.as.well).

6.5 BlEnds oF AnIonIc And cAtIonIc REsIns

The.effectiveness.of.a.dry-strength.resin.depends.on.the.amount.of.resin.retained.on.the.anionic.
cellulose.fibers..Cationic.DSR.is.retained.directly,.while.anionic.DSR.is.retained.with.a.cationic.
retention.aid..Regardless.of.the.adsorption.method.there.is.a.limit.of.the.amount.of.cationic.polymer.
adsorbed.on.pulp..That.limit.(saturation.point).depends.on.the.level.of.fiber.anionicity,.the.cationic.
charge.density,.the.molecular.weight.of.the.cationic.additives.[158,272],.and.pH.[273].

More.anionic.charges.added.to.pulp.by.oxidation.decrease.the.dry.strength.of.the.paper.[274]..
Thus,.in.order.to.increase.the.cationic.polymer.retained.on.fibers,.the.anionic.charges.are.supplied.
by.an.anionic.polyelectrolyte..The.anionic.macromolecular.compound.can.be.either.a.water-soluble.
polymer.or.a.precipitated.form.(such.as.“fibers”.copolymers.of.the.styrene-maleic.anhydride.(92/8).
with.molecular.weights.ranging.from.50,000.to.200,000.[275]).

An.excess.of.cationic. resin.added.at. the.wet.end.may.change. the.electrophoretic.mobility.of.
the.fibers. to.cationic,.and.a. large.amount.of.cationic.resin.will.be. lost. in.white.water..However,.
the.cationic.charges.of.the.modified.cellulose.fibers.open.the.possibility.to.adsorb.an.anionic.dry-
strength.resin.on.top.of.the.preexisting.cationic.polymer..Afterward,.more.cationic.polymers.can.
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be.adsorbed.by.the.last.added.anionic.layer..By.that.sequence.of.addition,.the.total.amount.of.resins.
adsorbed.on.the.cellulose.fiber.is.much.higher..The.ratio.between.the.cationic.and.the.anionic.resins.
becomes.a.tool.in.designing.the.final.dry.strength.of.the.paper.[272].

Blends.of.anionic.PAAm.and.cationic.poly-DADMAC.develop.a.higher.dry.strength.than.poly-
DADMAC.alone.used.in.the.same.concentration.[276]..In.other.words,.it.is.not.only.a.matter.of.the.
amount.of.resin.retained,.but.also.an.increase.in.hydrogen.and.ionic.bonding.between.the.compo-
nents.present.in.the.bonded.area.

The.adsorption.of.the.cationic.polymer.follows.the.general.rule:.some.cationic.charges.interact.
with.the.randomly.distributed.anionic.charges.on.the.cellulose.fibers,.and,.thus,.large.loops.and.long.
tails.are.formed..Some.cationic.charges.are.available.on.the.fiber.surface,.which.are.more.“hairy.”.
The.anionic.polymer.will.be.retained.based.on.ionic.interactions..This.new.architecture.on.the.fiber.
surface.is.a.typical.opportunity.for.a.synergetic.effect.

Such. a. synergistic. effect. on. the. paper. dry. strength. [110,183,277–279]. is. developed. by. using.
blends.of.cationic.polysulfonium.chloride.and.anionic.PAAm.(Figure.6.8).[118]..Any.blend.ratio.
improves.the.paper.dry.strength.more.than.either.resin.alone..Regardless.of.the.fact.that.the.maxi-
mum.effect.appears.to.be.observed.at.1:1.ratio,.to.ensure.a.good.retention,.an.excess.of.cationic.resin.
is.preferred.(see.Section.3.3.3.5)..For.the.blend.of.cationic.starch.and.anionic.PAAm.[158],.cationic.
starch.is.added.in.excess:.starch.0.5%–1.5%.based.on.dry.pulp.and.anionic.resin.only.0.1%–0.2%.

Cellulose.fibers.are.polyelectrolytes.as.well..The.way.macromolecules.(poly-cations.and.poly-
anions).are.organized.on.the.fiber.surface.depends.on.the.order.of.addition.of.the.polyelectrolytes..
Since.cellulose.fibers.have.anionic.charges,.common.sense.suggests. to.add. the.cationic.polymer.
first.and.the.anionic.component.second..An.optimum.ratio.between.the.cellulose.charge.density,.
the.amount.of.the.cationic.anchor,.and.the.amount.of.anionic.polymer.should.be.considered.in.this.
case.[56]..Finding.the.pulp.saturation.point.is.crucial.for.the.dual.system.effectiveness.[56]..If.the.
cationic.component.(CAS).is.added.in.insufficient.amounts.(after.adsorption.of.the.cationic.additive,.
the.pulp.is.still.anionic),.the.anionic.resin.is.not.retained.and.does.not.have.any.impact.on.the.paper.
strength.[148,170].

A.multilayer.structure.can.be.obtained.by.successively.adding.a.cationic.polymer.and.an.anionic.
polyelectrolyte,.followed.by.another.layer.of.cationic.polymer.and.so.on.[280–284]..The.cationic.
poly-allyl.amine.layer.was.followed.by.a.polyacrylic.acid.layer..The.cationic.polymer.was.added.in.
the.third.step.on.top.of.the.anionic.polymer,.and.after.five.successive.layers.the.paper.dry.strength.
was.increased.over.100%..The.10.layers.were.about.56.nm.thick.[285].

In.order.to.avoid.flocculating.the.pulp.with.cationic.polymers.[286],.the.anionic.polymer.may.be.
added.prior.to.the.cationic.polymer.(for.instance.CMC.first.and.PAE.second.[287],.caboxymethyl.
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guar. and. then. cationic. guar. [278],. or. anionic. lignosulfonate. and. then. PAE. resin. [288–293])..
Preferably,.the.cationic.resin.should.be.added.at.a.point.as.close.to.the.forming.section.of.the.paper.
machine.as.possible.[279].

Sequential.addition.is.a.difficult.task.for.the.wet.end.process..It.would.be.much.easier.to.handle.
if.the.two.resins.were.blended.before.being.added.to.the.pulp.dispersion.[294]..For.instance,.poly-
electrolyte.complexes.are.formed.from.cationic.PVA.and.anionic.copolymers.having.sulfonate.(or.
carboxyl).groups.[187],.PAE.and.CMC.(or.carboxylated.polymers).[268,295],.starch.xanthate.and.
PEI.[296],.polyethylene.polyamine.and.lignosulfonate.[297],.anionic.starch.(modified.with.maleic.
anhydride).and.cationic.starch.[298–300],.cationic.starch.and.amphoteric.PAAm.[253],.or.anionic.
starch.and.starch.richer.in.cationic.amylopectin.[301].

The. additives. used. to. make. anionic–cationic. complexes. are. made. through. polycondensation.
[146],.polymer.analogous.reactions.[88,277],.or.free.radical.polymerization.[277,302].

Table.6.1.includes.several.blends.used.at.the.wet.end..In.order.to.present.the.difficulties.encoun-
tered. in. that. process,. the. sequence. of. addition. is. also. presented.. Regardless. of. understandable.

tABlE 6.1
Blends of Anionic and cationic Polymers as dry-strength Resins

Addition sequence Anionic (A) cationic (c) References

Cationic.first Anionic.PAAm Cationic.starch [303]

Cationic.first Anionic.PAAm Cationic.latex [304]

Cationic.first Anionic.starch Cationic.PAAm [305]

Cationic.first CMC Poly-DADMAC [272]

Cationic.first Ethylene–MA.copolymer.
(maleamic.acid)

Cationic.guar.gum [306]

Cationic.+.tri-sodium.
citrate.(as.moderator)

CMC Cationic.PAAm.poly-DADMAC [144]

Alum.+.C.+.A Anionic.PAAm PAE [147]

Alum.+.C.+.A Black.liquor AAm–DADMAC.copolymer [307]

Alum.+.A.+.C Anionic.PAAm PAE.(low.Mw) [221]

CaCl2.+.CMC.+PAE Carboxymethyl.cellulose PAE [295,308]

(A.+.C).and.ionization.
suppressor

Anionic.PAAm PAE.(low.Mw) [309]

A.first.and.C.second.
(complex)

Anionic.PAAm Polyvinyl.amine [110]

A.first.and.C.second Anionic.PAAm Poly-DADMAC [276]

Anionic.first Carboxymethyl.guar Cationic.guar.gum,.cationic.
PAAm,.or.PAE

[310–312]

Anionic.first Polyacrylic.acid,.SMA p-DADMAC,.cationic.
polyacrylates

[275,313]

Anionic.first Acrylamide–maleic.acid.copolymer Polyamine-formaldehyde.resins [279]

Cationic.first Anionic.PAAm.copolymer.with.
styrene.(latex)

Polyamine.and/or.modified.PAE [302]

Simultaneously.(complex) Solubilized.lignin,.hemicellulose,.
synthetic.polymers

Cationic.guar.or.AAm–DADMAC.
copolymers

[286]

Premixed Anionic.starch Cationic.starch [298,299,314]

Premixed Di-aldehyde.starch PAE [315]

Precipitation Starch.xanthate PAE [316]

C.&.A Starch.xanthate PAE [317]

Anionic.+.Al3+.salt.
(moderator).+.cationic

Carboxymethyl.cellulose Cationic.PAAm.poly-DADMAC [144]

© 2012 by Georgia-Pacific Chemicals LLC

  



259Dry-Strength Resins

difficulties,.the.addition.of.two.resins.(anionic.and.cationic).brings.more.flexibility.in.getting.the.
right.paper.properties.

The.properties.and.stability.of. the.polyelectrolyte.complex.depend.on. the.charge.density,. the.
molecular.weight,.the.presence.of.a.moderator.compound.[144],.pH.[318],.and.the.protocol.for.mak-
ing.it.(rate.of.addition,.shear.rate,.temperature,.time,.etc.)..The.complex.stability.depends.on.the.
number.of.“active.sites”.[249]:.higher.molecular.weight.and.higher.charge.density.ensure.a.higher.
complex.stability.

Cationic.polyelectrolytes.interact.in.water.with.the.anionic.polyelectrolytes,.resulting.in.the.for-
mation.of.a.precipitate..Precipitation.is.anticipated.by.an.increase.in.viscosity.of.the.blend.showing.
the.presence.of.the.strong.interaction.between.those.two.polyelectrolytes..Figure.6.9.shows.(in.blue).
the.viscosity.of.the.solution.of.anionic.PAAm.in.the.absence.of.a.cationic.polymer..The.addition.of.
anionic.PAAm.to.a.solution.of.cationic.p-DADMAC.[144].increases.the.solution.viscosity.(Figure.
6.9,.in.red)..At.0.5%.PAAm,.precipitation.takes.place.

In.order.to.control.the.precipitation.and.the.viscosity.associated.with.it,.a.moderating.agent.or.an.
ionization.suppressor.is.used.[144,302]:.anionic.CMC.is.moderated.with.aluminum.acetate.(Al3+).
before.adding.the.cationic.resin..Cationic.resin.is.moderated.by.tri-sodium.citrate.before.an.anionic.
polyelectrolyte.is.added..Tall.oil.soap.(1.5%.based.on.dry.pulp.[307]).added.at.the.pulp.dispersion.
can.be.seen.as.a.moderator. for. the.cationic.polyelectrolyte.and.an.enhancer.of. the.pulp.anionic.
charges.

Another.strategy.to.solve.compatibility.issues.is.to.divide.the.pulp.in.two.parts,.and.treat.each.
part.with.cationic.resin.and.anionic.resin,.respectively..The.blend.of.two.different.charged.fibers.
show.an.improvement.both.in.fiber.retention.and.paper.strength.[319].

The. charge. density. of. the. premixed. anionic–cationic. polyelectrolyte. complex. [309,320,321].
depends.on.the.polymer.molecular.weight,. the.relative.charge.concentration,.and.the.charge.dis-
tribution.. The. polysalt. shape. is. also. controlled. by. an. ionization. suppressor. like. sodium. sulfate,.
sodium.chloride,.hydrochloric.acid,.etc..Alum.is.also.involved.for.retention.when.the.overall.charge.
is.anionic.

Polyelectrolyte. complexes. (polysalt. interpolymer). are. supramolecular. aggregates. with. larger.
molecular.weights..After.adsorption,.they.bring.more.material.onto.cellulose.fibers.before.charge.
neutralization..Thus,.superior.dry-strength.properties.are.obtained.(45%–70%.higher).[281,317,322].
as.compared.with.one.dry-strength.component.able.to.provide.only.20%–30%.increase.in.the.paper.
strength..The.strengthening.mechanism.involves.a.larger.number.of.both.ionic.and.hydrogen.bonds,.
broken.by.water,.and.is.able.to.ensure.a.good.repulpability.

PAE.resins.are.largely.used.in.papermaking.as.cationic.wet-strengthening.agents..They.are.also.
involved.in.polyelectrolyte.complex.formation..The.PAE.resin.is.blended.with.anionic.or.amphoteric.
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PAAm.[323].or.glyoxalated.polyacrylamide.(G-PAm).[324]..In.the.blend.with.sodium.starch.xan-
thate.[325],.the.PAE.resin.improves.only.the.dry.strength.[316],.keeping.the.wet.strength.at.the.same.
level.(Figure.6.10).

The.structural.similarities.between.retention.aids.and.dry-strength.resins.open.the.possibility.of.
using.one.single.compound.for.multiple.applications,.which.is.a.step.toward.simplifying.the.com-
plex.papermaking.process.
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7 Internal Sizing Agents

The.penetration.of. liquid. into.paper. is.due. to. the.fiber.wettability.with. respect. to. the. imbibing.
liquid. (water,. ink,.milk,.etc.).and. the.pore.structure.of. the.fiber.network. [1]..When.an.aqueous.
liquid.contacts. the.surface.of.paper,. it.must.first.wet. the.fibers..The. liquid. then. tends. to.spread.
out.laterally.along.the.fiber.surface.(feathering).and.can.also.move.transversely.through.the.paper.
(penetration).[2].

Most.often,.a.reduction.in.wettability.against.aqueous.liquids.is.desired..In.order.to.prevent.the.
liquid.feathering.and/or.penetration,.the.sizing.agent.should.provide.a.hydrophobic.character.to.the.
cellulose.fibers..The.term.“sizing”.is.generally.limited.to.the.process.whereby.a.chemical.additive.
provides.paper.products.with.resistance.to.wetting,.penetration,.and.absorption.by.aqueous.liquids.
(ink,.milk,.etc.).[2–4].

Sized.paper.is.obtained.by.both.internal.sizing.(at.wet.end.[5]).and.surface.sizing.(at.dry.end).
[6]..Surface.sizing.(see.Chapter.9).is.designed.for.a.reduced.number.of.applications.in.which.the.
paper.surface.is.mainly.involved.(such.as.printing)..There.are.other.applications.that.require.internal.
sizing.in.order.to.prevent.water.penetration.through.paper:.from.packaging.(for.milk.or.juices).to.
cigarettes.production.

The.rate.of.liquid.penetration.(dl/dt).through.a.capillary.(Washburn.equation).[3,7].is.a.function.
of.the.capillary.radius.(R),. the.liquid.surface.tension.(γ),. the.liquid.viscosity.(η),.and.the.contact.
angle.between.the.liquid.and.the.capillary.wall.(θ):
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The.radius.and.the.length.of.the.capillaries.are.governed.by.the.bulk.density,.the.porosity,.and.basis.
weight.of.the.paper..The.sizing.process.aims.at.changing.the.fiber.surface.characteristics.(cos.θ)..
The.liquid.can.penetrate.both.through.the.z-direction.and.the.x–y.plan.of.the.paper.[8].

However,.data.are.indicating.that.the.Washburn.equation.is.inadequate.to.describe.the.penetra-
tion.of.aqueous.solution.into.paper.[9].because.the.paper.rewetting.is.a.“nonequilibrium”.process.
[10]..Water.penetration.through.paper.starts.with.some.swelling.of.the.fibers.before.the.liquid.front.
penetrates.a.significant.fraction.of.the.sheet.thickness.[11]..Cellulose.fibers.swell.in.water.within.a.
dynamic.process;.the.interface.tension.between.wet.fibers.and.water.(or.ink).changes.over.time..The.
Washburn.equation.is.valid.only.for.non-swelling.liquids.and.in.the.absence.of.any.chemical.reac-
tion.(such.as.acid.effect.on.rosin–alum.system.[12])..

The.commercial.requirement.for.a.sizing.agent.is.that.it.should.provide.paper.with.reasonable.
resistance.to.wetting.and.penetration.by.aqueous.liquids..This.protection.is.recognized.and.accepted.
as.time.limited.because.sizing.retards.but.does.not.totally.prevent.liquid.movement.

There.are.several.approaches.for.the.sizing.measurement.[6,13]:.ink.penetration,.water.absorp-
tion,.the.break.of.wet.paper,.water.(or.ink).contact.angle,.etc..It.is.difficult.to.correlate.the.results.
obtained.through.different.methods.(i.e.,.contact.angle.and.water.adsorption)..However,.a.higher.
contact. angle. may. be. translated. in. a. lower. water. adsorption.. But. the. accurate. water. adsorption.
(Cobb). value. cannot. be. estimated. based. on. a. contact. angle. measurement.. A. logarithmic. graph.
describes.Cobb.values.as.a.function.of.HST.numbers.[14].
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Based.upon.the.process.that.imparts.hydrophobicity.to.fibers.[15],.there.are.two.kinds.of.internal.
sizing.materials:

. 1..A.very.hydrophobic.compound.(wax.with.no.polar.group.[16,17]).that.is.dispersed.in.water,.
the.hydrophobicity.of.which.is.transferred.to.fibers.without.any.involvement.of.a.chemical.
reaction.

. 2..The. hydrophobic. character. is. developed. through. chemical. and/or. physical. processes.
(esterification,.imidization,.migration,.reorientation,.etc.),.and.the.sizing.effect.is.noticed.
after. the.drying.step..Sometimes,. those.processes.need. lower.moisture.contents,.higher.
temperatures,.and.longer.reaction.times..Included.in.this.category.are.amphiphilic.mol-
ecules.with.reactive.groups.(such.as.rosin,.alkenyl.ketene.dimer—AKD.and.alkyl.succinic.
anhydride—ASA).

The.hydrophobic.character.of.the.internal.size.is.essential.but.not.sufficient..Many.other.properties.
should.be.added:.molecular.weight,.a.polar.group.to.help.molecular.orientation,.an.appropriate.bal-
ance.between.the.polar.group.and.the.hydrophobic.tail,.an.appropriate.Tg.to.flow.within.the.drying.
temperature.range,.vapor.pressure.[18],.etc..A.small.molecule,.with.higher.mobility,.seems.to.be.a.
better.choice.[3],.but.high.molecular.weight.compounds.are.recommended.as.well.[19].

The.molecular.characteristics.of. the.sizing.agent.are.also.related.to. the.pH.of. the.application.
point,.to.the.retention.process.[20],.to.the.amount.of.extractive.[21].and.the.coefficient.of.friction.of.
paper.[22].

The.effectiveness.of.internal.sizing.agents.depends.on.their.retention.[23]..Cationic.compounds.or.
cationic.dispersions.are.self-retained.on.the.cellulose.pulp,.but.anionic.sizing.agents.need.a.cationic.
retention.aid..Sizing.chemistry.is.inexorably.linked.to.the.pH.of.the.papermaking.system.at.the.wet.
end.[24]..The.pH.at.the.wet.end.has.a.strong.impact.on.the.paper.quality.as.well..Librarians.are.con-
cerned.about.acid.paper.deterioration..In.1992,.the.Canadian.government.decided.to.print.on.alkaline-
based.paper.only,.all.publications.it.expects.to.be.retained.for.information.or.historical.purposes.[25].

7.1 thE chEmIstRy oF AlUm In thE PAPERmAkInG PRocEssEs

Aluminium.salts.have.had.a.transformative.effect.on.the.papermaking.industry:.everything.became.
easier.after.alum.started.to.be.used..Most.of.the.formulas.for.rosin.size.applications.use.alum.and.
an.acid.pH..Despite.the.fact.that.many.aspects.of.the.aluminum.chemistry.in.papermaking.process.
remained. to. be. clarified,. the. possibility. of. an. inorganic-type. polyelectrolyte. formation. is. made.
clearer. in. this.chapter..Arguably,. the. role.of.polyelectrolytes.as. retention.aids. (see.Chapter.3). is.
important.when.aluminum.compounds.with.multiple.cationic.charges,.soluble.or.precipitated,.able.
to.form.complexes.with.polycarboxylic.acids,.are.involved.in.the.same.type.of.retention.process.

The.primary.source.of.aluminum.in.most.papermaking.systems.is.alum.[26].(aluminum.sulfate:.
Al2(SO4)3·14H2O)..In.water.solution,.the.aluminum.cation.is.hydrated.with.six.molecules.of.water.[27].

Al3+

H2O

H2O

H2O

H2O

H2O

H2O 3+
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The.papermaking.process.involves.a.broad.range.of.pH..For.both.retention.and.sizing.processes,.
two.aspects.are.of. importance:. the.aluminum.species.as.a. function.of. the.pH.and. the.chemical.
structure.of.paper.chemicals.designed.to.interact.with.aluminum.compounds.

As.an.amphoteric.element,. aluminum.forms.both.aluminum.salts.and.aluminates..The.metal.
reacts.with.the.common.strong.acids.[28–30]:

.
2 Al 6 H O 6 H O 2 Al(H O) 3 H3 2 2 6

3
2+ + →   ++ +

The.aqueous.aluminum.ion.(and.ferric.ion.as.well.[31]).is.a.weak.polyfunctional.acid..For.AlCl3.
dissolved.in.water,.a.wide.distribution.of.aluminum.species.is.noticed.for.a.very.narrow.pH.range.
(4.<.pH.<.5.5).[32]..Below.pH.=.4.6,.the.Al3+.is.the.major.form,.while.at.pH.>.5.0.the.major.component.
is.Al(OH)3..In.between.(4.6.<.pH.<.5.0),.there.are.both.Al3+.and.Al(OH)3,.along.with.[AlOH]2+.and.
[Al8(OH)20]4+.

The.aqueous.equilibrium.of.aluminum.sulfate.is.considerably.more.complicated.than.aluminum.
chloride.[33].because.of.the.possible.formation.of.mixed.sulfato-hydroxo-aluminum.complexes.(for.
instance,.Al(OH)2.44(SO4)0.28.[27]).

The.single.trivalent.cation.Al3+.is.present.only.at.pH.below.3.0..At.higher.pH,.hydroxyl.becomes.
a.ligand.[28,29,34]:

.
Al(H O) H /OH Al(H O) OH H2 6

3
2 5

2 +[ ] ↔ [ ] ++ + − ++ ( )

.
Al(H O) OH H /OH Al(H O) OH H2 5

2
2 4 2( ) ( )[ ] + ↔ [ ] ++ + − + +

.
Al(H O) OH H /OH Al(H O) OH H2 4 2 2 3 3( ) ( )[ ] + ↔ [ ] ++ + − +

.
Al(H O) OH H /OH Al(H O) OH H2 3 3 2 3 4( ) ( )[ ] + ↔ [ ] ++ − − +

and.poly-aluminum.compounds.are.also.formed.(Al2(OH)2(H2O)8
4+.[33]:

Al

O

H

O

H

H2O H2O

H2O

H2O

H2O H2O

OH2

OH2

Al

4+

The.extension.of. this.process. leads. to. the. formation.of.aggregates.containing.more. than. two.
aluminum.atoms.(polymeric.ions.[35]),.for.instance.[Al8(OH)20]4+.[36,37]..At.4.1.<.pH.<.4.7,.the.fol-
lowing.aluminum.compound.is.considered.[Al8(OH)10(SO4)5]4+.[30,38].in.equilibrium.with.Al3+.

Precipitation.is.noticed.at.pH.higher.than.4.1.[32,39]..A.gelatinous.precipitate.begins.to.form.
at.pH.4.8.and.becomes.essentially.the.sole.species.present.above.pH.5.0.[29]..The.growth.of.these.
flocs.depends.on.the.presence.of.other.inorganic.or.organic.ions.[40]..Freshly.precipitated.aluminum.
hydroxide.is.readily.soluble.in.acids.and.solutions.of.strong.bases.[28].
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The. hydrolysis. of. Al3+. produces. a. complex. mixture. of. products. [35,41],. which. may. include.
mononuclear.and.polynuclear.species.and.most.likely.[AlO4Al12(OH)4(H2O)12]7+..The.formation.of.
[Al(OH)4]–.ion.begins.at.pH.8,.while.the.concentration.of.Al(OH)3.starts.to.decrease.[30]..However,.
cationic.charges.are.still.present.up.to.pH.8.5.[29].and.therefore.it.is.of.interest.to.obtain.high.basic-
ity.poly-aluminum.sulfates.such.as.poly-aluminum.hydroxyl.sulfate.[42],.poly-aluminum.hydroxyl.
silicate.sulfate.[43],.or.phosphate-stabilized.polyaluminum.sulfate.[44].

The. shape.of. the. aluminum.compounds.precipitate. can.be.modified.by.using.both.alum.and.
sodium.aluminate.[45]..At.pH.=.10.0,.the.major.component.is.Al(OH)4

1−,.which.can.change.in.AlO2
1−.

(aluminate). through. the. loss. of. two. water. molecules.. Since. aluminate. is. part. of. the. aluminum.
compounds.conversion.during.pH.variation,.the.sulfate.ion.(from.alum).can.be.removed.from.that.
scheme.by.using.sodium.aluminate.(NaAlO2).and.changing.the.pH.to.get.the.same.type.of.poly-
cationic.aluminum.aggregates.

Poly-aluminum.chlorides.are.polymers.made.from.aluminum.chloride.and.sodium.carbonate.to.
produce.a.complex.molecule.with.the.following.formulas.[46]:

.
Al O OH H O Cl or Al6(OH) H O Cl13 4 24 2 12

7
7 12 2 12

6
6( ) ( ) [ ] ( ) [ ][ ] [ ]+ − + −

Due.to.its.high.charge.(+3),.for.a.small.ion.radius.(0.57.Å).(compared.to.Na1+,.which.has.an.ion.diam-
eter.of.0.95Å.[29]).the.aluminum.cation.can.form.complexes.with.anionic.and/or.neutral.molecules.
(electron.donors)..Polycarboxylic.compounds.(such.as.citric.acid).or.weak.acids.(like.phenols).can.
generate.strong.complexes.with.aluminum.salts.[26]..It.is.possible.to.prepare.solutions.of.an.alu-
minum.compound.at.a.pH.value.at.which.aluminum.hydroxide.would.ordinarily.be.precipitated.by.
adding.a.precipitation.inhibitor.(citric.acid.or.sodium.citrate).[47].

There.are.other.many.carboxylic.compounds.involved.in.the.wet.end.chemistry.and.interactions.
with.aluminum.cations.may.result.in.changes.in.the.shape.of.the.aluminum.polycation.flocs..Those.
anion–cation.interactions.help.in.paper.chemicals.retention,.improvement.of.drainage,.developing.
dry.strength,.or.increasing.the.paper.size.

However,.the.titratable.charge.density.of.the.aluminum.compound.in.precipitated.form.is.less.
than.10%.of.the.calculated.trivalent.Al3+.[33]..Only.few.cationic.charges.are.available,.the.other.cat-
ionic.charges.are.inter-compensated.or.trapped.within.the.flocs..Those.charges.are.called.“effective.
charges”.or.“apparent.charge.of.the.aluminum”.[41].

The.sequence.of.the.polyelectrolyte.addition.and.the.pH.adjustment.are.critical.for.the.availabil-
ity.of.the.cationic.charge.on.aluminum.compounds.[41,48]..There.are.very.scattered.results.for.the.
polyvinyl.sulfonate,.potassium.salt.(PVSK).titration.with.p-DADMAC.in.the.presence.of.aluminum.
compounds:.the.aluminum.compound.interacts.with.the.anionic.polyelectrolyte.in.a.way.that.is.hard.
to.control.[41]..For.each.macromolecular.shape,.the.local.ion.concentration—around.the.macromo-
lecular.coil—is.different.and.therefore.the.aluminum.compound.precipitation.will.result.in.a.differ-
ent.structure..On.the.other.hand,.the.anionic.charges.on.the.PVSK.macromolecular.coil.can.interact.
with.aluminum.compounds,.trap.them,.and.prevent.their.interaction.with.other.anionic.charges.

In.the.presence.of.cellulose.fiber.as.anionic.polyelectrolyte,.the.alum.chemistry.can.be.devel-
oped. on. different. pathways. depending. on. the. relative. concentration. of. cellulose. and. aluminum.
salt,.the.pH.value,.and.the.presence.of.other.ionic.species.(such.as.anionic.trash)..Every.stock.and.
every.papermaking.process.may.have.a.different.composition.and.different.shape.for.the.aluminum.
precipitate.

The.increase.in.pH.creates.more.negative.charges.through.carboxyl.dissociation..At.pH.=.4.1,.the.
cationic.aluminum.compound.starts.to.precipitate.and.adsorbs.onto.the.cellulose.fibers.[29]..More.
aluminum.is.adsorbed.with.increasing.pH.in.the.acid.range.with.a.maximum.at.about.pH.4.5.[27]..
After.adsorption,.cellulose.fibers.change.their.electrophoretic.mobility.from.a.negative.to.a.positive.
range.(excess.of.cationic.charges.over.the.anionic.carboxylic.groups).[49].

The.retention.of.aluminum.compounds.depends.on.pH,.temperature,.shear.rate,.on.the.anionicity.
of.the.cellulose.fiber,.on.the.chemical.structure.and.concentration.of.the.aluminum.compound,.on.
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the.presence.of.other.cations,.and.also.on.the.amount.of.fine.and.anionic.trash.[50–53]..Aluminum.
sulfate.is.less.retained.than.polyhydroxyaluminum.chloride.(Figure.7.1).[53].

Figure.7.1.shows.that.only.a.fraction.of.aluminum.compounds.(regardless.of.its.chemical.struc-
ture).is.retained.on.cellulose.fibers,.and.the.amount.retained.depends.on.the.pH.value.[30]..There.
is.a.big.jump.in.the.adsorption.curve.at.around.pH.4.5.[54]..The.alum.adsorption.seems.to.be.an.
equilibrium.process:.the.cellulose.fibers.are.not.saturated.yet,.but.the.alum.is.only.partially.retained..
The.presence.of.other.polyelectrolytes.(such.as.anionic.dry.strength),.or.dispersed.particles.(internal.
size).at.the.wet.end.make.the.aluminum.chemistry.even.more.complex.

The.amount.of.alum.is.important.not.only.for.the.retention,.but.also.for.the.final.paper.properties..
Alum.contributes.to.sheet.conductivity.and.dissipation.of.static.charge.[55]..The.control.of.the.sulfate.
ion.concentration.in.the.paper.sizing.process.with.rosin.can.be.performed.by.using.barium.chloride.[56].

7.2 RosIn Is BAck on thE cEllUlosE FIBERs

Before.the.nineteenth.century,.paper.sheets.were.sized.by.impregnation.with.animal.glue.or.vegeta-
ble.gums,.an.expensive.and.tedious.process..In.1807,.in.Germany,.Moritz.Friedrich.Illig.discovered.
that.paper.could.be.sized.with.rosin.and.alum.[57].

Rosin. is. a. natural. product. existing. in. wood. and. now—after. extraction. during. the. pulping.
process.—it.is.added.to.the.paper.as.sizing.agent..Thus,.a.cycle.is.being.closed:.the.extracted.rosin.
gets.back.on.the.cellulose.fibers.

Rosin.is.separated.from.the.black.liquor..Even.without.any.further.purification,.the.black.liquor.is.
considered.a.potential.internal.sizing.agent.[58].due.to.the.presence.of.rosin..Rosin.is.a.blend.of.hydro-
phobic.compounds.with.only.one.carboxylic.group.per.molecule,.such.as.abietic.acid.(C20H30O2):
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FIGURE 7.1 Aluminum.compounds.retention.
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The.rosin.molecule.has.that.polar.group.(carboxylic.acid).but.the.hydrophobic.part.(19.hydrocar-
bon.atoms.distributed.in.condensed.cycles.with.conjugated.double.bonds).is.quite.rigid..The.balance.
between.the.hydrophobic.and.hydrophilic.parts.can.be.changed.by.reactions.applied.to.the.double.
bonds.and/or.to.the.carboxylic.group..In.the.following.chapter,. the.organic.chemistry.of.rosin.is.
presented.in.its.relationship.with.the.new.compounds.that.are.also.sizing.agents.

7.2.1  exPloRing the oRganic chemiStRy of RoSin: RoSin deRivativeS aS Sizing agentS

7.2.1.1 Reactions at double Bonds
The.Diels–Alder.reaction.is.performed.at.the.conjugated.double.bonds.of.rosin.(which.is.the.diene.
compound).with.dienophile.compounds:.coumarone,.furane,.thiophene.(in.the.presence.of.boron.
trifluoride. as. catalist). [59],. acrylonitrile,. acrylic. acid,. tetracyanoethylene. [60].. The. most. used.
dienophiles.are.maleic.anhydride.[61],.acrylic.acid.[62,63],.fumaric.acid.[64–66],.or.aconitic.acid.
(dehydrated.citric.acid).[67].(or.blends.thereof)..The.reaction.is.performed.at.high.temperatures.
(200°C).in.the.absence.of.any.catalyst..Less.than.1%.p-toluenesulfonic.acid.as.rosin.crystallization.
inhibitor.[68].and.0.75%.phenothiazine.as.antioxidant.[69],.are.recommended.for.the.Diels-Alder.
reaction.

O

O

O

O

O

O

HO

HO
OH

OH

OH

OH

O

O

O

Fumaric acid Maleic anhydride Aconitic acid Acrylic acid

The.reaction.product.with.fumaric.acid.is.called.“rosin.adduct.”.While.rosin.can.theoretically.
react.mole.for.mole.with.maleic.anhydride,.“fortified”.rosin.represents.only.10%–25%.in.a.blend.
with.the.excess.of.rosin.[70,71].

HOOC

COOH

COOH

The.new.molecule.has.three.carboxylic.groups,.which.change.the.ration.between.the.hydropho-
bic.and.the.hydrophilic.groups..Because.the.rosin.conversion.is.always.lower.than.100%,.that.adduct.
is.used.as.dispersed.sizing.agent.for.the.un-reacted.rosin.[72].

The.rosin.double.bonds.“polymerize”.[73].with.sulfuric.acid.as.catalyst.[74]..Based.on.the.molec-
ular.weight.estimation,.dimers,.trimers.and.tetramers.are.obtained.

Rosin.also.reacts.with.formaldehyde.(para-formaldehyde.or.trioxan).[74–77].at.120°C–300°C.
[78,79].in.the.presence.of.a.strong.acid.or.acid-treated.clay.[80].as.catalyst..It.is.a.substitution;.
the.double.bonds.remain.unchanged..The.rosin/aldehyde.ratio.ranges.from.1%.formaldehyde.to.2.
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mole.of.formaldehyde.for.one.mole.of.rosin.[77]..The.common.modified.rosin.may.include.only.
3%.of.formaldehyde.[63]..The.conversion.of.formaldehyde.depends.on.the.reaction.temperature.
and.time.

CH3 CH3

CH2
H3C H3C

H2C

COOH

H

H

+

O

COOH

H

H

OH

The.modified. rosin.with. formaldehyde. is.more.hydrophilic.and.shows.a. reduced. tendency. to.
crystallize.as.compared.to.rosin..In.order.to.improve.the.rosin.“stability”.(with.reduced.tendency.
to.crystallize),.both.the.reaction.with.formaldehyde.and.the.one.with.fumaric.acid.are.performed.
[70,76].

The.modified.rosin.(with.formaldehyde).has.two.conjugated.double.bonds.and.a.hydroxyl.group.
(allylic-type.alcohol)..At.high.temperatures,.the.hydroxyl.group.etherifies.and.the.new.compound.
can.still.react.with.maleic.anhydride.in.a.Diels–Alder.reaction.[81]:

CH3

CH3

CH3

CH2

CH2

H3C COOH

H

H
O

HOOC

H

H
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The.new.molecule.has.a.higher.molecular.weight.with.a.higher.number.of.carboxylic.groups.
The. chemical. modification. can. continue. with. other. addition. reactions. at. double. bonds.. For.

instance,.hydrogenated.rosin.(hydrogen.addition.to.the.double.bonds).was.used.as.sizing.agent.in.
the.presence.of.sodium.aluminate.[82].

7.2.1.2 Reactions at carboxyl Group
The.rosin.ester.is.prepared.from.rosin.and.poly-hydroxyl.alcohols.(glycerin,.trimethylol.propane,.
pentaerythritol.[83],.etc.).or.epoxy.compounds.[84]..The.reaction.temperature.is.150°C–300°C.and,.
if.necessary,.water.can.be.carried.out.under.azeotropy.by.using.benzene.or.toluene.as.carrier.[85]..
Rosin.esters. are.also.blended.with.partially. fortified. rosin. [86]. as. anionic.dispersion. (styrene—
acrylic.acid.copolymer.as.stabilizer).for.sizing.in.alkaline.pH.[87]..Cationic.polymeric.stabilizers.
are.recommended.for.that.blend.[84].

The.hydrophilic–hydrophobic.balance.should.be.carefully.designed.as.a.sizing.agent..The.forti-
fied.rosin.is.esterified.with.one.mole.of.methoxy.polyethylene.glycol.(hydrophilic.tail).and.2.mol.of.
glycidyl.neodecanoate.(hydrophobic.tails).[88]..The.ester.chemical.structure.can.improve.the.rosin.
compatibility.with.a.variety.of.other.resins.(such.as.high-density.polyethylene.wax).
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Amides.(and.polyamide).of.rosin.(and/or.fortified.rosin).are.obtained.by.reacting.at.185°C.with.
polyalkylene.polyamine.[63]..The.primary.amine.groups.are.converted.to.amides.and.the.secondary.
amines.are.protonated.with.hydrochloric.acid.to.make.a.rosin.derivative.as.cationic.size.

7.2.1.3 Rosin neutralization
Rosin.and.its.derivatives.are.high.molecular.weight.carboxylic.acids,.which.can.be.neutralized.with.
any.inorganic.or.organic.base:.caustic.[69,89,90],.sodium.carbonate.[91],.with.sodium.aluminate.
[92],.ammonia.or. low.molecular.weight.amine.[93,94]..Rosin.potassium.salt. in.solution.shows.a.
significantly.lower.viscosity.than.sodium.salt.at.the.same.concentration.[95].

The.neutralized.rosin.(sodium.or.potassium.salt).shows.only.a.limited.solubility.in.water.(about.
15%)..In.the.presence.of.urea,.the.rosin.soaps.can.reach.over.35%.concentration.[79]..The.sizing.
capability.of.the.modified.rosin.soap.[65].is.enhanced.by.urea,.urea-sulfamic.acid.adduct.[68,96–98].
and.urea-thionyl.chloride.reaction.product.[99]..The.rosin.soaps.behave.like.fatty.acid.soaps:.they.
are.good.emulsifiers.

Rosin. is.used.as.sizing.agent. in.both.saponified.and.un-saponified.forms.[100]..Based.on. the.
degree.of.neutralization.and.the.concentration.of.rosin.in.water,.rosin.sizing.agents.are.available.in.
two.forms:.a.dispersion.(acid.size).in.which.only.5%.of.rosin.was.neutralized.(and.acts.as.an.emulsi-
fier),.and.the.“neutral.size”.in.which.80%–100%.of.rosin.is.sodium.(or.potassium).salt..Normally,.
both.of.these.forms.of.size.are.chemically.modified.[15,18].

The.viscosity.(at.71°C).of.15%.concentration.in.water.of.saponified.rosin.decreases.from.2500.to.
1000.cPs.when.0.7%.of.sodium.chloride.was.added.[101]..The.77%.solid.rosin.(mainly.as.potassium.
salt).is.a.paste.containing.less.than.15%.free.rosin.[102]..In.order.to.make.pumping.easier,.a.water-
soluble.alcohol.(C1–C4).is.added.(up.to.20%.based.on.rosin).

7.2.2  anionic RoSin Size

The.sodium,.potassium,.and.ammonium.salts.of.the.rosin.anion.show.a.reduced.solubility.in.water.
and.a.high.viscosity.for.concentrated.solution..Un-saponified.rosin.can.be.dispersed.in.water,.in.the.
presence.of.anionic.stabilizers..A.high.content.of.organic.phase.carries.a.larger.amount.of.potential.
anionic.sizing.agent..The.dispersion. is.obtained.by.simply.blending.molten.rosin.with. the.water.
solution.of.stabilizer,.by.using.a.solution.of.rosin.in.an.organic.solvent.(instead.of.molten.rosin).at.
room.temperature.and.by.the.phase-inversion.method.

Molten.rosin.is.dispersed.in.the.aqueous.solution.of.an.anionic.emulsifier.(such.as.alkyl.ben-
zene. sulfonate). at. 160°C–190°C. and. a. stable. emulsion. (35%. solids). is. obtained. after. its. rapid.
cooling. [103].. For. a. better. control. of. the. coagulation. process,. tannic. acid. [104]. or. tetrasodium.
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N-(1,2-dicarboxyethyl)-N-octadecylsulfosuccinamate.[105].are.use.to.improve.the.emulsion.stabil-
ity.[106]..Those.emulsifiers.have.a.much.larger.hydrophilic.part.that.can.protect.the.particle.even.at.
lower.pH.(see.sulfonate.group).
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Because.rosin.performs.as.an.internal.sizing.agent.for.paper.in.the.presence.of.alum,.the.anionic.
emulsifier.may. interfere.with. the.sizing.process..The.neutralized. rosin. is.also.a.good.emulsifier.
and.it.can.replace.the.other.anionic.stabilizer.for.the.anionic.rosin.dispersion..Rosin.neutralization.
and.emulsification.can.be.performed.in.one.step:.incomplete.rosin.neutralization.at.high.rosin.con-
centration.in.water.results.in.anionic.rosin.dispersion.(the.system.is.self-emulsified)..When.rosin.
neutralization.is.performed.with.a.volatile.base.(ammonia.or.low.molecular.weight.amine.[93,94]),.
less.than.10%.of.the.rosin.carboxylic.groups.are.in.the.ammonium.salt.form..The.blend.includes.
saponifiable.rosin.and.preponderantly.unsaponified.material.(free.rosin).[107–109].

That.dispersion.is.diluted.with.hot.water.and.added.to.the.pulp.just.before.the.latter.is.formed.into.
a.web..High.free.rosin.dispersions.(or.colloidal.rosin).are.known.to.produce.better.sizing.[110,111]..
The.presence.of.phosphate.salt.enhances.the.rosin.performances.[109].

Stable.emulsions.are.obtained.through.the.phase-inversion.method.[112,113]..The.aqueous.solu-
tion.of.an.anionic.emulsifier.is.added.to.the.molten.mixture.of.rosin.and.fortified.rosin.to.obtain.a.
dispersion.of.water-in-oil.[101]..Hot.water.is.added.to.inverse.the.phases.and.to.make.an.oil-in-water.
dispersion..Foam.formation.can.be. reduced.with.an. inorganic. salt. (such.as.CaCl2). added. in. the.
surfactant.solution.[114].

In.order.to.avoid.the.high.temperatures.of.molten.rosin,.the.rosin.anionic.emulsions.are.obtained.
by.dissolving.rosin.in.an.organic.solvent.(benzene,.toluene),.dispersing.the.solution.in.water.in.the.
presence.of.an.anionic.emulsifier,.and.distilling.the.solvent.[106,115]..The.anionic.stabilizer.can.be.
the.rosin.(or.fortified.rosin).partially.neutralized.with.a.small.amount.of.potassium.hydroxide..After.
homogenization,.the.solvent.is.distilled.under.reduced.pressure.[116].

During.the.papermaking.process,.active.agents.foam.heavily.with.low.molecular.weight.anionic.
surface..High.molecular.weight.anionic.(or.amphoteric.[117]).polymers.are.suggested.as.rosin.emul-
sion. stabilizers.. Acrylamide. copolymers. with. sodium. styrene. sulfonate,. or. styrene-acrylic. acid.
copolymers.[86,118,119].(which.is.a.sizing.agent.as.well).are.stabilizers.for.an.emulsion.of.rosin,.
which.are.stable.and.are.used.in.the.range.of.pH.6–8.[85].

Fortified.rosin.with.fumaric.acid.contains.an.important.amount.of.un-reacted.rosin..That.blend.
is.dispersed.(using.a.homogenizer).in.water.in.the.presence.sodium.hydroxide.[64]..The.fortified.
rosin.is.relatively.more.effective.in.sizing.than.rosin.at.low.sizing.agent.concentration.and.low.paper.
density.[120]..At.higher.concentrations,.that.is.no.longer.the.case.

In.order.to.reduce.the.melting.point,.the.rosin.dispersed.phase.may.contain.(as.extenders.[121]).
a. variety. of. other. hydrophobic. compounds:. paraffin. [45,122],. hydrocarbon. resins,. extracts. of.
petroleum. oils. [123],. petroleum. resin. adduct. with. maleic. anhydride. [124],. waxes,. ethylene-bis-
stearamide.[125],.indene-coumarone.resins.[126],.styrene-butadiene.block.copolymers.[127],.and.
styrene-vinyl. toluene. copolymer. (Mw.=.1400).. Anionic. blends. of. rosin. (80%. fortified. rosin. and.
20%.rosin.ester).and.alkyl.ketene.dimer.(AKD).show.a.synergetic.effect.for.the.alkaline.(PCC).
papermaking.process.[128].
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The.hydrophobic.resins.and.rosin.are.melted.together.and.dispersed.in.an.alkali.solution.[129]..
The.dispersed.phase.contains.free.rosin.and.hydrocarbon.resin,.while.in.the.continuous.phase.rosin.
soap.is.dissolved..Rosin.soap.is.a.sizing.agent.and.a.stabilizer.for.the.dispersion.at.the.same.time..
Alum.helps.to.retain.rosin.particles.that.carry.the.petroleum.resin.on.cellulose.fibers.

7.2.3  cationic RoSin diSPeRSionS and amPhoteRic StaBilizeRS

To.be.retained.directly.on.the.anionic.cellulose.fibers.at.the.wet.end,.the.sizing.agent.must.have.
cationic.charges..Molecular.rosin.retains.its.anionic.character,.which.is.why.alum.is.required.for.
retention.and.sizing.(see.Chapter.3).

Since. 1932,. the. anionic. rosin. dispersion. has. been. stabilized. with. protective. colloids. such. as.
casein.(1%–3%.based.on.rosin).[111]..Cationic.dispersed.of.rosin.size.contains.particles.with.a.posi-
tive.charge.[130,131]..The.sizing.is.active.at.higher.pH.[132,133].but.the.presence.of.alum.is.still.
required.(alum.is.added.prior.to.the.rosin.addition.[131]).

The.anionic.rosin.particle.includes.only.about.40%.of.the.rosin.in.acid.form.because.the.anionic.
rosin.salt. is.used. in. the.stabilizing.system.along.with.casein.. In.order. to. increase. the. free. rosin.
content.(up.to.100%),.an.anionic.dispersant.agent.[134].(sodium.alkyl-aryl.sulfonate.[135],.styrene-
acrylic.acid.copolymer.[136],.ethylene-acrylic.acid.copolymer.[137]).is.used.to.help.the.casein.or.
cationic.starch.as.stabilizers.

Cationic.macromolecular.compounds.can.replace.casein.as.stabilizer..Polyaminoamine.epichlo-
rohydrin.polymer.(PAE)-type.resins.(1:1.to.rosin).are.used.[138,139,140].to.make.a.rosin.emulsion.
with.pH.6.8–7.2..Nonionic.stabilizers.(such.as.hydrophobic.polyethoxylated.alkylphenol).[141].can.
be.associated.with.a.cationic.polyelectrolyte.

Fumaric.acid-fortified.rosin.is.dissolved.in.benzene.(or.methylene.chloride.[141]).and.the.solution.
is.emulsified.and.homogenized.(twice.at.3000.psi).in.the.presence.of.starch.inter-polymer.with.PAE.
resin.[62,142]..The.resulting.emulsion.is.stable.and.the.solvent.das.been.distilled.[121,139,143]..The.
final.solids.are.35%.and.the.particle.size.is.less.than.1.μm.

The. hydrophilic. stabilizer. reduces. the. overall. hydrophobic. properties. of. the. sizing. agent.. In.
order.to.compensate.for.that,.the.organic.phase.is.made.more.hydrophobic.by.blending.with.hydro-
carbon.resins. [144],.or.a.more.hydrophobic.stabilizer. is.used.(such.as. the.cationic.copolymer.of.
acrylamide.and.iso-butyl.methacrylate.or.styrene.[145],.or.the.cationic.[146,147],.or.the.amphoteric.
copolymer.of.styrene).[148].

Rosin.and.fortified.rosin.are.anionic.compounds.and.they.are.involved.in.the.protection.sys-
tem..The.anionic.charges.of.the.rosin.derivatives.interact.with.cationic.charges.of.the.stabilizer.to.
make.a.larger.aggregate.that.provides.a.better.stability.for.the.dispersed.phase..The.amphoteric.
compounds.or.the.polyelectrolyte.complexes.have.anionic.groups.available.to.interact.with.alu-
minum.compounds.for.retention.on.the.cellulose.fibers..However,.due.to.the.presence.of.cationic.
polyelectrolyte,. a. smaller. amount. of. alum. is. involved. [149],. and—sometimes—the. alum. is. no.
longer.needed.[150].

7.2.4  RoSin Sizing mechaniSm

The. rosin. sizing. mechanism. includes. rosin. precipitation,. rosin. interaction. with. aluminum. com-
pounds.in.co-precipitation.of.alum.and.rosin..The.adsorption.on.cellulose.fiber.is.a.decisive.step,.but.
not.the.last.to.be.involved.in.developing.sizing.properties:.the.rosin.molecule.migrates.on.the.fiber.
surface.where.it.is.anchored.and.reoriented.

The.first.step.in.developing.a.more.hydrophobic.cellulose.fiber.is.the.rosin.migration.through.
water.and.its.adsorption.at.the.wet.end..The.rosin.dispersions.follow.the.general.rules.of.colloidal.
systems:.they.are.sensitive.to.pH,.to.electrolyte.concentration.[151],.to.dilution,.and.to.shear.rate..At.
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the.wet.end,.the.rosin.dispersion.is.diluted.(from.about.30%.to.less.than.0.01%).and.undergoes.pH.
changes.[107].

At.the.regular.addition.rate,.the.completely.saponified.rosin.is.soluble.in.water.if.the.pH.is.in.
alkaline.side..The.completely.neutralized.sodium.rosinate.of.0.01.mol/L.concentration.(well.bellow.
the.critical.micelle.concentration—CMC).shows.a.pH.of.about.9.0.[152]..The.alum.addition.changes.
the.pH.of.the.sodium.abietate.from.about.8.to.about.4.[153],.a.pH.value.at.which.rosin.is.protonated,.
loses.its.solubility,.and.a.precipitate.(0.1.μ).is.formed.[38,154].

The.electrophoretic.mobility.changes.from.negative. (abietic.anion. in.alkaline.pH). to.positive.
values.for.colloidal.aluminum.hydroxide,.which.is.composed.of.an.equimolar.mixture.of.aluminum.
di-rosinate.and.free.rosin.acid..The.isoelectric.point.is.at.a.pH.value.of.about.6.5..The.precipitation.
of.both.alum.compounds.and.rosin.takes.place.almost.simultaneously..The.rosin.acid.can.make.a.
complex.molecule:.aluminum.di-rosinate.mono-hydroxide,.which.is.insoluble.in.water..Some.free.
rosin.acid.can.also.be.incorporated.in.that.precipitate.[36].

Therefore,. the. rosin. retention.on.cellulose.fibers. shows.a. strong.dependence.on. the.stock.pH.
[33,121,155–157]..A.polynomial.regression.for.the.experimental.data.collected.for.rosin.sizing.prop-
erties.as.a.function.of.temperature.(°C),.dosage.(%),.and.pH—as.main.parameters—shows.a.stron-
ger.positive.effect.of.the.increased.dosage.and.a.negative.effect.of.the.increasing.temperature.and.
pH.[158–160]:

. HST Temp Dosage pH= − ⋅ + ⋅ − ⋅C0 A B C . (7.2)

As.expected,.rosin.esters.are.less.sensitive.to.pH.and.more.sensitive.to.temperature..Only.about.
20%.of.rosin.is.retained.at.pH.=.4.3..At.pH.4.6,.rosin.retention.reaches.the.level.of.about.55%.[154]..
A. higher. pH. reduces. rosin. retention. to. 40%. (neutral. pH.=.7),. and. even. down. to. 20%. (alkaline.
pH.=.8).[38].

The.sizing.shows.a.sharp.maximum.at.a.pH.of.about.4.5.[110]..Above.pH.=.5.0,.the.sizing.drops.
and,.for.a.long.period.of.time,.rosin.has.not.been.considered.to.be.an.effective.sizing.material.above.
pH.6.5.(poor.retention.and.inappropriately.orientation.[3]).

Alum.chemistry.is.complex.in.itself..The.addition.of.rosin.changes.the.aluminum.compounds.
precipitation..The.right.precipitation.of.rosin.in.the.presence.of.precipitated.aluminum.depends.on.
the.aluminum/rosin.ratio,. the.pH.values,. the.sequence.of.acid.addition,.and. the.shear.rate.[161]..
The.anion.of.the.aluminum.salt.is.also.important.[4,153,155,157]:.AlCl3.behaves.differently.than.
Al2(SO4)3,.Al(NO3),.or.polyaluminium.chloride.(PAC).

The.amount.of.alum.added. to. the.stock.should.be. limited. to.prevent.a. too. low.acid.pH.[25]..
Chelating.agents.(such.as.oxalic,.succinic,.citric.acids.or.low.molecular.weight.anionic.polyacryl-
amide).are.used.to.bond.the.excess.of.aluminum.ion.[74,162].

The. rosin. and. the. aluminum. compound. precipitation. take. place. in. the. presence. of. cellulose.
fibers..The. low.overall.concentration.makes.hetero-coagulation.with.cellulose.fibers.more. likely.
[153]..The.rosin.sizing.capabilities.depend.on.the.number.of.anionic.charges.existing.on.the.cellu-
lose.fibers:.more.carboxylic.groups.(added.by.cellulose.oxidation).improve.the.size.by.distributing.
rosin.more.evenly.[163]..Due.to.the.broad.distribution.of.fiber.dimensions.and.anionic.charges,.the.
hetero-coagulation.of.aluminum.on.cellulose.fibers.results.in.a.nonuniform.distribution.of.alumi-
num.[164]..Consequently,.the.rosin.is.also.uneven.distributed.

The.treatment.of.pulp.with.hydrochloric.acid,.prior.to.the.addition.of.the.sizing.system,.signifi-
cantly.improves.the.effect.of.the.rosin.size.[165].while.the.conversion.of.carboxylic.groups.to.non-
ionic.methylamide.groups.results.in.a.size.reduction.[166].(or.even.zero.size.[118]).

It.has.been.assumed.that.the.alum.forms.a.special.bridge.between.anionic.rosin.and.anionic.cel-
lulose.fiber.[36,120,153,167,168]..However,.the.aluminum–carboxyl.bond.is.weak.and.rosin.(as.free.
acid).can.be.extracted.with.dioxane–water.at.100°C.[118]..The.weakness.of.that.bond.may.help.the.
redistribution.of.rosin.on.the.cellulose.fiber.surface.
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The.aluminum.rosinate.is.concentrated.on.the.aluminum.flocs.with.an.uneven.distribution.on.the.
fiber.surface.[169]..Due.to.its.high.melting.point.(120°C–250°C,.depending.on.the.moisture.content).
[170],.the.aluminum.rosinate.redistribution.in.the.drying.section.is.unlikely..Programmed.drying.
(high.temperature.along.with.high.moisture).can.improve.the.redistribution.of.rosin.

The.anchoring.mechanism.for.the.fortified.rosin.seems.to.be.similar.to.that.for.rosin.[171,172]..
It.is.believed.that.fortified.rosin.reduces.the.rosin.particle.size.and.improves.the.bonding.with.alu-
minum.compounds.[170]..As.a.result,.fortified.rosin.(20%).in.a.blend.with.rosin.dispersion.(70%.
neutralization).is.more.effective.than.rosin.alone.[173].(Figure.7.2).

Alum. seems. to. interact. with. the. carboxylic. group. because. rosin. esters. (“neutral. rosin”). per-
form.as.a.sizing.agent.both.in.the.presence.of.alum.(even.at.pH.=.8).[164].and.in.its.absence.[174]..
Regardless.of.the.amount.of.alum.added.for.retention,.the.anionic.rosin.ester–fortified.rosin.emul-
sion.is.retained.less.than.40%.[86]..The.melting.point.of.the.rosin.ester.is.about.80°C;.the.curing.
temperature.appears.to.be.the.turning.point.in.increasing.the.paper.sizing.effect.[87]..After.heating.
at.160°C,.the.SEM.micrographs.show.only.empty.shells.(amacromolecular.stabilizer.has.a.much.
higher.melting.point):.the.rosin.ester.has.left.the.particle.
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FIGURE 7.2 The.sizing.effect.of.rosin.and.blend.of.rosin.with.20%.fortified.rosin.
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In.an.attempt.to.separate.the.retention.and.the.sizing.processes,.the.surface.sizing.of.paper.hav-
ing.alum.added.at.the.wet.end.and.rosin.emulsion.in.the.size.press.solution.was.performed..More.
alum.added.at.the.wet.end.results.in.better.sizing..The.anchoring.effect.of.alum.and.probably.an.
electrostatic.interaction.with.rosin.acid.cannot.be.ruled.out.[175].

The. complex. formed. between. aluminum. ions. and. pulp. fibers. is. pulp-COOAl2+,. which. can.
partly.be.converted.(in.acid-base.equilibrium).to.pulp-COOAl(OH)+.and.finally.to.nonionic.pulp-
COOAl(OH)2. [156]..Therefore,. longer. contact. times.between. alum.and. stock. reduces. the. sizing.
performances.[168]..At.pH.=.6.7,.that.process.is.much.faster.than.that.at.pH.=.4.5.and.reaches.zero.
sizing.in.less.than.30.min.[174].

The.aluminum.compounds.help.rosin.retention.and.orientation.processes.[130,131,176]..The.alu-
minum.cation.anchoring.reduces.the.degree.of.freedom.of.rosin.molecules,.and.thus,.the.hydropho-
bic.part.is.rigidly.oriented.away.from.the.surface.of.the.cellulose.fiber..The.sodium.rosin.salt.reaches.
that.stage.at.the.wet.end..The.dispersed.free.rosin.needs.to.be.heated.in.the.drying.step.to.develop.
the. size. [110]..However,. the.bridge.between. rosin. and. the. cellulose. surface. is.prone. to. alkaline.
hydrolysis.and.the.paper.shows.no.resistance.to.alkaline.penetration.[132].

When.retained.on.the.cellulose.fiber,.the.size.begins.to.react.by.producing.either.a.“strong”.or.a.
“weak.bond”.[18]..In.order.to.understand.the.rosin.movement.from.a.sized.to.an.unsized.sheet,.the.
weak.bond.concept.has.been.introduced..Some.rosin.is.bonded.to.cellulose.through.strong.bonds,.
which.cannot.be.broken.during.the.drying.step..The.weak.bonds.[95,177].are.breakable.in.the.dry-
ing.section.and.resin.can.migrate..The.rosin.size.migration.is.also.pH.dependent.[18].

Arguably,.the.bonds.between.rosin.and.cationic.polymers.and.between.free.rosin.and.alumi-
num.compounds.are.weak..More.than.80%.of.the.rosin.size.molecule.in.the.handsets.(prepared.
by.the.anionic.rosin.emulsion.size.with.alum).is.as.free.acid.[118,178]..After.curing.at.105°C,.the.
free. rosin.acid.particles.have.disappeared.and.empty.shells.of. stabilizer.are.observed. in.SEM..
However,.the.type.of.bond.that.is.formed.between.rosin,.the.alum,.and.the.fiber.is.uncertain.[3].
and.after.200.years.of.rosin.application.in.the.papermaking.process,.the.rosin.mechanism.is.still.
undecided.[95].

This.sizing.mechanism.is.indirectly.supported.by.the.desizing.effect.of.formic.acid.and.sodium.
citrate,.which.has.a.stronger.affinity.for.aluminum.ions.[12].(the.aluminum.salt.is.attacked.by.acids.
and.bases.[179]).

7.2.5  technological conSequenceS of the RoSin Sizing mechaniSm

Changes.in.the.type.of.interactions.as.well.as.molecule.reorientation.take.place.during.each.step..
Each.step.is.a.function.of.the.rosin.form.(salt.of.free.acid),.the.anionic.charge.density.of.the.fibers,.
the.rosin/alum.ratio,.pH,. the.sequence.of.addition,. the. temperature,.or. the.contact. time.between.
alum.and.stock..Any.failed.step.in.that.sequence.will.result.in.a.sizing.failure.

The.“forward.sizing”.uses.the.first.addition.of.the.rosin.soap.and.the.alum.is.added.later..That.
sequence.may.result.in.large.amounts.of.foam.and.lost.rosin.in.side.reaction.with.divalent.calcium.
ions,.before. the.alum.addition.[168]..“Reverse.sizing”. is.a.better.sequence:. the.aluminum.com-
pound.flocs.are.added.first.on. the.cellulose.fibers,.which.become.cationic.and. retain. rosin.size.
[167,174].

The.third.option.would.be.to.make.a.premixed.blend.(rosin.and.alum).[180–182]..Anionic.rosin.
emulsion.becomes.a.cationic.dispersion.in.the.presence.of.alum.(particle.size.lower.than.one.micron.
[183])..The.adsorption.of.cationic.particles.onto.the.anionic.cellulose.surface.proceeds.by.a.mecha-
nism.of.opposite.charge.attraction.[154].

The.preexisting.rosin–aluminum.compound.interactions.make.the.process.(aluminate.formation,.
retention,.orientation).more.effective,.and.thus.the.premixed.rosin–alum.performs.better.than.the.
conventional.procedure.(“forward”.or.“reverse”.sizing,.see.Figure.7.3).[181]..The.alum–rosin.pre-
mixing.(one-shot.rosin.emulsion.[184]).greatly.improves.rosin.size.efficiency.in.a.neutral-alkaline.
papermaking.system.[183].
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In.order. to.make.a.stable.dispersion.(longer.shelf. life),. the.premixed.fortified.rosin. (partially.
neutralized.with.tertiary.amine.and.emulsified.in.the.presence.of.casein.[71]).and.another.stabilizer.
(cationic.starch.or.degraded.cationic.starch.[184]).is.treated.with.alum.[185]..Modified.urea.with.
sulfamic.acid.is.incorporated.in.this.blend.[71].and.the.final.pH.is.adjusted.with.caustic.to.3.7..The.
dispersion.keeps.its.properties.for.3.months.

In.the.presence.of.an.alkaline.filler.(calcium.carbonate),.the.rosin.sizing.effect.has.been.signifi-
cantly.affected..It.was.found.that.the.addition.of.acidic.compounds.(alum,.ferric.chloride,.sulfuric.
acid,.or.sodium.bisulfate).after.the.rosin.and.filler.retention.and.during.the.dilution.step.may.restore.
the.effectiveness.of.the.rosin.sizing.[186–188].

Unfortunately,.the.reaction.of.rosin.with.polyvalent.cations.is.not.limited.to.aluminum..The.size.
redistribution.is.further.impacted.if.the.stock.contains.Ca2+.and/or.Mg2+..In.the.presence.of.calcium.
(or.magnesium).ions,.the.rosin.acid.will.precipitate.and.that.rosin.is.lost.for.sizing.[120]..Calcium.
and. magnesium. (common. constituents. of. hard. water). compete. with. aluminum,. react. with. rosin.
(to.produce.insoluble,.non-sizing.deposits.[168]).and,.therefore,.decrease.the.effectiveness.of.rosin.
[189]..Soluble.salts.of.calcium.and/or.magnesium.can.also.precipitate.the.aluminum.rosinate.[92]..
Aminopolycarboxylic.acids.(such.as.EDTA).are.chelating.agents.for.calcium.and.magnesium.and.
thus,.the.rosin.sizing.agent.is.resistant.to.hard.water.precipitation.

The.sizing.effect.of.the.rosin-type.molecule.is.related.to.the.hydrophobic/hydrophilic.ratio..The.
hydrophobic.segments.added.by.the.molecules.of.rosin.reduce.the.interfiber.bonds,.which.results.in.
lower.dry.strength..In.order.to.compensate.for.the.loss.of.dry.strength,.an.anionic.polyacrylamide.is.
added.to.the.alum–rosin.system.[190,191]..Aluminum.cations.bring.both.anionic.rosin.and.anionic.
polyacrylamide.on.the.cellulose.fiber.

Rosin.without.any.alum.shows.only.a.little.sizing.effect,.even.in.the.presence.of.cationic.res-
ins. [118,156].. However,. the. cationic. macromolecular. compounds. are. less. sensitive. to. pH. varia-
tion..Cationic.resins.used.as.anchoring.compounds.for.rosin.are.epichlorohydrin–dimethyl.amine.
condensates. [18],.polyalkylene.polyamine.(non-thermosetting). [192],.polyvinyl.amine. [193–195],.
the.product.of.a.modified.Mannich.reaction.(ammonium.chloride.reaction.with.formaldehyde.and.
acetaldehyde). [196,197],. poly-2-vinyl. imidazoline. [198],. cationic. starch,. cationic. or. amphoteric.
polyacrylamide.[195,199]..The.charge.density.of. those.polyamines.decreases. in.alkaline.pH.and.
consequently.a.decrease.in.sizing.is.noticed.

Those.polymers.are.also.used.in.conjunction.with.alum.to.retain.and.anchor.the.sodium.salt.of.
the.fortified.rosin..Alum.with.a.post.addition.of.cationic.starch.or.cationic.polyacrylamide.improves.
rosin.retention.up.to.80%.[38,154].

7.2.6  otheR caRBoxylic acidS aS Sizing agentS

The.evaluation.of.the.carboxylic.(or.polycarboxylic).acids.as.sizing.agents.(myristic.[200].or.stearic.
acids.[201,202]).is.an.interesting.opportunity.to.clarify.the.rosin.sizing.mechanism..Their.chemical.
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FIGURE 7.3 The.effect.of.the.order.of.addition.of.the.sizing.agent.
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structure.is.quite.similar.to.rosin:.a.carboxylic.group.with.a.hydrophobic.tail.and.(for.C18–C22.fatty.
acids).the.hydrophobic/hydrophilic.ratio.is.very.close.to.that.for.rosin..However,.there.is.still.a.dif-
ference:.the.aliphatic.tails.of.the.carboxylic.acids.have.more.degrees.of.freedom.

The.hydrophobic.properties.of.the.sizing.agent.are.not.sufficient.to.enhance.the.sizing.perfor-
mances.of.the.sheet:.the.stearyl.(or.dehydroabietyl).group.shows.no.sizing.when.chemically.bonded.
through.an.amid.bond.to.the.cellulose.pulp.[118]..But,.as.aluminum.complexes.(or.PAE.resin.and.
aluminum.chloride),.fatty.acids.behave.in.a.way.that.is.very.similar.to.rosin.[203,204]..The.sizing.
mechanism.should.involve.those.processes.enhanced.by.aluminum.compounds,.such.as.migration.
and.reorientation.of.the.hydrophobic.tail.

Fatty.acids.are.even.better.sizing.agents.than.rosin.[178],.especially.when.they.are.in.a.mixture.
(see.also.the.tall.fatty.acids.fortified.with.5%.fumaric.acid.[205])..Unfortunately,.only.a.very.low.
concentration.of.fatty.acid.solutions.can.be.obtained..A.solution.of.1%.concentration.of.fatty.acid.
soap.is.a.solid.mass.at.room.temperature..A.solution.of.2%–3%.sodium.stearate.is.obtained.at.tem-
peratures.over.80°C.[201].

The.polydispersity.of.the.carboxylic.compounds.molecular.weight.may.prevent. the.molecular.
organization.in.water..A.broader.distribution.of.the.molecular.weight.is.obtained.by.mixing.differ-
ent.compounds.or.by.oligomerization..Maleated.hydrocarbon.resins.in.a.blend.with.rosin.[206],.salts.
of.oligomers.of.propylene.[207],.C5.diolefins.[208].(fortified.with.maleic.anhydride).are.dissolved.in.
water.at.30%–40%.solids.content.

Higher.molecular.weight.compounds.may.include.a.broader.molecular.weight.distribution.and.
a.higher.number.of.carboxylic.groups..A.compound.with.multiple.carboxylic.groups.is.more.likely.
to.be.immobilized.on.the.fiber.surface..Acrylic.or.methacrylic.acid.copolymers.[209–211].provide.
the.sizing.material.with.a.desired.ratio.between.the.hydrophilic.(in.blue).and.hydrophobic.parts.
(n > m).

R CH2 CH2 CH2

R1

CH

OO–

R

NH4
+

n m

The.hydrophobic.comonomer.is.ethylene.(R1.=.H),.styrene.(R1.=.C6H5),.butadiene,.α-methyl.sty-
rene,.acrylic.esters,.etc..The.preferred.molecular.weight.of.the.copolymer.is.4000–7000.for.a.com-
position.of.ethylene.87%.and.13%.acrylic.acid.

The.anionic.copolymer.of.the.ethylene-acrylic.acid.(EAA).[212].or.of.the.styrene-maleic.anhy-
dride.(SMA).are.dissolved.in.ammonia.solution.(final.pH.is.about.8.[213]).and.sodium.hydroxide.
[214]..If.the.base.amount.is.less.than.1:1.molar.ratio.to.carboxylic.acid,.then.dispersion.is.obtained.
[14,210]..Those.resins.are.retained.on.the.cellulosic.pulp.with.iron.salts.(FeCl3.as.mordant).or.cat-
ionic.retention.aids.(PAE.resins,.polyamine.[213,215],.cationic.starch,.or.alum)..Water.dispersible.
(co)polyester.resins.(polyethylene.terephthalate.with.long.hydrophilic.chains).[216].are.used.in.the.
presence.of.PAC.

The.sizing.capabilities.of.the.acrylic.acid.copolymers.depend.on.the.base.used.to.neutralize.the.
carboxylic.functionality:.ammonia.is.better.than.sodium.or.potassium.[209]..The.ammonium.salt.
will.release.ammonia.during.the.drying.step.and.a.less.hydrophilic.material.remains.on.the.fiber..
Sodium.(or.potassium).salts.are.still.on.fiber.after.drying.and.make.the.surface.more.hydrophilic.
than.the.acid.form.

The.acrylic.acid.copolymers.are.anionic.polyelectrolytes;.their.retention.at.the.wet.end.is.per-
formed.with.polycationic.compounds..In.this.dual.system,.the.order.of.addition.is.important..The.
anionic.copolymer.(EAA).is.added.first.[209],.the.retention.aid.afterward..In.order.to.make.a.cat-
ionic.aggregate,.the.amount.of.the.cationic.retention.aid.is.almost.double.as.compared.to.that.of.
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the.sizing.agent..The.cationic.complex.is.retained.on.the.anionic.cellulose.fibers.and.is.effective.in.
sizing.over.a.wider.range.of.pH:.4–10.

SMA.copolymers.(ammonium.salt).are.blended.with.cationic.starch.and.cooked.at.120°C–150°C..
The.blend.is.used.as.internal.sizing.agent.in.the.presence.of.alum.[217].and.performs.better.than.
SMA.at.the.same.concentration.

7.3 REActIvE IntERnAl sIzE (1): Alkyl kEtEnE dImER

The.generally.accepted.picture. for. the. rosin.sizing.mechanism.(still.under.discussion). is. that. ionic.
bonds.are.established.between.aluminum.ions.rosin.and.cellulose.fibers,.followed.by.the.redistribution.
and.reorientation.of.the.anionic.sizing.molecules..A.real.covalent.bond.between.cellulose.and.the.siz-
ing.agent.was.considered.a.better.option..After.1935,.new.options.became.available.when.a.fatty.acid.
anhydride.was.reacted.with.cellulose.for.a.covalent.ester.bond.formation.and.a.good.sizing.effect.[218].

The.anhydride,.ketene,.acid.chloride,.lactone,.and.epoxide.are.potential.reactive.functionalities.
toward.cellulose..However,.a.reaction.of.a.reactive.size.with.cellulose.will.always.compete.with.the.
reaction.of.the.reactive.size.with.water.

Cellulose-reactive.sizes.were.introduced.in.the.papermaking.process.in.the.1950s.and.they.are.usu-
ally.used.at.neutral.to.slightly.alkaline.pH.in.an.alum-free.system.[176]..The.new.neutral/alkaline.pro-
cess.allows.for.a.higher.concentration.of.filler.(calcium.carbonate).and.reduces.corrosion.[132,219]..
The.most.common.reactive.sizing.agents.are.the.AKD.and.alkenyl.succinic.anhydride.(ASA).

In.spite.of.the.similarity.of.their.general.application.processes.(synthesis,.emulsification,.and.wet.end.
application),.AKD.and.ASA.show.different.chemical.reactivities,.which.will.be.discussed.separately.

7.3.1  aKd SyntheSiS

The.first.ketene.was.isolated.in.1905.[220]..Since.then.it.has.became.a.strong.candidate.for.many.
reactions.in.organic.chemistry.due.to.its.high.reactivity..In.1946.[221],.alkyl.ketenes.are.mentioned.
as.water-repellent.compounds.used.for.textile.and.paper.

Acyl.halides.undergo.a.reaction.in.which.hydrochloric.acid.is.released.(intra-molecular.dehy-
drohalogenation)..That.reaction.is.performed,.under.anhydrous.conditions,.at.room.temperature.(or.
higher),.using.solvents.(such.as.ethyl.ether,.benzene,.methyl.ethyl.ketone,.or.xylene).in.the.presence.
of.a.tertiary.amine.(1:1–1.1:1.mol.ratio.[222,223]),.able.to.capture.the.hydrochloric.acid.[224,225]..A.
large.amount.of.tertiary.amine.is.also.used.as.a.solvent.[226].
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Cl NR

R

R

R
O
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The.resulting.ketene.is.unstable.and.will.make.a.more.stable.dimer.(β-lactone)..The.ammonium.
salt.is.easy.to.filtrate.or.separate.from.the.dimerization.slurry.by.liquid–liquid.aqueous.extraction..
The.AKD.purification.can.be.performed.by.recrystallization.from.acetone..The.dimerization.reac-
tion.involves.the.formation.of.a.new,.strong.carbon–carbon.bond,.which.extends.the.hydrophobic.
chain.of.the.molecule..The.new.molecule.is.also.a.four.ring.ester.(lactone),.which.is.the.reactive.part.
of.that.new.molecule.
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R.stands.for.any.alkyl.(the.preferred.alkyl.contains.from.12.to.about.30.carbon.atoms),.straight.
and/or.branched.fatty.acids.(such.as.iso-stearic.[227,228]),.cyclohexyl.[229],.aryl.[230],.or.fluoro-
alkyl.radicals.[231,232]..In.order.to.make.a.hydrophobic.compound,.the.alkyl.radical.must.have.at.
least.10.carbons.atoms.

The.ketene.dimer.can.be.symmetrical.(resulting.from.the.dimerization.of.two.ketenes.with.the.
same.chemical. structure).or. asymmetrical. (from.ketenes.with.a.different.R.alkyl)..The. reaction.
selectivity.related.to.R.is.very.poor.and.therefore,.when.different.ketenes.are.involved.in.the.dimer-
ization.process,.a.very.complex.mixture.is.obtained..The.common.mixture.includes.palmitic.and.
stearic.acids.[227,233]..The.AKD.synthesis.from.C14.labeled.fatty.acid.in.a.mixture.with.unlabeled.
fatty.acid.[234].may.result.in.a.mixture.of.double.labeled,.mono-labeled,.and.unlabeled.AKD.in.
equal.amounts.

The.melting.point.of.the.dimer.depends.on.its.molecular.weight.and.(for.blends).on.the.molecular.
weight.distribution..AKD.made.from.stearic.acid.has.a.melting.point.of.about.50°C.[235]..Liquid.
AKD.[236–239].comprises.a.mixture.of.the.reaction.products.of.the.acid.chloride.dimerization.of.
saturated.and.unsaturated.fatty.acids.[240,241]:.oleic.(73%),.linoleic.(8%);.the.remainder.being.a.
mixture.of.saturated,.unsaturated,.and/or.branched.fatty.acids..The.complex.mixture.of.acids.may.
contain.a.multimer.with.the.following.general.formula.(0.≤.n.≤.6).[239]:
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H

O

O

H
R

H

O

O

R

H

n

Liquid.AKD.provides.a.level.of.sizing.similar.to.that.of.regular.AKD.but.improves.the.handling.
performances.in.printing.operations.[242,243].

7.3.2  the emulSification of aKd

Alkyl.ketenes.are.not.soluble.in.water.and.the.first.attempt.to.use.them.as.sizing.agents.was.made.
with.a.ketene.solution.in.an.organic.solvent..In.order.to.be.added.at.the.wet.end.[230],.AKD.must.be.
dispersed.in.water..The.emulsification.process.is.important.because.it.will.set.not.only.the.emulsion.
stability.but.also.the.retention.capabilities.and.the.fraction.of.the.lost.reactive.material.as.a.result.of.
hydrolysis.with.water.

Due.to.its.reactivity.with.water,.the.main.goal.of.the.emulsification.process.is.to.obtain.AKD.
dispersion.able.to.preserve.the.β-lactone.function..This.can.be.achieved.by.emulsification.at.lower.
temperatures,.by.using.a.diluter.and.the.right.stabilizer..The.mixing.temperature.should.be.above.
the.AKD.melting.point.but.at.the.lowest.possible.temperature.to.avoid.AKD.hydrolysis.[244].

The.stability.in.water.of.the.AKD.particle.is.threaded.from.both.outside.(collision).and.inside.
(crystallization)..Those.two.processes.are.interrelated:.AKD.crystallization.may.result. in.a.huge.
increase.in.particle.surface.(a.much.larger.specific.area),.which.requires.more.stabilizers.

The.protection.against.effective.collisions.is.achieved.by.high.molecular.weight.water-soluble.
compounds.used.as.stabilizers..In.order.to.shift.their.adsorption.equilibrium.toward.the.“adsorbed”.
form,. another. stabilizer. with. opposite. charges. is. suggested. (sodium. lignosulfonate. and. cationic.
starch,.for.instance).

7.3.2.1 stabilizers for Akd Emulsion
The.AKD.emulsions.are.prepared.by. the.supplier.and.are.shipped. to. the.mill.at. solids.contents.
ranging.from.about.5%.to.15%.[132]..The.AKD.retention.and.efficiency.should.be.developed.in.
neutral-alkaline.pH.and.the.stabilizer.(anionic,.nonionic,.cationic,.or.cationic–anionic.complex).is.a.

© 2012 by Georgia-Pacific Chemicals LLC

  



284 Chemistry of Modern Papermaking

key.component.of.the.retention.step..AKD.is.a.nonionic.molecule.and.its.retention.on.the.cellulose.
fiber.involves.the.stabilizer,.which.should.be.substantive.to.the.pulp.[245].(such.as.cationic.potato.
starch.[246]).

On.the.other.hand,.the.stabilizer.should.not.react.with.the.β-lactone.function.of.AKD..For.this.
reason,.nonionic.compounds.are.the.preferred.stabilizers:.such.as.polyoxyalkylene.sorbitol.mono-
palmitate[247],.acetylated.polyoxyethylene.sorbitol.mono-oleate.[248],.or.alkyl-phenyl.polyetoxyl-
ated.[249].

H3C O
O
n

Nonionic.stabilizers.with.nonreactive.molecules.may.provide.a.good.stability.of.the.AKD.dis-
persion.but.do.not.help.retention.in.the.absence.of.ionic.species..That.is.why,.anionic.and/or.cationic.
compounds.are.added.to.the.stabilization.package.

Glycosides.(natural.compounds.like.saponine.and.its.derivatives).are.compounds.containing.a.
carbohydrate.(in.blue).and.a.noncarbohydrate.residue.(hydrophobic).in.the.same.molecule.
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They.are.effective.in.AKD.emulsion.stabilization.(by.themselves.or.in.a.mixture.with.phosphate.
esters. of. mono. and. di-glycerides). [250].. To. increase. the. AKD. concentration. up. to. 40%,. water-.
soluble. macromolecular. compounds. (xanthan. gum,. polyvinyl. pyrrolidone,. methyl. cellulose). are.
also.part.of.the.formulation..The.nonionic.emulsifier.can.also.be.associated.with.an.anionic.sur-
factant.(calcium.dodecyl.benzene.sulfonate).and.a.monohydric.alcohol.(dodecyl.alcohol).to.obtain.
AKD.emulsions.with.35%.solids.and.about.28%.active.AKD.[251]..These.emulsions.are.used.in.the.
presence.of.cationic.starch.that.helps.their.retention.[249].

The.anionic.stabilizers.help.the.interaction.with.a.cationic.retention.aid..Due.to.their.hydropho-
bic.properties,.fatty.acids.as.stabilizers.for.AKD.dispersion.do.not.make.any.reduction.in.the.sizing.
performance.of.AKD.[252]..Fatty.acids.and.their.derivatives.(amides,.anhydrides,.or.acid.chlorides).
are.also.recommended.as.extenders.and.size.enhancers.for.AKD.[253,254]..A.lower.concentration.
of.fatty.acids.has.a.negative.impact.on.the.emulsion.stability.and.the.AKD.sizing.performances.
[255],.but.at.concentrations.exceeding.12%.(50%.is.preferred).in.blends.with.AKD,.they.show.a.
synergetic.effect.(see.the.AKD.sizing.mechanism).

Sodium. lignosulfonate. [256],. colloidal. anionic.aluminum-modified. silica.particles. [257],. car-
boxymethyl.cellulose.[247,258],.anionic.starch.[259],.or.fatty.amide-modified.carboxymethyl.cel-
lulose.[260]).are.macromolecular.stabilizers.for.AKD.dispersions..In.those.cases,.the.retention.aid.
is.a.cationic.condensate.of.dicyanamide.and.formaldehyde.or.cationic.potato.starch.

Low.molecular.weight. [261].or.macromolecular.cationic.compounds.help.both. the.dispersion.
stability. and. the. AKD. retention.. The. AKD. emulsification. with. “gemini. surfactants”. (5%–15%.
based.on.AKD).is.performed.at.55°C.by.sonication.[262]..These.stabilizers.(which.are.sizing.agents.
by.themselves.[263]).are.obtained.by.condensation.of.stearic.(or.hydroxystearic).acid.with.TETA.
(2:1.mol. ratio)..The.hydrophobic.aminoamide. is.protonated.with.acetic. acid.or.quaternized.with.
epichlorohydrin.[264].
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Cationic.polymers,.such.as.melamine-formaldehyde-imino-bis-propylmine.resins.(Mw.>.10,000),.
acrylamide–DADMAC. copolymers. [265],. polyvinyl. amine. hydrochloride. [266],. polyamines.
.(di-amine–epichlorohydrin).[267],.PEI,.cationic.starch,.PAE,.[268].are.recommended.emulsion.sta-
bilizers.along.with.cationic.starch.for.the.AKD.dispersions..Cationic.resins.are.also.sizing.accelera-
tors.for.AKD.[229,269–271].

The. adsorbed. cationic. stabilizer. (such. as. cationic. starch). is. in. equilibrium.with. its. dissolved.
molecules.in.the.continuous.phase..The.ratio.between.adsorbed.and.dissolved.molecules.depends.on.
the.AKD.concentration.and.the.particle.size..Due.to.multiple.dilutions.during.the.addition.of.AKD.
emulsions.at.the.wet.end,.the.cationic.stabilizer.is.depleted.from.the.particle.surface..In.order.to.
keep.a.reasonable.stabilizer.at.the.interface,.the.cationic.starch.(DS.=.0.14−0.27).[272,273].was.used.
in.a. large.amount.(2:1.starch/AKD)..That.amount.of.cationic.stabilizer. impacts.both.the.general.
retention.process.at.the.wet.end.and.the.effectiveness.of.the.AKD.sizing.

In.order.to.increase.the.concentration.of.the.stabilizer.at.the.interface,.dual.systems.(anionic.and.
cationic.compounds).are.used..This.procedure.decreases.the.amount.of.free.cationic.stabilizer.pres-
ent.in.continuous.phase.and.increases.the.amount.of.stabilizer.at.the.interface.for.a.better.protection.
of.the.AKD.particle.

Two.steps.emulsification.processes.are.performed..The.first.step.is.an.emulsification.of.AKD.
in. the. presence. of. an. anionic. macromolecular. stabilizer. (sodium. lignosulfonate,. formaldehyde–
sodium.naphtalenesulfonate.resin,.5%.based.on.AKD)..During.the.second.step,.a.cationic.polymer.
in. large. excess. is. added. [274]..The. two. components,. anionic. sodium. lignin. sulfonate. and. poly-
DADMAC.may.also.be.mixed.before.emulsification.[275].and.the.final.emulsion.pH.is.adjusted.with.
acetic.acid.or.alum.[276].

Anionic.and.cationic.resin.compounds.with.higher.molecular.weights.(up.to.20,000.Da).help.the.
emulsion.stability.at.higher.AKD.concentrations.(30%).[277]..The.effectiveness.of.cationic.starch.is.
enhanced.by.cross-linking.with.epichlorohydrin.[278].

A.better.protection.of. the.particle.and.a.higher.AKD.concentration. in.emulsion.(40%.dimer).
is.obtained.by.adding.a.nonionic.stabilizer.(methylcellulose).along.with.anionic.compounds.(zinc.
stearate,.sodium.dioctyl.sulfosuccinate,.sodium.naphthalene.sulfonate–formaldehyde.condensate).
and.cationic.starch.[279].

The.AKD.emulsion.[280].is.obtained.with.excess.of.cationic.corn.starch.over.sodium.lignin.sul-
fonate.(6:1).[249,281,282],.(or.phenol/bisulfite/urea/formaldehyde.condensate.[283])..The.excess.of.
cationic.resin.is.able.to.interact.with.the.anionic.trash.[284,285],.especially.in.the.case.of.mechani-
cal.pulp.[286].and. improves. the.AKD.retention..Unfortunately,. the.efficiency.of.high.molecular.
weight.cationic.starch.is.reduced.(and.the.sizing.effect.as.well).by.the.presence.of.strong.oxidizing.
agents.used.in.bleaching.and.which.can.break.down.the.retention.aid.[287].

7.3.2.2 Akd dispersion with higher solids content
“High.solids.AKD.emulsion”.does.not.always.mean.high.AKD.concentration..For.instance,.15%.
AKD. dispersion. will. contain. only. 5.4%. AKD.. The. rest. is. cationic. starch. and. PAE. resin. [143]..
Therefore,.even.a.higher.amount.of.stabilizer.should.be.used.for.higher.solids.content.emulsions.
with.a.longer.shelf.life..But.too.much.stabilizer.will.reduce.the.hydrophobic.effect.of.the.AKD.and.
will.increase.the.emulsion.viscosity..To.avoid.that,.a.higher.solids.AKD.emulsion.must.be.associated.
with.a.more.hydrophobic.stabilizer.obtained.by.reducing.its.hydrophilicity,.or.by.chemical.reactions.
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The.hydrophobicity.of.AKD.is.combined.with.the.higher.hydrophobicity.of.the.stabilizer..Condensed.
naphtalene.sulfonate.(anionic).is.combined.with.the.hydrophobic.cationic.compound.(di(hydrogenated.
tallow).dimethyl.ammonium.chloride).to.make.an.emulsion.containing.30%.AKD.[288,289].

The.following.hydrophobic.cationic.stabilizers.are.used.for.higher.solids.AKD.emulsions:.syn-
thetic.polymers.with.aromatic.groups.[290,291],.cationic.copolymers.of.acrylamide.end.capped.with.
a.long.hydrophobic.tail.[292],.or.PAE.resin.modified.with.AKD,.ASA.or.rosin.isocyanate.[293]..A.
powder.of.hydrophobic.SMA.has.been.suggested.[294].to.make.40%.concentration.AKD.disper-
sion..Methyl.cellulose.can.be.a.co-stabilizer.along.with.SMA.and.the.AKD.retention.is.performed.
with.cationic.starch.

Attempts.were.made.to.change.the.structure.of.the.dispersion.by.to.locating.AKD.in.the.continu-
ous.phase.and.the.stabilizer.and.water.in.the.dispersed.phase.[295]..With.this.technique,.a.disper-
sion.containing.more.than.60%.active.AKD.was.obtained.and.phases.were.reversed.upon.dilution.
at.the.paper.mill.

7.3.2.3 Akd Emulsion stability
Most.of.the.AKD.dispersions.are.unstable..Changes.in.the.emulsion.structure.are.noticed.even.in.
the.first.2.weeks.of.storage.time.[296]..The.AKD.particles.change.their.physical.properties.(crystal-
lization).and.chemical.composition.(alkyl.ketone.hydrolysis).[297].

Crystallization,.which. takes.place. in.a.very. short.period.of. time,. results. in. the. separation.of.
AKD.particles.from.the.dispersion.[297,298],.and.generates.a.larger.surface.area,.which.should.be.
protected.with.more.stabilizer,.which.will.increase.the.rate.of.AKD.hydrolysis.

The.AKD.crystallization.can.be.stopped.or.delayed.by.dilution.with.a.hydrophobic.amorphous.
compound. or. by. changing. the. AKD. chemical. structure. (molecular. weight. distribution. and. the.
branching.degree)..Changes. in.both.dilution. and.chemical. structure.may.produce.blends.with. a.
lower.melting.point.

The.AKD.is.diluted.(before.emulsification).with.an.inert.hydrocarbon.resin.(4%–60%).[298,299].
or.paraffin.wax.[250]..The.hydrocarbon.resin.can.be.a.synthetic.resin.(from.olefins.polymerization).
or. a.natural. resin. (terpenes.polymerization)..Emulsions. are.obtained. in. the.presence.of. cationic.
starch.(25%.based.on.AKD)..The.final.product.(13.5%.solids.content).shows.an.improved.stability.
and.no.significant.change.in.the.paper.coefficient.of.friction.

An. AKD. multimer. obtained. based. on. a. regular. procedure,. from. fatty. acids. in. a. blend. with.
diacids,. can. prevent. the. AKD. crystallization. [300,301].. The. polyfunctional. compound. makes. a.
longer.chain.and.the.number.of.repeated.units.depends.on.the.ratio.between.monoacids.and.diacids.
(1:1.5–1:4.fatty.acid.to.dicarboxylic.acid)..The.fatty.acid.is.selected.from.the.group.consisting.of.
oleic,.linoleic.and.palmitoleic.or.a.mixture.thereof,.while.the.dicarboxylic.acid.can.be.a.dimer.of.an.
azaleic,.sebacic,.or.fatty.acid.
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The.new.structure.shows.the.same.chemical.reactivity.and.almost.the.same.hydrophobic/hydro-
philic.ratio.but.with.a.broader.molecular.weight,.which.makes.it.less.likely.for.the.AKD.molecules.
to.organize.into.a.crystalline.structure,.and.reduces.the.melting.point..The.emulsification.of.liquid.
AKD.produces.the.same.type.of.emulsion.as.the.regular.AKD.[237].

The. liquid.AKD.shows.sizing.capabilities.at. lower. temperature. than. the. regular.AKD.[237]..
However,.PCC.reduces.the.sizing.efficiency.of.liquid.AKD.[238].and.the.presence.of.double.bonds.
increases.the.risk.of.auto-oxidation.

The.AKD.dispersion.shelf.life.is.also.related.to.the.AKD.hydrolysis.[297,302]..The.ester.ring.
hydrolysis.depends.on. the. specific. structure.of. the. lactone.AKD..The. rate.of.hydrolysis.of. acyl.
phenyl.esters.increases.as.the.chain.length.of.acyl.portion.increases..The.distortion.of.the.C–O–C.
bond.angle.from.116°.in.a.regular.ester.(such.as.ethyl.acetate).to.94.in.β-propiolactone.increases.
tremendously.the.rate.of.hydrolysis.by.water.[303].

Higher.temperatures.and.a.higher.pH.accelerate.the.AKD.hydrolysis.[304]..Alum.has.no.signifi-
cant.effect.on.the.hydrolysis.of.AKD.in.acid.pH.(pH.=.4.8).but.it.accelerates.the.hydrolysis.in.alka-
line.pH.(pH.=.8).[305].and.in.the.presence.of.PCC.[306]..The.size.reversion.also.increases.at.higher.
PCC.concentration.when.the.AKD-cellulose.bond.is.supposed.to.be.hydrolyzed.[307].

Emulsion.stability.and.AKD.hydrolysis.are.inter-related:. the.AKD.hydrolysis.results. in.lower.
emulsion.stability,.lower.sizing.effectiveness,.and.difficulties.in.running.the.papermaking.equip-
ment..To.increase.the.emulsion.stability,.the.type.of.AKD.should.be.carefully.selected..The.pres-
ence.of.stearic.anhydride.in.blends.with.AKD.improves.the.emulsion.stability.in.the.presence.of.
alum.or.at.high.alkaline.pH.[254].

The.cationic.starch.with.higher.molecular.weigh.and.higher.charge.density.is.a.better.stabilizer.
[308].and.colloidal.silica.may.enhance.the.dispersion.stability.[309],.while.sizing.accelerators.(such.
as.PAE.resins).increase.the.rate.of.AKD.hydrolysis.[302].

Since.the.presence.of.water.is.the.main.reason.for.the.lower.stability.of.the.AKD.dispersion,.
an.extreme.approach.is.to.make.a.dry.blend.of.AKD.and.a.stabilizer.in.the.absence.of.water..A.
cationic.nonreactive.surfactant.(di(hydrogenated.tallow).dimethylammonium.chloride).is.incorpo-
rated.in.molten.AKD.in.the.presence.of.a.nonionic.stabilizer.(alkyl.polyethylene.oxide).to.make.a.
composition.that.is.substantially.water-free.[310]..That.composition.has.a.long.shelf.life.and.is.easily.
dispersed.in.water.before.its.addition.onto.the.paper.stock.

7.3.3  aKd Retention

The.AKD.retention.is.the.first.step.in.the.improvement.of.the.paper.hydrophobicity..The.AKD.siz-
ing.features.depend.on.papermaking.conditions.such.as.pH,.time,.dryer.temperature,.kinds.of.pulp.
and.fillers,.etc..[235,311–313]..However,.the.amount.of.“active”.AKD.(non-hydrolyzed).retained.on.
the.cellulose.fibers.is.the.most.important.factor.for.the.sizing.process.[314,315]..The.AKD.retention.
depends.on.the.stabilizer.type.and.concentration,.on.the.electrolyte.concentration,.on.the.shear.rate,.
and.on.the.presence.of.alum.and/or.retention.aids.[316].

The.AKD.dispersion.is.retained.due.to.the.anionic.charges.on.the.cellulose.fiber.(nonionic.pulp.
shows.no.sizing.when.AKD.is.added.up.to.0.2%)..No.coagulation.was.detected.before.the.AKD.
particle. retention. onto. mechanical. pulp. [286].. The. amount. of. retained. AKD. was. measured. by.
pyrolysis-gas.chromatography.[317,318].

The.AKD. retention. is. far. from.100%,. it. is. even. less. than.50%. [319]..The. retention.of.AKD.
dispersion.stabilized.with.cationic.starch.is.about.10%.[320].and.reaches.a.maximum.of.35%.at.
pH.=.8.[321]..The.presence.of.PCC.significantly.enhanced.the.AKD.retention.[306]..A.polyamine.
as.promoter.and.an.anionic.polyacrylamide.as.retention.aid.improve.the.AKD.retention.to.about.
65%.[322].

The.interactions.between.pulp.fibers.and.particles.of.AKD.emulsion.are.not.strong.enough.to.
prevent.the.partial.removal.of.particles.of.AKD.emulsion.from.the.wet.web,.during.drainage.under.
reduced.pressure,.and/or.during.pressing..A. longer.waiting. time.between.agitation.and.drainage.

© 2012 by Georgia-Pacific Chemicals LLC

  



288 Chemistry of Modern Papermaking

lowers.the.AKD.retention.(Figure.7.4).and.the.loss.of.fines.(about.75%.of.AKD.is.retained.on.fines).
may.increase.the.loss.in.AKD.[311].

The.sizing.effectiveness.of.AKD.dispersion.made.with.cationic.starch.[319,323].or.cationic.starch.
and.sodium.lignosulfonate.[324].is.optimized.by.adjusting.the.cationic.demand.[325]..Anionic.trash.
and.other.anionic.compounds.(such.as.calcium.lignosulfonate,.sodium.oleate,.or.sodium.abietate.
[326]).reduce.the.AKD.retention.down.to.about.5%.

The.presence.of.Ca2+.in.water.(hardness).changes.the.charge.density.of.the.cellulose.fibers..In.
order.to.prevent.the.failure.of.the.adsorption.of.the.cationic.AKD.particles,.an.organic.complexing.
agent.(amino-carboxylic.acid).is.used.[327,328].
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Highly. charged. cationic. polyelectrolytes. (such. as. PAE. resins. [317,318,325,329],. N,N′-
dimethylaminoethyl. methacrylate/styrene/MMA/acrylonitrile/methyl. acrylate. copolymer,. modi-
fied. isobutylene–maleic.anhydride.copolymer.with.3-dimethylaminopropylamine,.or.copolymers.
of.DADMAC.and.diallyl.amine.[330,331].or.chitosan.[332]).are.the.efficient.retention.aids.for.the.
AKD.dispersions.

This.dual. system. (poly-cationic. stabilizer. and.high.molecular.weight. anionic.polyelectrolyte).
increases.the.AKD.retention.up.to.about.90%.[333]..The.pre-flocculation.of.the.cationic.dispersion.
of.AKD.with.an.anionic.polyelectrolyte.(CMC).increases.the.amount.of.retained.AKD.and.reduces.
the.Cobb.values.[334].

The.AKD.retention.and.distribution.on. the.cellulose.fibers. is.an. important.part.of. the.sizing.
process..Therefore,.the.interaction.between.AKD.and.retention.systems.on.the.one.hand,.and.the.
AKD.redistribution.on.the.other,.should.be.carefully.evaluated..AKD.pretreated.pulp.shows.a.syn-
ergetic.effect.when.the.second.treatment.with.traditional.rosin.is.applied.[335]..A.synergetic.effect.
is.noticed.even.when.blends.of.emulsions.(cationic.rosin.and.cationic.AKD).are.used.[143]..Blends.
of.AKD.with.ASA.[278].or.rosin.are.also.recommended.to.decrease.the.friction.coefficient.of.paper.
at.high.levels.of.AKD.content.in.paper.[336].

Some. cationic. polymers. function. not. only. as. retention. aids. but. also. as. “sizing. enhancers”.
[331,337]..Cationic.polymers.(I.and/or.II).are.able.to.accelerate.the.AKD.off-the-machine.sizing.
[281].(Figure.7.5).
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FIGURE 7.4 The.amount.of.AKD.lost.before.drainage..(From.Isogai,.A.,.J. Pulp Paper Sci.,.23(6),.276,.
1997..With.permission.)

© 2012 by Georgia-Pacific Chemicals LLC

  



289Internal Sizing Agents

N+ N+
H3C

O

R R R R

H

Cl

O

(I) (II)

n

Cl–

H3C
Cl–

n

Cationic.promoters.(such.as.MF,.dicyandiamide–formaldehyde.resins.[338].and.their.conden-
sates.with.polyamidoamine.[339]).are.added.to.the.wet.end.[340].or.during.the.AKD.emulsification.
step.[341].

The.AKD.effectiveness.is.reduced.by.shear,.low.pH,.and.high.temperature..A.carrier.was.used.in.
order.to.separate.the.sizing.adsorption.at.the.wet.end:.cellulose.fibers.were.heavily.sized.in.a.sepa-
rate.process.[342,343]..Only.about.5%.of.AKD.modified.fibers.provide.uniform.water.repellency.to.
the.remaining.95%.of.the.fiber.furnish.

Due.to.the.large.amount.of.stabilizer,.the.chemical.compounds.used.to.improve.emulsion.stabil-
ity.may.have.an.important.effect.on.the.wet.end.chemistry..The.number.of.cationic.charges.brought.
by.the.sizing.promoter.may.inhibit.the.retention.and.the.effectiveness.of.the.other.paper.chemicals..
For.that.reason,.several.changes.in.the.order.of.addition.can.be.made..For.instance,.the.AKD.inter-
nal.size.and.wet-strength.resin.are.added.in.one.package.[344].or.the.sizing.promoter.for.AKD.is.not.
a.cationic.compound.but.an.amphoteric.DADMAC–acrylic.acid.copolymer.[345].

7.3.4  aKd Sizing mechaniSm

The.rosin.size.(neutral.size.and.alum).also.develops.sizing.by.the.time.it.leaves.the.wet.end..By.con-
trast,.AKD.is.a.pretty.stable.sizing.agent.and.the.AKD.emulsion.shelf.life.is.several.weeks.[346]..
The.chemical.stability.of.AKD.may.also.result.in.a.slow.reaction.with.cellulose..The.lower.reactiv-
ity.translates.in.the.very.slow.development.of.sizing,.with.little.or.no.size.press.holdout.or.sizing.at.
the.reel..For.mechanical.pulp.sized.with.AKD,.the.handsheets.dried.at.20°C.show.no.sizing.feature.
up.to.0.4%.AKD.addition.level.[286]..AKD.develops.the.sizing.as.the.paper.is.heated.in.the.dryer.
section.[18].

For.a.wide.range.of.nominal.AKD.dosage.(up.to.0.5%),.the.retained.material.is.a.linear.process.
but.the.sizing.response.(fiber.contact.angle).is.not.linear:.it.reaches.a.plateau.for.an.AKD.concentra-
tion.of.about.0.3%.[1,347]..Therefore,.the.AKD.addition.rate.is.0.04%–0.2%..In.contrast,.the.rosin.
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FIGURE 7.5 The.effect.of.cationic.resin.(I).on.the.AKD.sizing.capability.
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ester.sizes.(nonreactive.size).need.an.addition.levels.above.0.3%..The.higher.effectiveness.of.AKD.
was.attributed.to.the.sizing.mechanism.through.a.chemical.bond.formation.

Since.AKD.has.chemical.structures.with.a.potential.reactivity.toward.the.hydroxyl.groups.of.cel-
lulose,.the.mechanism.for.efficient.paper-sizing.by.AKD.has.been.explained—in.1956—in.terms.of.
covalent.bond.formation.between.AKD.and.the.hydroxyl.group.of.cellulose.[169].

Since.1956,.the.question.of.whether.a.covalent.bond.is.established.during.the.drying.step.has.
gotten.different.answers..There.are.two.major.points.of.controversy:.the.way.AKD.molecules.spread.
on.the.fiber.surface,.and.the.existence.of.a.real.covalent.bond.between.the.sizing.agent.and.the.cel-
lulose.substrate.[320,348].

The.reactivity.of.AKD.with.the.cellulose.hydroxyl.group.is.similar.to.that.of.water.and.water.is.
present.in.an.overwhelming.amount.even.in.the.dried.paper..The.probability.of.the.chemical.reac-
tion.between.AKD.and.cellulose.should.be.evaluated.taking.into.account.the.competition.with.the.
reaction.with.water.(AKD.hydrolysis).

AKD.does.not.easily.hydrolyze.and.the.sizing.reaction.does.not.proceed.before.the.drying.step.
[132]..However,.to.hydrolyze.0.3%.AKD.retained.on.paper,.only.0.012%.moisture.is.needed.[349]..
At.any.point.of.the.papermaking.process,.the.water.concentration.is.in.excess.of.over.100.times.the.
AKD.concentration..Moreover,.hydrolysis.depends.on.pH.(higher.at.higher.pH).and.it.is.well.known.
that.the.optimum.sizing.effect.of.AKD.is.at.pH.7.5–8.0.(the.bicarbonate.ion.alkalinity.is.essential.
for.AKD.to.function.as.internal.size.[350]).

The.AKD.molecule.may.also.react.with.the.amine.groups.from.the.cationic.retention.aids.and.
thus.the.sizing.agent.can.be.involved.in.the.following.chemical.reactions:
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AKD.is.hydrolyzed.to.β-ketoacid.(which.is.unstable).and,.after.decarboxylation,.an.alkyl.ketone.
is.obtained.[3,4]..Fillers.used.in.papermaking.process.[351,352].accelerate.the.hydrolysis.of.AKD.
[320]..AKD.may.also.react.with.cellulose.to.make.a.β-ketoester.or.with.PAE.resin.to.make.a.hydro-
phobic.cationic.polymer.(β-ketoamide).

If.a.reaction.between.AKD.and.cellulose.results.in.a.covalent.bond.formation,.the.bonded.AKD.
would.not.be.extractable.with.a.nonreactive.solvent..However,.any.evaluation.of.the.extracted.and/or.
“reacted”.AKD.should.take.into.account.the.exact.amount.of.retained.AKD..The.retention.of.AKD.
is.lower.than.100%..In.the.absence.of.any.retention.aid,.the.cationic.AKD.particles.are.retained.in.
an.amount.of.less.than.20%.[1,347].

7.3.4.1 Investigating the Formation of covalent Bond between Akd and cellulose
Any.study.attempting.to.solve.the.problem.of.the.AKD.sizing.mechanism.must.deal.with.the.poten-
tial.presence.of.bonded.AKD.along.with.un-reacted.AKD.and.a.hydrolyzed.by-product.(β-ketone)..
Each.compound.must.be.quantitatively. separated. and.qualitatively. identified..Unfortunately,. the.
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published.experiments.designed.to.clarify.the.AKD.sizing.mechanism.are.not.consistent:.the.AKD.
deposition.from.a.solvent.on.a.dry.paper.is.different.from.an.AKD.dispersion.retained.on.pulp.at.
the.wet.end..Moreover,.pulp.used.for.scientific.studies.is.of.widely.diverse.types:.different.soft-hard.
wood.ratios,.bleached,.unbleached,.or.mechanical.pulp..That.diversity.is.extended.over.to.the.type.
of.fillers,.starches,.retention.aids,.etc..The.goal.of.a.published.study.is.often.in.conflict.with.the.
complexity.of.the.experiment.

An.explanation.of.the.AKD.sizing.mechanism.would.need.to.involve.the.measurement.of.the.
progression.of.each.of.the.reactions.that.occur.in.a.sized.paper,.and.also.the.identification.the.reac-
tion.products..Separation.was.performed.by.extractions;.the.amount.of.extractable.and.the.paper.
properties.after.extraction.were.evaluated..Several.analytical.techniques.(such.as.IR.or.NMR).were.
employed.for.β-ketoester.bond.identification.in.the.sized.paper.[312]..The.possible.chemical.reac-
tions.were.also.simulated.by.using.model.compounds.

The.supposed.reaction.between.AKD.and.cellulose.shows.a.higher.rate.at.a.higher.pH.and.higher.
temperatures.[353]..The.concept.of.“reacted.AKD”.as.different.from.that.of.“retained.AKD”.was.
largely.propagated.[354]..By.using.C14.[234,313,321,355,356].(or.C13.[357,358]).labeled.AKD,.it.was.
possible.to.identify.the.amount.of.“irreversibly.bound”.AKD.left.after.extractions.[321,355].
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Less.than.50%.of.retained.AKD.was.identified.as.“reacted”.[1,347]..The.“reacted.AKD”.should.
be.responsible.for.sizing.because.the.hydrolyzed.AKD.product.exhibited.no.sizing.[3,4,357,358]..
The.amount.of.“un-reacted.AKD”.was.estimated.by.extraction.with.THF.and.chloroform.at.room.
temperature.[357],.or.for.50.h.in.chloroform.[321],.or.4.h.THF.[355].(both.in.Soxhlet).

The.paper.maintains.its.hydrophobic.properties.after.extraction.even.if.the.amount.of.“bonded.
AKD”.was.22%–50%.[355].or.only.about.3%.from.the.retained.AKD.[321]..IR.spectroscopy.shows.
the.presence.of.β-ketoester.(1741.cm−1).in.the.paper.sheet.after the extraction.at.a.concentration.of.
about.0.05%.[359].(but.the.reading.was.based.on.an.absorbance.multiplied.by.103)..The.confidence.
in.the.existence.of.a.chemically.bonded.AKD.was.built.up.on.a.simple.balance.calculation.based.on.
extraction.processes..To.what.extent.the.extraction.was.completed.and.the.analytical.methods.were.
accurate.in.not.known.

Actually,.the.entire.debate.on.the.AKD.sizing.mechanism.can.be.translated.in.how.accurate.the.
extractions.and/or.the.analytical.methods.were.[360].and.how.strong.the.covalent.bond.is.(β-keto.
ester.made.from.AKD.and.cellulose).in.order.to.survive.during.extractions..That.structure.shows.an.
internal.hydrogen.bond.for.the.enolic.form,.which.makes.it.more.stable.[359]..The.stability.of.the.
presumed.β-ketoester.was.tested.in.a.potential.hydrolysis.reaction.and.that.ester.seems.to.be.stable.
in.water.in.alkaline.pH.[361].
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The.effectiveness.of.the.extraction.should.always.be.a.concern..In.other.words,.the.extraction.
procedure.might.not.have.really.removed.all.un-reacted.AKD..The.solvent.interaction.with.cellulose.
must.also.be.considered.as.a.potential.replacement.of.the.adsorbed.material.(such.as.the.hydrogen.
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bonds.between.dioxane.and.cellulose.[362])..On.the.other.hand,.some.components.of.the.extraction.
system.(such.as.Tween.20).may.react.with.AKD.[12].

There.is.a.diversity.of.solvents.used.for.extraction,.at.different.temperatures.for.different.periods.
of.time,.such.as.methylene.chloride.[325],.refluxing.chloroform.for.one.hour.[363],.18.h.[364],.or.
50.h.[321],.THF.for.4.h.[326,353,355,365],.12.h.[234],.or.28.h.[357,358].(Soxhlet),.or.water-dioxane.
(1:1).at.80°C.(reflux,.at.equilibrium).for.8.h.[312]..Regardless.of.the.diversity.of.extraction.protocols.
and.the.fact.that.lower.molecular.weight.compounds.are.easier.to.extract.[366]:.the.authors’.conclu-
sions.are.based.on.their.confidence.that.all.the.un-bonded.material.was.extracted..If.the.extraction.
failed.to.remove.all.AKD,.the.paper.will.show.some.size,.which.may.lead.to.a.wrong.conclusion.
concerning.the.reaction.between.AKD.and.cellulose.

Eventually,.a.solvent.and.a.protocol.able.to.extract.all.the.retained.AKD.has.been.found..The.
original.handsheets.with.1.4.mg/g.AKD.content.were.first.defibrated.in.water.and.then.dried.fibers.
were.extracted.by.chloroform..About.70%.of.AKD.was.extracted.in.that.step.[318,367]..15%.more.
AKD.was.extracted. in.water.with.1%.Tween.80.at. room. temperature. and.almost. all.AKD.was.
removed.when. the.defibrated.handsheets.were.stirred. in.1%.Tween.80.at.60°C..Tween.80.has.a.
neutral.molecule.and.is.also.used.for.protein.extractions.
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If.all.AKD.is.solubilized.and.no.cleavage.of.β-ketoester.bonds.occurred.during.that.extraction.
even.at.80°C.for.24.h.[318,361],.the.presence.of.bonded.AKD.is.questionable.and.the.kinetic.model.
and. reaction. order. calculated. for. the. cellulose-AKD. reaction. [353,365]. based. on. the. unreliable.
extraction.data.seems.to.be.too.venturesome.

If.no.AKD.is.chemically.bonded,.some.other.species.must.provide.sizing..The.extracted.(un-
reacted).AKD.has.also.an.important.effect.on.sizing.[364]:.regardless.of.the.curing.temperature.
(70°C,.90°C.and.110°C),.as.more.AKD.is.extracted.(“un-reacted.AKD”),. lower.HST.values.are.
obtained..In.other.words,.the.presence.of.un-reacted.AKD.contributes.to.the.hydrophobicity.of.the.
paper..The.effectiveness.of.un-reacted.AKD.depends.on.the.amount.of.“reacted”.AKD.[234].

A. direct. identification. of. reacted. AKD. in. sized. paper. should. quantitatively. measure. the.
β-ketoesters. concentration..The.AKD.concentration. in.paper. can.be.estimated.by.pyrolysis–gas.
chromatography.(GC).[286,311,368],.but.that.method.is.not.able.to.separate.between.reacted.and.
un-reacted.AKD..The.solid-state.13C.NMR.spectra.of.cellulose.treated.with.13C.labeled.AKD.shows.
no.resonance.peak.due.to.the.presence.of.that.ester.[317,318]..For.both.uncured.and.cured.samples,.
the.13C.NMR.spectrum.indicates.only.the.presence.of.un-reacted.AKD.or.hydrolyzed.AKD.

Paper.sized.with.AKD.may.lose.sizing.over.time.[369]..The.de-sizing.effect.is.explained.by.the.
AKD.desorption.and.vapor.phase.transfer.[315]..If.the.“covalent.bonds”.mechanism.is.accepted,.
then.the.“sizing.reversion”.(the.degradation.over.time.of.sizing.performance).can.also.be.explained.
by.the.covalent.bond.hydrolysis.[350]..However,.the.β-ketoester.is.stable.in.an.alkaline.environment,.
in.the.presence.of.water.at.high.temperatures..Therefore,.size.reversion.must.be.explained.in.terms.
of.some.mechanism.other.than.the.cleavage.of.the.β-ketoester.bonds.[361],.for.instance,.by.AKD.
molecular.reorganization.[363]..This.seems.to.be.a.strong.proof.for.no.covalent.bond.formation.

The.covalent.bond.formation.raises. the.question. related. to. the. reactivity.of. the.AKD.lactone.
cycle.with.cellulose..IR.spectra.for.the.pulp.modified.with.0.5%.stearoyl.chloride.show.an.absorp-
tion.band.at.1740.cm−1..Cellulose.also.reacts.with.isocyanates.(the.paper.was.first.dried.in.a.desicca-
tor.over.phosphorus.pentoxide.to.prevent.the.parallel.reaction.with.water.[200]).
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Unlike.stearoyl.chloride.and. isocyanates,.AKD.seems.to.be.quite.stable.because.after.curing.
(30.min.at.100°C.[355]),.about.95%.of.un-reacted.AKD.was.extracted.(chloroform.as.solvent.for.
50.h.[321]).as.un-reacted.AKD..AKD.lactone.functionality.is.much.more.stable.and.can.survive.for.
a.long.period.of.time.in.the.presence.of.water..Therefore,.it.was.no.surprise.that.no.β-ketoester.bond.
(expected.to.appear.at.1730.cm−1).was.detected.[370].in.paper.treated.with.AKD.(detection.limit.
0.5%)..Thus,.the.new.data.does.not.confirm.the.earlier.findings.[359]..Resonance.peaks.at.about.
205.ppm.are.generally.due.to.the.presence.of.carbonyl.carbons.of.β-ketoesters..Such.peaks.were.not.
detected.in.either.paper.dried.at.20°C,.or.at.105°C.for.20.min.[367].

A.DSC.technique.was.used. to. identify.a. reaction.between.AKD.and.d-glucopyranoside..The.
possible.reaction.was.performed.in.a.calorimeter;.no.additional.heat.was.developed.or.consumed.
by.the.mixture.(except.for.melting).[370]..No.changes.in.melting.points.were.noted.after.heating.a.
blend.of.these.two.compounds.up.to.175°C.

Methyl.β-d-cellobioside.(modified.disaccharide).was.used.as.another.model.for.cellulose.in.a.
reaction.with.AKD,.which.is.less.reactive.toward.the.hydroxyl.groups.of.methyl.cellobioside.than.
it.is.to.water.[371].
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These. results. suggest. that. a. reaction.between. cellulose. and.AKD.would.be.most. unlikely. to.
occur,. particularly. in. an. aqueous. system.. However,. some. extreme. conditions. are. requested. for.
the. reaction. between. cellulose. and. AKD. to. take. place:. a. common. solvent. (dimethyl. acetamide.
and.3%–15%.lithium.chloride.[372]).and.the.presence.of.a.catalyst.(1-methyl.imidazole).[675],.or.
N-methyl.morpholine. [373])..The.presence.of.β-ketoesters.of. cellulose. (carbonyl.group. infrared.
absorption.at.1742–1752.cm−1).but.the.author.[373].acknowledged.that.the.reaction.conditions.are.not.
papermaking.conditions..Moreover,.the.methyl.ester.of.AKD,.as.a.model.compound,.was.prepared.
in.chloroform.(in.the.absence.of.water).and.with.sodium.hydroxide.as.a.catalyst.[359].

If.there.is.no.direct.chemical.bond.between.cellulose.and.AKD,.the.possibility.to.use.an.inter-
mediate.compound.(such.as.PAE.resin.or.alum).to.link.the.ketene.dimer.to.the.cellulosic.substrate.
was.also.evaluated..That.option.was.chosen.because.the.effectiveness.of.AKD.is.enhanced.by.the.
presence.of.other.chemical.compounds.and.their.position.seems.to.be.between.the.AKD.molecule.
and.the.cellulose.fiber.

PAE. resin. improves. the. AKD. retention. up. to. 55%–60%. (as. compared. to. 20%–30%. in. the.
absence.of.PAE)..An.AKD.emulsion.is.added.first.and.the.PAE.solution.second.[286]..PAE.resin.
also. has. an. effect. on. the. AKD. sizing. properties. (Figure. 7.6). [311].. It. was. suggested. that. the.
mechanism. of. the. sizing. enhancement. is. an. irreversibly. bonded. formation. between. AKD. and.
PAE.resins. [325]..Then. the.hydrophobic.polyelectrolyte. is.pseudo-irreversibly.adsorbed.on. the.
cellulose.fiber.

Only.a.low.level.of.alum.enhances.the.initial.sizing.of.AKD.[219].but.at.higher.concentrations,.
it. has. a. detrimental. effect. on. the. AKD. sizing. capabilities. [169,350,374].. The. AKD. molecule. is.
not. directly. attached. to. fiber. and. an. aluminum. ion. is. the. connection. between. AKD. and. cellu-
lose. [363,374,375],. which. makes. the. reversion. process. more. effective. [363].. Since. the. assumed.
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β-ketoester. AKD-cellulose. is. a. stable. molecule,. the. reversion. process. shakes. the. confidence. in.
strong.covalent.bond.formation.

7.3.4.2 Alternative suggestions for an Akd sizing mechanism
Extraction.studies.and.the.unsuccessful.attempts.at.identifying.the.presence.of.β-ketoesters.via.dif-
ferent.analytical.methods,.leave.open.the.question.of.the.AKD.sizing.mechanism..However,.AKD.
is.currently.called.“reactive.sizing.agent.”.Due.to.the.uncertainty.of.the.sizing.mechanism,.other.
ambiguous.descriptions. such.as.“anchored”.or.“direct. size”.have.been. suggested. [12]..That.was.
done.to.differentiate.AKD.from.rosin,.which.is.called.“indirect.size.”

Regardless.of.the.lack.any.definitive.proof,.the.sizing.mechanism.by.chemically.bonded.AKD.is.
already.called.“traditional.mechanism”.[375]..Still,.in.order.to.explain.the.AKD.sizing.mechanism.
in.the.absence.of.a.covalent.bond,.we.have.to.consider.the.stronger.adsorption.of.AKD.molecule,.as.
well.as.its.migration.and.reorganization.

After.extraction,.water.adsorption.diminishes.significantly..Therefore,.the.paper.hydrophobicity.
can.be.provided.by.un-reacted.AKD..The.difficulty.to.extract.the.free.AKD.can.be.an.indication.of.
its.stronger.adsorption.or.trapped.molecule.into.small.pores.on.the.fiber.surface..The.AKD.extrac-
tion. is. as.difficult. as. is. the. extraction.of. a.nonreactive. (hexadecyl.haxadecanoate),.which. is.not.
100%.extracted.either.[321].

The.extraction.(with.chloroform).of.AKD.from.precipitated.aluminum.oxides.(in.alkaline.pH).
[305].was.hard.to.achieve.as.well..In.that.case,.a.covalent.bond.formation.would.be.unreasonable,.
but. a. complex. formation,. physical. entrapment. and. stronger. adsorption. on. the. surface,. could. be.
considered.

The.adsorbed.AKD.molecules.become.effective.only.in.the.drying.section.where.temperature.
may.help.the.migration.and/or.the.orientation.of.the.sizing.molecule..In.order.to.check.the.migration.
concept.on.a.really.bonded.molecule,.strearoyl.chloride.was.reacted.with.cellulose;.the.ester.bond.
was. identified. at. 1740.cm−1.. The. un-reacted. portion. was. washed. off. afterward.. This. chemically.
modified.cellulose.pulp.exhibits.a.high.degree.of.sizing..However,.the.sizing.effect.is.not.transferred.
to.unsized.fibers.[370].

Two.interesting.experiments.were.designed.to.prove.the.AKD.migration..One.was.the.capability.
of.5%.AKD-modified.fibers.to.provide.uniform.water.repellency.to.the.remaining.95%.untreated.
furnish.[342]..The.treated.fibers.are.effective.even.when.the.fiber.surface.is.not.completely.covered.
by.AKD.[343].

It.is.hard.to.believe.that.the.covalent.bonded.AKD.are.mobile,.it.is.more.likely.that.the.free.AKD.
molecules.are.migrating.from.the.sized.to.the.unsized.fibers..The.second.experiment.is.based.on.the.
same.concept:.this.time.20.sheets.of.sized.paper.were.placed.on.top.of.20.sheets.of.unsized.paper..
The.sizing.effect.on.both.sides.was.tested.immediately,.as.well.as.after.several.days.of.storage.at.
25°C.and.50%.RH.[376].
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FIGURE 7.6 The.effect.of.PAE.resin.on.AKD.sizing.capability.
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The.sizing.effect.of.AKD.was.identified.on.the.unsized.paper.(Figure.7.7),.which.indicates.a.
significant.migration.of.AKD.molecules.

The.same.experiment.was.conducted.with.rosin.as.sizing.agent,.which.makes. insoluble,.high.
molecular.weight.precipitate..The.unsized.side.did.not.show.any.sizing.properties.over.the.same.
period.of.time..It.might.be.concluded.that,.in.the.case.of.AKD,.at.least.some.of.the.AKD.molecules.
do.migrate..The.mobile.AKD.molecules.are.not.hydrolyzed.and.can.impart.sizing.[377].

The.AKD.migration.follows.the.general.rules.for.that.type.of.process:.the.temperature.and.the.
presence.of.a.solvent.favor.the.migration.of.AKD.molecules..Paper.sized.with.AKD.shows.higher.
waterproofing.properties.after.the.treatment.with.vapors.of.n-hexane.(or.any.other.good.solvent.for.
AKD).at.room.temperature.[316].

The.molten.AKD.migrates.through.porous.paper.due.to.interfacial.tension.and.capillary.force.
[378],.or.via.vaporization.and.redeposition.[348]..Migration.through.the.vapor.phase.to.impart.siz-
ing.in.unsized.paper.was.also.proven.for.stearic.acid.[200],.or.alkyl.silicone.halide.[379–382]..In.the.
case.of.the.vapor-phase.deposition.of.AKD,.the.hydrolysis.reaction.should.also.be.considered.[349].

In.order.to.spread.on.the.cellulose.surface,.the.surface.free.energy.of.the.liquid.AKD.should.
be.lower.than.the.surface.free.energy.of.the.cellulose.fiber.[383],.which.explains.why.AKD.does.
not.a.undergo.spontaneous.spreading.on.the.smooth.cellulose.film.[378]..The.amphiphilic.AKD.
molecules.are.adsorbed.on.the.cellulose.fiber.surface.and.are.organized.with.their.hydrophobic.end.
pointing.into.the.air..The.surface.area.occupied.by.one.AKD.molecule.oriented.perpendicularly.is.
24.Å2.[355]..This.stops.the.liquid.from.wetting.the.solid.surface..However,.the.spreading.process.is.
assumed.to.have.a.lower.activation.energy.than.the.chemical.reaction.[353].

The.SEM.show.the.retained.AKD.particle.in.the.paper.sheet.dried.at.20°C.[367]..After.curing.
at.105°C,.only.empty.shell-like.structures.are.observed.on.the.pulp.surface..The.SEM.observation.
and.the.result.of.solid-state.13C.NMR.spectrum.show.that.the.increase.in.the.sizing.degree.after.cur-
ing.is.primarily.due.to.the.melting.and.spreading.of.the.AKD.molecules.on.the.fiber.surface.[317]..
By-products.resulting.from.AKD.hydrolysis.do.not.migrate.and.they.are.located.in.spots.[384].

The.monolayer.formation.is.still.being.discussed.[315].and.the.fact.that.polymer.particles.are.
also. internal. sizing. agents. [385].but.do.not.migrate. should.be. a. concern.when. the.AKD.sizing.
mechanism.is.evaluated..However,.the.amphiphilic.molecules.(like.AKD).have.a.slower.tendency.
to.organize.and.this.diffusion.process.explains.the.time.needed.for.“curing”.of.AKD.sized.paper..
To.make.this.process.faster,.higher.temperatures.or.liquid.AKD.are.recommended.[237]..The.vapor.
diffusion.plays.an.important.role.as.well.

The.contact.angle.measurement.reaches.a.plateau.at.a.fiber.area.of.only.20%.covered.by.AKD.
[347]..Therefore,. the.complete.coverage.of. the.fiber.surface.by.the.size. is.not.necessary,.but. the.
reorientation.of.the.hydrophobic.tail.is.important.[234,386]..In.an.attempt.at.explaining.the.inability.
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of.chloroform.to.extract.all.the.AKD,.the.authors.[321].suggested.that.the.adsorbed.AKD.is.highly.
oriented.and.difficult.to.extract.or.that.the.dimer.has.polymerized.during.the.heat.treatment..The.
AKD.polymerization.is.a.way.to.“organize”.AKD.molecules,.to.make.them.very.effective.in.sizing.
and.hard.to.extract.

The.diketene.polymerization.is.well.documented.[387,388]..Oligomers.were.identified.within.the.
reaction.product.of.slightly.alkaline.hydrolysis.of.AKD.[357]..AKD.can.polymerize.by.ring.opening.
polymerization.of.the.lactone.cycle.and.develop.linear.polyester.with.branches.of.hydrophobic.tails:
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AKD.oligomers.(8%.in.AKD.[255]).have.a.sizing.effect.similar.to.AKD..It.seems.reasonable.
that.the.oligomer.may.be.formed.under.alkaline.papermaking.conditions..It.is.also.plausible.that.
cellulose.initiates.such.an.oligomerization.of.AKD.[357]..Sodium.bicarbonate.and.PAE.resin.show.
a. synergetic. effect. on. AKD. sizing. performances. [365],. which. can. also. be. related. to. the. AKD.
polymerization.

Due.to.the.presence.of.a.template.(cellulose.fiber),.the.polymerization.of.adsorbed.molecules.may.
be.developed.in.a.particular.way.[389],.with.a.special.orientation.of.the.hydrophobic.tails,.which.
may.explain.the.sizing.effect.on.paper..It.is.reasonable.to.think.that.heat.is.needed.for.migration,.
alignment,.and.polymerization.

If.the.covalent.bond.formation.is.not.a.must.and.the.hydrophobic.molecules.are.more.efficient.
after. their.migration.and.organization,.many.other.chemical.structures.can.be.effective. in.paper.
sizing..In.order.to.demonstrate.whether.the.chemically.bonded.sizing.agent.is.needed,.nonreactive.
molecules.were.tested..The.effectiveness.of.AKD.was.compared.with.that.of.several.derivatives,.
which.are.not.expected.to.react.with.cellulose.

Polyamines. are. promoters. for. AKD. [322].. The. reaction. products. of. AKD. with. polyamines.
(DETA,.TETA).are.neutral,.waxy.solids.of.no.reactivity.[169,370].
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The.β-keto.amides.are.powerful. sizing.agents. [370].with.effectiveness.comparable. to. that.of.
AKD.(Figure.7.8).(see.the.nonreactive.internal.sizing.agents.in.Section.7.5.2).
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AKD.reacts.with.polymeric.polyamines.to.make.cationic.polyelectrolytes.carrying.hydrophobic.
pendant. tails. [390]..About.15%.of. the.secondary.amines.have.hydrophobic. tails..The.rest.of. the.
secondary. amines. are. converted. to. cationic. charges.. The. new. hydrophobic. cationic. polymer. is.
dispersed.in.water.and.it.is.a.strong.internal.sizing.agent..This.can.explain.the.effectiveness.of.the.
PAE.resin.(or.poly-DADMAC-Epi.resin.[233]).when.used.along.with.the.AKD.emulsion:.called.an.
“accelerator.”

The.dispute.over.the.existence.of.a.covalent.bond.between.AKD.and.cellulose.extends.the.dis-
cussion.over.much.weaker.bonds.developed.during.the.adsorption.and.organization.of.AKD.on.the.
fiber.surface..Thus.a.new.theory.was.put.forward,.which.takes.into.account.both.strong.and.weak.
bonds. in.an.attempt. to.explain. the.AKD.sizing.mechanism.[18]..Unlike. the.covalent.bonds,. the.
weak.bonds.can.be.broken.by.the.energy.available.in.the.drying.section.

According. to. that. theory,. the.AKD.is.primarily.bonded. through.a.weak.bond.and. the.strong.
covalent.bond.(β-ketoester.formation).is.a.minor.side.reaction.at.best.[375,377]..There.is.a.large.
majority.of.weak.AKD–cellulose.bonds,.which.are.readily.broken.in.the.dryer.section..The.AKD.
molecules.can.migrate.through.a.paper.web.via.a.sorption/desorption.vapor.phase.mechanism.

The.existence.of.covalent.bonds.between.AKD.and.cellulose. is.under.debate,.but.a.very. low.
concentration.of.β-ketoester.cannot.be.definitively.ruled.out..Thus.a.hybrid.mechanism.can.also.be.
possible:.a.low.concentration.of.β-ketoester.molecules.can.anchor.(through.nucleation).un-bonded.
molecules.(free.AKD,.alkanes.[391],.or.akyl.ketones.[392]).and.build.up.a.hydrophobic.layer..Both.
alkanes.and.un-reacted.AKD.(or.alkyl.ketone).are.involved.in.this.“adsorption.by.trapping.”.That.
can.also.explain.why.the.hydrolyzed.AKD.(up.to.about.25%.alkyl.ketone.in.a.blend.with.fresh.AKD.
[318,392],. or. lanolin. [393,394]). may. enhance. the. AKD. sizing. effect.. Moreover,. blends. of. alkyl.
ketones.with.different.melting.points.provide.a.noticeable.sizing.effect.[314].

7.4 REActIvE IntERnAl sIzE (2): AkEnyl sUccInIc AnhydRIdE

ASA. is. a. chemical. compound. that. has. an. anhydride. functionality. and. a. hydrophobic. tail.. The.
anhydride.group.in.ASA.is.more.reactive.than.the.lactone.functionality.in.AKD.and.it.is.the.most.
reactive.neutral.size..ASA.is.not.soluble.in.water.and,.due.to.its.reactivity,.it.must.be.emulsified.at.
the.paper.mill.before.using.[219,369].

There.are.linear.(symmetric.or.nonsymmetric).anhydrides.and.cyclic.anhydrides..Rosin.anhy-
dride. [395].and.stearic.anhydride. [218].are. linear. symmetric.anhydride,.which.were. tested.as.
sizing.agents..They.are.applied.at.the.wet.end.as.dispersions.in.water.with.cationic.stabilizers.
[324,396–399]..The.partial.hydrolysis.of.the.anhydride.(to.an.acid).may.play.a.role.in.the.reten-
tion.step.[400].
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The.symmetric.anhydrides.react.with.a.hydroxyl.group.of.cellulose.to.form.an.ester.and.hydro-
phobically.modified.cellulose..Unfortunately,.a.fatty.acid,.which.can.migrate.and.interact.with.other.
paper. chemicals. is. a.by-product.of. that. reaction..That.may. further. complicate. the.papermaking.
process.
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+ HO
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ASA.(such.as.iso-octadecenyl.succinic.anhydride.[401]).is.a.cyclic.anhydride;.its.esterification.
reaction.does.not.result.in.any.by-product..The.hydrophobic.molecule.is.bonded.to.cellulose.through.
an.ester.bond.(in.red).and.a.carboxylic.group.(in.blue).now.attached.to.cellulose..Both.linear.and.
cyclic.anhydrides.react.easily.with.water.(hydrolysis).and.the.hydrolysis.products.may.interfere.with.
the.sizing.process.
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ASA.is.more.reactive. than.stearic.and.abietic.anhydrides.[176].. It.can.be.used.under.a.wider.
range.of.pH.(4.5–8.0).than.AKD.[350],.and.shows.a.better.sizing.than.the.rosin–alum.system.for.
the.same.amount.of.size.[401]..Another.benefit.of.the.ASA.is.that.the.sizing.effect.is.achieved.while.
on.the.machine.[132]..For.those.reasons,.in.recent.years,.there.has.been.a.trend.toward.replacing.
AKD.with.ASA.in.several.paper.grades.[402]..However,.due.to.its.higher.reactivity,.ASA.is.more.
difficult.to.handle.

7.4.1  the SyntheSiS of aSa-tyPe comPoundS

ASA.has.a.molecular.weight.of.about.350.and.a.very.low.solubility.in.water.[403]..ASA.is.synthe-
sized.from.maleic.anhydride.and.olefins..A.mono-olefin.is.first.isomerized.(acidic.catalyst.such.
as.tungstosilicic.acid.carried.on.silica.gel.[404,405]).by.randomly.moving.the.double.bond.from.
the.alpha.position.[406]..There.are.many.isomers.of.the.olefin.based.on.the.position.of.the.double.
bond..Symmetric.olefins.perform.better.as.internal.sizing.after.reaction.with.maleic.anhydride.
[403,407].

The. ASA. synthesis. is. an. addition. reaction. of. the. allylic. hydrogen. from. olefin. to. the. maleic.
double.bond..The.presence.of.a.stabilizer.(hindered.phenols).increases.the.reaction.yield.[408]..This.
gives.an.ASA,.which.is.a.liquid.at.room.temperature.

During. the.ASA.synthesis,. the.number.of. isomers. is.multiplied.by. the. formation.of. two.new.
asymmetric.carbons.(in.red)..About.300.isomers.are.likely.to.be.present.in.a.commercial.ASA.[3].
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There.are.many.sources.of.olefins:.mixture.of.olefins.[409],.vinylidene.olefins.[410],. isobu-
tylene.oligomers.[411],.oligomers.of.propylene.(C12–C18).[207],.oligomers.of.C5.acyclic.diolefins.
[208],.or.low.molecular.weight.polybutadiene:.750.<.Mw.<.1500.[412]..The.olefin.with.an.internal.
double.bond. can. also.be.obtained.by. small.molecular.weight. olefin.oligomerization. [413,414].
with.catalysts.like.AlCl3,.BF3—donor.(ethyl.ether),.phosphoric.acid.[415],.etc..The.oligomeriza-
tion.of.n-octene-1. results. in.89%.C16.and.11%.C24.of.branched. internal.olefins..The.branched.
olefins.are.blended.with.linear.olefins.(3:1).and.reacted.with.maleic.anhydride.for.a.better.sizing.
performance.[405].

The.olefin.double.bonds.may.be.in.an.internal.or.terminal.position.[416]..Poly-butene.has.a.termi-
nal.double.bond.and.reacts.with.the.maleic.anhydride.at.240°C.and.40.psi.for.5.h.[414,417].to.obtain.
an.alkyl.anhydride.(where.5.≤.n.≤.16).

CH3

CH3H3C

CH3

CH3

CH3

CH2

CH2

O

O

O
n

Paraffin.(no.allylic.hydrogen).and.alkyl-aromatic.hydrocarbons.(with.a.benzyl.hydrogen).react.in.
the.same.way.but.at.higher.temperatures.(>300°C).and.in.the.presence.of.iodine.[418]..For.instance,.
from.ethyl.benzene.the.addition.takes.place.at.the.benzyl.hydrogen.

CH3

O

O

O

Because.the.reaction.between.olefin.and.the.maleic.anhydride.is.performed.at.elevated.tempera-
tures.(200°C–300°C),.secondary.reactions.take.place.(polymerization.and.decarboxylation),.which.
may.result.in.a.darker.product..In.order.to.prevent.these.reactions,.the.following.catalysts.are.rec-
ommended:.p-toluene.sulfonic.acid,.calcium.bromide,.aluminum.acetylacetonate.[419],.tri-orthoal-
kylphenyl.phosphate.[420],.or.arylfluorophosphite.[421]..Shorter.reaction.time.and/or.lower.reaction.
temperatures.are.needed.when.a.free.radical.initiator.is.used.(di-t-butyl.peroxide).[422,423].
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The.darker.by-products.can.be.eliminated.by.washing.with.water.at.60°C–70°C.when.the.anhy-
dride.is.hydrolyzed..The.anhydride.ring.is.closed.again.by.heating.in.xylene.at.135°C.[424]..The.
purified.product.is.light.amber.in.color.

7.4.2  aSa emulSification

Because.ASA.is.not.soluble.in.water,.it.should.be.dispersed.in.water..Due.to.its.reactivity.with.water,.
the.emulsification.should.be.performed.on.the.site,.fast,.and.at.an.optimum.particle.size..A.homog-
enizer.(or.an.unltrasonic.processor.[425]).is.accommodated.to.the.continuous.papermaking.process.

The.preferred.particle.size.ranges.from.0.5.to.3.μ..Larger.particle.size.leads.to.agglomeration.
and.inefficient.sizing..Smaller.particles.expose.more.surface.area.of.the.emulsion.to.the.aqueous.
environment..This.will. result. in.a.faster.hydrolysis.rate.[426]..The.hydrolyzed.ASA.changes. the.
emulsion.stability.

In. order. to. obtain. a. stable. emulsion,. the. following. materials. are. used. [427,428]:. a. surface.
active.agent. (Activator). that.allows. for. the.effective.emulsification.even.under.conditions.of. low.
mechanical.energy,.a.cationic.compound.for.retention.(Promoter),.and.a.high.molecular.compound.
(Stabilizer),.able.to.inhibit.the.coalescence.process..Besides,.specially.designed.equipment.for.mix-
ing.may.improve.the.emulsion.quality.[429–431].

Because.ASA.is.easy.to.hydrolyze.[432],.the.emulsification.must.take.into.account.its.sensitivity.to.
water..The.process.should.be.fast,.under.lower.share.rate,.in.neutral.pH,.using.a.lower.concentration.of.
emulsifier,.at.room.temperature,.under.normal.pressure,.and.the.emulsifier.should.not.react.with.ASA.

Nonionic,.anionic,.cationic,.or.amphoteric.[433].macromolecular.compounds.are.used.in.high.
concentrations.(1:1).as.stabilizers.for.ASA.emulsions.at.a.total.solids.concentration.of.about.10%.
[434,435]..It.would.be.beneficial.for.the.papermaking.process.if.that.large.amount.of.stabilizer.could.
enhance.other.properties.of.the.paper,.like.dry.strength.

Cationic.starch.remains.the.most.important.stabilizer.for.the.ASA.dispersions.because.it.func-
tions.as.both.a.promoter.(for.retention).and.a.stabilizer.[401,427,428,436,437]..The.hydrolyzed.ASA.
is.an.anionic.compound,.which.may.interact.with.the.cationic.starch.[346,428]..Therefore,.the.cat-
ionic.starch/ASA.ratios.must.reach.high.values.(1:1.up.to.5:1).[438]..Higher.starch.concentrations.
result.in.smaller.particle.size.and.better.sizing.

The.molecular.weight.and.the.hydrophobicity.of.the.cationic.starch.are.critical.for.the.disper-
sion.quality..Cross-linked.starch.[278],.grafted.cationic.starch.[439],.and.more.hydrophobic.cationic.
starch.perform.better..In.order.to.make.it.hydrophobic,.starch.was.acetylated.with.acetic.anhydride.
[440,441].or.reacted.with.ASA.[442,443]..The.esterification.of.starch.with.octenyl.succinic.anhy-
dride.can.prevent.the.ASA.hydrolysis.for.more.than.90.h..Hydrophobic.tails.attached.to.the.starch.
macromolecule.are.supposed.to.align.onto.the.ASA.particle.surface.and.thus.prevent.water.mol-
ecules.from.approaching.and.causing.the.hydrolysis.of.ASA.[444].

Starch. can. be. made. both. cationic. and. hydrophobic. in. one. step. [445]. with. epoxy. quaternary.
ammonium.salt.[446]..The.newly.modified.starch.is.a.good.emulsifying.agent.(two.parts.starch.for.
one.part.ASA).[446].and.contributes.to.the.sizing.process.
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Cationic.grafted.starch.is.obtained.in.one.step.by.the.free.radical.grafting.copolymerization.of.
acrylamide.with.DADMAC.in.the.presence.of.hydroxylated.corn.starch.[447]..A.branched.cationic.
starch.can.also.be.made.through.the.glyoxalation.of.starch.in.the.presence.of.cationic.copolymer.
[448,449].

Tertiary.amines.[450],.or.the.cationic.synthetic.polymers.or.their.blends.[451].can.replace.100%.
the.cationic.starch.[452]..The.cationic.polymer.with.molecular.weights.over.40,000.are.obtained.
by. the.copolymerization.of.acrylamide.with.cationic.comonomer. (such.as.dimethylaminomethyl.
acrylate).

Cationic. stabilizers. [453–455]. are. better. retained. on. the. ASA. particle. surface. by. an. anionic.
emulsifier.(sodium.di-octyl.sulfosuccinate),.anionic.inorganic.micro.particles.[456],.or.an.anionic.
polyoxyethylene.nonylphenylether.phosphoric.ester..The.ratio.between.ASA.and.the.cationic.poly-
mer.is.2:1.and.the.anionic.surfactant.is.less.than.1%.in.the.final.emulsion.[451]..Some.of.those.for-
mulations.may.use.alum.for.the.application.ASA.emulsions.

Nonreactive.stabilizers.protect.ASA.and.the.emulsion.shows.a.longer.shelf.life.[411]..The.non-
reactive,.nonionic.emulsifiers.are.used.along.with.blends.of.cationic.starch.and.cationic.resins.to.
stabilize.the.ASA.particle.[457].

In.the.absence.of.any.ionic.stabilizer,.alkyl-aryl.polyethoxylated.compounds.[458–462].(such.as.
nonyl-phenol.ethoxylated.with.10.units.of.ethylene.oxide).are.dissolved.in.ASA.(1:9).and.dispersed.
in.water.at.2%.concentration.of.organic.phase..The.mixtures.between.polyethoxylated.compounds.
and.ASA.show.self-emulsifying.properties.

O CH2CH2 O CH2 CH2

CH3

OH
n

The. tertiary. hydroxyl. (in. polyoxyethylene–polyoxypropylene-type. emulsifiers). does. not. react.
with.ASA.[463]..However,. the.primary.hydroxyl.group.may.react.with.ASA;. the.mixture. is.not.
stable..In.order.to.improve.the.emulsion.stability,.the.primary.hydroxyl.is.esterified.with.fatty.acids.
[464,465],.or.phosphoric.acids.[453],.etc.)..The.esterification.with.an.alkenyl.anhydride.is.followed.
by.decarboxylation.(at.185°C).[466].for.nonionic.stabilizers..Those.dispersions.are.nonionic.and.can.
be.used.only.for.sizing.the.paper.surface.

The.polyethylene.glycol.esterification.is.also.performed.with.ASA.in.excess.[455,467–469]..The.
final.product.is.a.blend.of.un-reacted.ASA.and.an.anionic.stabilizer.and.it.is.easy.to.disperse.in.
water..The.new.stabilizer.has.a.carboxylic.group..Cationic.starch.is.used.as.retention.aid.on.the.cel-
lulose.fibers.
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The.performances.of.ASA.are.directly.related.to.the.quality.of.the.emulsion.produced.prior.to.
the.addition.of.the.size.to.the.paper.furnish.[438,470,471]..The.quality.of.an.ASA.emulsion.is.judged.
by.[346].the.particle.size,.the.mechanical.stability,.the.charge.density,.and.the.degree.of.hydrolysis.
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of.ASA..The.knowledge.of.the.particle.size—sizing.properties.relationship.allows.for.a.relatively.
easy.fine-tuning.of.the.emulsification.process.and.for.an.optimized.emulsion.quality..An.accurate.
method. for. measuring. the. particle. size. (such. as. light. scattering). should. be. used.. The. turbidity.
method.does.not.show.a.good.correlation.with.the.actual.particle.sizes.(Figure.7.9).[438].

Besides.large.experimental.errors.[427],.dependence.does.not.even.cover.the.entire.range:.the.
most.likely.range.0.5–1.5.μ. is.missing..Based.on.these.experimental.data,.dependence.cannot.be.
extended.over.to.the.smaller.particle.size.range.(see.Section.2.5)..However,.the.particle.size.evalua-
tion.with.a.microscope.is.even.worse.[428].

7.4.3  effectS of aSa hydRolySiS on itS aPPlication

An.ASA.emulsion.has.a.limited.shelf.life.[430]..That.is.why.liquid.ASA.is.supplied.in.a.100%.active.
form.and.is.emulsified.at.the.paper.mill..Liquid.ASA.must.be.protected.from.moisture.at.all.time.

The.hydrolysis.of.ASA.[472].is. the.primary.cause.of.any.runnability.problems.such.as.spots,.
press.picking,.and.holes.that.many.mills.using.ASA.are.still.facing..High.temperatures.during.the.
emulsification. of. ASA,. a. higher. alkalinity. emulsion,. long. emulsion. storage. time,. and. poor. first.
pass.retention.[473].result.in.a.higher.degree.of.hydrolysis.[346]..The.acid.resulted.from.the.ASA.
hydrolysis.is.a.catalyst.for.the.hydrolysis.of.the.rest.of.the.ASA.molecule..In.other.words,.the.ASA.
hydrolysis.process.is.auto-catalytic.
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Since.hydrolyzed.ASA.is.anionic.and.nonreactive,.it.decreases.the.ASA.retention.because.the.
anionic.charge.will.neutralize.the.cationic.charge.of.the.retention.aid,.will.reduce.the.ASA.sizing.
effectiveness,.and.will.create.deposits.on.the.paper.machine.

An.ASA.emulsion.can.be.stored.for.only.several.hours.[474]..At.room.temperature,.the.hydrolysis.
rate.for.the.emulsified.ASA.is.a.few.percents.per.hour.with.complete.hydrolysis.occurring.within.
24.h. [475]..The.ASA.hydrolysis. is.accelerated. [428].at.higher. temperatures. [470,471475]. (Figure.
7.10),.in.alkaline.pH.(Figure.7.11),.in.the.presence.of.a.surfactant.or.calcium.carbonate.as.filler.[476].
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FIGURE 7.9 Emulsion.turbidity.vs..ASA.particle.size.
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The.pH.effect.on.the.ASA.hydrolysis.rate.has.an.inflection.point.in.the.neutral.range.(pH.=.7.0).
(Figure.7.11),.and.the.reaction.rate.in.alkaline.pH.is.much.higher.

The.effect.of.the.particle.sizes.on.the.ASA.hydrolysis.rate.is.also.important:.after.3.h.at.40°C.
and.pH.=.3.5,.the.degree.of.hydrolysis.is.25%.for.large.particle.(D.=.8.μ).and.40%.for.small.particles.
(D.=.1.μ).[475].

Hydrolysis.can.be.minimized.by.keeping.the.emulsion.temperature.at.25°C.and.pH.=.3.5.dur-
ing.and.after.emulsification,.and.a.short.time.between.preparation.and.use.[477]..The.holding.time.
[472].and.the.emulsion.temperature.should.be.reduced.in.order.to.prevent.a.fast.ASA.hydrolysis.
(Figure.7.12).

ASA.must.be.added.to.stock.that.is.alkaline.and.relatively.hot..ASA.is.added.at.the.thick.stock.
(to.maximize.its.retention).or.as.close.as.possible.to.the.headbox.(to.minimize.its.hydrolysis).[430]..
Hydrolysis.can.occur.after.the.emulsion.has.been.added.to.the.paper.machine.wet.end.[472]..Longer.
contact.time.will.result.in.poorer.sizing.properties.

The.cationic.starch/ASA.ratio.is.important.to.maximize.ASA.retention,.to.reduce.the.contact.
time.and.the.amount.of.hydrolyzed.ASA..More.cationic.starch.(calculated.in.the.blend.with.ASA).
results.in.a.better.first.pass.retention.[319],.and.a.higher.efficiency.[472].(Figure.7.13).

Due.to.the.large.amount.of.stabilizer.(Figure.7.13),.the.chemical.compounds.used.to.improve.
ASA. emulsion. stability. may. have. an. important. effect. on. other. paper. properties.. For. instance,.
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FIGURE 7.10 ASA.hydrolysis.rate.vs.. temperature.at.pH.=.3.5..(From.Chen,.G.C.I..and.Woodward,.T.W.,.
TAPPI Proceedings,.Papermakers Conference,.Atlanta,.GA,.1986,.pp..37–40..With.permission.)

0

1

1.2

0.8

0.6

0.4

0.2

3 5 7 9

A
SA

 h
yd

ro
ly

sis
 ra

te
 (%

/m
in

)

pH

FIGURE 7.11 The.pH.effect.on.the.ASA.hydrolysis.rate.

© 2012 by Georgia-Pacific Chemicals LLC

  



304 Chemistry of Modern Papermaking

internal.size.and.wet-strength.resin.(polyvinyl.alcohol.(co)vinyl.amine).are.added.at.the.wet.end.in.
one.package.[344].

The.addition.of.the.alum.significantly.increases.sizing.with.an.ASA.emulsion.and.cationic.starch.
[219,478]..The.ASA.concentration.shows. the.same.nonlinear.effect.on. the.hydrophobicity.of. the.
paper.both.in.the.absence.[479].and.in.the.presence.of.alum.(Figure.7.14)..The.alum.concentration.
should.be.correlated.with.the.ASA.concentration.

The.hydrolysis.rate.of.ASA.is.reduced.at.lower.pH.and.alum.helps.that.process..Alum.also.has.
been.shown.to.act.as.a.scavenger.for.hydrolyzed.ASA,.it.forms.a.salt,.which.is.less.tacky.than.cal-
cium.salts.and.controls.the.deposit.caused.by.hydrolyzed.ASA.[350]..The.hydrolyzed.ASA.is.still.
a.hydrophobic.material.able. to.provide.size.only. in. the.presence.of.a.sufficient.amount.of.alum.
[132,477].

In.order.to.slow.down.the.ASA.hydrolysis,.a.good.management.of.the.pH,.temperature,.and.stor-
age.time.is.recommended..There.are.some.other.approaches.to.minimize.the.ASA.hydrolysis..One.
is.to.use.a.nonreactive.diluter.for.ASA.[480]..Another.would.be.to.make.tablets.of.blends.of.ASA.
and.cationic.starch.in.the.absence.of.water.and.stored.in.the.absence.of.any.moisture..Those.pastilles.
are.dispersed.in.water.just.before.application.[481].

7.4.4  aSa Sizing mechaniSm

The.ASA.emulsion.particles.are.retained.on.the.cellulose.fibers.at.the.wet.end..The.anionic.carboxyl.
groups.present.in.pulp.fibers.are.the.predominant.retention.sites.of.ASA.particles.stabilized.with.
cationic.compounds.[482].

0
20
40
60
80

100
120
140
160
180
200

0 20 40 60 80

H
ST

 (s
)

Time (min)
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In.order.to.estimate.the.amount.of.ASA.retained.on.fibers,.the.measurement.of.the.ASA.concen-
tration.in.paper.was.performed.by.pyrolysis-GC.[368,483]..The.ASA.retention.on.cellulose.fibers.
was.lower.than.65%..The.un-retained.ASA.increases.the.amount.of.deposits.under.forming.fabrics.
and.in.the.hoods.of.the.dryer.section.[369].

The.maximum.retention.of.ASA.emulsion.(made.with.cationic.starch).was.only.of.about.20%.
(Figure.7.15)..The.addition.of.cationic.PAE.and.alum.contribute.to.a.better.ASA.retention.[483],.but.
the.maximum.efficiency.is.reached.at.low.amounts.of.ASA.added.to.pulp..At.higher.ASA.concentra-
tions,.the.“excess”.of.ASA.is.lost.in.white.water.

A.reaction.with.cellulose.is.the.generally.accepted.sizing.mechanism.[470].(“once.retained.in.the.
sheet,.ASA.must.react.with.the.cellulose.to.give.sizing”.[346])..Arguably,.the.reaction.rate.depends.
on.temperature,.time,.and.sheet.moisture..But.the.ASA.sizing.mechanism.is.much.more.compli-
cated.and.still.under.study.[430].

The.sizing.mechanism.was.studied.by.attempts.at.identifying.the.ester.bond,.using.a.reaction.
with.model.compounds,.extracting.for.a.balance.of.the.reacted/un-reacted.ASA.in.paper,.and.evalu-
ating.the.ASA.migration.and.sizing.reverse.process.

The.evidence.for.chemical.bond.formation.is.the.presence.of.the.covalent.bond.(ester).between.
ASA.and.cellulose.[470,484]..The.presence.of.such.strong.bonds.(ester).is.also.evaluated.based.on.
its.stability..Paper.sized.with.ASA.loses.its.sizing.over.time.[369]..A.roll.of.paper.treated.with.2.lb.
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ASA/ton. paper. was. evaluated. 15. months. after. the. paper. was. manufactured:. inside. the. roll,. the.
degree.of.sizing.was.much.higher.than.on.the.outside.of.the.roll.

An.ester.bond.was.identified.in.the.ASA.reacted.with.a.cotton.linters.pulp.[484].after.the.reaction.
was.performed.in.N,N-dimethyl.formamide.as.solvent.and.triethyl.amine.as.a.catalyst..In.the.pres-
ence.of.water.and.nonreactive.cationic.retention.aids,.both.ester.bonds.and.carboxyl.(from.hydro-
lyzed.product).are.present.in.the.IR.spectra.of.the.sized.material.with.a.high.concentration.of.ASA.
(1.5%)..However,.after.extraction.with.nonreactive.solvent.(toluene),.the.ester.peak.in.the.IR.spectra.
decreases,.which.makes.the.presence.of.a.strong,.covalent.ester.bond.doubtful.

The.handsheets.sized.with.ASA,.after.extraction.with.chloroform,.still.contain.a.certain.amount.
of.ASA.and.show.a.certain.sizing.degree..However,.after.the.extraction.of.the.defibrated.handsheet.
with.Tween.80.at.70°C,.virtually.no.ASA.or.hydrolyzed.ASA.remained.on.the.cellulose.fibers.[485]..
The.results.of.pyrolysis–GC.analyses.indicated.that.nearly.no.cellulose–ASA.ester.bonds.were.pres-
ent.in.ASA-sized.paper.[486].

In.order.to.study.the.possible.reaction.with.ASA,.low.molecular.weight.cellulose.was.used.as.a.
model.compound.[487]..ASA.does.not.react.with.cellulose.even.in.the.absence.of.water.(dioxane.
solution)..In.the.presence.of.water,.the.ASA.hydrolysis.proceeded.predominantly.during.the.drying.
process.rather.than.the.ester.formation..Most.of.the.hydrolyzed.ASA.was.removed.by.extraction.
with.acetone.

Due.to.the.abundance.of.hot.water.and.steam.in.the.drying.section.of.the.papermaking.process,.
and.to.the.limited.surface.area.of.the.fiber,.the.ASA.is.more.likely.to.hydrolyze..Then,.the.hydro-
lyzed.product.is.partially.lost.through.vaporization.[484].

If.the.real.covalent.bond.between.ASA.and.cellulose.is.unlikely,.another.mechanism.must.be.
involved.in.the.sizing.process..Chemical.compounds.(such.ASA.and.its.derivatives).able.to.provide.
sizing.properties.should.be. identified..As. in. the.case.of.AKD,.circulation.and.orientation.of. the.
molecule.must.be.considered.along.with.another.type.of.weak.bonds.between.the.sizing.agent.and.
the.cellulose.fiber.

Blends.of.ASA.and.controlled.amounts.of.hydrolyzed.ASA.show.a.decrease.in.sizing.with.the.
increasing.amount.of.hydrolyzed.compound. [488]..Still,. the.aluminum.salts.of.hydrolyzed.ASA.
perform.better.than.rosin.as.sizing.agent.[406,489]..Calcium.salt.may.also.contribute.to.the.sizing.
[490]..Therefore,.the.saponified.material.has.a.potential.as.internal.sizing.agent.

The. circulation. of. ASA. within. the. paper. thickness. would. be. a. proof. of. the. mobility. of. the.
free.molecule..At.high. temperatures,. the.ASA.sprayed.on.one.side.of. the.paper.migrates. to. the.
unsprayed.side.[491]..The.presence.of.other.hydrophobic.compounds.(such.as. lanolin.[393,394]).
may.help.that.process.

ASA.spreads.easier.before.its.hydrolysis..The.hydrolyzed.ASA.(the.acid.form).has.a.melting.point.
of.40°C,.while.the.liquid.ASA.has.a.melting.point.of.−20°C.[485]..In.order.to.spread.on.the.cellulose.
fiber,.the.acid.form.needs.higher.temperatures.in.the.drying.step.[484].

In.the.absence.of.ester.bond.formation.between.ASA.and.cellulose,.the.hydrolyzed.ASA.should.
be.converted.to.a.more.“flexible”.structure.able.to.migrate.on.cellulose.fibers..PAE.and.alum.play.
an. important. role. in.developing.different. types.of. interaction.between.ASA.(and. its.derivatives).
and.cellulose.fibers..The.aluminum.salt.of.hydrolyzed.ASA.may.interact.with.anionic.charges.on.
cellulose.fibers,. azetidinium.cycle. (from.PAE. resin).may. react.with. the.carboxylic.group.of. the.
hydrolyzed.anhydride.[492],.and/or.strong.hydrogen.bonding.between.the.hydrolyzed.ASA.and.the.
cellulose.hydroxyl.groups.are.developed.[487].

The.absence.of.ester.bonds.opens.the.question.whether.a.reaction.between.a.sizing.agent.and.
cellulose.is.necessary.for.the.sizing.development..A.long.list.of.other.chemical.compounds.used.as.
internal.sizing.agents.for.paper.confirms.the.existence.of.many.possible.mechanisms.for.the.siz-
ing.process.(see.Section.7.5)..Accordingly,.a.nonreactive.compound.(reaction.product.of.ASA.with.
hexadecylamine).shows.a.synergetic.sizing.effect.in.blends.with.ASA.[393,394].

Not.even.the.de-sizing.mechanism.involves.a.broken.ester.bond..Auto-oxidation.is.the.predomi-
nant.mechanism.of.size.reversion.for.ASA-sized.paper.[493]..Hydroperoxide.is.formed.in.the.allyl.
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position.and.a.new.hydrophilic.group.is.generated..This.hydroperoxide.can.decompose.in.alcohol.
and/or.ketone..A.reduction.in.the.molecular.weight.may.also.take.place.
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7.5  othER chEmIcAl comPoUnds ABlE to FIt thE GEnERAl 
concEPt FoR An IntERnAl sIzInG AGEnt

From.the.previous.chapters,.we.learned.that.rosin.size.is.effective.mainly.at.low.pH..AKD.and.ASA.
perform.at.higher.pH.but.their.emulsions.show.a.limited.stability..A.more.versatile.internal.size.with.
a.lower.reactivity.in.the.presence.of.water.is.still.needed.[494].

Internal. size. compounds. are. small. molecules. or. polymers,. but. always. hydrophobic. sub-
stances. with. a. cationic. charge. for. retention. (or. any. other. option. for. their. interaction. with. a.
retention.aid)..This.chapter.is.a.collection.of.other.chemical.structures.tested.as.internal.sizing.
agents.for.paper.

From.the.perspective.of. the.sizing.mechanism,. it. is. interesting. to.divide. them.in.“potentially.
reactive”.and.“nonreactive”.compounds..The.reactive.internal.sizing.agents.underline.the.general.
characteristic.of.the.papermaking.process:.the.reactive.group.faces.the.presence.of.water.and.the.
possibility.to.be.involved.in.side.reactions..The.nonreactive.compounds.bring.new.evidence.for.a.siz-
ing.mechanism.based.on.the.physical.interaction.with.cellulose.fibers,.migration,.and.reorientation.

7.5.1  otheR “Potentially Reactive” comPoundS aS inteRnal Sizing additiveS

The.reactivity.of.an.internal.sizing.agent.refers. to.potential.reactions.with.cellulose,.with.itself.
or. to. a. preliminary. reaction. performed. before. the. final. product. is. applied. to. the. papermaking.
machine.as.internal.size.[495,496]..The.sizing.compound.is.nonionic.or.cationic..Cationic.com-
pounds. are. self. retained. on. fibers. but. nonionic. compounds. must. be. dispersed. in. water. with. a.
cationic.stabilizer.

AKD.as.a.“potentially.reactive”.compound.can.be.blended.with.nonreactive.materials,.or.used.to.
prepare.a.hydrophobic.material.through.a.reaction.performed.separately..Liquid.AKD.is.dispersed.
(2:1).along.with.polymer.latexes.stabilized.by.starch.[497].to.make.a.hybrid.sizing.agent.

In. order. to. add. hydrophobic. tails. to. a. water-soluble. polymer,. AKD. reacts. with. poly-.
diallylammonium.chloride.(with.up.to.50%.mol.of.secondary.amine).[498,499]..AKD.is.reacted.with.
polyamine.in.two.steps.of.polymer.analogous.reactions;.the.rest.of.secondary.amines.are.reacted.
with.an.excess.of.epichlorohydrin..The.new.sizing.agent.has.a.reactive.azetidinium.cycle.(in.red):
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Macromolecular.compounds.with.reactive.groups.are.well.known.as.strengthening.agents.(see.
Chapters.4.through.6)..A.hydrophobic.tail.may.increase.the.water.repellency.but.the.amount.of.inter-
nal.sizing.compound.is.limited.to.the.level.at.which.the.change.in.paper.(dry.and/or.wet).strength.
is.acceptable.[500]..Copolymers.of.styrene.and.acrylic.esters.having.cationic.charges.and.epoxy.
reactive.groups.[501,502].are.able.to.balance.the.effect.of.the.sizing.and.the.repulpability.of.paper.
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R CH2 CH2

CH3

CH3H3C

CH R
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Cl–

An.epoxy.group.is.also.attached.to.maleic.anhydride.copolymers.with.olefins.[503]..The.anhy-
dride.functionality.can.be.converted,.through.polymer.analogous.reactions,.to.a.hydrophobic.half.
ester,.to.epoxy.ester,.and.cationic.ammonium.salt.
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Olefin.is.present.in.1:1.ratio.to.maleic.anhydride.(alternating.copolymer).and.the.final.compound.
has.an.amphoteric.character.

The. epoxy. ring. is. supposed. to. be. reactive. with. cellulose. hydroxyl,. and. the. N,N-bis(2,3-
epoxypropyl).alkyl.anilines.are.very.effective.sizing.agents.[504,505]..An.aliphatic.amine.is.con-
verted.to.a.cationic.hydrophobic.compound.with.an.epoxy.group.[506,507].
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The.reaction.between.octadecyl.isocyanate.and.ethylene.imine.[508].is.performed.in.the.pres-
ence.of. a. nonionic. emulsifier..The. stable. dispersion.of.N-octadecyl-N′-N′-ethylene-urea. [509]. is.
used.as.internal.sizing.agent.after.retention.with.the.PEI.resin.

N

C
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+
N
H H37C18

C18H37

N

O

H
N CH2

CH2

The. same. concept. and. reactions. were. extended. to. di-isocyanates. [510].. N-substituted. N′,N′-
alkylene.ureas.are.recommended.not.only.as.sizing.materials.but.also.as.cross-linkers.[511],.which.
shows.their.reactivity.with.cellulose.

The.reactive.imine.ring.(in.red).makes.the.N-substituted.aziridine.a.powerful.sizing.agent.when.
connected.to.a.hydrophobic.structure.[512]..The.synthesis.is.a.reaction.of.the.Michael.addition.type..
The.new.compound.is.dispersed.in.water.in.the.presence.of.cationic.starch.

NH +

O

O

O

O

R

R

O

O

O

O

R

R

N

Anhydride.groups.are.well.known.as.reactive.functionalities.with.cellulose.(see.ASA)..Mono-
alkyl.or.mono-alkenyl.esters.(or.amides.[513]).of.trimellitic.or.pyromellitic.anhydrides.(obtained.
through.a.trans-acidolysis).are.emulsified.(cationic.starch.as.stabilizer).and.used.as.internal.sizing.
agent.in.the.presence.of.alum.[179,514].
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N-searoyl. succinimide. [515]. is. another. reactive. sizing. agent:. the. imid. cycle. is. reactive. if. an.
electron-withdrawing.group.is.bonded.to.the.imid.nitrogen.

A.combination.of.AKD.and.ASA.structures.can.be.obtained.within.a.Friedel-Crafts.reaction.
between.an.aromatic.hydrocarbon.(such.as.benzene,. toluene.or.any.alkyl.benzene).and.an.alkyl.
succinic.anhydride.[516]..From.an.alkyl.succinic.anhydride.(ASA,.for.instance),.a.lactone.(such.as.
AKD).is.obtained.
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AKD. has. the. disadvantage. of. a. prolonged. curing. time.. For. a. faster. reaction. with. cellulose,.
highly.reactive.functionalities.were.investigated..Alkyl.isocyanates.(C18).are.very.good.sizing.agents.
[4,200,517]..Stearyl.[281].or.octadecyl. isocyanate.[518].are.emulsified.with.cationic.starch.and.a.
cationic.polymer.(such.as.PAE.resin).[385].

In. stable. dispersions. in. water,. in. the. presence. of. cationic. starch. and. sodium. lignosulfonate.
[519],. some. isocyanate.groups. are. lost. due. to. the. reaction.with.water..Molecules.with. just. one.
isocyante. functionality. lose. their. reactivity..A.multi-functional. isocyanate.will.keep. its. reactiv-
ity.even.if.some.reactive.groups.are.reacted.with.water..The.linoleic.acid.dimerization.results.in.
hydrophobic.diacid.[520]..The.carboxylic.functionalities.are.converted.to.isocyanate.groups.and.
the.di-isocyante.is.dispersed.in.water.in.the.presence.of.a.nonionic.emulsifier.(t-octylphenol.polye-
thoxylated,.n.=.7).

H3C

H3C

N

N

C

C

O

O

To.make.the.organic.phase.self-emulsified,.the.isocyanate.groups.are.partially.reacted.with.poly-
propylene.glycol.mono-ether.[521]..The.hydrophobic.compound.is.retained.on.the.cellulose.fibers.
by.using.cationic.gum.

The.organic.chemistry.of.reactive.small.molecule.has.been.brilliantly.explored.[503,504,522–
525].. 2,4,6-Trichloro-sym-triazine. (cyanuryl. chloride). reacts. with. epoxides. in. the. presence. of.
.aluminium.chloride.[522].
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R.stands.for.an.alkyl.with.12–28.carbon.atoms..Epichlorohydrin.can.also.be.used.as.an.epox-
ide..The.chlorine.atoms.are.important.because.they.can.form.a.covalent.bond.with.cellulose..The.
triazine.molecule. is. symmetrical:. all. chlorine. atoms.have. the. same. reactivity..Di-. and.even. tri-
substituted.will.coexist.with.mono-substituted.and.with.un-reacted.cyanuryl.chloride..Amines.or.
polyamines.are.catalysts.for.that.reaction.

Hydrophobic.polyamines.with.N-3-chloro-2-hydroxypropyl.pendant.groups.are.quenched.with.
a.mineral.acid.in.order.to.prevent.the.cross-linking.process..Due.to.their.cationic.character,.those.
polyamine.are.adsorbed.on.paper..On.paper.and.neutral.pH,.the.hydrophobic.polyamines.are.self-
cross-linked.[525].
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There.are.many.versions.of.that.reaction.for.changing.the.ratio.between.the.hydrophobic.tails.
and.the.amine.groups,.between.amine.groups.and.the.N-3-chloro-2-hydroxypropyl.pendant.groups..
For.instance,.epichlorohydrin.reacts.with.ethylene.di-amine.(4:1).and.the.resulting.adduct.is.reacted.
with.one.mol.of.octadecyl-1,3-propanediamine..The.final.chemical.structure.depends.on.the.mole.
ratio,.on.conversion.at.the.time.the.mineral.acid.was.added,.and.on.the.final.treatment.with.caustic.
to.reclose.the.epoxy.ring.[524].

Alkyl.chloroethyl.sulfides.or.alkyl.sulfones.are.effective.sizing.agents.in.alkaline.pH.[523].

C18H37

H37C18
S

Cl
O

O
S

CH2

CH2 CH2
CH2

Cl

Alkyl.and.di-alkyl.carbamoyl.chlorides.are.obtained.through.a.reaction.between.alkyl.amines.
and. phosgene.. Carbamoyl. chlorides. are. as. reactive. as. isocyanates. with. similar. chemical. struc-
tures..They.are.reactive.to.cellulose,.and.show.a.certain.cationic.activity,.which.is.why.they.can.
be.retained.on.cellulose.fibers.(at.pH.=.8)..The.alkyl.groups.provide.the.hydrophobic.character.that.
makes.them.effective.internal.sizing.agents.[526].

H3C N
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The.reactivity.of.the.hydrophobic.compound.should.be.taken.into.account.during.its.emulsifica-
tion..If.the.reactivity.is.too.high,.a.solution.in.organic.solvent.(toluene).has.been.used.[527].
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The.distearyl.acetal.of.stearyl.aldehyde.is.much.more.stable.than.ASA.or.AKD.and.provides.siz-
ing.when.used.as.an.emulsion.(with.cationic.starch.as.stabilizer).at.the.wet.end.[528].

7.5.2  otheR nonReactive comPoundS aS inteRnal Sizing agentS

The.reactive.internal.sizing.agents.have.the.following.drawbacks:.they.are.not.water-soluble;.stabi-
lizers.are.required.to.disperse.them.in.water..Most.of.them.are.not.retained.on.the.cellulose.fibers.
because.they.are.neutral,.sensitive.to.water,.and.rapidly.hydrolyzed.to.unusable.chemicals..There.is.
a.continuous.effort.to.overcome.these.drawbacks.

Although. the. internal. sizing. mechanism. is. still. under. study. (reaction. with. cellulose,. spread-
ing. on. fiber,. molecule. reorientation,. etc.),. several. experimental. data. are. adding. a. new. possible.
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direction: the.dispersion.of.nonreactive.hydrophobic.compounds..They.cannot.develop.a.chemical.
reaction.with.cellulose;.some.have.very.high.molecular.weights.and.are.not.distributed.as..molecules.
but.as.particles..The.polymers.have.a.very.low.solubility.in.water.(if.any).and.their.migration.and.
“reorientation”.would.be.hard.to.explain.as.a.possible.sizing.mechanism..The.chemical.structures.
presented.below.are.all.proofs.that.a.covalent.bond.is.not.necessary.to.develop.size..However,.for.
an.imidized.SMA.both.HST.and.Cobb.values.are.improved.only.at.a.very.high.concentration.(3%).
of.cationic.polymer.[529].

Nonreactive. sizing. agents. are. cationic. or. nonionic. compounds. with. low,. medium,. and. high.
molecular.weights..Dispersions.are.obtained.through.emulsification.of.the.preexisting.hydropho-
bic.material.or.by.emulsion.polymerization.when.the.hydrophobic.material.is.built.up.within.the.
dispersed.particle..If.the.sizing.agent.is.not.self-emulsified,.the.emulsification.is.performed.in.the.
presence.of.an.emulsifier.

The.cracked.petroleum.distillate.(fraction.C5),.butadiene–styrene.mixture.or.turpentine.is.polym-
erized,.and.the.polymer.is.modified.with.maleic.anhydride..The.fortified.polymer.is.self-emulsified.
in.alkaline.pH.before.[530].or.after.blending.with.microcrystalline.wax.[531]..These.anionic.poly-
mers,.anionic.latexes,.or.unmodified.lignin.[532].are.retained.with.alum.[533].

Cationic.latexes.are.easily.retained.on.fibers,.which.is.why.they.are.of.special.interest..Cationic.
polymers.are.synthesized.by.copolymerization.or.through.a.polymer.analogous.reaction.(the.modi-
fication.of.a.preexisting.nonionic.polymer)..Macromolecular.compounds.are.copolymers.with.low.
Tg,. such. as. vinylidene. chloride-2-methyl-5-vinyl. pyridine. [534],. styrene-butyl. acrylate-cationic.
comonomer.[535,536],.polyvinyl.acetate.emulsion.obtained.in.the.presence.of.a.cationic.emulsifier.
[537],.or.of.the.copolymer.of.acrylonitrile.butadiene..These.latexes.also.increase.the.paper.dry.[538].
and.wet.strength.[533,539,540]..That.is.why.the.amounts.of.sizing.agent.are.limited.by.their.side.
effects.

Internal.sizing.agents.are.obtained.from.preexisting.polymers.modified.by.adding.hydrophobic.
tails.and/or.cationic.charges..A.polymer.analogous.reaction.can.be.performed.even.at.the.wet.end.
to.make.a.hydrophobic.PEI.through.a.Michael.addition.of.octadecyl.propiolate.or.acrylate.[541].

Maleic. anhydride. copolymers. with. C16–C18. olefins. [542]. are. reactive. hydrophobic. com-
pounds..In.order.to.attach.cationic.charges,.the.anhydride.groups.undergo.successive.reactions;.
the.first. reaction. is.with.methanol.and.forms.half.an.ester..The.carboxylic.functionality.from.
the.half.ester.reacts.with.Epi.in.the.presence.of.sodium.methoxide..Eventually,.the.epoxide.ring.
is. reacted. with. polyamine. and. the. final. product. is. treated. with. hydrochloric. acid. to. develop.
cationic.charges..Cationic.charges.can.also.be.added.to.the.maleic.unit.in.SMA.copolymer.by.
imidization.[529].
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CH3

CH2

CH2

CH3

CH3

H2C

H2C
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H3C
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N+

N+
H

n

Cl–

Cl–

A.cationic.internal.sizing.agent.is.a.pre-polymer.obtained.from.a.mixture.of.tallow.N-alkenyl.
and.N-alkyl-1,3-propanediamines.(the.alkenyl.and.alkyl.radicals.being.C16–C18).with.an.excess.
of.epichlorohydrin.in.methanol.[543]..The.hydrophobic.tail.is.connected.to.a.potential.cationic.
center.

© 2012 by Georgia-Pacific Chemicals LLC

  



313Internal Sizing Agents

CH2 CH2

C17H35

CHR CH

O

H2C

O

O

R

O

N+

CH3

Cl–

m n

Copolymers.of.vinyl.stearate.and.vinyl.chloroacetate,.or.the.polymer.of.p-chloromethyl.styrene.
are. reacting.with. tertiary.amines. (such.as.pyridine.and.picoline). [544–546]..The.copolymeriza-
tion.reaction.may.set.the.m/n.ratio.and.thus.the.balance.between.the.hydrophobic.(in.blue).and.the.
hydrophilic.part..The.new.copolymer.is.a.polyelectrolyte.with.a.significant.hydrophobic.part..It.is.
not.soluble.in.water.but.it.can.be.dissolved.in.an.aqueous.solution.of.N-octadecyl.pyridinium.chlo-
ride.[547].

Lower.molecular.weight.polymers.are.an.intermediate.category.between.high.molecular.weight.
compounds. and. small. molecules.. The. hydrophobic. material. can. be. from. paraffin,. low. molecu-
lar. weight. hydrocarbon. resins,. or. fractions. obtained. by. selective. extraction. of. petroleum. oils..
Hydrocarbon. resins.with.a.molecular.weight. lower. than.1000.and.a.melting.point.below.100°C.
are.dispersed.in.water.in.the.presence.of.a.PAE-type.resin.a.passed.through.a.homogenizer..Small.
particles.are.retained.on.the.cellulose.fiber.at.the.wet.end.and.provide.a.good.sizing.for.paper.[548].

Wax.emulsions.of.paraffin.[549,550].are.stabilized.with.methyl.cellulose.ethers,.or.gum.arabic.
[551]..The.solids.content.is.about.15%–45%.of.which.about.90%.is.the.wax..Paraffin.wax.is.also.
emulsified.with.casein.and.ammonium.oleate.[552–555],.with.gum.and.sodium.rosinate.[556],.or.
ammonium.oleate.[550]).

Extract.of. aromatic. and.naphthenic.compounds. [123]. are. emulsified.with. salts.of.naphthenic.
acids.in.the.presence.of.polyphosphoric.acid.compounds.[557]..The.anionic.dispersions.are.retained.
with.alum.[550,558].

Small.molecules.with.hydrophobic.parts.and. ionic.charges.are.either.water-soluble.or. readily.
dispersible.in.water..There.are.nonreactive.anionic.or.cationic.compounds.

Anionic.sulfonylcarbonylimide.needs.a.retention.aid.such.as.polyalkylene.polyamine.[559]..The.
anionic.group.may.result.from.the.reaction.of.a.distearylamine.with.phthalic.anhydride.[560].or.
as.alkyl.urea.derivatives.[20]..N-Methylstearoylhydroxamic.acid.and.stearoylhydroxamic.acid.are.
recommended.as.sizing.agents.[18]..Anionic.compounds.ask.for.a.cationic.retention.aid.(such.as.
alum.or.PEI).

O

N

O

OH

CH3
(CH2)16

C18H37

C18H37

(CH2)16

H3C

HN

HN O

O OH

NH

O

NH

SO3H

The.ASA.esterification.with.allylic.alcohol.results.in.half.ester.and.the.carboxylic.group.is.neu-
tralized.with.triethanolamine.to.make.an.internal.sizing.[561].
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Cationic.nonreactive.sizing.agents.are.self-retained.on.the.anionic.cellulose.fibers..The.organic.
chemistry.can.be.manipulated.to.synthesize.chemical.compounds.with.long.hydrophobic.tails,.polar.
groups,. and.potential. cationic. charges. [20,559,562]..Fatty. acids. (such.as. stearic. acid). react.with.
DETA.within.a.condensation.reaction.in.which.the.primary.amines.are.converted.to.amide.groups.
and.the.secondary.amines.are.subsequently.converted.to.cationic.charges.[563]..The.cationic.com-
pound.is.dispersed.in.water.and.used.as.an.internal.sizing.agent.[564].

O

NH

N+

NH

O

C17H35

H35C17

H H

The.esterification.of.triethanolamine.with.fatty.acids.(stearic.and/or.palmitic).results.in.a.hydro-
phobic.compound.with.a.tertiary.amine.and.therefore.is.potentially.cationic.[562]..The.hydrocarbon.
tail.can.also.have.one.or.more.double.bonds.[506,507].

Alkyl.amines.react.with.maleic.anhydride.(at.temperatures.below.100°C).and.the.resulting.amide.
is. reacted.with. another. amine. (or.di-amine). at.much.higher. temperatures. (150°C–200°C). [494]..
The.resulting.aspartiamide.is.emulsified.in.the.presence.of.cationic.emulsifier.(hexadecyltrimethyl.
ammonium.chloride.and.cationic.starch.and/or.PAE.resin).

R O
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NH

O

O

HO
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NH2
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R1

R1

R2

NH2 + N

O

O

NH
NH

O

O
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The.hydrophobic. tails.of.stearic.acid.are.added.by.condensation.to.a.polyalkylene.polyamine.
(TETA,.PETA),.which.are.the.potential.cationic.part.after.protonation.with.acetic.acid.[263].

The. product. of. the. Michael. addition. of. fatty. amines. to. hexahydro-1,3,5-triacrylyl-s-triazine.
.(protonated.with.acetic.acid).[565].is.used.as.an.internal.sizing.agent..The.molecular.weight.depends.
on.the.ratio.between.the.amine.and.carbon–carbon.double.bond.
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Fatty.amines,.such.as.octadecyl.amine.[566],.are.very.attractive.compounds.as.potential.sizing.
agents:.they.are.hydrophobic,.nonreactive,.and.show.a.maximum.effectiveness.in.sizing.at.pH.=.7−10.
(Figure.7.16).

The.primary.amine.can.be.converted.to.secondary,.tertiary,.or.quaternary.ammonium.salts..The.
fatty.amine.reacts.with.N,N′-methylene-bis-acrylamide.through.Michael.addition.to.obtain.a.sec-
ondary.amine.[567]..That.reaction.is.performed.between.two.compounds.with.multiple.functions.(a.
primary.amine.has.two.hydrogen.atoms.able.to.react.with.the.two.equally.reactive.double.bonds)..
The.final.product.is.a.waxy.material.that.can.be.self-dispersed.in.a.solution.of.acetic.acid.

N
CH2

CH2
CH2

CH2
CH2C

O

NH NH
C

O

H

N
C18H37H37C18

H

The. fatty. primary. amine. (such. as. octadecylamine). reacts. with. epichlorohydrin. [568,569],. or.
with.the.di-glycidyl.ether.of.2,2-bis-(4′-hydroxyphenyl)-propane.[570].to.obtain.secondary.or.ter-
tiary.amine..These.products.show.an.enhanced.activity.when.they.are.in.the.presence.of.polyamine.
[570,571].

Fluorinated.chemicals.are.nonreactive,.water.repellent,.and.also.oil.repellent.[572]..Anionic.fluo-
rinated.compounds.are.used.as.a.solution. in.ethanol.at. the.wet.end.[200].or.as.dispersions..The.
fluorine-containing. organic. compounds. (difluoroalkyl. phosphate. diethanolamine. salt. [573–576],.
polyurethanes.including.a.fluorinated.segment.[577],.or.perfluoropolyethers.[582]).are.anionic.and.
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FIGURE 7.16 The.pH.effect.on.octadecyl.amine.sizing.effectiveness.
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they.are.retained.almost.100%.on.paper.with.a.cationic.retention.aid..As.far.as.the.sizing.capabilities.
are.concerned,.the.PAE.resins.performed.better.than.poly-DADMAC.[573].as.retention.aids..The.
addition.of.alum.has.a.negative.effect.on.the.sizing.behavior.[575]..Cationic.copolymers.of.fluoro-
alkyl.monomers.(solution.or.latexes.[578–580]).are.recommended.as.internal.sizing.agents.because.
they.are.self-retained.[581].
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8 Creping Adhesives 
and Softeners

Sanitary.tissue.products.(facial.tissues,.toilet.tissues,.and.absorbent.towels).are.used.in.high.quanti-
ties..The.basis.weight,. thickness,.strength,.and.dispersing.medium.of.these.products.often.differ.
widely,.but.they.are.all.linked.together.by.the.common.process.through.which.they.originate:.the.
creped.papermaking.process.(drying.the.paper.web.on.a.Yankee.dryer.and.then.scraping.the.sheet.
with.a.creping.blade.or.air.jets.[1]).

The.wet.sheet.travels.to.the.Yankee.by.means.of.a.felt,.and.it.is.transferred.to.the.dryer.surface.
at.the.pressure.roll.nip..At.this.point,.the.sheet.is.at.35%–80%.consistency..The.wet.pressing.step.
significantly. increases. the. paper. dry. strength.. By. adjusting. the. pressure,. the. desired. paper. dry.
strength.is.obtained.

The.sheet.is.further.dried.on.the.hot.Yankee.dryer.to.90%–98%.consistency.[2]..The.dryer.tem-
perature.is.about.100°C.and.the.machine.speed.ranges.from.900.to.2000.m/min.[3]..Although.that.
step.is.designed.to.help.evaporate.water.from.the.wet.sheet,.the.creping.chemicals.sprayed.on.the.
dryer.surface.are.aqueous.solutions..Thus,.water.circulation.is.also.involved:.we.are.dealing.with.
evaporation.not.only.from.the.adhesive.solution.and.the.wet.web.but.also.from.the.wet.web.to.the.
dry.adhesive.film.

The.wet.web.naturally.adheres.to.the.dryer.surface:.a.thin.layer.of.hemicellulose.is.transferred.
from.the.web.to.the.hot.dryer.surface..The.wetted.hemicellulose,.which.shows.a.lower.softening.
point.[4],.is.a.strong.adhesive.[5]..However,.parameters.such.as.the.amount.of.hemicellulose.and.its.
distribution.are.hard.to.control..In.order.to.supplement.and.control.adhesion,.creping.adhesives.with.
a.controlled.structure.are.added.to.the.drier.surface.in.specific.amounts.

The.adhesive.helps.the.wet.web.to.stick.to.the.dryer.surface;.the.dried.paper.is.then.scraped.off.
by.a.blade..During.that.process,.cellulose.fibers.are.partially.pulled.out.and.many.interfiber.bonds.
are.broken.as.a.result..That.process.is.aimed.at.imparting.web.properties.to.paper,.such.as.softness,.
strength,.and.bulk..The.wet.creping.[6,7].is.a.similar.type.of.process.and.the.need.for.an.adhesive.is.
greatly.increased.with.the.advent.of.the.through-drying.process.[8].

Paper.creping.is.a.multiparameter.process:.the.furnish.quality.(fiber.length.[9],.hemicellulose.con-
centration,.Eucalyptus.stock,.etc.),.paper.chemicals.added.at.the.wet.end.[10],.web.consistency.and.
water.quality.[5],.basis.weight.[11],.dryer.temperature,.type.of.creping.machines.[12],.type.of.adhesive,.
debonder.concentration,.the.adhesive.solution.concentration.[13],.the.Yankee.dryer.speed,.and.the.doc-
tor.blade.angle.are.the.most.important.[5,14–18]..Those.parameters.are.instrumental.in.meeting.the.
current.need.for.changing.the.properties.of.the.creping.adhesive.and.optimize.the.creping.process.[19].

Creping. aids. interact. with. cellulose. fibers. on. the. Yankee. dryer. surface;. the. paper. softness,.
strength,.and.bulkiness.are.a.result.of.those.interactions..The.quality.of.the.final.sheet.depends,.to.a.
large.extent,.on.the.quality.of.chemicals.used.at.the.wet.end.and.during.the.creping.process.

Creping.aids.are.a.complex.mixture.of.small.molecule.(organic.and.inorganic).compounds.and.
polymers,.which.must.fit.in.the.complexity.of.the.papermaking.process:.special.creping.adhesives.
are.designed.for.each.furnish.and.each.particular.piece.of.equipment..For.instance,.the.surface.of.
the.Yankee.dryer.may.have.a.specific.temperature.profile;.as.a.result,.the.paper.is.creped.differently.
in.different.zones..Therefore,.it.is.a.specific.area.where.the.doctor.blade.is.excessively.worn.out..In.
order.to.prevent.that,.different.creping.compositions.(more.or.less.humectant.[20]).may.be.applied.
on.different.zones.of.the.Yankee.dryer.
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The. adhesion. force. should. reach. an. optimum. in. terms. of. heat. transfer. and. adhesion.. When.
insufficiently. adhered,.webs. tend. to. cause.poor. control.of. the. sheet. and.poor. creping.while. the.
drying.process.is.incomplete..Higher.levels.of.adhesion.improve.the.heat.transfer.(are.more.energy.
efficient).and.allow.for.a.higher-speed.operation.of.the.creping.process..For.a.more.efficient.heat.
transfer,.the.Yankee.dryer.surface.is.highly.polished.in.order.to.increase.the.contact.between.the.
tissue.web.and.the.dryer.

The.papermaking.process.actually.involves.a.series.of.locations.where.chemicals.are.added.and.
the.creping.step.may.not.be.the.final.addition.point..Chemicals.are.added.at.the.wet.end.[21].(ionic.
compounds),.sprayed.on.the.wet.web.[22].(especially.nonionic.compounds),.incorporated.in.creping.
adhesives,.sprayed.on.the.dry.(creped).paper.sheet,.or.added.with.a.printing.roll.in.a.predetermined.
pattern.[23]..The.addition.of.chemicals.can.also.be.performed.simultaneously.in.multiple.points:.
dispersion.of.paraffin.wax.at.the.wet.end.and.a.cationic.resin.sprayed.on.the.Yankee.surface.[24].

The. creping.operation. runs.optimally.when. the. adhesive. is. free.of. interference. from.non-
creping-related.chemicals.such.as.wet-strength.resin.added.at.the.wet.end.[25]..Therefore,.some.
additives.(softeners,.humectants,.emollients,.etc.).may.be.added.to.the.paper.web.after.the.crep-
ing.step.

There.are.nonionic.chemicals.targeting.specific.paper.properties.(such.as.softness),.which.cannot.
be.retained.at.the.wet.end..That.is.why,.for.better.retention,.those.chemicals.should.be.added.after.
the.creping.step.(see.the.lotion.including.skin.pH.balancing.compounds.[26])..The.application.of.
chemicals.only.to.the.paper.surface.ensures.the.effective.use.of.the.material.since.consumers.only.
tactically.interact.with.the.surface..The.chemicals.distributed.throughout.the.web.are,. in.a.large.
proportion,.lost.for.the.final.application.

The.paper.web.can.have.one.or.more.layers.[27]..In.the.case.of.the.multilayer.tissue.paper,.the.
distribution.of.layers.and.the.properties.of.the.layer,.which.comes.into.contact.with.the.Yankee.dryer.
(Eucalyptus.layer),.must.also.be.considered.

After.creping,.several.ingredients.from.the.adhesive.composition.are.distributed.on.paper.and.
some.paper.components.(especially.hemicellulose,.cellulose.fibers,.and.inorganic.fillers).are.accu-
mulated.into.the.adhesive.layer.that.remains.on.the.Yankee.dryer.[3,5]..A.cleaning.blade.is.used.to.
remove.materials.accumulated.within.the.adhesive.layer;.the.amount.of.recycled.material.should.
also.be.taken.into.account.

8.1 cREPInG AdhEsIvEs

During.the.creping.process,.the.cellulose.fibers.are.partly.pulled.out;.the.adhesive.disrupts.many.of.
the.interfiber.bonds.formed.during.the.drying.step,.thus.helping.in.developing.the.desired.proper-
ties.of.a.tissue.sheet,.such.as.softness,.bulk,.and.stretch.[3]..An.attempt.to.define.paper.creping.in.
mathematical.terms.has.been.made.[28]:

.

%crepe BW BW

BW

Y

Y

w

w

Y

Y

=
−L L

L
. (8.1)

where
BWY.is.basis.weight.at.the.Yankee
BWw.is.basis.weight.at.the.rewinder
LY.is.the.length.at.the.Yankee
Lw.is.the.length.at.the.rewinder
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The.adhesive.solution. in.water. is.sprayed.onto. the.Yankee.dryer.surface..The.coating.should.
provide.adhesion.to.both.the.paper.and.the.Yankee.dryer..The.polymer.film.improves.heat.transfer.
by.allowing.for.a.more.effective.drying.of.the.sheet.[29],.and.it.also.provides.lubrication.between.
the.doctor.blade.and.the.dryer.surface.[30].

A.good.creping.adhesive. should.be.water. soluble.or.dispersible,.must.adequately.adhere. the.
sheet.to.the.Yankee.dryer.surface,.and.it.must.produce.a.soft.sheet,.which.is.non-blocking.when.
rolled.

All.of.these.properties.are.hard.to.attain.with.a.single.chemical.[31–34].and.sometimes.com-
plicated.mixtures.are.used.as.creping.adhesives..Unfortunately,.compatibility.wise,.many.polymer.
mixtures.pose.quite.a.lot.of.problems.(complex.formations,.chemical.reactions,.phase.separation,.
etc.)..If.the.interaction.between.components.is.too.strong.in.solution,.one.component.is.added.to.the.
sheet.and.another.to.the.Yankee..When.the.two.components.are.brought.into.contact.at.the.pressure.
roll.nip,.a.complex.adhesive.might.be.formed.[35].

In.order.to.set.an.interface.failure.[36],.an.optimum.adhesion.between.the.creping.aid.and.the.
paper.should.be.set.. If.adhesion. is. too.weak.the.sheet.will. lift.off.very.easily.and.undergo.very.
little.creping..Greater.adhesion.causes. increased.softness,.although,—generally—with.some.loss.
of.strength.[30].but.a.too.strong.adhesion.causes.the.sheet.to.slip.under.the.doctor.blade..To.control.
the.adhesion,.a.release.aid.is.added.to.the.formula..The.release.aid.is.soluble.or.dispersible.in.the.
adhesive.solution.and.it.should.be.evenly.distributed.onto.the.adhesive.film.surface.

Ionic.and/or.hydrogen.bonds.between.the.cellulose.fibers.and.the.creping.adhesive.are.key.parts.
of.the.interactions.on.the.Yankee.dryer.surface..Cationic.resins.(such.as.polyvinyl.amine.[34]).are.
more.effective.as.adhesives.when.the.cellulose.web.contains.more.carboxylic.groups..Due.to.those.
interactions,.the.chemicals.transferred.from.the.adhesive.layer.to.the.paper.sheet.interfere.with.the.
chemicals.added.to.the.wet.end,.and,. thus,. the.paper.wet.strength,. its.dry.strength.and.softness.
may.change.

Attempts.to.restore.the.paper.strength.lost.by.reduction.of.hydrogen.bonding.have.included.the.
addition. of. bonding. materials. (such. as. latexes. of. elastomers). [37].. In. order. to. obtain. the. densi-
fied.zone,.pressure.can.be.applied.with.a.patterned.rotogravure.roll,.along.with.bonding.materials.
[38,39]..Pattern-densified.tissue.paper.has.a.relatively.low.fiber.density.and.an.array.of.densified.
zone.of.relatively.high.fiber.density.[25,40,41].

8.2 comPosItIon oF cREPInG AdhEsIvEs

The. hemicellulose. from. the. cellulose. fibers. helps. paper. to. stick. on. a. clean. dryer. surface. but.
the.first.creping.aids.added.to.the.Yankee.dryer.surface.were.animal.glues.made.from.gelatin..
These.glues.have.an.irregular.molecular.structure;.the.dry.film.is.an.irregular,.disordered.mass..
Moreover,. in.order. to.achieve.the.necessary.tack,.animal.glues.require. large.amounts.of.water.
in.the.wet.web.[42]..A.synthetic.adhesive.with.adjustable.properties.was.needed.to.improve.the.
creping.process.

The. synthetic. creping. adhesive. can. have. a. single. component,. such. as. acrylonitrile-grafted.
copolymer. onto. cellulose. [40],. polyvinyl. alcohol. (PVA). [43,44],. modified. polyamidoamine. with.
di-aldehyde.[45,46],.modified.polyaminoamine.epichlorohydrin.polymer.(PAE).resins.[3],.aromatic.
polyamidoamine.[21],.polyamine.(polyionene).[47],.or.it.can.be.a.copolymer.of.the.styrene–meth-
acrylic.acid.(TEA.salt).[48]..All. those.polymers.are.polar.and.some.of.them.(such.as.PVA).may.
develop.hydrogen.bonding.as.well.[49].

Due.to.their.polarity,.condensation.polymers.are.water.soluble.and.good.adhesives..The.adhesive.
chemical.structure.may.be.very.diverse.with.hydroxyl.groups.(or.ether.group).and.cationic.charges.
in.the.same.molecule.(ionene.polymers).[47,50]..These.polymers.are.not.thermosetting.and.the.low.
molecular.weight.(Mw.<.5000).materials.are.tacky.
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Addition.polymers.obtained.by.free.radical.polymerization.have.the.disadvantage.of.a.hydropho-
bic.carbon–carbon.backbone..In.order.to.make.them.more.polar.and.water.soluble,.polar.pendant.
groups.and.cationic.charges.should.be.attached.to.the.hydrophobic.backbone.[28,51]..Copolymers.of.
methyl.methacrylate.(MMA).with.30%.dimethylaminoethyl.methacrylate.are.still.water.insoluble.
(emulsions).and.they.become.water.soluble.only.after.acetic.acid.addition..The.copolymer.molecular.
weight.can.be.changed.by.using.a.chain.transfer.agent.during.the.synthesis..A.quaternization.can.
be.performed.in.order.to.obtain.a.cationic.creping.aid..Due.to.their.low.molecular.weight,.cationic.
creping.aids.do.not.alter.the.paper.wet.strength.

The.paper.web,.which.reaches.the.Yankee.dryer.may.include.a.diversity.of.furnishes,.a. large.
variation.of.the.residual.moisture,.and.concentration.of.the.paper.chemicals.used.at.the.wet.end..
Creping. adhesives. must. fit. that. diversity. and,. according. to. papers. published. in. 2002. and. 2005.
[19,33],.no.single.adhesive.has.provided.a.satisfactory.combination.of.doctorability,.rewettability,.
and.level.of.adhesion.

In.order.to.fit.a.particular.paper.mill,.the.creping.adhesives.may.have.a.very.sophisticated.com-
position..They.usually.contain.one.or.more.polymeric.adhesives,.release.aids,.humectants,.plasti-
cizers,. stabilizers,. and. softeners..Sometimes. the. chemical. reaction.between.components. is.used.
to.reach.performances.that.the.individual.components.or.their.physical.mixtures.are.lacking..The.
optimum. adhesive. composition. should. have. synergetic. effects. and. control. all. possible. chemical.
reactions.(such.as.cross-linking.and/or.thermal.degradation).

8.2.1  adheSiveS foR the yanKee dRyeR

In.order.to.fit.different.furnishes,.different.moisture.profiles,.web.speeds,.etc.,.the.ideal.adhesive.
must.be.a.very.complex.blend.of.hydrophilic.and.hydrophobic.compounds.with.ionic.or.nonionic.
structure,.to.which.other.plasticizers,.humectants,.release.aids,.and.softeners.should.be.added.

Blends. of. polymers. used. as. creping. adhesives. are. dispersions. or. homogeneous. mixtures. in.
water,.and.their.constituents.may.or.may.not.chemically.interact.with.each.other..The.robustness.
of.the.adhesive.film.is.obtained.by.controlling.the.potential.chemical.reactions.(branching,.cross-
linking,.and.thermal.degradation)..Table.8.1.shows.the.most.common.adhesive.mixtures.used.in.
the.creping.process.

8.2.1.1 nonreactive creping Adhesives
Water-dispersible. polymers. are. hydrophobic. (latexes);. a.film. is. formed. after. drying.. In.order. to.
adjust.the.Tg.of.that.film,.polymeric.latexes.with.high.Tg.are.combined.with.low-Tg.polymeric.latexes.
[88]..The.adhesive.film.must.be.water.sensitive.to.stay.tacky..For.a.good.rewettability.of.the.film.(by.
absorption.of.water.from.the.wet.web),.the.hydrophobic.character.is.balanced.with.a.more.hydro-
philic.compound.(such.as.carboxymethyl.cellulose.[31],.polyamine,.or.polyamide.[32]).
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The.ethylene-vinyl.acetate.copolymer.(EVA).latex.copolymer.(0°C.<.Tg.<.10°C).is.blended.with.
PVA,.but.its.composition.is.impacted.by.the.buildup.of.water-insoluble.residues.on.process.fabrics.
[75]..PVA.also.tends.to.coat.the.dryer.with.a.hard.and.uneven.film.that.accumulates.during.the.dry-
ing.and.creping.steps.and.results.in.uneven.creping..Additionally,.to.remove.the.hard.film,.a.clean-
ing.blade.is.frequently.used.causing.dryer.surface.wear.[54].

The.film.made.from.blends.of.PVA.and.other.water-soluble.polymers.(polyamidoamines.as.poly-
secondary.amines).[56].shows.a.better.stability.and.take.up.water.to.a.greater.extent..In.order.to.
make.the.polyamidoamine.film.more.hydrophilic,.phosphoric.acid.is.used.to.add.cationic.charges.
to.that.backbone.[21,89].

Poly-secondary.amines.are.reactive.compounds.incorporated.in.blends.that.can.be.lightly.cross-
linked.and—in.a. separate. step—make. the.blend.more.hydrophobic. (such.as.polyethylene. imine.
[PEI].reaction.with.alkenyl.ketene.dimer.[AKD]).[60]..Epichlorohydrin.is.a.nonsymmetrical.cross-
linker,.which.reacts.in.two.steps:.the.epoxide.ring.and.the.chlorine.pendant.groups..The.epoxide.

tABlE 8.1
Adhesives for yankee dryer

component A component B References

Heterogeneous systems
Polyvinyl.acetate.(Tg.<.30°C) PVA [52,53]

EVA.emulsion PVA.(10%–30%) [54]

E-VA-methylol.acrylamide.copolymer.(latex) Anionic–nonionic.surfactant [55]

Acrylates.copolymer.latex Polyamine,.polyamide [32]

Homogeneous, nonreactive systems

PVA Non-thermosetting.polyamidoamine [42,56]

PVA EO-PO.block-copolymer.or.stearyl-PPO [8,57]

PVA.(87%.hydrolysis) PEO.(Mw.=.400).and.ammonium.lignin.sulfonate [58]

PVA Poly(vinyl-amine)/vinylformamide [59]

PEI Modified.PEI [60]

Homogeneous, reactive systems

PVA Cationic.starch.and.PAE [61–63]

PVA PAE [44,64–68]

PVA Cationic.(PAE).and.anionic.(styrene–maleic.
anhydride.copolymer.[SMA]).resins

[69]

PVA PAE.and.AZC [70]

PVA AZC [44,57,71–73]

PVA G-PAm [74]

Polyacrylic.acid Poly.2-ethyl-2-oxazoline.or.PVA,.PEO [35]a

PVA Poly.2-ethyl-2-oxazoline [75]a

Poly.2-ethyl-2-oxazoline PAE-type.resin [76,77]

Poly.2-ethyl-2-oxazoline PEI.modified.with.Epi [78]

Animal.glue PAE [79]

PAE-1 PAE-2 [80,81]

PPG PAE [57]

PAE Salt.of.multivalent.metal.ion [19]

Vinyl.alcohol-vinyl.amine.copolymer AZC [46,82–86]

Vinyl.alcohol-vinyl.amine.copolymer Polyphenols.and.oxidizing.agents [56,87]

Vinyl.alcohol-vinyl.amine.copolymer Glyoxal [84]

a. One.to.the.sheet.and.another.to.the.creping.cylinder.
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ring.reacts.much.faster.and.its.conversion.is.very.high..The.resulting.polymer.has.chlorine.pendant.
groups..The.chlorine.derivative.reacts.with.secondary.(in.red).and.tertiary.amines.within.a.slower.
reaction..If.the.chlorine.pendant.groups.are.100%.converted,.the.lightly.cross-linked.polymers.are.
nonreactive..In.order.to.obtain.a.lightly.cross-linked.adhesive.with.no.chlorine.pendant.groups,.the.
epichlorohydrin.concentration.should.be.lower;.the.reaction.temperature.is.higher.for.a.longer.reac-
tion.time.[90]..During.the.cross-linking.reaction,.hydrochloric.acid.is.released.and.captured.by.the.
un-reacted.amines.as.ammonium.salt..In.the.new.quaternary.ammonium.salt,.the.covalent-bonded.
chlorine.(in.blue).was.converted.to.ionic.chlorine.
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The.process.can.be.controlled.by.the.ratio.between.secondary.and.tertiary.amine.[65,66].and.
the. amount. of. cross-linker. [42,90,91].. If. reactive. groups. are. still. present,. they. are. reacted. with.
glycidyl-trimethyl-ammonium.chloride.[92]..The.thermosetting.PAE.resin.is.converted.to.a.non-
thermosetting.creping.adhesive.after.a.reaction.with.ammonia.or.amine.[93,94].

The.use.of.poly-secondary.amines.cross-linked.with.epichlorohydrin.may.pose.environmental.
corrosion.problems.associated.with. the.halogen.moiety. [46]..To. reduce. the. residual.by-products.
(1,3-Dichloro-2-propanol.[DCP].and.3-chloropropane-1,2-diol.[CPD]),.the.lower.ratio.Epi/amine.is.
used.and.chlorinated.compounds.are.consumed.within.an.enzymatic.posttreatment.[95].

A.halogen-free.adhesive.would.prevent.the.corrosion.of.the.Yankee.drum.surface.[96]..In.order.
to.avoid. that,. the.epichlorohydrin.was.replaced.by.3-glycidoxypropyl. trimethoxysilane.[97]..The.
silyl-linked.polyamidoamines.are.prepared.with.minimal. levels.of.halide. ion.or.with.halide. ion.
being.completely.absent.

As.an.alternative.chemistry.(chlorine.is.no.longer.involved),.a.di-aldehyde.(glyoxal.and/or.glutar-
aldehyde).[45,83].or.ammonium.zirconium.carbonate.(AZC).[82].is.recommended.as.cross-linker.
for.polyamine.

8.2.1.2 Reactive self-cross-linkable creping Adhesives
All.the.cross-linking.reactions.presented.in.the.previous.section.were.performed.before.the.com-
pound. was. used. as. creping. adhesive.. The. lightly. cross-linked. polymers. show. higher. molecular.
weights,.and.therefore.their.solutions.are.hard.to.handle..Sometimes.it.is.better.to.develop.the.cross-
linked.structure.directly.on.the.Yankee.dryer,.which.can.be.seen.as.a.chemical.reactor.

The.changes.in.chemical.structure.of.the.adhesive.are.based.on.chemical.or.ionic.interactions.
(such.as.between.a.cationic.resin.and.an.anionic.polymer.[69])..Polymers.with.at.least.two.differ-
ent.reactive.groups.(such.as.chlorine.pendant.groups.and.secondary.amines).are.self-cross-linkable.
(homo-cross-linking.process)..Some.other.mono-functional.adhesives.may.interact.with.a.different.
cross-linker.(co-cross-linking.process).[73]..These.reactions.are.designed.to.set.the.proper.tacki-
ness,.adhesion,.and.film.durability.

The.PAE-type.resins.and.ethylene–vinyl.acetate–methylol.acrylamide.ternary.copolymers.[55].
are.self-cross-linkable.creping.adhesives..The.copolymer.latex.is.stabilized.with.a.mixture.(65:35).
of. anionic. emulsifier. (sodium. lauryl. sulfate. containing.2–5.mol. of. ethylene. oxide). and. nonionic.
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surfactant.(a.secondary.alcohol.ethoxylated.with.12–20.mol.of.ethylene.oxide),.which.makes. the.
film.more.hydrophilic.

H3C
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CH2

CH2
CH2

CH2
CH2

CH2
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CH2 CH2
CH2O

O

O

O
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The.properties.of.the.PAE.resin.used.as.a.creping.adhesive.[37],.such.as.doctorability,.rewetta-
bility,.and.the.level.of.adhesion.are.controlled.by.the.degree.of.cross-linking.with.epichlorohydrin..
These.resins.have.the.same.structure.as.the.PAE.wet-strength.resins.but.have.a.much.lower.amount.
of.cross-linking.agent.[80,96]..During.the.PAE.resins.synthesis,.when.the.conversion.of.chlorine.
pendant.groups.is. lower. than.100%,.the.cross-linking.process. is.completed.on.the.drier.surface..
Self-cross-linkable.PAE.resins.show.a.shorter.shelf.life.

Anionic.(co).polymers.(such.as.acrylamide/acrylic.acid/methyl.acrylate.or.styrene–methacrylic.
acid.copolymer.[48]).are.also.considered.as.creping.adhesives. [98].when. the.anionic.groups.are.
neutralized.by.tri-ethanol.amine.

CH2 CH2

CH3

CH
C

O–O

R R

N+ OHCH2

CH2
CH2

CH2

CH2

CH2

HO

OH

H

Tri-ethanol.amine. is.a.cationic.group.carrier,.a.plasticizer,.and.a.potential.cross-linker.of. the.
poly-carboxylic.polymers.

8.2.1.3 creping Adhesives with a cross-linker
The.co-cross-linking.process.is.much.more.common.and.easier.to.manipulate..In.that.case,.at.least.
two.reactive.polymers.are.involved.in.the.creping.process:.a.non-self-cross-linkable.material.and.
a. cross-linking.agent. [44,71]..A. typical. reactive.polymer. is.poly.2-ethyl-2-oxazoline,.which. is. a.
polyamide.with.a.weaker.bond.(the.amide.bond—in.red)..The.amide.bond.can.be.hydrolyzed.to.
poly-secondary.amine.or.it.can.be.involved.in.an.interchange.reaction.with.other.amine.(such.as.
PEI),.acid,.or.hydroxyl.functionalities.(see.Table.8.1).

CH2
CH2

CH2

CH3

NR R

C
n

O

Polyamines,.polyamidoamines,.or.poly-vinyl.alcohol.and/or.vinyl.amine.copolymers.are.non-
self-cross-linkable. materials.. An. external. cross-linker. is. used;. for. polyvinyl. amine. copolymers,.
the. cross-linker. is. the. ether.of.polyethylene.glycol. (PEG).diglycidyl. [59],.AZC,.glyoxal. [84],. or.
1,3,5-triglycidylisocyanurate.[99]..The.cross-linking.density.influences.the.mechanical.properties.
and.the.Tg,.which.allow.for.the.adjustment.of.the.adhesion/release.ratio.of.the.fibrous.substrate.onto.
the.dryer.surface.[82].

Chemical.interactions.developed.on.the.Yankee.dryer.are.even.more.interesting.when.a.syner-
getic.effect.is.present:.the.cross-linked.polymer.displays.a.better.performance.than.each.separate.
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component.and.any.of.their.physical.blends..The.existence.of.a.synergetic.effect.is.recorded.when.a.
response.(R,.such.as.adhesion).does.not.fit.the.simplest.mixture.rule.[100]:

. R P P= +1 1 2 2ϕ ϕ . (8.2)

where.φi.is.the.concentration.of.the.component.i.and.φ1.+.φ2.=.1.0..In.order.to.fit.the.experimental.
data.showing.a.synergetic.effect,.the.mixture.rule.should.be.modified.by.adding.a.new.term.that.is.
responsible.to.the.synergetic.interaction.(I):

. R P P I= + +1 1 2 2 1 2ϕ ϕ ϕ ϕ . (8.3)

In.blends.with.PVA.[74],.the.glyoxalated.polyacrylamide.(G-PAm).is.a.cross-linker..In.that.case,.
no.synergism.was.found.(Figure.8.1):.there.is.no.systematic.deviation.from.the.calculated.adhesion.
values.(the.dotted.line.in.Equation.8.2).

Two.different.PAE.resins.(with.different.Epi/s.amine.mole.ratio.PAE-I.from.0.5.to.1.0.to.about.
1.8.to.1.0.and.PAE-II.less.than.0.5–1.0).[80].are.mixed.and.the.synergetic.effect.(Figure.8.2).was.
found.at.5%–15%.PAE-I.in.a.co-cross-linking.reaction.
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FIGURE 8.1 The.adhesion.for.the.PVA–G-PAm.blends.
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FIGURE 8.2 The.effect.of.the.highly.cross-linked.PAE.in.blends.with.lightly.cross-linked.resin.
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There.is.a.very.good.compatibility.between.PAE.and.PVA.in.solution.and.the.degree.of.hydro-
lysis.of.PVA.is.important.for.the.properties.of.the.creping.adhesive.(Figure.8.3):.a.lower.degree.of.
hydrolysis.and.a.lower.molecular.weight.will.reduce.adhesion.[101–104].

The.PVA.adhesion.is.higher.than.that.of.PAE.[64,105],.but.their.blends.show.a.synergetic.effect.
especially.at.higher.PVA.contents.(Figure.8.4)..The.synthesis.of.the.PAE.resin.(such.as.the.reaction.
of.polyamidoamine.with.epichlorohydrin).can.be.performed.in.the.presence.of.PVA.(Airvol.325.
98%.hydrolysis).or.PEI.[106].

Synergetic.effects.have.encouraged.more.work.to.explore.other.cationic.resins..If.a.polyamine.
(such.as.1,6-hexamethylene-diamine).reacts.with.epichlorohydrin,.that.resin.shows.a.higher.adhe-
sion.than.PVA.[104]..However,.the.synergetic.effect.is.noticed.when.a.cationic.resin.is.blended.with.
PVA.(Airvol.540).(Figure.8.5).

Polymeric.blends. as. creping. adhesives. and. the.diversity.of. cationic. resins. and.poly-hydroxyl.
compounds.open.the.possibility.to.increase.the.number.of.components.in.an.adhesive.composition..
Cationic.starches.are.candidates.for.a.ternary.mixture.along.with.PVA.and.PAE.[61–63].for.a.soft,.
flexible,.white.film.on.the.Yankee.dryer.
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FIGURE 8.3 Adhesion.forces.for.blends.of.PVA.and.PAE.resins.
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If. the. PVA. and. PAE. binary. system. is. able. to. increase. the. dry. integrity. of. the. tissue. (about.
0.3%–0.5%.PVA,.based.on.dry.fiber,.is.transferred.to.the.paper.during.the.creping.process.[107]),.
the.ternary.mixture.(PAE,.PVA,.and.cationic.starch.(S+).in.%).should.have.a.complex.influence.on.
the.web.tensile.(g/in.).[61,63]:

. Web tension PVA PAE PAE PVA= + + − −+0 26 0 31 0 81 0 7 0 56. [ ] . [ ] . [ ] . [ ][ ] .S [[ ][ ]PAE S+ . (8.4)

This.equation.shows.that.each.component.contributes.differently.to.the.web.tension.but.with.a.posi-
tive.sign..However,.there.are.strong.interactions.(with.a.negative.sign!).between.the.PAE.polymers.
and.PVA.and/or.the.cationic.starch.

8.2.1.4 how to control the cross-linking Reaction on the yankee dryer
There.are. several.benefits. to.performing.a. chemical. reaction.on. the.Yankee.dryer:. the.complex.
system.with.many.variables.allow.for.the.development.of.specific.formulas.and.synergetic.effects.
to.accommodate.different.conditions.involved.in.the.papermaking.process..Moreover,.cross-linkers.
(such.as.PAE.and.G-PAm-type.resins).will.also.provide.(temporary).wet.strength.to.paper.

But.the.chemical.reactions.that.occur.on.the.dryer.surface.must.be.carefully.kept.under.control..
The.cross-linking.process.helps.by.generating.higher.molecular.weight.compounds.showing.higher.
film.durability..Unfortunately,. the.cross-linking.process.is.hard.to.control.and.the.film.may.turn.
into.a.brittle.material.with.low.water.absorbability.[11]..“Re-wettability”.refers.to.the.ability.of.the.
adhesive.remaining.on.the.Yankee.dryer.surface.to.be.activated.by.the.moisture.contained.in.the.
fibrous.structure.of.the.paper.[42]..The.film.rewettability.prevents.the.excessive.buildup.of.the.crep-
ing.aid.on.the.drying.surface.

The. general. techniques. at. controlling. the. cross-linking. process. on. the. Yankee. dryer. would.
be.to.change.the.reactivity.of.the.participants.and.to.adjust.the.ratio.between.components..These.
approaches.were.evaluated.when.a.synergetic.effect.was.studied.(see.the.previous.section)..Several.
other.methods.were.also.investigated.using.a.scavenger.and/or.diluting.with.a.solvent.to.slow.down.
the.reaction.

The. cross-linking.process.of. self-cross-linkable. adhesives. can.be. controlled.by. changing. the.
resin.structure.(lower.cross-linking.capabilities.are.preferred.[108]).or.it.can.be.moderated.with.a.
secondary.adhesive.used.as.a.controller.or.as.a.diluter.[109]..Polyamidoamines.are.cross-linked.with.
epichlorohydrin.in.the.presence.of.vinyl.amine–vinyl.alcohol.copolymers.(low.content.of.primary.
amine).[110].
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FIGURE 8.5 The.synergetic.effect.on.adhesion.for.blends.of.PVA.and.PAE.resins.
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A.diluter.may.be.a.reasonable.option.to.control.the.cross-linking.of.the.PAE.resins.[106]..PVA.
and.a.solvent.with.low.volatility.(deep.eutectic.solvent.with.a.melting.point.of.less.than.100°C.[111]).
are.used.to.control.the.cross-linking.process..PVA.as.a.diluter.for.PAE.resins.can.be.added.in.one.or.
two.steps.to.the.Yankee.dryer.(PVA.first,.PAE.afterward.through.another.nozzle).[68].

In.order.to.control.the.cross-linking.reaction.performed.with.cationic.G-PAm.(cG-PAm).[112],.
a.reactive.small.molecule,.such.a.polyol,.is.used.as.a.scavenger.and.a.plasticizer..The.effect.of.the.
concentration.of.the.poly-hydroxylic.compounds.on.the.reduction.in.the.Tg.values.shows.two.differ-
ent.regions.(Figure.8.6)..At.low.concentration,.the.polyol.appears.to.behave.as.a.scavenger,.and.its.
molecule.is.incorporated.in.the.macromolecule..At.higher.concentrations.of.sorbitol.(over.40%),.the.
cross-linking.process.is.slowed.down.and.the.plasticizer.effect.is.obvious.

8.2.2  modifieRS

The.creping.adhesives.are.macromolecular.compounds..Their.properties.change.after.blending.with.
other.polymers.and.by.changing.their.chemical.structure..The.cross-linking.process.on.the.Yankee.
dryer.surface.may.generate.a.harder.and.more.hydrophobic.film..Due.to.those.limitations,.small.
molecules.are.added. in. formulas. in.order. to.control.chemical. reactions. (such.as.scavengers;. see.
above),.to.change.the.film.Tg.(such.as.plasticizers),.or.to.improve.water.absorption.(such.as.humec-
tants.[113]).

For.polymers.with.high.Tg.values,.water.may.play.the.role.of.plasticizer.[102]..The.amount.of.
water.is.limited.by.the.drying.process:.residual.water.in.the.creping.adhesive.film.is.in.equilibrium.
with.the.water.content.in.paper..Humectants.and.hydrophilic.solvents.with.high.boiling.point.(such.
as.ionic.liquids).[111].may.keep.more.water.in.the.adhesive.film.
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FIGURE 8.6 The.effect.of.sorbitol.concentration.on.Tg.of.PAAm.
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Some. small.molecules,. such. as. aliphatic. polyols. [108],. their. oligomers. (Mw.<.600),. or. polyal-
kanolamines. [29]. perform. both. as. plasticizers. and. humectants:. they. change. the. coating. Tg. and.
tackiness.[2,108].and.are.also.partially.transferred.to.paper.

Glycerol.is.the.most.common.polyol.[79],.but.ethylene.glycol,.diethylene.glycol,.propylene.gly-
col,.or.PEG.should.also.be.used.[29,65,66,108]..The.same.molecule.of.humectant.can.contain.both.
hydroxyl.and.amide.groups.[113]..Water-soluble.polyalkanolamides.are.prepared.by. the.reaction.
of.a.polycarboxylic.acid.with.an.alkanolamine.[114]..The.mixture.of.mono-.and.di-alkanol.amine.
reacts.with.adipic.acid.and.a.complex.blend.of.polyamido-polyols.is.obtained.
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They.are.both.polyols.and.polyamides,.which.makes.them.potential.creping.adhesive.and.ensures.
a.very.good.compatibility.with.the.PAE-type.resin..In.the.case.of.blends.of.PAE.resin.and.polyal-
kanolamide,.adhesion.shows.a.synergetic.effect.(Figure.8.7).

The. adhesive. layer. should. be. chemically. stable. at. over. 100°C. and. in. the. presence. of. air..
Regardless.of. the. chemical. composition,. the. chemical. compounds.with.polar. structure. involve.
weaker.chemical.bonds..The.thermoxidative.process.makes.the.film.harder.and.less.water.absor-
bent..The.addition.of.a.phosphate.salt.to.the.creping.adhesive.formulation.has.proven.very.helpful.
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FIGURE 8.7 The.synergetic.effect.of.polyalkanolamide.in.blends.with.PAE.resin.
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in.that.respect..As.a.result,.creping.is.more.even,.and.the.cleaning.blades.need.to.be.changed.less.
often.[52,115,116].

Potassium.polyphosphate.is.used.in.a.concentration.of.2%.based.on.solids.in.a.PVAc-PVA.mix-
ture.[52];.5%.sodium.hypophosphite.is.recommended.for.the.PAE-type.creping.adhesive.[115].

The.chemicals.incorporated.in.the.creping.adhesives.help.in.film.formation.and.improve.adhe-
sion.to.the.dryer.and.paper..Moreover,.the.creping.process.involves.interactions.between.the.adhe-
sive.mixture.and.cellulose.fibers.and.a.double.transfer.of.material:.some.fibers.are.transferred.to.
the.dryer.and.some.chemicals.from.the.adhesive.film.are.transferred.to.paper..A.release.aid.will.
control.the.fiber.and.the.chemical.transfer.to.paper,.which.improves.various.paper.properties.(such.
as.softness).

8.2.3  ReleaSe aidS

Release.aids.help.[37,66].by.moderating.the.adhesive.properties,.primarily.in.terms.of.decreasing.
adhesion,.and.releasing.the.sheet.from.the.dryer.at.the.creping.blade.[54]..The.release.aid.is.impor-
tant.for.both.the.paper.quality.and.the.dryer.runnability.

The.mechanism.through.which.the.release.aid.changes.adhesion.is.still.being.studied..A.change.
in.surface.energy.and/or.a.phase.separation.when.the.new.nonpolar.surface.interferes.with.the.film.
adhesive.are.potential.explanations.for.this.mechanism..For.instance,.ethoxylated.acetylenic.diols.
[117].as.release.aids.may.change.the.dynamic.surface.tension.of.the.creping.adhesive;.the.unifor-
mity.of.the.coating.is.maintained.for.a.longer.period.of.operation.before.a.doctor.blade.change.is.
necessary.

On.the.other.hand,.the.typical.practice.in.the.industry.involves.the.use.of.an.adhesive.polymer.in.
combination.with.release.oil,.i.e.,.mineral.oil.or.terpene-type.oil.[44]..If.the.adhesive.is.very.polar,.
water.soluble,.and.cationic,.the.release.aid.displays.reverse.properties:.nonpolar.[66],.insoluble.in.
water,.and.neutral..An.emulsifying.surfactant.package.is.often.formulated.to.disperse.the.release.
aid.in.the.water.medium.[2].

The.preferred.emulsifiers.for.mineral.oils.are.nonionic.(alkoxylated.alcohol,.alkoxylated.alkyl-
phenol).[30],.cationic,.or.with.both.nonionic.tail.and.cationic.charges.[118]..This.type.of.emulsifier.
is.able. to.make.mineral.oil.emulsions.stable.both. in.3.N.hydrochloric.acid.and.in.5%.potassium.
hydroxide.solution.

C17H33

N
+

NHO
CH2 CH2 CH2 CH2O OH

8Cl–

The.cationic.emulsifier.is.a.potential.softener.that.adds.more.potential.benefits.to.the.release.oil.
emulsions..The.amino-functional.poly-dimethyl-siloxane.can.also.be.included.in.that.category.of.
emulsifiers.with.double.functions.[119].

It. is.commonly.believed. that. release.oil. (less.soluble.material).migrates.from.the.hot.Yankee.
dryer.surface.toward.the.air.side,.creating.a.gradient.of.the.release.oil.concentration.with.the.coating.
[2]..How.evenly.the.release.material.is.distributed.on.the.coating.surface.is.very.important.because.
coating.uniformity.is.critical.for.consistent.creping.

An.oil.release.aid,.which.is.not.water.soluble,.will.result.in.an.opaque.film.and.no.change.in.the.
Tg.of.the.adhesive.is.recorded.[2]..Moreover,.the.oil.transferred.to.paper.can.have.a.negative.effect.
on.the.absorbency.of.the.final.product.

In.an.attempt.to.solve.that.problem,.amphiphilic.polymers.have.been.used..The.hydrophilic.part.
is.a.block.of.polyethylene.oxide.(PEO).along.with.an.alkyl.tail.or.a.hydrophobic.block.of.propyl-
ene.oxide..Creping.adhesives.of.PVA.or.PAE.resin.(95%).with.an.amphiphilic.release.aid.(such.as.
alkyl-polypropylene.glycol.[PPG]).still.provide.hazy.or.cloudy.films.[57]..The.haziness.shows.an.
incompatibility.between.components.
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The.nonpolar.character.of.hydrocarbon.oils.is.weakened.by.adding.cationic.charges..The.most.
popular.release.agent.is.a.cationic.compound.with.a.long.hydrocarbon.tail..The.hydrocarbon.being.
its.major.part,.the.cationic.compound.can.be.seen.as.a.modified.version.of.the.hydrocarbon.oil.

An.interesting.case.is.the.lecithin.(an.amphoteric.and.amphiphilic.compound),.which.inhibits.
the.sticking.of.pulp.fibers.to.the.surface.of.the.drier.[120,121]..Lecithin.is.added.at.the.wet.end.as.
aqueous.emulsion.in.ammonia.
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The.cationic.(or.amphoteric).compounds.with.an.amphiphilic.structure.are.supposed.to.interact.
with.anionic.charges.from.cellulose.fibers.and.change.the.interfiber.bonding..Those.types.of.interac-
tions.are.also.involved.in.the.case.of.softeners.

8.3 dEBondERs/soFtEnERs

Paper.softness.is.a.function.of.the.stiffness.and.dry.strength.of.the.sheet..As.a.general.rule,.higher.
stiffness.results.in.lower.softness..The.hydrogen.bonds.restrict.the.movement.of.adjacent.cellulosic.
fibers,.which. results. in. a.product. that. feels. relatively. stiff..The. softening. techniques.disrupt. the.
hydrogen.bonds.by.creping.the.final.paper.web,.adding.a.cationic.softener,.or.exposing.the.dried.
paper.web.to.electron.beam.radiation.[122].

Paper.softness.depends.on.the.pulp.quality.[123],.the.parameters.of.the.papermaking.process.(the.wet.
web.consistency.at.the.dryer,.the.pressure.on.rolls.[124],.the.drying.temperature,.and.the.sheet.speed),.
and.the.quality.and.amount.of.paper.chemicals.(dry-strength.resin,.creping.adhesives,.and.softeners).

For.better.softness,. tissue.products.are.made.from.short-fiber.pulp.only.[125].and/or.multiple.
paper.layers.[126]..Multi-ply.structure.tries.to.solve.the.problem.by.using.different.furnishes.and.a.
different.chemical.treatment.for.each.layer.[127–130]..The.inner.layer.contains.northern.softwood.
strengthened.with.a.higher.concentration.of.WSR.(0.75%).and.dry-strength.resin.(carboxymethyl.
cellulose.[CMC].0.2%)..No.softener.was.added.to.it..The.external.layer.(Eucalyptus.stock).contains.
less.WSR.(0.2%).and.dry.strength.resin.(DSR).(0.05%),.but.a.softener.blend.is.added.in.the.amount.
of.0.25%.at.the.wet.end.[128,131].

As.far.as.the.process.parameters.are.concerned,.there.are.limitations.in.the.ranges.in.which.the.
moisture.content,.temperature,.and.nip.pressure.can.be.adjusted..Drastic.changes.in.the.papermak-
ing.process.(such.as.drying.the.wet.web.with.high-pressure.air,.at.high.temperature.[132]).are.rare.
because.those.parameters.always.depend.on.the.machine.productivity.and.economics..These.limita-
tions.are.overcome.by.using.chemical.compounds:.their.chemical.structure.and.molecular.weight.
offer.a.virtually.infinite.number.of.options.to.improve.the.paper.softness.

8.3.1  SofteneRS Retention and Softening mechaniSm

The.chemical.structure.and.the.molecular.weight.of.the.softener.is.important.for.both.its.effective-
ness.(and/or.biodegradability).and.the.fact.that.it.can.cause.excessive.irritation.upon.contact.with.
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human.skin.[133]..The.point.of.addition.for.a.softener.depends.on.its.attributes.and.its.chemical.
structure..In.order.to.be.effective,.the.softener.must.be.located.on.paper.and.preferably.on.the.paper.
surface..Softeners.are.added.at.the.wet.end.[134,135],.sprayed.on.the.wet.or.dry.web.[135–138],.or.
are.included.in.the.creping.adhesive.mixtures.[84,139].

A.cationic.compound.[140–145].or.a.reactive.compound.(with.an.aldehyde.functionality.on.the.
oxidized.cellulose. [146]).can.be. retained.at. the.wet.end,.but.nonionic.and.nonreactive.softeners.
should.be.added.after.the.web.formation..Modified.fibers.with.more.carboxylic.groups.will.retain.
more.cationic.softener.[147]..However,.blends.of.cationic.(di-hydrogenated.Tallow.di-methyl.ammo-
nium.sulfate).and.nonionic.PEG.400.[128,131]).are.added.together.at. the.wet.end..The.chemical.
softening.composition.is.more.effective.when.the.components.are.first.premixed.together.before.
being.added.to.the.furnish.(the.nonionic.compound.is.retained.more.than.85%).[148].

The.cationic.softeners.(debonder),.added.at.the.wet.end,.compete.with.other.cationic.compounds.
(wet.strength.or.temporary.wet-strength.resins.[TWSR]).for.the.anionic.sites.on.the.cellulose.fibers..
Anionic.emulsions.(such.as.high.molecular.weight,.branched.alcohols.stabilized.with.anionic.copo-
lymers).are.retained.with.cationic.PAE.resins.[149].

The.competition.for.anionic.cellulose.fibers. is.part.of. the.softening.mechanism..Cationic.wet.
strength.and/or.TWSR.increase.the.paper.wet.strength.[150].but.dry-strength.resins.enhance.the.
number.of.interfiber.hydrogen.bonds..A.debonder.is.an.inhibitor.of.the.rigid.hydrogen.bond.forma-
tion.and.is.believed.to.function.by.reducing.the.number.of.sites.along.the.individual.fibers.suscep-
tible.to.natural.interfiber.bonding.[31]..Therefore,.when.the.debonder.is.added.at.the.wet.end,.the.
sheet.density.decreases.[144,151].and.the.internal.paper.cohesion.goes.below.the.adhesion.degree.
between.the.paper.web.and.the.drier.surface.[152].

The.reduction.in.interfiber.bonding.results.in.lowering.both.dry.and.wet.tensile.strengths.[27]..
Surprisingly,. for.quaternized. imidazoline. [150],. the.debonder.effect. is. relatively. stronger.on. the.
paper.dry.strength.than.on.its.wet.strength.(Figure.8.8).

The.addition.of.the.softener.at.the.wet.end.would.help.the.creping.process:.the.interfiber.bonds.
are.already.weaker.when.the.web.reaches.the.Yankee.dryer.[153]..The.softener.(0.11%.based.on.dry.
fiber).is.added.to.the.short-fiber.stock.before.its.blending.with.the.long.fibers..The.entire.stock.is.
then.treated.with.dry-strength.resin.and.TWSR.[154].

The. strengthening. resins. make. the. paper. web. stiffer. and. more. hydrophobic,. and. therefore.
the.sheet.shows.a.lower.water.absorption..Hydrophilic.compounds.(polyacrylic.acid.salt,.cellu-
lose.derivatives,.poly(vinyl.pyrrolidone),.polyethylene.oxide,.PVA,.glycerol).are.sprayed.on.paper.
to. increase. the.water.absorption.[155].. If. the. lubrication.effect. is. targeted,. the.softener.should.
remain.on.the.paper.surface.and.must.have.a.melting.point.at.or.below.body.temperature.(about.
37°C).[156].
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8.3.2  PaPeR SoftneSS evaluation

The.assessment.of.paper.softness.is.a.complex.task..Softness.can.be.enhanced.by.decreasing.dry.
strength. [157].and/or.by. increasing. lubricity. [149].. It. is. related. to. the.paper’s.various.degrees.of.
stiffness.(flexibility),. lubricity.[127],.compressibility.(high-bulk.structure,.see.the.double.creping.
on.both.sides.of.the.sheet.[158]),.and.to.the.number.of.fibers.protruding.from.the.surface.of.a.tissue.
per.unit.area.[9].

It.is.therefore.hard.to.assess.the.degree.of.softness.of.the.paper,.and.the.attempt.to.introduce.a.
“softness.evaluation.gadget”.[159].has.not.replaced,.as.yet.the.“experienced.panelists.”.The.“experi-
enced.panelist”.is.considered.quite.accurate,.and.thus.it.was.possible.to.develop.an.empirical.model.
for.tissue.softness..According.to.that.model,.tissue.softness.depends.on.the.arithmetic.mean.of.the.
surface.roughness,.the.CD/MD.tensile.index,.and.the.mean.elastic.modulus.[160].

8.3.3  chemical StRuctuRe of SofteneRS/deBondeRS

The.chemical.structure.of.the.debonder–softener.is.similar.to.the.release.aids.and.humectants:.a.
cationic.charge,.a.hydrophobic.tail.[161],.and—optionally—PEO.segments.(where.n.≥.10.and.p.and.
q.≥.1.0)..That.type.of.debonder.can.be.used.as.is.or.in.blends.with.nonionic.compounds.[162].

The.cationic.charge.of. the.debonder.helps. locate. the.new.molecule.on. the.fiber. surface..The.
enhanced.hydrophobic.character.of.the.fiber.surface.reduces.its.hydrogen.bonding.capabilities..The.
hydrophobic.tail.[163,164].has.at.least.twelve.carbon.atoms.[10,165–168].such.as.the.cationic.dis-
tearylamide.of.diethylene.triamine.(DETA).[144],.the.quaternary.ammonium.salt.of.fatty.amines.
[169],.the.di-hydrogenated.tallow.alkyl.dimethyl.ammonium.salt.[136,157,170–174],.and.the.di-oleyl.
imidazolinium.ethyl.quaternary.sulfate.[70,82,85,86,142,153,154,175–177].

N+
N

R NH

RO

H3C

EtSO4 –

The.synthesis.of.imidazoline.derivatives.(DETA.condensation.and.fatty.acids,.followed.by.cycli-
zation.and.quaternization).shows.low.yields.[178–180],.and.the.final.product.may.contain.intermedi-
ary.compounds..The.imidazolinium-type.softener.[181].(with.a.melting.point.of.about.0°C–40°C.
[175,182]).is.blended.with.20%.by.weight.PEG.[142,136].or.with.nonionic.surfactants.[140].(such.as.
silicone.glycols.[153]).

Amphiphilic.molecules. of. PEG.400.dioleate. (40%). and. PEG.200.dilaurate. (50%). are.mixed.
with.imidazoline.(10%).with.a.view.to.making.a.stable.dispersion.with.mixed.micelles.(cationic-
nonionic).[177]..Due.to.these.mixed.micelles,.the.cationic-nonionic.softener.[170].is.retained.on.the.
pulp.at.the.wet.end.

The.poly-ether.part.can.be. incorporated. in. the. imidazolinium.molecule.[183]..The.new.com-
pound.includes.hydrophobic.tails,.a.cationic.charge,.and.a.hydrophilic.segment.
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The.different.acyclic.compound.as.softener.is.the.salt.of.di-octyl.quaternary.ammonium.[184],.
which.was.modified.with.poly-ether.tails.[185].(where.x.+.y.<.15).

N+

C18H37H3C

O HCH2 CH2
CH2 CH2OH

xy

Cl–

The.architecture.of.the.molecule.can.be.changed.by.adding.two.hydrocarbon.tails.[186].and.by.
having. only. one. polyethoxylated. group. [172].. The. polyethoxylated. segment. can. also. be. located.
between.the.cationic.charge.and.the.hydrophobic.tail.[187–189]

Cl–
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CH2 CH2
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CH2

CH2

CH2

CH2CH2 CH3

CH3

The.hydrophilic.cationic.moiety.can.be.placed. in. the. same.molecule.with.an.anionic.moiety.
(zwitterionic.softener).[190].

N+

CH3

CH3

H3C

O

O–

Cationic. emulsifiers. have. two. hydrocarbon. tails. bonded. through. ester. groups. [191–193],.
amino-amide.[194–196],.or.di-amide.group.[84].and.are.also.used.as.softeners.
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The.amide.functionality.simulates.the.structure.of.wet-strength.resins..Other.functional.groups.
can.also.be.added.[197]:.an.amphoteric.structure.after.a.Michael.addition.[198].or.a.reactive.epoxy.
group.[199].

n

O

N
H

N+

H33C16

C16H33

O

NH

CH2 CH2OH

H

H33C16

C16H33

C16H33

O

NH

O
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C12H25

N+ CH3
H3C

O
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The. ratio. between. the. hydrophilic. part,. the. cationic. charges,. and. the. hydrophobic. tails. is.
critical.for.the.effectiveness.of.the.softener..Quaternary.ammonium.salts.with.multiple.cationic.
charges. in. their.structure.and.hydrophobic. tails. [200–204].can.reduce. the.paper. internal.bond.
factor.by.30%..If.the.polycationic.compound.has.no.hydrophobic.tails,.the.paper.internal.bond.
increases.by.15%.
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The.amphiphilic.part.and.the.cationic.charges.can.be.located.in.different.molecules,.which.per-
form. as. a. blend.. Di-isodecyl. adipate. is. dispersed. in. water. and. the. dispersion. is. stabilized. with.
a.cationic.emulsifier.[205]..The.ratio.of. the.average.particle.size.of. the.dispersed.softener.to.the.
average.fiber.diameter.should.be.in.the.range.of.about.0.01.to.about.15%.[175]..The.hydrophobic.
polysiloxane.[206].is.carried.by.cationic.compounds.[27,207,208].or.is.incorporated.in.the.structure.
of.the.PAE.resin.[209].
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Surprisingly,.other.chemicals.used.at.the.wet.end.have.an.impact.on.the.paper.softness:.fill-
ers.and.the.hydrolyzed.AKD.[210,211].(“deactivated.AKD”.in.hot.water.can.increase.the.paper.
softness.[212,213])..Fillers.(such.as.kaolin).occupy.the.space.between.fibers,.reduce.hydrogen.
bonding,.and.improve.paper.softness.[214,215]..The.filler.addition.as.a.coating.on.the.thin.paper.
web,.on.the.Yankee.dryer.[216],.is.difficult..Thus,.filler.(8%–20%).needs.to.be.retained.at.the.
wet.end.

There. are. limitations. to. the. addition. of. softeners. at. the. wet. end.. The. increase. in. softness. is.
accompanied.by.a.significant.decrease.in.paper.strength..Moreover,.the.cationic.surfactants.are.gen-
erally.toxic.to.aquatic.organisms.and.undesired.in.waste.water.[217]..The.wet.end.chemistry.must.
be.modified.to.accommodate.the.presence.of.a.softener.and/or.to.perform.the.softener.addition.at.a.
later.stage.in.the.papermaking.process.

In.order.to.change.the.wet.end.chemistry.[218].in.the.presence.of.a.softener,.the.paper.wet.strength.
can.be.improved.by.using.an.anionic.wet-strength.resin.(acrylic.latex.and.styrene-butadiene.latex).
and.a.cationic.“deposition.aid”.[171]..Another.option.would.be.to.replace.the.cationic.compounds.by.
nonionic.softeners.[218].or.to.separate.the.hydrophobic.contribution.and.the.cationic.charge.[219]:.
the.coconut.hydrophobic.oil.is.emulsified.with.anionic.(dodecyl.benzene.sulfonate).and.nonionic.
(ethoxylated.fatty.alcohol).emulsifiers..The.retention.of.the.anionic.particles.is.performed.with.poly-
DADMAC.or.polyamine.[217].

The.dry.strength.of.the.weakened.paper.can.be.also.improved.by.printing.a.bonding.material.
(CMC,.poly-N-methylol.acrylamide.or.urea–formaldehyde.[UF].resins.[220].on.selected.areas.

To.avoid.all.the.troubles.at.the.wet.end,.softeners.are.added.to.the.wet.web.(before.pressure.bond-
ing.[157])..They.may.be.either.mixed.into.the.creping.aids.on.the.Yankee.dryer.[67].or.spread.on.
the.dry.paper.(after.Yankee.dryer).[27,119,187,197].(especially.for.nonionic.compounds.[133,221])..
The.softeners.added.on.the.wet.web.have.a.simplified.structure:.the.presence.of.cationic.charges.
is.no.longer.required..Surface.softeners.[206].are.spread.on.the.wet.web.(20%–80%.consistency).
[218,222–225]..Their.retention.is.in.excess.of.90%.

Nonionic.softeners.have.a.long.hydrophobic.tail.and.a.hydrophilic.group,.such.as.N-lauryl-N-
methoxypropyl.glucamide.dispersed.in.water.in.the.presence.of.ethoxylated.fatty.alcohols.[226].

H23C11 N

O
CH3

O

OH

OH

OH

OH
OH

Blends.that.include.softeners.are.complex.mixtures.with.a.water-dispersed.organic.phase.(37%):.
16%.petroleum-based.oil. (saturated.hydrocarbons. C16–C32),. 0.8%.distearyl. dimethyl. ammonium.
chloride,.0.5%.cetyl.alcohol,.and.82.7%.glycerol.[227].

The.debonder–softener.addition.can.be.combined:.the.cationic.compound.blended.with.PEG-
400.is.added.at.the.wet.end.and.the.polysiloxane.emulsion.is.sprayed.on.the.dry.web.(Eucalyptus.
layer).[129].or.printed.only.on.the.small.spots.of.the.dried.web.[228]..The.polysiloxane.sequence.
can.also.be.a.side.chain. in.a.copolymer.composition.with.other.hydrophilic.and/or.hydrophobic.
comonomers.[229].

The.softener.is.dissolved.or.dispersed.in.the.creping.adhesive.blend..The.adhesive.composition.
for. the.Yankee.dryer. includes.34%.polyamide. resin,.22%.PVA,.and.44%. imidazoline. softening.
agent.[67]..For.a.heterogeneous,.nonionic.adhesive,.the.presence.of.sucrose.(10%.based.on.solids),.
in.a.blend.with.PVAc.(80%).and.PVA.(10%).[53],.is.claimed.to.enhance.the.paper.softness.
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Multiple. component. mixtures. (as. creping. adhesives. or. softeners). deal. with. the. compatibility.
issues..Most.of.the.components.are.not.soluble,.or.partly.soluble.in.water,.they.may.lose.their.solu-
bility.due.to.some.chemical.reactions.or.due.to.the.water.evaporation.on.the.Yankee.dryer..A.com-
patibilizer.(ethoxylated.sorbitan.ester).is.blended.with.a.PEO.(PEG-400).and.a.softener.(sorbitan.
monostearatin).to.make.a.stable.dispersion.[133,230]..The.temperature.and.the.concentration.of.the.
oil.phase.(sorbitan.stearate.and.ethoxylated.linear.C12.alcohol.or.for.cationic.compounds.and.PEG.
400).have.a.strong.impact.on.the.viscosity.of.the.water.dispersion.[131,156].

Paper.softness.is.improved.after.the.sheet.has.left.the.Yankee.dryer.surface.as.dried.paper..The.
dried.paper.surface.is.modified.with.softener.and.lubricants.(such.as.linear.fatty.alcohols,.ethoxyl-
ated.fatty.alcohols,.dimethyl.ditallow.quaternary.ammonium.chloride.[231]).or.with.compounds.
showing.a. low.tendency.to.migrate. inside.the.web.(dimethyl-distearyl.ammonium.chloride,.zinc.
stearate,.and.PEG).[135,139]..Migration.is.also.prevented.by.a.coupling.agent,.such.as.the.ester.of.
the.polyhydroxy.fatty.acid.[232].

Nonionic.surfactants.(alkyl.glycoside.ethers.[233],.alkyl.polyethoxylate.esters).or.polyethoxyl-
ated.compounds.are.associated.with.a.polysiloxane. softener. [133]. to. improve.water. absorbency..
That.mixture.is.sprayed.onto.a.heated.transfer.surface.designed.as.a.calender.roll..The.film.formed.
on.the.heated.surface.is.in.contact.with.the.creped.paper.and.the.molten.paper.chemicals.are.trans-
ferred.to.the.paper.surface.[25].

Due.to.their.effect.on.reducing.the.paper.dry.strength,.softeners.are.added.to.the.fibers.in.limited.
amounts..In.an.attempt.to.recover.the.paper.dry.strength,.the.use.of.a.softener.with.a.long.hydrocar-
bon.tail,.a.cationic.charge,.and.a.reactive.moiety.is.suggested.[234].

H33C17
C17H33

C

O

NH

CH2 CH2 CH2 CH2

N+

NH C

O

OH

The.reactive.functionality.can.make.a.covalent.bond.with.another.fiber.and.thus,.through.ionic.
and.covalent.bonds.the.interfiber.bonds.are.consolidated.and.the.softness.effect.is.also.preserved.
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. 35.. D.A..Soerens,.US.4,994,146.(1991).

. 36.. B..Zhao.and.R..Pelton,.J. Adhesion Sci. Technol.,.17(6),.815–830.(2003).

. 37.. G.S..Furman,.V.A..Grigoriev,.W..Su,.and.C..Kaley,.Tissue World Americas Conference,.September.2004.

. 38.. C.J..Roberts,.US.3,903,342.(1975).

. 39.. M.T..Goulet,.S.L..Pomeroy,.and.M..Trimacco,.US.7,189,307.(2007).

. 40.. B.G..Klowak,.W.L..Pauls,.and.F.J..Vermillon,.US.4,125,659.(1978).

. 41.. N.I..Salmeen.and.B.G..Klowak,.US.4,610,743.(1986).

. 42.. C.W..Neal,.L.J..Forde-Kohler,.and.D.A..Salsman,.US.6,187,138.(2001).

. 43.. G.A..Bates,.US.3,926,716.(1975).

. 44.. N.S.Clungeon.and.J.J.Boettcher,.US.7,404,875.(2008).

. 45.. G.S..Furman,.J.F..Kneller,.K.M..Bailey,.M.R..Finck,.and.W..Su,.US.5,382,323.(1995).

. 46.. P.V..Luu,.C.M..Neculescu,.and.D.M..Mews,.US.6,812,281.(2004).

. 47.. W.B..Hill.and.J.B..Stitt,.US.6,991,707.(2006).
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(2006).

. 50.. K.H..Wassmer,.U..Schroeder,.and.D..Horn,.Makromol. Chem.,.192,.553–565.(1991).

. 51.. J.J..Latimer.and.T.E..Stevens,.US.4,308,092.(1981).

. 52.. P.P..Chen,.T..Chiu,.and.J.R..Skerrett,.US.4,883,564.(1989).

. 53.. W.H..Pippin,.GB.2,179,953.(1987).

. 54.. H.E..Grube.and.T.D..Ries,.US.4,304,625.(1981).

. 55.. J.E..Goldstein.and.R.J..Pangrazi,.US.6,908,524.(2005).and.US.6,974,520.(2005).

. 56.. D.A..Soerens,.US.4,684,439.(1987).

. 57.. N.S..Clungeon,.B.J..Kokko,.D.W..White,.and.J.J..Boettcher,.US.2004/0211534.(2004).

. 58.. D.A..Soerens,.US.5,025,046.(1991).

. 59.. V.A..Grigoriev,.G.S..Furman,.M..Wei,.W..Su,.and.C.D..Kaley,.US.2007/0000631.(2007).

. 60.. F..Linhart,.A..Esser,.and.D..Kannengiesser,.US.7,604,713.(2009).

. 61.. K.D..Vinson,.H.T..Deason,.and.B.S..Hersko,.US.5,944,954.(1999).

. 62.. J.D..Lindsay.and.T.G..Shannon,.US.6,911,114.(2005).

. 63.. K.D..Vinson,.H.T..Deason,.and.B.S..Hersko,.US.6,207,734.(2001).

. 64.. D.A..Soerens,.US.4,501,640.(1985).
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. 69.. C.W..Neal,.E..Aprahamian,.and.J.A..Cain,.US.7,683,126.(2010).
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2005/0006040.(2005).

. 71.. D.H..Hollenberg,.P..Van.Luu,.and.S.R..Collins,.US.5,246,544.(1993).
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. 74.. G.S..Furman,.C..Gruen,.and.P..Van.Luu,.US.5,179,150.(1993).

. 75.. W.S..Pomplum.and.H.E..Grube,.US.4,436,867.(1984).
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. 94.. P..Knight.and.G.P..Sheridan,.EP.0,856,083.(2000).

. 95.. R.J..Riehle,.R..Busink,.M..Berri,.and.W..Stevels,.US.7,303,652.(2007).

. 96.. H.H..Espy.and.W.W..Maslanka,.US.5,338,807.(1994).

. 97.. A.J..Allen.and.A.C..Sau,.US.5,990,333.(1999).

. 98.. P..Knight.and.U..Welkener,.US.5,234,547.(1993).

. 99.. C.D..Walton.and.J.F..Warchol,.US.2003/0114631.(2003).
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2002.

.104.. A.J..Allen,.US.6,808,597.(2004).

.105.. D.A..Soerens,.US.4,528,316.(1985).

.106.. W.W..Maslanka,.US.6,214,932.(2001).

.107.. M.J..Smith.and.S.J..McCullough,.US.5,853,539.(1998).

.108.. A.J..Allen.and.G..Lock,.US.5,660,687.(1997).

.109.. V.A..Grigoriev,.G.S..Furman,.S.L..Archer,.W..Su,.C.D..Kaley,.and.M..Wei,.US.2007/0151684.(2007).

.110.. W.W..Maslanka,.US.5,994,449.(1999).

.111.. B.J..Kokko,.US.2008/0105394.(2008).

.112.. G.S..Furman,.US.5,187,219.(1993).

.113.. T.P..Oriaran,.B.T..Burrier,.H.S..Ostrowski,.E.W..Post,.and.J.H..Propp,.US.6,207,012.(2001).

.114.. A.J..Allen,.US.6,133,405.(2000).

.115.. A.J..Allen,.US.6,280,571.(2001).

.116.. A.J..Allen,.US.2002/096288.(2002).

.117.. F.M.C..Chen.and.F.G..Druecke,.US.5,468,796.(1995).

.118.. K.L..Johnson,.US.3,567,734.(1971).

.119.. R.S..Ampulski,.US.5,389,204.(1995).

.120.. E.D..Martinez.and.T.F..Duncan,.US.4,970,250.(1990).

.121.. E.D..Martinez.and.T.F..Duncan,.US.5,034,097.(1991).

.122.. R.F..Ross.and.J.C..Lau,.US.6,808,600.(2004).

.123.. T..Iwamida.and.Y..Sumi,.Cellul. Chem. Technol.,.14(2),.253–268.(1980).

.124.. L.-S..Kuo.and.Y.-L..Cheng,.Tappi J.,.83(12),.61–61.(2000).
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.125.. K.D..Vinson,.US.5,405,499.(1995).

.126.. S.L..Edwards,.P.J..Allen,.and.O.P..Renier,.US.5,494,554.(1996).

.127.. W.W..Ostendorf,.S.R..Kelly,.P.D..Trokhan,.and.D.V..Phan,.US.5,397,435.(1995).

.128.. D.V..Phan.and.P.D..Trokhan,.US.5,405,501.(1995).

.129.. R.S..Ampulski,.J.K..Monteith,.W.W..Ostendorf,.D.V..Phan,.and.P.D..Trokhan,.US.5,573,637.(1996).

.130.. D.V..Phan.and.P.D..Trokhan,.US.5,223,096.(1993).

.131.. D.V..Phan.and.P.D..Trokhan,.US.5,240,562.(1993).

.132.. R.I..Cole,.D.E..Holcroft,.E.A..Milligan,.and.S..Greenhalgh,.US.3,432,936.(1969).

.133.. D.V..Phan.and.D..Trokhan,.US.5,334,286.(1994).

.134.. D.M..Bhat,.R.J..Marinack,.H.S..Ostrowski,.and.S.D..Moesch,.US.5,958,187.(1999).

.135.. L.E..Salaam.and.S..Prodoehl,.US.2009/0188636.(2009).

.136.. E..Chan,.B.M..Woods,.and.L.E..Salaam,.US.2009/0188637.(2009).

.137.. G..Baumoeller,.R..Kawa,.A..Ansmann,.S..Eichhorn,.and.A..Urban,.US.7,622,021.(2009).

.138.. C.S..Benz,.US.3,817,827.(1974).

.139.. K.W..Britt,.US.3,305,392.(1967).

.140.. T.T.P..Oriaran,.B.E..Burrier,.H.S..Ostrowski,.E.W..Post,.and.J.H..Propp,.US.6,017,418.(2000).

.141.. J.H..Dwiggins,.R..Ramesh,.F.D..Harper,.A.O..Awofeso,.T.P..Oriaran,.G.A..Schulz,.and.D.M..Bhat,.US.
6,334,931.(2002).

.142.. D.T..Nguyen,.US.7,217,340.(2007).

.143.. P.A..Graef.and.F.R..Hunter,.US.5,225,047.(1993).

.144.. Y..Nakamura,.T..Tamai,.and.K..Asakura,.US.7,344,621.(2008).

.145.. P.A..Graef.and.F.R..Hunter,.US.5,399,240.(1995).

.146.. T.G..Shannon,.G.B.D..Garnier,.A.R..Negri,.and.M.T..Goulet,.US.6,916,402.(2005).

.147.. T..Sun,.US.6,361,651.(2002).

.148.. D.V..Phan.and.P.D..Trokhan,.US.5,279,767.(1994).

.149.. B.J..Kokko.and.D.W..White,.US.7,041,197.(2006).

.150.. B..Freimark.and.R.W..Schaftlein,.US.3,755,220.(1973).

.151.. K..Asakura.and.A..Isogai,.Nord. Pulp Pap. Res. J.,.18(2),.188–193.(2003).

.152.. B.G..Klowak,.US.4,482,429.(1984).

.153.. G.A..Wendt,.G.V..Anderson,.K.S..Lehl,.S.J..McCullough,.and.W.Z..Schroeder,.US.5,730,839.(1998).

.154.. M.J..Smith,.V.K..Rao,.and.G.L..Shanklin,.US.5,785,813.(1998).

.155.. W.R..Watt,.US.4,600,462.(1986).

.156.. S..Ferershtehkhou,.L.N..Mackey,.and.D.V..Phan,.US.5,527,560.(1996).

.157.. I.B..Strohbeen.and.J.H..Dinius,.US.4,377,543.(1983).

.158.. C.E..Dunning,.W.D..Lloyd,.and.J.G..Bicho,.US.4,166,001.(1979).

.159.. J..Pearlman,.US.3,060,719.(1962).

.160.. J..Liu.and.J..Hsieh,.Tappi J.,.3(4),.3–8.(2004).

.161.. T.W..Osborn,.US.4,351,699.(1982).

.162.. B.L..Baursen,.US.4,303,471.(1981).

.163.. R..Pelton,.Appita J.,.57(3),.181–190.(2004).

.164.. H..Diery,.U..Cuntze,.A..May,.and.E..Milewski,.US.3,849,435.(1974).

.165.. L..Contor,.Y..Lambremont,.C..Courard,.and.P..Rivas,.US.5,133,885.(1992).

.166.. J.H..Dwiggins,.R..Ramesh,.F.D..Harper,.A.O..Awofeso,.T.P..Oriaran,.G.A..Schulz,.and.D.M..Bhat,.US.
6,328,849.(2001).

.167.. L.R.B..Hervey.and.D.K..George,.US.3,395,708.(1968).

.168.. P.H..Schlosser.and.K.R..Gray,.US.2,432,127.(1947).

.169.. P.H..Vossos,.US.3,916,058.(1975).

.170.. D.V..Phan,.US.5,217,576.(1993).

.171.. F.W..Meisel.and.K.C..Larson,.US.3,844,880.(1974).

.172.. M.M..Waldman.and.A.E..Mariahazy,.US.3,356,526.(1967).

.173.. L.R.B..Hervey.and.D.K..George,.US.3,554,863.(1971).

.174.. L.R.B..Hervey.and.D.K..George,.US.3,554,862.(1971).

.175.. T.P..Oriaran,.B.E..Burrier,.H.S..Ostrowski,.E.W..Post,.and.J.H..Propp,.US.6,190,499.(2001).

.176.. C..Poffenberger,.Pulp Paper,.80(7),.40–43.(2006).

.177.. D.T..Nguyen,.US.7,012,058.(2006).

.178.. Y..Wu.and.P.R..Herrington,.J. Am. Oil Chem. Soc.,.74(1),.61–64.(1997).

.179.. D.F..Shumway.and.H.C..Robbins,.US.4,855,440.(1989).

.180.. D..Bajpai.and.V.K..Tyagi,.J. Oleo Sci.,.55(7),.319–329.(2006).
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.181.. V.R..Gentile,.R.R..Hepford,.N.A..Jappe,.C.J..Roberts,.and.G.E..Steward,.US.3,879,257.(1975).

.182.. J.H..Dwiggins,.R..Ramesh,.F.D..Harper,.A.O..Awfeso,.T.P..Oriaran,.G.A..Schulz,.and.D.M..Bhat,.US.
6,277,467.(2001).

.183.. J.E..Drach,.R.D..Evans,.J.J..Fanelli,.and.A.J..O’Lenick,.US.4,720,383.(1988).

.184.. D.V..Phan.and.P.D..Trokhan,.US.5,510,000.(1996).

.185.. J.A..Breese,.US.4,432,833.(1984).

.186.. W.J..Zeman,.C..Poffenberger,.and.Y.D.R..Deac,.US.6,458,343.(2002).

.187.. T.W..Osborn,.US.4,447,294.(1984).

.188.. J.G..Emanuelsson.and.S.L..Wahlen,.US.4,144,122.(1979).

.189.. K.M.E..Hellsten,.J.G..Emanuelsson,.S.L..Wahlen,.and.A.I..Thebrin,.US.4,476,323.(1984).

.190.. B.E..Chapman,.US.3,617,439.(1971).

.191.. D.V..Phan.and.B.S..Hersko,.US.5,262,007.(1993).

.192.. D.V..Phan.and.P.D..Trokhan,.US.5,698,076.(1997).

.193.. D.V..Phan.and.P.D..Trokhan,.US.5,415,737.(1995).

.194.. T.G..Shannon,.N.S..Clungeon,.and.S.H..Hu,.US.6,077,393.(2000).

.195.. G.S..Hutcheson,.US.5,292,363.(1994).

.196.. G.S..Hutcheson,.US.5,417,753.(1995).

.197.. T.P..Oriaran,.A.O..Awofeso,.T.N..Kershaw,.P.V..Luu,.C.M..Neculescu,.and.M.E..Huss,.US.5,399,241.(1995).

.198.. D.T..Nguyen.and.S.S..Ashrawi,.US.2005/0153866.(2005).

.199.. J.L..Keen.and.L.F..Elmquist,.US.3,510,246.(1970).

.200.. J.D..Pera,.US.4,851,532.(1989).

.201.. J.G..Fenyes.and.J.D..Pera,.US.4,581,058.(1986).

.202.. J.G..Fenyes.and.J.D..Pera,.US.4,778,813.(1988).

.203.. J.G..Fenyes.and.J.D..Pera,.US.4,506,081.(1985).

.204.. J.G..Fenyes.and.J.D..Pera,.US.4,970,211.(1986).

.205.. J.P..O’Brien,.E.T..Reaville,.and.F.B..Erickson,.US.3,296,065.(1967).

.206.. T.G..Shannon,.J.D..Lorenz,.D.A..Moline,.T.M..Runge,.and.T.H..Schulz,.US.6,964,725.(2005).

.207.. W.Z..Schroeder,.D.A..Clarahan,.M.T..Goulet,.and.T.G..Shannon,.US.6,398,911.(2002).

.208.. T.G..Shannon,.D.A..Clarahan,.M.T..Goulet,.and.W.Z..Schroeder,.US.6,596,126.(2003).

.209.. W.Z..Schroeder,.D.A..Clarahan,.M.T..Goulet,.and.T.G..Shannon,.US.6,465,602.(2002).
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.212.. D.A..Jones.and.N.C..Clungeon,.US.6,238,519.(2001).

.213.. D.A..Jones.and.N.C..Clungeon,.US.6,458,243.(2002).

.214.. K.D..Vison,.J.P..Erspamer,.C.W..Neal,.and.J.P..Halter,.US.5,611,890.(1997).

.215.. K.D..Vison,.J.P..Erspamer,.C.W..Neal,.J.A..Ficke,.and.J.P..Halter,.US.5,672,249.(1997).

.216.. W.F..Thiele.and.H.B..Richmond,.US.2,216,143.(1940).

.217.. J..Liesen.and.K..Malmborg-Nystrom,.US.7,604,715.(2009).

.218.. W.U..Spendel,.US.4,940,513.(1990).

.219.. T.P.. Oriaran,.A.O..Awofeso,. G.L.. Schroeder,. D.W..White,. N.T.. Luu,. and. B.J.. Kokko,. US. 6,245,197.
(2001).

.220.. H.E..Becker,.A.L..McConnell,.and.R.W..Schutte,.US.4,158,594.(1979).

.221.. D.D..Newkirk.and.D.L..Wilhoit,.US.4,372,815.(1983).

.222.. J.H..Dwiggins,.F.D..Harper,.G.A..Schulz,.B.J..Schuh,.M.S..Heath,.and.T.P..Oriaran,.US.6,365,000.(2002).

.223.. D.A..Soerens,.L.K.H..Sauer,.and.G.A..Wendt,.US.4,795,530.(1989).

.224.. J.F..Champaigne,.US.3,556,931.(1971).

.225.. W.U..Spendel,.US.4,959,125.(1990).

.226.. L.N..Mackey,.S..Ferershtehkhou,.and.J.J..Scheibel,.US.5,354,425.(1994).

.227.. P.D..Trokhan.and.D.V..Phan,.US.5,575,891.(1996).

.228.. K.D..Vinson,.P.T..Weisman,.J.A..Ficke,.and.T.J..Klofta,.US.5,814,188.(1998).

.229.. T.G..Shannon,.D.A..Moline,.J.D..Lorenz,.and.L.A..Flugge,.US.6,893,537.(2005).

.230.. D.V..Phan,.D..Trokhan,.and.D.C..Hippe,.US.5,385,642.(1995).

.231.. B..Bret.and.J.F..Leboeuf,.US.6,733,772.(2004).

.232.. J.A..Ficke.and.K.D..Vinson,.US.6,179,961.(2001).

.233.. R.S..Ampulski.and.W.U..Spendel,.US.5,059,282.(1991).

.234.. T.G..Shannon,.WO.03/054298.(2003).
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9 Chemicals for the Treatment 
of Paper Surface

The.paper.web.produced.without.additional.additives.(water.leaf).consists.of.hydrophilic.fibers.that.
make.up.a.capillary.system.[1]..Due.to.both.the.capillarity.and.the.hydrophilic.nature.of.cellulose.
fibers,.the.paper.sheet.is.very.absorbent..The.obvious.nonuniformity.of.the.paper.can.impact.the.
product.commercialization.

Paper.shows.a.large.surface/volume.ratio.and.thus.the.surface.quality.becomes.important..The.
surface.treatment.can.improve.the.appearance.and.the.printing.capabilities.of.a.preformed.paper.
web.[2]..Surface. treatment. is.a.procedure. through.which. the.paper.surface.becomes.more.even,.
with.a.better.fiber-to-fiber.interaction.and.with.a.higher.hydrophobicity..That.treatment.promotes.
smoothness.(due.to.a.decrease.of.paper.porosity).and.improves.surface.strength.(reduced.linting.[3]).
and.printability.[4–6].

The.surface.treatment.is.actually.an.attempt.to.make.an.isotropic.layer.for.a.material.(paper).that.
is.anisotropic.in.bulk..However,.the.amount.of.paper.chemicals.added.to.the.paper.surface.is.quite.
low.and,.for.most.applications,.the.porosity.changes.only.slightly.[7].

The.addition.of.chemicals.to.a.dried.paper.web.[8].involves.a.significant.capital.cost:.size-press.
equipment,.tanks.for.chemicals,.and.an.extra.drying.of.the.sheet.[9]..To.reduce.costs,.some.chemi-
cals.are.added.to.the.wet.web.[10].and.the.rest.to.the.dry.end.[11]..However,.the.surface.treatment.
shows.several.benefits.and.that.is.why.the.volume.of.surface.sizing.materials.used.in.paper.indus-
tries.is.increasing,.while.the.amount.of.internal.sizing.agents.shows.a.slow.decrease.[4].

The. internal.sizing.agent. is.added.at. the.wet.end..The.driving.force.for. the.retention.process.
is. the.charge.density.of. the.cellulose.fibers..After. the.saturation.of.cellulose.fibers.with.cationic.
compound,.some.chemical.compounds.will.remain.in.the.white.water..In.order.to.reduce.the.con-
sumption.of.water.in.the.papermaking.process,.it.is.desirable.to.recycle.water,.which.increases.the.
concentration.of.un-retained.chemicals.in.white.water.[12]..Side.reactions.(such.as.hydrolysis),.ionic.
association,.and.precipitation.may.take.place..Their.by-products.will.reduce.the.machine.perfor-
mance.and.raise.concerns.about.environmental.issues..The.risk.of.penalties.charged.on.high.levels.
of.chemical.oxygen.demand.in.the.mill.effluent.will.impact.the.way.the.entire.papermaking.process.
is.perceived..A.cleaner.wet.end.makes.substantial.savings.possible.on.large,.fast.machines.[13].

The. paper. surface. treatment. is. beneficial. because. it. is. not. influenced. by. pH. or. other. factors.
that.control.the.adsorption.at.the.wet.end..For.instance,.the.anionic.polyacrylamide.(PAAm).is.not.
retained.at.the.wet.end.but.can.be.added.to.the.dry.paper.and.in.the.presence.of.glyoxal.can.increase.
the.paper.stiffness.[14].

The.most.common.method.for.the.application.of.chemicals.to.the.surface.of.the.paper.web.is.by.
a.size.applicator,.such.as.a.size.press,.a.calender.water.box.[15],.or.a.coater..The.chemicals.are.sup-
posed.to.remain.on.the.paper.surface;.therefore,.there.is.almost.100%.retention.with.near-to-zero.
pollution.[5]..In.the.size.press,.dry.paper.is.passed.through.a.flooded.nip.and.a.size-press.solution.
contacts.both.sides.of.the.paper..Excess.liquid.is.squeezed.out.in.the.press.and.recycled..The.coated.
paper.is.re-dried.and.cured.

Chemicals.added.for.surface.treatment.of.the.dry.sheet.are.the.last.chemicals.used.during.the.
papermaking.process.and.they.usually.influence.only.surface.properties.[16].

Surface.size.treatment.can.change.paper.performances..The.same.paper.web.can.be.converted.to.
different.paper.qualities.depending.on.the.nature.of.the.chemical.compounds.added.in.the.size-press.
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formulation..An.appropriate.surface.treatment.allows.paper.manufacturers.to.obtain.a.paper.with.
good.performances.while.reducing.and.even.eliminating.the.chemicals.added.at.the.wet.end.(such.
as.internal.sizing.agents).[17–19].

Surface.treatment.chemicals.(or.“surface.modifiers”.or.“surface.enhancers”.[13]).do.not.need.to.
have.ionic.charges.but.their.molecular.weight.is.important..Higher.molecular.weight.seems.to.be.
a.benefit.for.a.surface.treatment.agent.because.the.larger.macromolecule.has.a.lower.mobility.and.
will.remain.on.the.paper.surface.

At.the.size.press,. the.material.pickup.[20].is.directly.proportional. to. the.chemical.compound.
concentrations.in.water.[13],.the.presence.of.a.carrier.(such.as.starch),.the.temperature.and.viscosity.
of.the.size-press.solution,.the.moisture.content.of.the.sheet,.the.internal.sizing.agent.concentration.
in.the.sheet,.the.type.of.surface.applicator.(film.transfer.or.puddle.size.press),.and.the.mechanical.
speed.

There.is.a.limitation.for.adding.chemicals.at.the.dry.end:.the.solution.concentration.is.fairly.low.
(<10%).and.large.amounts.of.water.should.be.evaporated.[21].

9.1 sURFAcE sIzInG AGEnts

The.printing.process.requires.holding.out.the.ink.on.the.paper.surface.and.preventing.characters.
from.“feathering.”.Feathering. is. the.result.of. ink.absorption.outside. the.boundaries.of.a.charac-
ter..The.balance.of.repulsive.and.absorptive.forces.makes.sizing.optimization.a.difficult.process..
Although.there. is.a.concern.regarding. the. improvement.of. the. ink.composition.[22],. the.surface.
coating.formulation.should.match.the.ink.formulation:.the.surface.sizing.agents.are.the.last.added.
chemicals.to.paper.but.they.are.the.first.to.start.their.service.during.the.printing.process..The.ideal.
paper.substrate.quickly.absorbs.the.ink-carrier.liquid.while.retaining.the.dispersed.dye.(or.pigment).
on.the.surface.[23,24].

Apparently,. internal.and.surface.sizing.agents.play.the.same.role:. increasing.the.hydrophobic.
character.of.the.paper..Surface.sizing.also.reduces.paper.porosity.and.improves.surface.strength..
However,.there.are.major.differences.in.terms.of.sizing.mechanism.and.molecular.architecture.

Most.of.the.internal.sizing.agents.have.small.molecules.(Mw.<.500),.which.can.migrate.during.the.
drying.step.and.reorientate.on.the.surface.of.the.cellulose.fiber..Therefore,.they.are.evenly.distrib-
uted.in.the.bulk.of.sheet..The.macromolecular.compounds.are.less.effective.as.sizing.agents.when.
added.to.the.wet.end.prior.to.the.sheet.formation.[25].

In.order. to.be. immobilized.on. the.paper. surface,. the. surface. sizing.agents.must.have.a.high.
molecular.weight.with.a.reduced.mobility.or.must.be.reactive.to.the.first.layer.of.cellulose.fibers.(or.
starch).[3]..The.tendency.to.excessively.penetrate.the.paper.sheet.would.be.a.major.disadvantage.
limiting.the.efficiency.of.a.surface.size.[15].

There.is.a.permanent.struggle.to.keep.the.surface.sizing.agents.on.the.paper.surface..Latex.par-
ticles.or.expandable.microspheres.are.added.to.a.hydrophobic.surface.sizing.solution.to.increase.
the.amount.of.material.on.the.paper.surface.[26]..Another.option.would.be.to.apply.multiple.layers.
of.sizing.agents:.first,.oxidized.starch.(or.wax).and,.secondly,.starch–clay.mixture.[27].or.fluorine-
containing.polymers.[28].

Molecular.size.is.particularly.important.for.a.surface.sizing.agent.and.so.are.its.chemical.struc-
ture.and.macromolecular.coil.orientation.in.the.fiber.vicinity..Poly.α-cyanoacrylates.have.a.limited.
effect.as.sizing.agents.but.the.in.situ.polymerization.of.α-cyanoacrylate.directly.on.cellulose.fiber.
shows.a.much.stronger.sizing.effect.[29].

The.presence.of.internal.sizing.agents.improves.the.performance.of.surface.sizing.agents.[5,30]..
However,.the.application.of.starch.as.a.carrier.increases.the.hydrophilic.character.of.the.paper.and.
the.addition.of.surface.size.is.designed.to.restore.paper.surface.hydrophobicity..Therefore,.the.over-
all.effect.of.internal.and.surface.size.is.not.a.simple.addition.[31].

A.very.diverse.portfolio.of.surface.sizing.agents.is.needed.to.fit.the.diversity.of.paper.and.print-
ing.process.types.[32]..In.the.case.of.paper.for.black.ink-jet.printer,.a.simply.hydrophobic.sizing.
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agent. is. good.enough..When. it. comes. to. color,.we. are.dealing.with. a.different. type.of. ink. and.
that.dictates.a.different.type.of.surface.size..Sometimes.the.internally.sized.paper.should.be.“de-
sized”.with.hydrophilic.compounds.(polydimethyl.siloxane.and.block.copolymers.Propylene.Oxide-
Ethylene.Oxide.[PO-EO]).in.a.size.press,.to.improve.the.paper.ink-jet.printability.[33]..The.Hercules.
sizing.test.(HST).value.decreases,.for.instance,.from.68.s.(before.treatment).to.0.4.s.after.treatment.

Slurry.used.in.surface.sizing.paper.process.contains.water,.starch,.and.sizing.agents.[34]..Sizing.
materials.are.typically.in.the.form.of.aqueous.solutions,.emulsions,.or.suspensions.[35]..The.sizing.
agent.is.a.nonreactive.compound.or.can.be.a.soluble.polymer.that.becomes.hydrophobic—through.
a.chemical.reaction—at.the.drying.step.

For.special.applications,.very.different.ingredients.might.be.added.to.the.sizing.formula:.modi-
fied. zirconium. salt. [36],. hyperbranched. dendrimer. with. cationic. moiety. [37],. polyvinyl. alcohol.
(PVA).[38,39],.polyurethane.[40–42],.cationic.latexes.[43],.amphoteric.copolymers.[44],.polyethyl-
ene.glycol.(PEG).(Mw.=.35,000).[45],.alum.[46],.casein.and.oxidized.starch.[47],.hydroxyethylated.
starch.and.acylated.gellan.gum.[48],.and.polyisocyanates.[49].

The.effect.of.the.sizing.agent.is.evaluated.with.different.testing.methods..The.HST.measures.the.
time.needed.for.ink.to.penetrate.a.sheet.of.paper,.providing.information.about.both.internal.size.
and.surface.size.in.only.one.measurement..Unfortunately,.based.on.HST.numbers.alone.we.cannot.
separate.the.effect.of.the.internal.sizing.agent.and.the.effect.of.the.surface.sizing.agent..The.contact.
angle.method.[23].is.a.better.tool,.which.closely.simulates.the.“ink.holdout”.and.provides.surface.
size.data.

Several.other.lab.testing.methods.have.been.developed.(Cobb,.Bristow.wheel,.water.drop,.etc.)..
However,.the.ultimate.test.is,.of.course,.the.end.user’s.requirements,.i.e.,.the.printing.performance.
[50,51].

The.interaction.between.sized.fibers.and.water.(or.ink).is.a.dynamic.process..The.contact.angle.
method.[23].shows.the.variation.of.the.contact.angle.vs..time,.which.most.closely.mimicked.the.
print-quality. response. [30]..Figure.9.1. shows. large. experimental. errors. (see. also.Section.2.6).
and.the.difference.between.ink.and.water.as.the.fluid.used.for.contact.angle.measurements.(the.
slope.is.≠.1.0).

A.smaller.contact.angle.with.ink.than.with.water.is.always.expected.(the.slope.is.smaller.than.
1.0).and.the.time.is.an.aggravating.factor:.after.1.min.the.slope.is.even.smaller.
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FIGURE 9.1 The.effect.of.time.and.fluid.type.on.the.contact.angle.
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The.printing.performance.of.the.coated.paper.depends.on.the.amount.of.sizing.agent.on.the.
paper.surface..The.following.factors.affect.the.pickup.of.the.size-press.formulation.[13,52–54]:.
the.size-press.solution.quality.(the.type.of.starch,.the.starch/sizing.agent.ratio,.the.surface.ten-
sion,. the. solids. content,. the. solution. temperature,. pH,. and. viscosity. [1,7]),. the. sheet. quality.
(moisture,.alum.content,.filler.content,.internal.sizing.agent.concentration,.and.sheet.porosity),.
and. the. operating. variables. [55,56]. (type. of. surface. applicator—film. transfer. or. puddle. size.
press,.speed,.nip.pressure,.and.type.of.roll)..A.better.penetration.of.the.sizing.agent.into.the.bulk.
of.paper.(if.needed).is.obtained.by.applying.vacuum.on.the.opposite.side.of.the.web.[57].

9.1.1  StaRcheS foR Size-PReSS SolutionS

Only.in.very.few.cases.starch.is.not.involved.in.paper.surface.sizing.[58]..Starches.(from.dif-
ferent.natural. sources. [59]). are.biodegradable.polymers. [60]. and. they.are. largely.used. in. the.
papermaking.process:.5.2.million. tons. in.2000.(to.be.compared.with.about.0.58.million. tons.
in.1960.[61])..About.70%.from.the.starch.used.in.the.paper.industry.[62].is.added.in.size-press.
solution.[63–65].

The.amount.and.the.starch.quality.(molecular.weight.and.charge.density).are.crucial.for.the.per-
formance.of.the.size-press.solution.[31,66]..The.starch.grade.used.in.surface.sizing.should.always.be.
carefully.chosen.to.fit.each.particular.production.line.(surface.size.agent—anionic/cationic,.paper.
type,.etc.).[67].

The. compound. used. in. surface. treatment. can. interact. with. additives. in. size-press. solution..
Generally,.cationic.starch.(or.cationic.amylose.[68]).is.a.good.quality.surface.size.[69,70]..However,.
cationic. starches. [1,3]. can. react. unfavorably. with. anionic. macromolecular. compounds.. Anionic.
styrene–maleic.anhydride.copolymer.(SMA).(amide.ammonium.salt),.[71].3%.based.on.dry.starch,.
shows. an. HST. value. of. 95.s. with. oxidized. corn. starch. and. only. 29.s. with. cationic. corn. starch..
Cationic.starches.used.for.surface.applications.contain.a.lower.charge.density.than.cationic.starches.
used.at.the.wet.end.[72]..The.charge.density.can.be.adjusted.by.cooking.the.anionic.starch.with.
cationic.resins.[70].

Starch,.brought.by.the.size-press.solution,.is.also.expected.to.add.internal.strength.to.the.sheet.
through.liquid.penetration.in.the.z-direction..Low.molecular.weight.starch.can.penetrate.into.the.
fiber.network.more.than.higher.viscosity.starch.remaining.on.the.surface.[8]..The.starch.molecular.
weight. is. an. important. factor. for. sizing. and. strength,. and. it. can.be. controlled.by. starch. cross-
linking.[73–76].

The.thermal.properties.of.starch.are.also.important.for.paper.surface.treatment:.in.the.drying.
step,. the. surface. temperature. reaches. over. 105°C.. Modified. starches. (such. as. starch. succinates).
show.a.better.thermal.stability.[77].

There.are.many.procedure.for.cooking.starch,.[78,79].and.a.wide.variety.of.starches.are.used.in.
size-press.solutions.[8]..The.final.concentration,.temperature,.and.pH.are.also.very.different.from.
one.mill.to.the.other..As.a.general.rule,.for.practical.reasons,.starch.is.cooked.at.a.higher.concentra-
tion.(at.high.temperature.or.passed.through.a.homogenizer.[80]),.and.then.it.is.diluted.to.a.conve-
nient.concentration..Before.the.addition.of.any.other.chemical,.a.pH.adjustment.is.made.

Corn.starch.(10%.in.water).was.heated.at.90°C.for.30.min,.and.then.the.solution.was.diluted.with.
water.to.5%..The.pH.was.adjusted.with.caustic.soda.to.8.0..The.sizing.agent.solution.(10.g.of.10%.
concentration.SMA.half.ester.copolymer).was.mixed.with.200.g.solution.5%.starch..The.size-press.
solution.was.held.in.a.55°C.water.bath.until.used.in.the.size.press.[81].

Oxidized.starch.[82].(or.ammonium.persulfate.converted.starch.[1,83–86]).is.cooked.at.20%.sol-
ids.and.95°C.for.20–40.min,.diluted.to.3%,.then.NaOH.solution.is.added.to.obtain.a.starch.solution.
with.a.pH.of.7.1–7.8.[87].

Cationic. starch. is. recommended. for. cationic. surface. size. [17].. Cationic. starch. (0.17%. mole.
cationic.groups).[88,89].slurry.contains.20%.by.weight.starch..The.starch.was.cooked.30.min.at.
90°C–95°C.and.cooled.down.to.40°C..After.dilution,.the.concentration.was.3%.
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One.of.the.starches.used.in.size.press.is.enzymatically.degraded.[90]..After.the.starch.degrada-
tion,.the.enzyme.activity.is.stopped.by.adding.acid.(sulfuric.or.hydrochloric)..The.excess.of.acid.is.
neutralized.by.caustic,.which.will.generate.relatively.large.amounts.of.electrolyte.[91].

Regardless.of.the.diversity.of.the.starch-cooking.procedure,.several.remarks.can.be.made.about.
starches.as.components.of.the.size-press.solution.[8,92,93]:

. 1..Starches.of.different.botanical.origins.(wheat,.corn,.waxy.corn,.tapioca,.potato).have.dif-
ferent.amylose/amylopectin.ratios.and.different.amylose.molecular.weight.[94,95]..Potato.
starch. contains. amylose. with. the. highest. molecular. weight. (Mw.=.800,000),. but. potato.
starch.with.amylose.Mw.about.300,000.[96].gives.the.best.sizing.values.[1]..The.amylopec-
tin.molecular.weight.is.up.to.3.millions.and.shows.a.branched.structure.[97–99].by.alpha.
1,6.linkage.[94]..Potato.starch.contains.no.fat.or.proteins.[100],.while.cereal.starches,.due.
to. their. fat. and/or. protein. content,. will. show. a. lower. strength,. and,. therefore,. a. higher.
amount.of.sizing.agent.is.needed.for.comparative.results.

. 2..The.number.of.hydrogen.bonds.between.the.macromolecules.in.a.starch.granule.is.so.high.
that.such.granules.are.not.soluble.in.cold.water..However,.due.to.the.branched.structure.of.
amylopectin,.a.lower.number.of.hydrogen.bonds.are.developed.in.starch.as.compared.with.
cellulose..This.makes.starch.hot.water.soluble.

. 3..Uncooked.granules.of.starch.are.not.sticky..In.order.for.starch.to.develop.gluing.properties,.
it.has.to.be.dissolved.in.water..Only.the.completely.dissolved.starch.molecules.exhibit.their.
full.properties.such.as.charge.density.and.a.better.interaction.with.cellulose.fibers.or.paper.
chemicals.

. 4..Temperature.and.shear.rate.are.of.a.high.importance.during.starch.cooking..Within.a.cer-
tain.temperature.range,.the.swollen.granules.begin.to.rupture.and.collapse.to.a.viscous,.
colloidal.dispersion.of.granule.fragments,.hydrated.starch.aggregates,.and.dissolved.mol-
ecules..The.swollen.aggregates.and.the.dissolved.molecules.have.a.much.higher.molecular.
coil.volume,.resulting.in.inter-aggregates.and.intermolecular.interactions..The.dispersion.
viscosity.reaches.a.maximum..The.viscosity.of.the.solution.is.a.function.of.the.molecular.
weight.factor.of.the.macromolecules.and—at.high.starch.concentrations—of.the.intermo-
lecular.interaction.factor.

. 5..Heating.the.starch.slurry.to.temperatures.below.100°C.results.in.a.dispersion.still.contain-
ing. granule. fragments. and. hydrated. starch. aggregates.. A. molecular. solution. cannot. be.
obtained.at.such.temperatures..In.order.to.obtain.a.molecular.solution,.the.starch.disper-
sion.should.be.heated.at.110°C–150°C.(cooking.for.a.very.short.time,.at.higher.pressure.in.
jet.cookers).

. 6..Solutions.with.higher.starch.concentration. in.water.are.obtained.after. starch.hydrolysis.
with.acids.or.enzymes.(thinned.starch)..The.viscosity.of.the.starch.solution.cannot.exceed.
about.150.cPs.[101].

. 7..The. ion.concentration. in.water. is.of.a.high. importance. for.starch.solubilization..Starch.
dispersion. in. tap.water.shows.a.viscosity. that. is.five. times. lower. than. in.DI.water..The.
viscosity.of.the.ionic.starch.solution.is.lowered.by.an.increase.in.the.conductivity.of.the.
solution..(See.the.polyelectrolyte.behavior.in.the.presence.of.electrolytes.)

. 8..The.final.pH.should.be.adjusted.according.to.the.nature.of.the.paper.chemicals.used.in.
size-press.solution.

. 9..The. starch. solution. is. not. stable:. retrogradation. takes. place. (starch. molecules. go. from.
a.dissolved.and.dissociated.state. to.an.associated. form.[62,94])..The.processes.of.gela-
tinization.and.retrogradation.are.opposites. [99]..The.hydroxyl.groups.associate. through.
interchain.hydrogen.bonds..The.aggregates.are.stable.even.at.high.temperature.conditions..
Retrogradation.does.not.occur.at.pH.above.10.and.is.slow.below.pH.2..To.prevent.retrogra-
dation,.starches.can.be.stabilized.by.oxidation.[102,103],.derivatization.[104],.and.cross-
linking.[105,106]..A.biocide.is.needed.to.protect.against.fungi.
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The.above.rules.are,.more.or.less,.related.to.starch.viscosity.because.that.is.the.most.important.liq-
uid.parameter.determining.its.sorption.rate..High-speed.application.requires.starch.products.with.
narrow.viscosity.specifications..Starches.with.a.mono-modal.molecular.weight.distribution.show.a.
better.runnability.[92].

9.1.2  nonReactive SuRface Sizing agentS

Nonreactive. chemical. compounds. should. be. stable. in. water. and. their. structure. must. remain.
unchanged.after.deposition.on.paper..Water-soluble.polymers.as.surface.sizing.agents.should.have.a.
hydrophilic.part.(to.help.them.get.into.the.solution).and.a.hydrophobic.part.needed.to.provide.hydro-
phobicity.to.the.cellulose.fiber..That.double.character.makes.them.good.surface-active.compounds.
and.their.solutions.will.foam.significantly.

A.surface.sizing.agent.performs.better.if.its.molecular.weight.is.higher..As.the.molecular.weight.
goes.up,.the.solution.viscosity.goes.up.as.well..That.dependence.is.not.linear,.and.for.a.given.chemi-
cal.composition,.the.high.molecular.compounds.will.have.a.very.limited.concentration.for.a.reason-
able.viscosity.value.

Starch.has.a.large,.hydrophilic.molecule..In.order.to.make.it.more.hydrophobic,.it.needs.to.be.
blended.with.lignosulfonate.and.borax.[107].or.long.alkyl.tails.must.be.attached.to.the.starch.mol-
ecule.[106,108,109].
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The.need.for.higher.concentrations.of.sizing.material.in.water.with.low.viscosity.[110].has.led.to.
the.conclusion.that.the.hydrophobic.compound.should.be.dispersed.in.water..Dispersions.have.lower.
concentration.of.soluble.material.and.therefore.a.lower.tendency.to.generate.foam.[17].

The. stabilizer. of. the. dispersed. phase. is. located. at. the. water–organic. compound. interface:.
anionic,.cationic,.low.molecular.weight,.or.macromolecular.compounds..In.a.blend.with.starch,.the.
concentration.of.the.stabilizer.at.the.interface.will.change.and.the.dispersed.phase.may.coagulate..
The.hydrophobic.particle.stability.depends.on.the.compatibility.between.starch.and.stabilizer,.pH,.
ionic.strength,.and.temperature.

The. dispersed. organic. compound. form. is. characterized. by. molecular. weight. and. molecular.
weight.distribution,.by.hydrophilic–hydrophobic.(lipophilic).balance.(HLB).and.by.Tg.(or.minimum.
film. formation. temperature. [MFFT]. or. the. melting. point. in. the. case. of. a. small. molecule. com-
pound)..Tg.values.are.critical.to.ensure.that.appropriate.processing.and.drying.conditions.are.chosen.
for.developing.a.latex.film.or.to.stick.to.the.fiber.as.individual.particles,

The.hydrophobic.character.of.the.dispersed.material.and.the.ability.of.the.system.to.“cover”.as.
much.of.the.paper.surface.as.possible,.convey.the.sizing.effect.to.the.hydrophobic.dispersion..Due.
to.the.very.small.concentration.of.the.sizing.agent,.even.for.a.Tg.below.room.temperature,.the.poly-
mer.does.not.generate.a.continuous.film..It.is.a.matter.of.number.of.particles:.the.larger.the.number.
of.particles,.the.better.the.paper.will.be.“covered.”.Smaller.particles.perform.better.in.the.printing.
process.[110]..For.a.small.and.constant.polymer.amount,.a.smaller.particle.diameter.means.a.larger.
number.of.particles.

However,.there.is.a.“geometric”.area.of.the.sheet.and.a.specific.surface.area.developed.by.fiber.
distribution..The.pulp.beating.and.refining.are.the.two.parameters.able.to.change.the.specific.fiber.
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area.[111]..For.a.geometric.area.of.133.cm2/g.(a.sheet.with.a.basis.weight.of.75.g/m2),.the.specific.
surface.area.is.about.100.times.higher.(11,400–47,400.cm2/g).[112].

Figure.9.2.shows.the.“real”.coated.area.by.a.dispersed.particle.system.(G.=.1000.g/T).as.a.func-
tion.of.particle.size..In.order.to.calculate.the.surface.of.that.area.(Equation.9.1)

.
Area cm /T= 





2
6 2G

D
( ) . (9.1)

several.assumptions.were.made:.the.dispersed.particle.density.is.1.0.g/cm3,.the.specific.surface.area.
is. taken.at. the. lower. limit. suggested. [112]:.11,000.cm2/g. (see.also. the. specific.area. for. cellulose.
fibers:. 20,000–450,000.cm2/g. [113]),. the. Tg. of. the. dispersed. phase. is. below. drying. temperature.
(105°C),.and—after.drying—the.area.occupied.by.a.flatted.polymer.particle.is.double.the.area.of.a.
circle.with.the.initial.particle.diameter.

The.polymer.particles.are.typically.50–100.nm.in.diameter.and.are.attached.to.the.fiber.by.hydro-
gen.bonds.[13]..During.the.drying.step,.at.temperatures.higher.than.the.polymer.Tg,.the.polymer.
particles.become.soft.and.can.be.spread.on.the.fiber.surface..Therefore,. less. than.15%.from.the.
“real”.paper.surface.can.be.coated..Any.reduction.in.particle.diameter.will.result.in.a.tremendous.
increase.of.the.coated.area..Conversely,.small.particle.sizes.require.a.larger.amount.of.stabilizer.
(usually.wetting.and.foaming.agents).

When. the. polymer. dispersion. is. put. in. contact. with. paper. a. heterocoagulation. process. takes.
place:. the. particles. deposit. on. the. fibers.. “Coated”. paper. does. not. refer. to. paper. coated. with. a.
continuous.film.of.hydrophobic.material..“Coated”.does.not.necessarily.imply.a.continuous.film.
of.hydrophobic.material;.the.surface.sizing.agent.will.only.improve.the.fiber.hydrophobicity..Even.
after.drying.at.temperatures.higher.than.the.Tg.values,.when.the.hydrophobic.compound.is.better.
spread,.there.is.lot.of.room.left.between.particles.
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FIGURE 9.2 The. paper. surface. area. coated. by. polymer. particles. (1.kg/ton. paper). as. a. function. of. the.
particle.size.
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The.surface.size.dispersion.is.added.to.the.starch.dispersion.in.the.size-press.solution..The.sta-
bilizer.type,.its.desorption.capabilities,.and.the.presence.of.starch.in.the.continuous.phase.have.a.
strong.effect.on.latex.efficiency.in.paper.sizing..Due.to.the.dilution.and.the.stabilizer.desorption,.the.
particles.remain.unprotected.and.a.coagulation.process.takes.place,.which.may.change.the.sizing.
effectiveness.due.to.the.changing.numbers.of.dispersed.particles.

Starch,.with.its.hydrophobic.part.(starch.is.also.dispersed.in.water),.can.adsorb.some.of.the.sta-
bilizer.molecules..Thus,.there.is.a.competition.between.polymer.particles.and.starch.aggregates.for.
the.stabilizer.molecules..The.polymer.particles.get.fewer.stabilizer.molecules.and.loose.stability,.
i.e.,.homocoagulation.occurs..That.will.result.in.larger.aggregates.and.therefore.in.a.lower.number.
of.particles.

In.order.to.increase.latex.stability.and.prevent.homocoagulation,.more.attention.was.paid.to.the.
immobilization.of.the.stabilizer.on.the.latex.particles..Two.options.are.available.in.order.to.increase.
latex.stability. in. the.presence.of.starch:.(1). increasing.the.stabilizer.molecular.weight.for.slower.
desorption.and.(2).bonding.the.stabilizer.to.the.particle.surface.through.covalent.bonds.

There.are.two.ways.to.make.dispersions:.(a).by.emulsification.of.a.hydrophobic.material.with.a.
reasonable.low.melting.point,.or.(b).by.emulsion.polymerization.

9.1.2.1 Emulsions of nonreactive small molecules as sizing materials
Dispersions.of.pentaerythritol,.PEG.[114],.or.glycerol.esters.of.rosin.and/or.disproportionated.rosin.
(with.or.without. fortified.rosin).are.hydrophobic.compounds.used.as.surface.sizing.agents..The.
dispersions.are.obtained.in.the.presence.of.cationic.starch.and.sodium.lignosulfonate.[115]..The.
rosin.derivatives.can.be.blended.with.C5.hydrocarbon.resin,.indene.resin,.terpene.resins,.and.cou-
marone.resins.

The.emulsification.is.performed.at.high.temperatures.(145°C–160°C).in.the.presence.of.about.
16%.(based.on.organic.phase).mixed. stabilizer. (cationic. starch.and. sodium. lignosulfonate. (2:1)).
and.alkaline.pH.(7.0.<.pH.<.9.0).[12]..In.order.to.reduce.the.mixing.temperature,.a.solvent.(methyl.
t-butyl.ether).for.rosin.ester.can.be.used..After.emulsification,.the.solvent.is.distilled.under.reduced.
pressure.

Thermoplastic.hydrocarbon.resins.(dropping.point.in.the.range.50°C–150°C).can.be.used.with-
out.rosin.as.surface.size.[12,35,115]..The.dropping.point.is.the.temperature.at.which.the.first.drop.of.
a.melted.sample.under.investigation.flows.through.the.2.8.mm.diameter.bottom.orifice.of.a.standard.
cup.on.slow.heating.of.1°C/min.

Hydrocarbon.resins.are.obtained.by.polymerization.of.deep.cracking.of.petroleum.distillates..
There.is.an.aliphatic.stream.(C4–C6),.an.aromatic.stream.(C8–C10),.a.cyclopentadiene,.and.a.dicyclo-
pentadiene.stream..The.dropping.point.of.the.hydrocarbon.resins.depends.on.the.monomer.structure.
and.on.their.molecular.weight..For.the.best.HST.value,.the.dropping.point.should.be.around.100°C.
(Figure.9.3),.which.is.in.the.range.of.paper.temperature..The.thermoplastic.resins.having.an.opti-
mum.dropping.point.are.equivalent.as.surface.to.the.industrial.standards:.SMA-type.solution.and.
acrylic-type.emulsions.

It.seems.that.thermoplastic.resins.contribute.to.sizing.by.softening.in.the.drying.step.and.flow-
ing. over. the. surface. of. cellulose. fibers. to. form. a. hydrophobic. film. [35].. Other. water-dispersed.
thermoplastic. resins. that. can. be. used. as. surface. sizing. agents. include. polyamide. amide. waxes.
(stearamide),. anionic.and.cationic.petroleum.resin. [116],.polyester. resin. [117–121],.paraffin.wax.
[122],.N,N′-alkyl.substituted.aspartamides.[123],.and.polyvinyl.acetate.latex.with.dibutyl.phthalate.
as.plasticizer.[124].

Amphoteric.compounds.are.obtained.by.reacting.stearic.acid.with.triethylene-tetramine.to.form.
a.di-amidoamine,.which.is.reacted.with.maleic.anhydride,.fumaric.acid,.or.acrylic.acid.[125]..A.
Michael.addition.is.involved.along.with.an.amidation.(the.water.is.distilled).to.form.a.compound.
with.a.molecular.weight.of.about.2000..In.the.presence.of.ammonia,.the.free.carboxylic.groups.are.
converted.to.their.ammonia.salts.and.wax.becomes.dispersible.in.water.in.the.absence.of.any.other.
stabilizer.
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9.1.2.2 surface size obtained through Emulsion Polymerization
The. emulsification. of. the. low. molecular. weight. compounds. has. several. limitations:. the. melting.
point.of.the.dispersed.phase,.the.high.emulsifier.concentration.for.higher.oil/water.phase.ratio,.the.
particle.size,.and.the.particle.size.distribution.are.hard.to.adjust..Emulsification.is.a.physical.process.
and.the.stabilizer.cannot.be.chemically.bonded.to.the.organic.phase.

Emulsion.copolymerization.[126–128].is.a.better.option.for.surface.size.synthesis..The.power.
of. the. latex.copolymers.as.surface.sizing.agents. is.well.known.[110,129,130]..That.process.can.
reach. the. required. Tg. and. can. control. the. particle. size. distribution. and. the. stabilizer. type. and.
concentration.

At.the.starting.point,.the.emulsion.polymerization.mixture.includes.droplets.of.monomers.and.
a. water-soluble. initiator.. Any. organic. monomer. (styrene. included). is. at. least. slightly. soluble. in.

0
20
40
60
80

100
120
140
160
180
200

20 70 120

H
ST

 (s
)

Dropping point (°C)

FIGURE 9.3 The.effect.of.the.hydrocarbon.resin.dropping.point.on.the.HST.values.
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water..The. free. radical. initiation.starts. in. the.water.phase.and. the.polymer.particles.are. formed.
through.“homogeneous.nucleation”.[131]..The.number.of.nuclei.(and.therefore.the.final.particle.size).
depends.on.the.type.of.protection.ensured.

The.copolymer.composition.depends.on. the.comonomer. ratio.and. the. type.of.process. (batch.
wise,. semi-continuous,. or. continuous).. The. emulsion. copolymerization. process. can. design. the.
copolymer.structure.(in.terms.of.Tg.[132]),.the.particle.composition.(homogeneous,.core-shell.[133],.
“raspberry”.structure,.etc.),.and.the.particle.size.distribution.

In.the.case.of.binary.copolymerizations,.the.mole.ratio.between.comonomers.in.the.final.copo-
lymer.determines. the.Tg. of. the. copolymer..Figure.9.4. shows. the.Tg. values. for. the. styrene–butyl.
acrylate.(St-BuA).copolymer.calculated.according.to.the.Fox.equation.[134,135].(see.Section.2.5.2)..
To.get.a.Tg.below.room.temperature.(Tg.<.20°C).[136],.the.copolymer.composition.must.be.richer.
than.40%.in.butyl.acrylate.

The.chemical.composition.distribution.of.the.copolymer.(CCD).depends.on.the.reaction.conver-
sion,. comonomer. ratio,. and. the. reactivity. ratios. of. the. comonomers.. The. comonomer. reactivity.
ratios.are.included.in.the.copolymerization.equation.[131,137].(see.Section.4.3.1)..The.water-soluble.
comonomers.are.distributed.between.the.organic.phase.and.the.water.phase,.and.the.resulting.copo-
lymer.shows.a.very.broad.CCD..The.copolymer.richer.in.water-soluble.comonomer.is.located.on.
the.particle.surface.

The.copolymerization.equation.is.a.differential.equation:.at.every.moment.of.the.copolymeriza-
tion.conversion,. the.comonomer.composition.shifts. from. the. initial.composition,.and.a.different.
copolymer.composition. is.obtained.as.conversion.goes.up..Only.for.a.very.particular.case.when.
r1.=.r2,.the.copolymer.composition.is.identical.to.the.comonomer.composition.

The.St-BuA.copolymer.is.the.most.common.surface.sizing.agent..The.reactivity.ratios.in.the.
binary.copolymerization.of.styrene.with.butyl.acrylate.[138–140].are.rSt.=.0.72.and.rBuA.=.0.24..For.
these.reactivity.ratios,.the.copolymer.composition.is.shown.in.Figure.9.5.(at.conversions.of.less.
than.5%).as.a.function.of.the.feed.composition..Only.at.0.73.mole.fraction.of.styrene.(azeotropic.
composition). in. the.feed.composition,.a.uniform.copolymer.composition.(0.73.mole.fraction.of.
styrene.in.copolymer).can.be.obtained.up.to.high.conversions..Unfortunately,.the.St-BuA.copoly-
mer.showing.high.performances.as.surface.size.must.have.a.higher.concentration.of.butyl.acrylate.
(see.Figure.9.4)..All. the.copolymer.compositions.were.calculated.with. the.PROCOP.computer.
program.[131].
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St-BuA. copolymers. [135]. with. a. composition. of. 0.5. mole. fraction. butyl. acrylate. were. tested.
as.surface.size.(Tg.=.20°C.for.a.styrene/butyl.acrylate.1:1.ratio.[141])..This.copolymer.composition.
is.far.from.the.azeotropic.composition.and,.in.a.batch.process,.both.the.instantaneous.copolymer.
composition.(in.black).and.the.overall.copolymer.composition.(in.red).[142].start.at.about.0.42.mole.
fraction.of.butyl.acrylate.and.shift.to.a.copolymer.richer.in.BuA.as.conversion.goes.up.(Figure.9.6).

The.spectacular.change.in.instantaneous.copolymer.composition.is.recorded.at.high.conversions.
where.the.processes.are.interesting.from.the.commercial.point.of.view..At.high.conversions,.the.
copolymerization.rate.is.changing.[138],.the.unreacted.monomer.is.a.concern.[143],.and.the.particles.
have.an.outer.layer.rich.in.BuA..That.may.change.the.stabilizer.adsorption,.the.latex.stability,.and.
the.polymer.performance.as.sizing.agent.

The.copolymer.synthesized.by.using.batch-wise.emulsion.copolymerization.is.often.a.blend.of.
different.copolymers,.with.different.styrene.concentrations.and.different.Tg.values..The.copolymer.
fractions.with.Tg.higher.than.the.drying.temperature.will.not.melt.and.spread.on.the.cellulose.fiber.
and.will.lower.the.sizing.agent.efficiency.
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That. is. why. a. “starved”. semi-continuous. process. [144–146]. was. developed. in. order. to. get. a.
homogeneous.copolymer.composition.[147]..In.a.semi-continuous.process,.the.overall.copolymer.
composition.at.the.end.of.the.feeding.was.different.from.the.feed.composition.and.this.difference.
was.proportional.to.the.monomer.feed.rate.[147].

About.10%–15%.of.comonomers.and.20%.of.the.initiator.solution.is.added.in.one.shot.at.room.
temperature.before.heating.at.the.reaction.temperature.[135,136],.the.rest.of.the.comonomers.and.
initiator. solution.could.be.added.continuously. [146]..At. low. feeding. rates,. the.copolymerization.
proceeds.at.conversions.of.about.90%–95%.and.the.copolymer.composition.is.practically.equal.to.
that.of.the.monomer.feed.

The.final.conversion.depends.on.the.initial.concentration.of.the.initiator,.the.comonomer.ratio.
[148],. the. chemical. structure. of. the. initiator,. and. time. [143].. For. a. kinetic. study,. the. unreacted.
monomer.is.not.a.concern,.[149].but.for.a.commercial.reactor,.a.low.residual.monomer.is.a.priority..
Supplementary.amounts.of.initiator.are.used.to.reduce.the.unreacted.monomers.

The.binary.copolymers.for.surface.size.include.one.or.more.hydrophobic.comonomers.(styrene,.
methyl.methacrylate.[MMA],.acrylonitrile,.styrene.derivatives,.etc.).and.at.least.one.comonomer.
(such.as.butyl.acrylate.or.butadiene.[150]).for.a.lower.Tg.(20°C–30°C).[84].

The.solids.content.could.be.increased.from.10%.to.50%.but.some.floc.formation.may.occur.[151]..
The.copolymer.particle.size.and.the.particle.size.distribution.is.related.to.the.phase.ratio,.the.amount.
of.stabilizer,.the.polarity.of.the.polymer.formed.in.every.stage,.the.temperature,.pH,.etc.

The.particle.size.distribution.is.set.by.changing.the.monomer.feed.rate,.the.amount.of.stabilizer,.
and.the.timing.of.feed.with.respect.to.the.overall.conversion.rate.[144]..Particle.size.of.60–300.nm.
[130,152].is.recommended..A.larger.particle.size.and/or.a.broader.particle.size.distribution.(bimodal).
can.also.be.achieved.by.seeded.emulsion.copolymerization.[153].

The.type.of.stabilizer.and.its.concentration.are.crucial.for.the.latex.application.as.surface.size.
[154]..There.is.an.interrelationship.between.the.particle.size.distribution,.emulsion.stability,.and.the.
stabilizer.concentration.at.the.interface..Hydrophobic.materials.are.good.for.black.ink-jet.printing.
but.for.the.color.printing.the.hydrophobicity.should.be.balanced.by.ionic.charges.[32]..The.ionic.
charges.are.provided.by.an.ionic.comonomer.and/or.by.the.type.stabilizer..Anionic.charges.make.
latex. compatible. with. optical. brighteners. [32],. and. the. presence. of. alum. in. the. pre-sized. paper.
[13,155].helps.the.sizing.process.

9.1.2.2.1  Small Molecule Stabilizers
The.low.molecular.weight.emulsifiers.(molecular.weight.<1000).are.distributed.between.the.particle.
surface.and.water..Stable.latexes.involve.high.concentration.of.stabilizer.at.the.interface..The.emul-
sifier.concentration.in.water.is.high.as.well..That.can.lead.to.undesirable.foaming.[156].and.lower.
sizing.effect.[87,157].

Due.to.their.“pseudo-irreversible”.adsorption,.high.molecular.weight.compounds.may.improve.
the.adsorption.of.small.molecules.at.the.interface..The.emulsion.polymerization.is.performed.in.the.
presence.of.an.anionic.emulsifier.(such.as.sodium.alkyl.sulfonate.and.alkyl.diphenyl.ether.sulfo-
nate).[58,135,150,158,159],.and.the.latex.stability.is.improved.by.adding.a.polymer.(such.as.dextrin,.
starch,.or.PVA.[160–162]).

The.chemically.bonded.stabilizer.is.a.broad.concept,.but.it.is.an.interesting.attempt.to.increase.
the.stabilizer.concentration.at.the.particle–water.interface..As.a.result,.the.stabilizer.concentration.
in.the.water.phase.is.very.low..That.would.open.the.opportunity.to.rethink.the.low.molecular.weight.
emulsifier.application.in.surface.size.synthesis.[163].

The.bonded.stabilizer.can.also.be.a.potential.sizing.agent..Disproportionated.rosin.acid.soaps.
(an. internal. sizing.agent—see.Section.7.2).are.also.emulsifiers.used. in.emulsion.polymerization.
[164,165]..Due.to.its.reactivity.as.chain.transfer.agent.(see.the.benzylic.hydrogen.atoms,.in.red,.in.
the.following.figure),.rosin.is.partially.bonded.to.the.polymer.particles,.which.results.in.a.better.
stability.and.lower.foaming.
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Within.a.free.radical.polymerization,.new.covalent.bonds.are.developed.both.through.the.chain.
transfer.reaction.and.during.the.propagation.step..The.potential.stabilizers.are.small.molecules.or.
polymers.and.they.must.have.reactive.groups.capable.to.react.as.chain.transfer.agents.or.as.como-
nomers.with.carbon–carbon.double.bonds.

9.1.2.2.2  Emulsifier-Free Emulsion Polymerization
In.order.to.eliminate.any.hydrophilic.compound,.the.emulsifier.used.in.emulsion.copolymerization.
was.taken.out.of.the.formula..The.particle.diameter.obtained.during.the.styrene.polymerization.in.
the.absence.of.emulsifier.follows.the.empiric.equation.[127]:
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where
I.stands.for.the.initial.ionic.strength
P.for.the.initiator.concentration
M.for.the.monomer.concentration
T.for.the.absolute.temperature.(A.and.C.are.constants)

The.particle.size.increases.with.the.ionic.strength.and.the.monomer/water.ratio.and.decreases.
with.the.initiator.concentration.and.the.reaction.temperature..The.initiator.brings.the.polar.groups.
for.the.in.situ.synthesized.stabilizer..The.synthesis.of.that.stabilizer.is.helped.by.polar.comonomers.
copolymerized.with.the.two.major.hydrophobic.comonomers..Latex.stability.is.increased.by.using.
ionic.monomers.(such.as.methacrylic.acid.[166],.acrylic.acid.[167],.or.quaternized.vinylimidazole.
[160]). or. nonionic. hydrophilic. comonomers. [87]. (acrylamide,. hydroxyethyl. acrylate,. N-acryloyl.
pyrrolidine.[168],.etc.).

As.a.general.rule.[58],.a.latex.usable.as.surface.size.is.a.ternary.copolymer:.a.very.hydrophobic.
comonomer.(styrene),.an.acrylic.ester.comonomer.(for.reduced.Tg),.and.a.water-soluble.comonomer.
(acrylic.acid,.itaconic.acid,.methacrylic.acid,.dimethylaminomethyl.methacrylate.[127])..By.copoly-
merization.in.the.water.phase.(first.step.in.emulsion.copolymerization),.a.macromolecular.stabilizer.
is.formed.[169]..The.water-soluble.comonomer.(like.acrylic.acid).will.be.the.major.component.in.
that.copolymer.[170]..The.protection.capabilities.of.the.waterborne.copolymers.depend.on.the.molar.
ratio.of. the.comonomers..That.copolymer.remains.in.water.or.it. is.adsorbed.on.the.hydrophobic.
polymer.particle.enhancing.the.latex.stability..The.higher.initiator.concentration.makes.the.particle.
size.smaller.

In.the.case.of.the.St-BuA.copolymerization.in.the.presence.of.ionic.comonomers.(acrylic,.meth-
acrylic,.or.acid.itaconic.acids.[169,171]),.the.amount.of.the.acidic.comonomer.on.the.particle.surface.
depends.on. the.pH.value..At. low.pH.(pH.=.2.2),.most.of. the.acidic.comonomer. is.undissociated.
and.it.is.trapped.in.the.particle,.while.at.pH.=.6.0,.most.of.the.acidic.comonomer.is.lost.in.water..
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The.experimental.data.on.the.evaluation.of.the.carboxylic.groups’.concentration.[149,172].provides.
information.related.to.latex.stability.and.the.sizing.properties.of.polymer.particles.

Several.other.anionic.water-soluble.comonomers.are.suggested:. fumaric.acid,.maleic.acid,.or.
1-allyloxy-2-hydroxypropyl.sulfonate.[110,135,146,152,170]..The.copolymer.between.a.hydrophobic.
comonomer.(major.amount.in.the.recipe).and.the.water-soluble.comonomer.will.be.located.on.the.
particle.surface.

Higher.ionic.monomer.concentration.reduces.the.particle.diameter.[173]..During.the.emulsion.
copolymerization.of.styrene,.butyl.acrylate,.and.anionic.sulfopropyl.methacrylate.(SPM).the.follow-
ing.relationship.was.found.between.the.polymer.particle.size.and.the.concentration.of.the.anionic.
comonomer.[174]:

.
D K( )

.
[ ] .nm
SPM

= 325 1
0 39

. (9.3)

However,.there.is.a.lower.limit.for.the.particle.size.because.there.is.an.upper.limit.for.water-soluble.
comonomer. concentration:. the. copolymer. with. too. high. a. concentration. of. water-soluble. como-
nomer.is.hydrophilic.and.is.a.poor.sizing.agent..The.particle.size.distribution.can.be.improved.by.
seeded.emulsion.polymerization.[175].

The. so-called. “carboxylated. latexes”. have. higher. mechanical. stability,. freeze–thaw. stability,.
and.improved.adhesion.to.polar.substrates.(like.paper).[170]..Latexes.with.carboxylic.groups.on.the.
particle.surface.are.also.useful.as.toner.resins.[176].

Cationic.latexes.show.a.good.interaction.with.cellulose.fibers.(see.Section.3.3.3.4)..The.cationic.
(or. amphoteric. [1]). latexes. are. also. used. in. the. size-press. solutions.. Cationic. polymer. additives.
enhance.dot.resolution.and.water.fastness.by.associating.with.the.anionic.inks.to.form.an.immobi-
lized.colorant.that.retards.bleeding.and.resists.washing.off.with.water.[24].

Soap.free.emulsion.polymerization.can.be.used.to.obtain.cationic.latexes.by.polymerization.of.
a.hydrophobic.(neutral).monomer. in. the.presence.of.a.cationic.(water-soluble).comonomer.and.a.
water-soluble.functional.initiator.[177–180]..Examples.of.hydrophobic.monomers.are.St-BuA.copo-
lymer.[177,181].or.vinylidene.chloride.[182]..The.following.compounds.are.recommended.as.cat-
ionic.comonomers:.dimethyl.aminoethyl.methacrylate.[177,179],.vinyl-benzyl.ammonium.chloride.
[178,181,183],.vinyl.pyridines.[182,184],.N,N-dimethyl-N-butyl.methacrylamidopropyl.ammonium.
bromide.[185],.trimethyl.aminopropyl.maleimide.ammonium.iodate.[186],.trimethyl.aminopropyl.
maleamic.acid.ammonium.iodate.[187],.and.N-vinyl.imidazole.[182].

In.order.to.prevent.any.anionic–cationic.interaction.during.the.emulsion.copolymerization.pro-
cess,.the.cationic.water-soluble.initiator.is.selected.(such.as.2,2′.Azobis(2-methylpropionamidine.
dihydrochloride). [177]..The.end.group.will. remain.on. the.particle. surface.and.will. increase. the.
density.of.the.cationic.charge.

H2N

C

HN

C

CH3

CH3
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CH3

CH3
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NH2
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As.in.the.case.of.anionic.comonomers,.higher.concentrations.of.initiator.and/or.cationic.comono-
mer.will.result.in.higher.reaction.rates.and.smaller.particle.sizes..Figure.9.7.shows.the.particle.size.
as.a.function.of.the.cationic.comonomer.(aminoethyl.methacrylate.hydrochloride).[180].

The.cationic.comonomer.has.a.big. impact.on. the.particle.size.at.very. low.concentrations..At.
higher.concentrations,.the.curve.reaches.a.plateau:.at.higher.concentrations.of.cationic.comonomer.
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(over.5%.based.on.hydrophobic.comonomer),.the.particle.size.is.about.100.nm.(0.1.μm)..The.particle.
size.distribution.is.very.narrow:.almost.monodisperse..This.is.an.ideal.sizing.agent:.all.particles.
have.the.same.diameter,.which.will.behave.almost.identically.in.the.presence.of.starch.and/or.cel-
lulose.fiber.

Unfortunately,.the.latex.concentration.is.about.10%..The.addition.of.a.cationic.emulsifier.along-
side.a.nonionic.emulsifier.may.increase.the.polymer.concentration.up.to.50%.[182].and.the.particle.
size.is.smaller.[188].

The.stabilizer.synthesized.during.an.emulsion.copolymerization.in.the.presence.of.a.water-soluble.
comonomer.shows.a.wide.CCD:.the.fraction.richer.in.hydrophilic.comonomer.remains.in.water.and.
only.a.small.fraction.with.an.appropriate.hydrophilic–hydrophobic.balance.is.located.on.the.particle.
surface.[172]..The.water-soluble.polymer.may.damage.the.stability.of.the.size-press.solution.[189].
and.its.sizing.effectiveness.

9.1.2.2.3  Polymerizable Surfactants (Surfmers)
In.order.to.overcome.that.shortcoming,.the.water-soluble.comonomer.should.be.a.polymerizable.sur-
factant.(surfmer).[190–192]..In.order.to.prevent.the.formation.of.a.rich.fraction.in.surfmer.through.
its. homopolymerization. in.water,. the. reactivity. ratio.of. the.polymerizable. surfactants. should.be.
rs.=.0.[193]..Thus,.no.homopolymer.of.surfmer.is.obtained.

Surfmers.have.a.hydrophobic.part,. a. cationic.charge.bonded. to. the.hydrophilic.part,. and.are.
called.“polymerizable.surfactants”.because.a.polymerizable.carbon–carbon.double.bond.is.present..
Due.to.their.surface.tension.properties,.the.surfmers.are.used.in.much.lower.concentration.

Surfmers.can.be.ionic.or.nonionic.compounds.and.their.chemical.structure.includes.a.hydropho-
bic.tail.and.an.anion.crotonic.ester.[194,195].
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FIGURE 9.7 The.dependence.of.the.polymer.particle.size.obtained.in.emulsion.polymerization.in.the.pres-
ence.of.cationic.comonomer.
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The.ionic.stabilizer.can.be.pH.sensitive,.which.might.have.an.undesirable.effect.both.on.sizing.
capabilities.and/or.latex.stability.[87]..The.latex.stability.and.the.hydrophilic–hydrophobic.ratio.of.
the.final.material.can.be.balanced.by.using.a.nonionic.stabilizer.able.to.be.involved.in.a.copoly-
merization,.or.in.a.chain.transfer.reaction,.as.is.the.case.of.a.long.polyethylene.oxide.(PEO).branch.
(maleic.ester).[196].
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Neither.the.crotonic,.nor.the.maleic.esters.homopolymerize,.but.both.are.ready.to.copolymerize.
with.a.hydrophobic.monomer.(such.as.styrene.and/or.butyl.acrylate)..Vinyl.sugars.(such.as.vinyl.
di-acetal. of. galactopyranose). can. be. copolymerized. with. any. vinyl. comonomer. [197];. the. final.
material.is.hydrolyzed.to.obtain.a.hydrophilic.surface,.which.is.supposed.to.be.compatible.with.the.
starch.solution.of.the.size-press.solution.
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Polymeric. surfactants. [189,198].are.another.option. for. stable,.high-concentration. latexes..The.
amphiphilic.macromolecule.compound.is.a.block.copolymer.consisting.of.a.PEO.segment.(degree.of.
polymerization.about.31).and.polybutadiene.segment.(degree.of.polymerization.about.10).[154,199]..
The.butadiene.units.are.involved.in.a.chain.transfer.reaction.at.the.allylic.hydrogen.

9.1.2.2.4  Starch as Protective Colloid
Starch.(in.a.modified.form).[135,159,200,201].is.suggested.frequently.as.an.appropriate.stabilizer.
based. on. its. capability. of. “pseudo-irreversible”. adsorption.. Moreover,. starch. is. less. sensitive. to.
electrolytes,.which.is.a.very.important.benefit.in.paper.industry.[58].

The.stabilizer.for.a.colloidal.system.should.be.a.macromolecular.compound.having.a.low.molec-
ular.weight.[152,158].to.prevent.an.increase.in.the.dispersion.viscosity.(dextrose:.number.average.
molecular.weight.3300–5900).[150].

To.reduce.their.molecular.weight,.starches.are.subjected.to.oxidative,.thermal,.acid.or.enzymatic.
hydrolysis..Cationic.waxy.maize.starch.(20%.in.water).was.oxidized.with.ammonium.persulfate.
(5%.based.on.starch).for.130.min.at.90°C.[87],.or.with.hydrogen.peroxide.[152,160].

Low. molecular. weight. dextrin. (<3000. Mn.<.6000). is. formed. by. an. incomplete. hydrolysis. of.
starch.with.diluted.acids.or.by.the.action.of.heat..The.final.product.may.have.a.bimodal.distribution.
for.their.molecular.weight.(6500–13,000).[135]..Dextrin.(33%.based.on.solids).[136,150].is.used.to.
make.emulsions.with.higher.solids.content.(>45%).

Enzymatic. starch. degradation. was.performed. at. 85°C. for. 30.min. with. calcium. acetate. and. a.
commercial.α-Amylase.solution.[152,160]..The.excess.of.acid.used.to.control.the.starch.degradation.
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was.neutralized.by.caustic,.which.will.generate.relatively.large.amounts.of.electrolyte.[91]..That.
electrolyte.may.reduce.latex.stability.

The.weight.ratio.of.comonomers.to.the.stabilizing.agent.(modified.starch).is.ranging.from.about.
1:1.[87,202].to.about.4:1.[152,203,204]..The.amount.of.starch.should.be.optimized.because.a.high.
stabilizer. concentration. improves. the. latex. compatibility. with. the. size-press. solution. but. it. also.
increases.the.amount.of.hydrophilic.on.paper.surface.

During.the.free.radical.emulsion.polymerization,.starch.as.stabilizer.can.be.involved.in.grafting.
reactions.(see.Section.2.4.2);.the.newly.formed.grafted.starch.is.a.better.stabilizer.[156]..In.order.to.
obtain.a.grafted.starch.during.emulsion.copolymerization,.a.redox.initiation.system.is.used:.hydro-
gen.peroxide.and. iron. (II). sulfate..The.properties.of.a.graft. copolymer. formed.with.gelatinized.
starch.are.substantially.different.from.the.properties.of.a.graft.copolymer.of.granular.starch.that.is.
treated.to.gelatinize.it.after.copolymerization.[203].

The.effectiveness.of.starch.as.a.stabilizer.can.be.improved.by.adding.another.nonionic.emulsi-
fier.(such.as.nonyl-phenol.ether.of.PEO).[202].or.by.using.a.water-soluble.comonomer.[146,205].to.
generate.more.stabilizer.in.situ..Examples.of.cationic.comonomers.are.[201].quaternized.vinylimid-
azole.(9.8),.quaternized.dimethylaminoethyl.acrylate,.acrylamidoethyltrimethyl.ammonium.chlo-
ride,.and.methacrylamidopropyltrimethyl-ammonium.chloride.
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Cationic.starch.used.as.stabilizer.for.cationic.surface.size.[204,206].should.be.combined.with.a.
cationic.starch.as.a.carrier.in.the.size-press.solution..This.type.of.latex.is.recommended.for.ink-jet.
printer.paper.(see.Section.9.1.3.1.4).

The.protective.colloid.remains.solidly.anchored.to.the.polymer.core..It.functions.as.a.coupling.
agent.between.starch.(used.as.a.carrier.in.the.size-press.solution).and.the.hydrophobic.polymer.core.
(interpenetrating.network).[204].and.prevents.tearing.at.the.hydrophilic–hydrophobic.interfaces.

A.better.control.of.the.particle.size.is.performed.by.seeded.emulsion.polymerization.[150]:.the.
seed.particles.(about.2%).have.a.particle.size.of.40.nm.for.a.final.particle.size.of.about.250.nm.

An.anionic.latex.used.as.surface.size.(Chromaset™.600).[84].has.the.following.characteristics:.
zeta.potential.(anionicity).between.−40.and.−55.mV,.5.0.<.pH.<.9.0,.particle.size.ranging.from.80.to.
150.nm,.and.polymer.Tg.ranging.from.−15°C.to.50°C..The.addition.rates.are.approximately.3%–5%.
by.weight.of.starch.and.0.1%–0.25%.polymer/dry.paper,.both.calculated.as.active.solids.

9.1.2.3 surface treatment for oil-Resistant Paper
There.are.fluorochemicals.used.as.surface.size.and.grease-resistant.materials. [207]..The.fluoro-
chemicals. are. small. molecules. (such. as. fluoroalkyl. phosphates). [208–210],. medium. molecular.
weight. compounds. [211],. or. copolymers.. Anionic. perfluoropolyethers. (with. medium. molecular.
weight).are.used.in.the.size-press.formulation.along.with.nonionic.starch.[212]..In.order.to.make.a.
cationic.compound,.perfluoroaliphatic.acrylates.and.methacrylates.are.copolymerized.(in.solution.
or.emulsion).with.cationic.methacrylates.[213–217]..The.copolymer.solution.is.used.to.size.paper,.
which.is.not.only.hydrophobic.but.also.oleophobic.(greaseproof).
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Unexpected.water.and.oil.resistance.was.noted.in.the.case.of.paper.treated.with.anionic.blends.
(thinned.starch,.sodium.lauryl.sulfate,.wax.emulsion.[101],.branched.polylactic.acid.[218]).or.with.
cationic.hexamethoxymethyl.melamine.modified.with.long.chain.alcohols.(C16–C24).in.the.presence.
of.hydrochloric.acid.[219]..The.average.molecular.weight.of.this.cationic.sizing.agent.is.about.1200,.
and.it.is.also.used.as.an.active.extender.for.fluorochemicals.
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The.surface. sizing.agents.presented. in. this.chapter.do.not. show.any.chemical. reactivity.dur-
ing.the.paper.drying.step..Their.hydrophobic.properties.are.set.during.their.synthesis.and.remain.
unchanged.throughout.the.papermaking.process.

9.1.3  “Reactive” SuRface Sizing agentS

The.reactivity.of.a.surface.sizing.compound.means.that.the.hydrophobicity.comes.not.only.from.
the.sizing.agent. itself,.but.also.from.different. types.of. interactions.or.chemical.reactions.with.
cellulose. fibers,. or. from. intramolecular. changes. in. the. chemical. structure. of. the. sizing. agent.
during. the.drying. step..The.hydrophobic.character. is. improved.by.developing.new.bonds.and.
by. reorienting. the. big. molecule.. For. example,. the. chemical. reaction. is. developed. between. a.
urea–formaldehyde.(UF).thermosetting.resin.and.acrylic.latex.[220].or.between.a.polyamine.and.
formaldehyde.[221].

Cationic.and.reactive.fluorochemicals.show.higher.performances. than. the.nonreactive.fluoro-
chemicals..Polyamines.react.with.fluorinated.epoxides.at.a.mole.ratio.(amine.hydrogen/epoxy).>1.0..
The.un-reacted.amine.groups.are.treated.with.epichlorohydrin.to.make.a.reactive.azetidinium.cycle.
within.a.fluorinated.surface.sizing.agent.[222].
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The.concept.of.“reactive”.sizing.compound.may.include.those.chemicals.able.to.interact.with.
ink:.cationic.or.anionic.polyelectrolytes.(polyaminoamine.epichlorohydrin.polymer.(PAE).or.poly-
guanidine).[223–225].

9.1.3.1 Anionic water-soluble Polymers
In. order. to. be. dissolved. in. water,. hydrophobic. surface. sizing. agents. must. be. amphiphilic. com-
pounds:.some.hydrophilic.segments.are.also.present.in.their.molecule.[226]..Low.molecular.weight.
propylene. glycols. esterified. with. isophtalic. and. trimellitic. acids. [227]. are. surface. sizing. agents.
when.several.end.groups.are.unreacted.carboxyl.functionalities.

The.hydrophilic.units.are.acids.or.salts.of.those.acids..Since.acids.and.their.salts.often.have.dif-
ferent.solubilities,.the.inclusion.of.these.units.in.the.surface.size.backbone.may.have.an.undesirable.
effect.of.increasing.the.pH.sensitivity.of.the.sizing.agent.[87]..Carboxylated.water-soluble.copo-
lymers.cannot.be.used.at.low.pH.because.the.carboxyl.groups.are.protonated.and.the.copolymer.
solubility.is.lost..However,.that.capability.of.a.carboxylic.group.to.change.its.hydrophilicity.when.
converted.from.a.salt.to.the.undissociated.acid.functionality.is.part.of.the.explanation.of.the.success.
of.polycarboxylic.compounds.as.surface.sizing.agents.

9.1.3.1.1  Styrene–(Meth)Acrylic Acid Copolymers
Styrene.copolymers.with.unsaturated.acids.are.obtained.[83].by.solution.polymerization.in.a.mix-
ture.of.water.and.iso-propanol..Sodium,.potassium,.or.ammonium.salts.(or.blends.thereof).are.used.
as.surface.size.
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The.copolymer.of.the.styrene–methacrylic.acid.(1:1).has.a.balanced.ratio.between.its.hydropho-
bic.(in.black).and.hydrophilic.parts.(in.blue),.which.makes.it.soluble.in.water.(as.sodium,.potassium,.
or.ammonium.salt).while.being.still.hydrophobic.

The.amount.of.styrene.(the.hydrophobic.component). in. the.copolymer.composition. is.crucial.
for.good.print.performances.(Figure.9.8)..There.is.an.optimum.composition.close.to.1:1.mole.ratio.
[85]:.a.higher.number.of.carboxylic.group.makes.the.copolymer.very.hydrophilic,.a.higher.styrene.
content.makes.the.copolymer.(in.its.salt.form).insoluble.in.water.

The.solution.copolymerization.of.styrene.and.(meth)acrylic.acid. is.performed.in.blended.sol-
vents.(water.and.isopropanol)..The.copolymer.composition.depends.on.the.comonomer.ratio.and.
the.solvent..The.alcohol–water.mixture.is.preferred.because.it.is.easier.to.synthesize.a.copolymer.
with.a.homogeneous.composition.(rST.=.1.11.and.rMA.=.1.13.[83,85],.therefore.rST.=.rMA)..In.bulk,.the.
comonomer.reactivity.ratios.are.different.(rMA.>.rST.for.rST.=.0.124.and.rMA.=.0.60.[228]).

The.copolymer.composition.is.critical.for.its.performance.as.sizing.agent.(see.Figure.9.8)..While.
it.is.intended.to.produce.a.polymer.having.a.substantially.random.composition,.copolymers.obtained.
at.lower.conversions.have.a.different.composition.than.that.obtained.at.the.end.of.the.reaction.[229]..
In.order.to.get.a.narrow.CCD,.a.carefully.chosen.ratio.between.water.and.IPA.(1:2–1:3).and.an.opti-
mum.molar.ratio.between.styrene.and.methacrylic.acid.should.be.used.
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Styrene–(meth)acrylic. acid. copolymers. may. incorporate. a. third. and. a. fourth. comonomer:.
acrylonitrile.[230],.MMA,.hydroxyethyl.acrylate,.vinyl.acetate,.etc..[85,231]..As.the.copolymer-
ization.process.becomes.more.complex,.more.attention.should.be.paid.to.the.homogeneity.of.the.
copolymer.[232].

9.1.3.1.2  Styrene–Maleic Anhydride Copolymers
SMA. is. a. very. interesting. molecule. [233]:. the. anhydride. is. very. reactive. with. alcohols,. and.
amines,.and.it.can.be.hydrolyzed.with.a.water.solution.of.sodium.(potassium.and/or.ammonium).
hydroxide.

SMA.copolymers.show.the.same.sizing.potential.as. the.styrene–acrylic.acid.copolymers.and.
have.already.been.tested.as.internal.size.as.well.(Section.7.2)..Moreover,.maleic.anhydride.brings.
two.carboxylic.groups.per.mole.and.does.not.homopolymerize,.which.simplifies.its.synthesis.

SMA.is.obtained.by.copolymerization.in.bulk.or.in.solution.[234–238]..The.ratio.between.sty-
rene.and.maleic.anhydride.in.a.copolymer.is.designed.by.changing.the.styrene/maleic.anhydride.(or.
fumaric.derivatives.[239]).ratio.and/or.by.using.a.proper.copolymerization.procedure.[240–247]..
Because.maleic.anhydride.does.not.homopolymerize.(the.MA-MA.sequence.does.not.exist.in.the.
copolymer.structure),.there.is.a.limitation.of.maleic.content.in.the.SMA.copolymer:.the.maximum.
amount.of.anhydride.incorporated.in.SMA.is.50%..A.large.number.of.carboxylic.groups.can.be.
incorporated.by.a.ternary.copolymerization.of.acrylic.acid–styrene–maleic.anhydride.[247].

The.SMA.copolymers.obtained.from.a.styrene/maleic.anhydride.ratio.higher.than.1.0,.at.high.
conversions,.will.show.a.strong.compositional.drift.[248]:.copolymer.fractions.with.high.content.
of.maleic.will.coexist.with.fractions.with.very.high.styrene.content..The.fractions.with.low.maleic.
content.(below.15%.MA).may.not.be.soluble.in.caustic.or.ammonia.solution.

The.SMA.copolymers.with.an.alternant.structure.are.easy.to.obtain.[240]..The.1:1.copolymer.
composition.results.from.a.1:1.monomer.ratio.and.the.copolymers.with.a.homogeneous.composi-
tion.are.obtained.up.to.high.conversions..The.copolymer.molecular.weight.can.be.controlled.by.the.
concentration.of.some.inorganic.salts.(such.as.lithium.chloride).[249].or.by.the.addition.of.di-vinyl.
benzene.(0.3%–5%).[250].

When.an.SMA.copolymer.richer.in.styrene.is.targeted.(SMA.2:1.and.3:1),.the.copolymerization.
conversion.should.be.kept.at.a.lower.level.(about.50%.and.recycling.styrene),.which.increases.the.
cost.of.the.product.

The.SMA.copolymers.are.water.soluble.in.alkaline.pH..An.aminic.acid.(amide–ammonium.salt).
is.obtained.with.ammonium.hydroxide.(9.13)..These.SMA.salts.are.anionic.polyelectrolytes.and.
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their.viscosity. in.water.solution.depends.on. the.SMA.concentration,. the.SMA.molecular.weight.
[18],.and.the.presence.of.electrolytes.
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In.acid.(pH.<.7.0),.high-molecular-weight.SMA.is.not.water.soluble,.and.its.precipitation.dimin-
ishes.the.effectiveness.as.sizing.agent.[71]..Lower.molecular.weight.SMA.(Mw.=.1700.and.maleic.
content.over.33%).is.soluble.in.water.at.pH.=.4.7,.to.a.solids.contain.of.16.5%.[251].

SMA.copolymers.have.been.of.special.interest.[71].because.they.offer.a.number.of.potential.ben-
efits.to.fine.paper.mills:.increased.sizing,.decreased.use.of.internal.size,.reduced.porosity,.increased.
coefficient. of. friction,. increased. optical. brightener. efficiency,. improved. ink-jet. printability,. and.
increased.xerographic.toner.adhesion.

A.commercially.attractive.SMA.solution.should.have.over.20%.solids.content..However,.that.con-
centration.can.be.reached.(for.a.reasonable.viscosity.level:.η.<.1000.cPs).only.for.very.low.molecular.
weights. (Mw.<.10,000)..However,. for.better. size,. the.SMA.should.have. increased.styrene.content.
for.higher.molecular.weight.(Mw.>.50,000.[252,253].or.even.Mw.>.150,000.[81])..Higher.molecular.
weight.should.be.associated.with.higher.hydrophobicity:.25%.maleic.SMA.shows.an.HST.value.
four.times.higher.than.50%.maleic.anhydride.SMA.

Obviously,.optimum.solution.viscosity,.solids.content,.production.costs,.and.print.performances.
should.be.reached..The.trend.is.to.increase.the.hydrophobic.properties.for.a.high.molecular.weight.
copolymer.dissolved.or.dispersed.in.water.at.higher.solids.content..To.avoid.high.viscosity.in.solu-
tion,.the.molecular.weight.of.SMA.(ammonium.salt).is.increased.directly.on.paper.with.a.cross-
linker.such.as.di-glycidyl.ether.of.glycerol.[254].

The.imidized.SMA.can.be.obtained.[255–257].by.heating.the.aminic.acid.at.temperatures.over.
105°C.and.right.ammonia/MA.ratio.[258]..A.controlled.imidization.reaction.of.the.aminic.acid.of.
SMA.(molecular.weight.about.80,000.and.a.maleic.content.of.26%).changes.the.solution.in.disper-
sion.with.a.moderate.viscosity.at.a.concentration.of.20%..The.imidization.process.requires.higher.
temperatures,.high.pressure,.and.a.long.reaction.time..The.imidized.SMA.is.a.more.hydrophobic.
compound.and.shows.better.performances.as.surface.sizing.agent.

The.imidized.SMA.is.a.dispersion.of.ternary.copolymer.(maleamic.acid,.styrene,.maleimide)..
The.dispersion.stability.can.be.improved.by.the.addition.of.an.emulsifier..The.potassium.salt.of.the.
SMA.can.also.be.used.as.dispersant.(3%.based.on.SMA).[259,260].
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The.degree.of.imidization.is.ranging.from.50%.to.about.90%.[257,260]..In.order.to.control.desiz-
ing.effectiveness,.the.dispersion.of.imidized.SMA.must.have.a.very.low.particle.diameter..For.a.
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degree.of.imidization.of.70%.or.lower,.the.imidized.SMA.particles.in.water.are.soft.because.they.
are.swollen.with.water.

Hard.particles. are.obtained.at. a.higher.degree.of. imidization. (over.90%)..Complete. imidiza-
tion. may. lead. to. the. formation. of. an. unstable. dispersion. with. a. very. broad. particle. size. distri-
bution..The.complete.imidized.SMA.copolymer.is.very.hydrophobic.and.shows.higher.Tg.values.
(190°C–200°C)..Small.particles.of.paraffin.oil.(20–200.nm.diameters).can.be.encapsulated.by.shells.
of.imidized.SMA.[261].

9.1.3.1.3  Other Anionic Surface Sizing Agents
The.copolymers.of.styrene.with.acrylic.acid.and.maleic.anhydride.were.presented.in.the.previous.
chapter..There.is.a.wide.variety.of.other.participants.able.to.replace.styrene.or.the.acrylic.acid.in.
those.copolymers.and.the.final.amphiphilic.copolymer.is.neutralized.with.a.base.

Styrene.copolymers.are.modified.by.changing.their.synthesis.(new.comonomers).or.by.polymer.
analogous.reaction.performed.on.the.preformed.SMA..In.the.copolymerization.reaction.with.maleic.
anhydride,.styrene.is.replaced.by.diisobutylene.[262–266],.C20–C24.olefins.[267],.dicyclopentadiene.
[268,269],.or.by.(meth)acrylic.esters.[270–273].to.make.sizing.agents.

The.copolymer.of.ethylene–acrylic.acid.(EAA).(15%–20%.acrylic.acid).[25,274,275].is.a.surface.
sizing.agent.that.is.more.effective.in.the.presence.of.aluminum.sulfate..EAA.(ammonium/potassium.
salt).is.used.in.size-press.solution.by.itself.[274].or.in.blends.with.the.ammonium.salt.of.the.SMA.
[276,277].

The.type.of.cation.used.to.form.the.salt.of.water-soluble.copolymers.is.also.expected.to.influence.
its.properties..The.ammonium.salt.gives.a.better.sizing.response,.but.the.sodium.salt.has.a.better.
film-forming.ability. (in.blends.with.starch—see.Section.9.3). [13]..However,.ammonia. is. recom-
mended.to.neutralize.at.least.25%.of.carboxylic.groups.[229]..Ammonia.can.be.replaced.by.any.
primary.amine..By.changing.the.amine.structure.[278].a.very.different.product.can.be.obtained.
(lower.Tg).

The.SMA.is.also.altered.by.adding.a.third.comonomer.but.keeping.the.styrene/MA.ratio.1:1..The.
third.comonomer.is.either.hydrophobic,. like.isobutyl.vinyl.ether.[264,279],.or.hydrophilic.as.the.
acrylic.acid.[280]..Ternary.copolymers.are.obtained.by.direct.copolymerization.[81,281].of.styrene.
or.diisobutylene.[282,283].and.half.of.the.ester.or.amide.of.maleic.acid..Half.of.the.ester.of.maleic.
anhydride.is.easily.obtained.by.direct.reaction.between.maleic.anhydride.(1.mol).and.1.mol.alcohol.
(or.a.blend.of.different.alcohols.[281]).

The.polymer.analogous.reactions.are.developed.on.the.reactive.anhydride.functionality.of.SMA..
The.anhydride.group.is.reacted.with.a.fatty.amine.[279].and.half.of.the.amide.is.obtained..The.reac-
tion.with.amine.is.performed.to.an.amine/anhydride.ratio.lower.than.1.0.and.the.extra.carboxylic.
groups.are.converted.to.ammonium.salt.[263,264].

The.reaction.between.the.SMA.copolymer.with.the.corresponding.alcohol.results. in.a.binary.
copolymer.(styrene–maleic.half.ester,.9.15).
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In.terms.of.HST,.contact.angle.and.contact.angle.decay,.straight.SMA.amide.ammonium.salt.
performs.better.than.the.ester.salt.SMA.[50]..The.aminic.acid.can.undergo.imidization,.while.the.
half.ester–ammonium.salt.only.loses.ammonia.that.leaves.a.carboxylic.group.

The.contact.angle.measurements.(Figure.9.9).show.different.properties.for.different.hydrophobic.
copolymers.having.about.50%.mol.maleic.anhydride.derivates. (S-MA(HE):.styrene–maleic.half.
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ester,.ammonium.salt,.S-MA(HE)-MMA:.styrene–maleic.half.ester–MMA.ammonium.salt,.and.
S-MA-MMA.copolymer.amide—ammonium.salt.[81,284]).

The.contact.angle.measurements.performed.for.very.short.time.intervals.(up.to.10.s,.to.simulate.
the.printing.process).[23].show.that.half.of.the.SMA.ester.(ammonium.salt).is.a.better.surface.size.
than.regular.SMA.(amide.ammonium.salt)..However,.the.curing.parameters.(90°C.for.10.min).may.
be.too.low.to.enhance.the.hydrophobicity.of.the.SMA.by.imidization..The.imidization.reaction.has.
a.significant.reaction.rate.only.at.temperatures.over.100°C.

The.orientation.of.macromolecules.on.paper.at.the.molecular.level.needs.further.examination..
Hydrophilic–hydrophilic.or.hydrophobic–hydrophobic.interactions.might.be.involved,.which.leaves.
the.hydrophobic.segments.toward.the.paper.surface.[23].

Quite. unexpectedly,. when. anionic. surface. sizes. (SMA,. styrene–maleic. half. esters,. styrene–
(meth)acrylic.acid.copolymers).were.mixed.with.anionic.acrylamide.copolymers,.a.synergetic.effect.
was.found.[6,88,89,285]..The.surface.size.and.the.PAAm.must.be.premixed.prior.to.application.to.
paper..It.is.most.desirable.to.adjust.the.pH.of.the.aqueous.solution.of.PAAm.to.a.pH.that.is.substan-
tially.the.same.as.that.of.the.surface.size.

Some.blends.of.anionic.surface.sizing.agents.contain.a.cross-linking.agent.(ammonium.zirco-
nium.carbonate. [AZC],.hafnium.salts,. titanium.salts,. formaldehyde,.glyoxalated.polyacrylamide.
(G-PAm),. melamine–formaldehyde. polymers),. which. is. added. separately. to. the. size-press. solu-
tion.[220,286]..The.complexity.of.those.blends.requires.precautions.to.prevent.phase.separation.or.
coagulation.[13]..In.order.to.prevent.the.phase.separation,.PAAm.is.used.as.stabilizer.[89].

9.1.3.1.4  Achieving Paper Printability with Concepts beyond Hydrophobicity
Hydrophobicity. is. only. one. important. part. of. surface. treatment.. The. printing. process. (multi-
color. print,. ink-jet. technology). requires. ink. absorption,. fast. drying,. anchoring. the. ink. dye. on.
the.sheet.surface,.high.image.resolution,.good.colorfastness,.etc..Paper.must.have.an.ink.receiv-
ing. layer. including.a.diversity.of. ingredients. to.match. the.diversity.of. ink.components. (two.or.
more.ink.drops.may.overlap.on.the.paper.surface)..From.the.chemistry.point.of.view,.a.balance.
between.hydrophobic.and.hydrophilic.compounds.[287].along.with.a.specific.ionic.charge.density.
is.needed.[288].

The.hydrophobic.character.of.a.(petroleum).resin.[289].is.adjusted.by.using.saponified,.maleated.
petroleum.resin.or.by.adding.hydrophilic.compounds.(such.as.polyvinyl.pyrrolidone;.the.copolymer.
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of.vinyl.acetate–vinyl.pyrrolidone).[290].or.amphiphilic.block.copolymers.[291]..The.hydrophobic.
character.can.also.be.controlled.by.cross-linking.a.hydrophilic.polymer.[292]..The.complexity.of.
the.recording.surface.may.be.simplified.by.adding.two.coating.layers.with.sophisticated.distribu-
tions.of.pigments,.binders,.and.sizing.materials.[293].

Cationic.additives.retard.ink-jet.dye.movement.[294]..The.cationic.charges.are.brought.by.cat-
ionic.hydrophobic.compounds,.which.are.either.solutions.or.latexes..The.cationic.version.of.maleic.
anhydride.copolymers.[295–297].or.cationic.ternary.copolymers.[298].are.used.in.solution,.while.
styrene–divinyl.benzene–quaternary.ammonium.acrylate.[299].or.vinyl.acetate–cationic.methac-
rylate.[300].are.latexes..The.hydrophobic.character.can.be.obtained.after.cross-linking.the.soluble.
polymers.(blends.of.PVA.and.chitosan).with.glyoxal.[301].

A.cationic.compound.is.added.to.a.sized.paper.substrate.[302].or.is.used.alongside.an.anionic.
hydrophobic.molecule:.rosin.or.styrene–acrylic.acid.copolymer.[303]..Dual.systems.include.anionic.
and.cationic.copolymer.[304,305].and.copolymers.with.an.amphoteric.character,.such.as.copoly-
mers.of.acrylamide.(60%),.methacrylate.PEG.ester.(25%).and.a.betaine.comonomer.(15%).[306]..
For.betaine.monomer.synthesis.[307].see.Section.3.3.3.5.1.

The.presence. of. a. divalent. soluble. metal. salt. (chloride.of. calcium,.magnesium,. barium.zinc).
improves.the.printing.process.[308,309]..Water-soluble.polyvalent.metal.salts.(aluminum.or.zirco-
nium).work.better.in.the.presence.of.a.cationic.small.molecule.[293].and/or.a.polyelectrolyte.(such.
as.poly-DADMAC).[293,310]..The.chemical.reactivity.of.hydrophilic,.cationic.polymers.(such.as.
PAE-type.resins.or.cationically.modified.PVA.[311]),.improves.the.printing.image.when.it.is.applied.
along.with.starch.or.PVA.[312].

9.1.3.2 dispersions of nonreactive sizing Agents stabilized with Reactive sizing Agents
Dispersions.of.nonreactive.surface.sizing.agents.are.more.effective.as.the.particle.size.is.smaller..
The.small.particle.size.dispersions.display.a.very.high.specific.area..To.protect.that.surface,.a.higher.
concentration. of. stabilizer. is. needed.. Regular. surfactants. are. very. poor. sizing. agents.. A. higher.
amount.of.stabilizer.can.also.generate.a.foaming.issue.

Water-soluble.amphiphilic.compounds.and.a.dispersed.hydrophobic.polymer.are.both.potential.
surface. sizing.agents..Their.mixture. (latex.blended.with.SMA.half. ester,. ammonium.salt). [313].
shows.synergetic.effects..However,. the.polymer. latex.may. include.some.hydrophilic.surfactants,.
which.can.damage.the.sizing.performance.of.the.blend.(see.Section.9.1.2)..On.the.other.hand,.the.
amphiphilic. structure.makes. them.potential. stabilizers. for.hydrophobic.dispersions. in.water..To.
enhance.the.performance.of.latex.particles,.the.amphiphilic.sizing.agent.is.used.as.stabilizer.in.the.
polymer.dispersion.synthesis.

Types.of.“stabilizer”.could.be. [151,198,314,315]:.preexisting.high.molecular.weight.polymers.
or.polymers.created.“in.situ”.during.emulsion.copolymerization..The.water-soluble.polymer.used.
as.a.stabilizer.with.sizing.capabilities,.may.enlarge.the.area.of.the.hydrophobic.material.(in.green,.
below).after.the.drying.of.the.dispersed.phase.(in.red,.below).

The.dispersed.hydrophobic.material.is.generated.during.an.emulsion.polymerization.performed.
in.the.presence.of.a.stabilizer,.which.is.a.sizing.agent.as.well..The.stabilizer.is.one.of.the.anionic.or.
cationic.compounds.presented.in.Table.9.1.
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The.dispersed.phase.is.a.hydrophobic.copolymer.with.a.Tg.value.lower.than.the.drying.tempera-
ture..The.regular.drying.temperature.of.the.sheet.is.100°C–105°C;.thus,.the.soft.polymers.(with.low.
Tg).can.readily.develop.their.full.potential..Polymers.with.high.Tg.(such.as.polystyrene).have.a.poor.
sizing.effect.after.drying.at.105°C..However,.by.increasing.the.drying.temperature.to.150°C,.the.
hard.polystyrene.(Tg.=.100°C).can.reach.the.performance.of.the.soft.polymer.[316].

Some.systems.may.contain.a.third.comonomer.that.helps.the.dispersion.stability.and.the.anchor-
ing.step.on.paper..The.effect.of.the.amount.of.stabilizer.on.the.particle.size.and.the.stability.of.the.
emulsion.is.the.critical.parameter.of.this.type.of.surface.sizing.agents.

Hydrophilic.polymers.(such.as.polyacrylic.acid).may.be.stabilizers.for.the.emulsion.polymeriza-
tion. [323],.but.stabilizers.as.sizing.agents.are.hydrophobic.copolymers..Effective.stabilizers.and.
sizing. agents. are. the. copolymers.of. styrene–acrylic. acid. [318,319]. and. the. copolymers.of.SMA.
[146,251,315,324]..To.provide.a.hydrophobic.character,. the.styrene/acrylic.acid.ratio.ranges.from.
5:1.to.2.5:1.

The.copolymer.of.maleic.anhydride–diisobutylene.(m.=.n.and.a.molecular.weight.of.about.11,000).
was.reacted.with.Na.2-aminoethanesulfonate.in.the.presence.of.water.to.make.it.a.strongly.anionic.
polyelectrolyte.[155,158]..The.reaction.temperature.is.100°C.for.the.opening.of.the.anhydride.ring.
and.140°C.for.imidization.
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tABlE 9.1
Emulsion copolymerization of hydrophobic monomers (styrene, Acrylic Esters, 
Acrylonitrile) in the Presence of Potential sizing Agent as stabilizer

Anionic or nonionic 
stabilizer cationic stabilizer Particle size (nm) References

SMA.ammonium.salt — 25 [146]

SMA,.2-butoxyethanol.half.
ester,.ammonium.salt

— [317]

Styrene–acrylic.acid.copolymer — 300 [318,319]

Maleimide.and.olefin.copolymer — 66 [155,158,262]

Polyurethane — 59–105 [320]

Starch.(30%) — 80–110 [87,152,160]

Degraded.starch — 75 [156]

Dextrin — 300–400 [136]

Dextrin.and.acrylic.acid — 180–250 [150]

— Cationic.SMA 98 [17,321]

— Styrene-AcN-dimethyl-aminomethyl.
methacrylate.copolymer

30 [322]

— Cationic.polyamidoamine 110–160 [91]
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Copolymers.of.alpha.olefins.(C10–C18).and.maleic.anhydride.(Mw.=.16,000).dissolved.in.ammonia.
are.effective.stabilizers.even.at.lower.concentration.[190]..In.the.absence.of.a.stabilizer,.the.particle.
size.is.517.nm.and.only.0.5%.of.stabilizer.reduces.the.particle.diameter.to.83.nm..However,.with.
very.small.particle.sizes.the.concentration.of.stabilizer.exceeds.10%.(Figure.9.10)..If.the.data.from.
Figure.9.10.are.extrapolated.to.particles.having.a.diameter.of.30.nm,.the.calculated.amount.of.sta-
bilizer.is.26%..That.high.concentration.of.stabilizer.shows.why.a.stabilizer,.which.is.also.a.sizing.
agent,.is.needed.

The.final.latex.concentration.includes.two.sizing.agents:.the.stabilizer.and.the.hydrophobic.latex.
particles.obtained.during.the.emulsion.copolymerization..The.solids.concentration.can.easily.reach.
over.30%.[252],.but.the.latex.stability.depends.on.the.ratio.between.the.hydrophilic.and.hydrophobic.
units.of.the.stabilizer.and.on.its.molecular.weight.[325]..The.smallest.particles.are.obtained.at.a.very.
high.concentration.of.the.stabilizer.[146].

Many.types.of.latex.used.as.paper-sizing.agents.are.prepared.in.the.presence.of.modified.starch.
(see.Section.9.1.2.2)..Starch.is.supposed.to.be.grafted.in.the.presence.of.free.radical.initiators.(see.
Section.2.3.2);.the.hydrophobic.branches.improve.its.capabilities.as.sizing.agent.

The. anionic. molecules. or. particles. show. less. attachment. to. cellulose. fibers,. which. are. also.
slightly.anionic.. In.order. to.obtain.good.sizing.properties,.a.high.dosage. is.necessary.because.a.
portion.of.the.dispersion.does.not.remain.at.the.surface.but.spreads.throughout.the.bulk.of.the.paper.
sheet..Furthermore,.such.anionic.emulsions.are.not.compatible.with.cationic.starches.[17].

The.attractive.forces.between.polymer.particles.and.paper.sheet.[326].may.involve.hydropho-
bic.forces,.forces.caused.by.non-adsorbing.or.adsorbing.molecules,.and.the.electrostatic.attractive.
force..Cationic.particles.strongly.interact.with.cellulose.fibers.(see.Section.3.2.3);.these.particles.are.
obtained.by.emulsion.polymerization.in.the.presence.of.an.amphiphilic.cationic.stabilizer.

The.St-BuA.copolymer.stabilized.with.a.cationic.amphiphilic.molecule.particle.is.much.more.
effective.at.lower.dosages.than.the.dispersion.stabilized.with.anionic.polymers.[17]..In.other.words,.
the.stabilizer.is.more.than.a.compound.able.to.protect.polymer.particle,.it.is.an.important.compo-
nent.of.the.sizing.system.

A.cationic.stabilizer.is.synthesized.through.a.polymer.analogous.reaction.or.by.copolymerization..
A.reactive.macromolecule.like.SMA.is.modified.with.a.nonsymmetrical.diamine.[321]:.one.primary.
amine.and.one.tertiary.amine.groups.in.the.same.molecule.(such.as.1,1-dimethyl.propylene.diamine).

The.primary.amine.reacts.with.anhydride.to.make.an.imid.and,.in.a.further.step,.the.tertiary.
amine.is.quaternized.[327]..The.new.cationic.molecule.has.an.important.hydrophobic.part.due.to.
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FIGURE 9.10 Butyl.acrylate–MMA.emulsion.copolymerization.in.the.presence.of.α-olefin–maleic.anhy-
dride.copolymer.as.stabilizer.
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the.styrene.units.and.the.imid.structure..That.makes.it.a.very.attractive.stabilizer.for.an.emulsion.
copolymerization.of.styrene.and.acrylic.esters..The.stabilizer.can.be.at.a.concentration.of.up.to.20%.
[321].or.even.up.to.50%.[17].based.on.the.organic.phase..The.emulsion.shows.a.very.good.stability.
for.41%.solids.and.particle.sizes.of.about.95.nm.
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The.chemical.composition.of.SMA.is.broad.(see.Section.9.1.3.1.2).and.a.polymer.analogous.reac-
tion.makes.the.chemical.composition.of.the.cationic.SMA.even.broader..That.extended.CCD.may.
reduce.its.effectiveness.both.as.a.sizing.agent.and.a.stabilizer.for.the.emulsion.polymerization.pro-
cess..Cationic.copolymers.obtained.through.a.ternary.copolymerization.have.a.narrower.CCD.

The. cationic. stabilizer. is. prepared. by. solution. copolymerization. (blend. of. IPA. and. water. as.
solvent).of.a.mixture.of.three.comonomers:.N,N-dimethylaminoethyl.(meth)acrylate.(20%),.styrene.
(64%,.and.acrylonitrile.(16%)..The.ternary.copolymer.has.a.statistical.distribution.of.comonomer.
units..The.organic.solvent.(IPA).is.distilled.at.the.end.of.copolymerization.and.recycled.[91,328,329]..
The.quaternary.ammonium.salt.is.formed.by.reacting.with.acid.[328].or.with.a.hydrophobic.epoxide.
(R.=.C5–C7).[329].
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The.copolymerization.of.acrylonitrile.and.butyl.acrylate.in.emulsion.is.performed.at.total.solids.
of.25%.[322]..In.order.to.provide.the.stability.for.the.polymer.particle,.the.cationic.stabilizer.is.used.
in.a.high.concentration.(33%.based.on.the.total.solids.content)..This.type.of.stabilizer.and.its.high.
concentration.reduce.the.particle.size.down.to.0.03–0.04.μm.[328].

The.hydrophobic.segments.of.the.stabilizer.macromolecules.are.located.on.the.particle.surface.
and.they.form.an.extended.hydrophobic.“shell”.(the.area.under.the.dashed.line),.which.results.in.an.
extended.hydrophobic.character.for.that.polymer.particle..The.hydrophilic.units.are.oriented.toward.
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water.and.they.help.the.interaction.with.cellulose.fibers.during.the.sizing.step.and.with.ink.during.
the.printing.process.
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The. cationic. stabilizer. can. also. be. obtained. by. a. polycondensation. process.. The. hydropho-
bic.part.is.polyester.obtained.by.condensation.of.12-hydroxystearic.acid.with.palmitic.acid..The.
excess.of.carboxylic.groups.are.converted.to.acid.chloride..In.a.separate.step.a.polyamidoamine.
is. synthesized. from.adipic. acid. and.bis(3-aminopropyl)methylamine..The.polyamidoamine.has.
primary.amine.as.end.groups.and.several.tertiary.amines.in.its.backbone..In.the.presence.of.an.
acid,.the.tertiary.amine.will.change.to.ammonium.salt.(the.hydrophilic.part)..This.stabilizer.has.
multiple.cationic.charges.in.the.middle.of.the.macromolecule.and.the.hydrophobic.end.group..It.is.
used.in.emulsion.copolymerization.of.butyl.acrylate.and.acrylonitrile..The.dispersion.with.mixed.
sizing.agents.is.added.at.the.wet.end.as.internal.size.and/or.in.the.size-press.solution.as.surface.
sizing.agent.[91].
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9.1.3.3 Internal sizing Agents for surface treatment
The.chemical.compounds.added.at.the.wet.end.as.internal.sizing.agents.have.proved.their.perfor-
mances.in.making.paper.more.hydrophobic..However,.when.internally.added.(rosin,.alkenyl.suc-
cinic.anhydride.[ASA].and/or.alkenyl.ketene.dimer.[AKD]).they.are.never.totally.retained.on.the.
cellulose.fibers..The.un-retained.materials.may.hydrolyze.and.create.problems.during.the.paper-
making.process.

In.order.to.increase.retention.up.to.100%,.the.addition.of.reactive.internal.sizing.agents.(AKD,.
ASA,.rosin,.isocyanates,.see.Sections.7.2.through.7.4).in.size-press.solution.was.explored.[5,330–
336]..The.size.applied.at.the.size.press.allows.for.a.reduction.in.dosages.of.the.total.size.[19].

As.a.general.strategy,.the.internal.sizing.compounds.can.be.added.directly.to.the.starch.disper-
sion.in.the.size-press.solution..However,.the.surface.sizing.process.and.the.environment.in.the.size-
press.solution.differ.greatly.from.those.at.the.wet.end..That.is.why.the.majority.of.formulas.include,.
along.with.internal.sizing.compounds,.other.surface.sizing.agents.
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There.is.also.another.reason.why.rosin.should.be.used.at.the.dry.end:.rosin.as.an.internal.siz-
ing.agent.can.hardly.be.used.at.the.wet.end.in.the.presence.of.alkaline.fillers..In.the.size.press,.the.
cationic.resins.are.not.needed.as.retention.aids.for.rosin.[337].or.for.rosin.blended.with.nonreac-
tive.diluters.(such.as.paraffin.wax.with.a.low.melting.point.[338].or.hydrocarbon.resins.[115])..The.
anionic.rosin.is.more.effective.in.the.presence.of.alum.(see.Section.7.2.4)..Another.option.would.be.
to.use.rosin.and.alum.as.surface.sizing.agents.on.the.alkaline.paper.[339]..For.other.types.of.paper,.
alum.may.be.present.only.in.the.preformed.sheet.[336].

Other.carboxylated.compounds.are.used.in.blends.with.rosin..Thus,.synergetic.effects.were.noted.
between.rosin.salt.and.the.copolymers.of.maleic.anhydride.(styrene,.olefins,.and.vinyl.esters).[340],.
styrene–acrylic.acid.copolymers.[341],.or.the.copolymer.of.the.ethylene–acrylic.acid.ammonium.
salt.[342,343].

Rosin.and.fatty.acids.are.used.as.“active.solvents”.in.the.free.radical.copolymerization.of.styrene.
with.acrylic.acid.[341]..The.final.copolymer.may.include.molecules.of.rosin.through.a.chain.transfer.
reaction.

Anionic.carboxylated.compounds.(including.rosin).may.interact.with.the.anionic.cellulose.fibers.
through.an.aluminum.cation..AKD.and.ASA.have.reactive.functionalities.capable.to.form.a.cova-
lent.bond.with.the.cellulosic.hydroxyl.group.

The.2-oxetanone.ketene.multimer.[344].is.used.both.as.an.internal.and.a.surface.sizing.agent..
This.multimer. (see.Section.7.3.1). [345]. is. a. liquid. (melting.point.below.20°C),. and. its. chemical.
structure. includes.hydrophobic. tails.(in.black).and.reactive.groups.(n. is.ranging.from.about.2. to.
about.5).
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When.n.=.0,.AKD.has.a.much.higher.melting.point..R.and.R2.are.hydrophobic.in.nature.(hydro-
carbons.of.at.least.4.carbon.atoms.in.length)..R1.is.also.a.hydrocarbon.having.4–8.carbon.atoms.(for.
instance,.from.azelaic.acid,.1,9-Nonanedioic.acid).
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The.AKD.dispersions.are.stabilized.with.cationic.macromolecular.compounds,.which.are.sizing.
promoters.as.well. [332]..For. instance,.AKD.emulsion. is.stabilized.with.cationic.polyacrylamide.
(cPAAm).end.caped.with.a.long.hydrocarbon.tail.[331]..Blends.of.AKD.and.fluorochemicals.are.
used.in.the.presence.of.a.PAE-type.resin.[346].

The.reactive.AKD.is.used.alongside.other.surface.sizing.agents..PVA.(99%.hydrolyzed).[347],.
SMA. ammonium. salt. [10],. and. polymer. latexes. enhance. AKD. performances.. The. nonreactive.
surface.sizing.particles.(latexes).and.AKD.are.emulsified.together.[348,349].or.simply.blended.in.
the.size-press.solution.with.a.cationic.polymer.as.promoter.[350].in.the.presence.of.an.oxidized.
starch.[351].

Nonreactive.hydrophobic.waxes.are.blended.with.latex.of.the.styrene–acrylate.copolymer,.and.
the.mixture.is.passed.through.a.homogenizer.to.obtain.a.mixed.dispersion.[319]..The.addition.of.
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fatty.acids.or.AKD.improves.the.performance.as.surface.sizing.agents.of.the.hydrocarbon.wax.dis-
persion.[352].(cationic.polyelectrolyte.as.stabilizer).(Figure.9.11).

The.reactive.compounds.used.in.size-press.solution.[335,353].may.have.anhydride.functionalities.
(such.as.ASA—see.Section.7.4—or.maleinized.polybutadiene.[330]).
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or.azetidinium.cycle.as.in.polyamine.with.hydrophobic.tails.(R—from.fatty.acids).[354]:
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FIGURE 9.11 HST. values. for. paper. coated. with. blends. (0.38%. based. on. paper). of. wax. and. fatty. acid.
or.AKD.
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The.need.for.high.molecular.weight.compounds.in.the.size-press.solution.was.addressed.by.using.
reactive.derivatives.to.modify.preexisting.polymers..A.macromolecular.compound.with.hydropho-
bic.pendant.moieties.has.been.obtained..Surface.sizing.material.is.obtained.from.poliamidoamine.
reacted.with.AKD,.ASA,. rosin. isocyanate,.or. rosin.acid.chloride.and. then.with.epichlorohydrin.
[355–357].

The.reactive.sizing.agents.are.a.source.of.many.problems.in.terms.of.emulsification,.shipping,.
and.storage..In.most.of.those.formulations.(for.AKD.and.ASA.dispersions),.starch.is.used.as.a.pro-
tective.colloid..In.order.to.solve.the.stability.problem,.starch.was.used.as.a.carrier.for.hydrophobic.
tails..AKD.is.reacted.(in.the.presence.of.sodium.carbonate).with.starch.(dissolved.or.dispersed.in.
water).[358].to.form.hydrophobic.ester.pendant.groups.(in.black)..The.cationic.starch.reacts.with.
cyclic.dicarboxylic.anhydrides.[359].(such.as.tetrapropenyl.succinic.anhydride.[360])..The.new.siz-
ing.agents.are.good.emulsifying.agents,.they.can.make.a.water-repellent.film.and.they.are.used.in.
the.size-press.solution.[360,361].
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9.1.3.4 surface sizing mechanism
Compounds.with.very.different.chemical.structures.provide.multiple.mechanisms.through.which.
hydrophobicity.is.delivered.to.the.paper.surface..There.are.hydrophobic.macromolecular.compounds.
without.ionic.charges..There.are.reactive.or.ionic.small.molecules.with.long.hydrophobic.tails,.and.
there.are.also.water-soluble.polymers.with.high.molecular.weights..The.number.of.possible.surface.
sizing.mechanisms.is.also.related.to.the.diversity.of.both.physical.processes.and.chemical.reactions.
involved.in.a.particular.mechanism.

Hydrophobic.macromolecular.compounds.such.as.latex.particles.are.simply.deposited.on.the.cel-
lulose.fiber..The.ionic.particle.stabilizer.may.help.deposit.formation.(see.cationic.latexes).through.
ionic.interactions..Hydrophobic.small.molecules.are.anchored.on.the.cellulose.fibers.through.ionic.
or.covalent.bonds..Water-soluble.macromolecules.may.also.be.anchored.through.ionic.or.covalent.
bonds.but.their.hydrophobicity.changes.through.chemical.reactions.

Due.to.its.overwhelming.concentration.(as.compared.with.the.concentration.of.the.surface.siz-
ing.agent),.starch.is.a.key.component.of.the.sizing.process:.it.controls.liquid.penetration.into.paper,.
competes.in.the.adsorption.step,.may.develop.ionic.interaction.with.cellulose.fibers,.and.is.a.poten-
tial.partner.in.chemical.reactions.

The.properties.of.the.size-press.solution.that.have.the.outmost.effect.on.surface-size.compatibil-
ity.are.the.pH,.the.presence.of.polyvalent.metal.ions,.and/or.polyelectrolytes.[13]..Anionic.starches.
should.be.used.at.alkaline.pH,.cationic.starches.should.be.used.in.acidic.pH..Polyelectrolytes.(such.
as.starches.and.sizing.agents).are.also.sensitive.to.the.presence.of.salt.in.solution.
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In.the.size.press.the.dried.paper.sheet.is.in.contact.with.the.sizing.solution,.which.has.a.water.
content.of.about.85%.or.higher..At.the.moment.when.the.size-press.solution.is.in.contact.with.the.
dry.paper.sheet,.a.“mini.wet.section”.divided.into.the.interphase.and.the.bulk.of.paper.is.formed.
[362]..The.components.of.the.size-press.solution.are.involved.in.several.physical.processes:.diffu-
sion,.adsorption,.molecule.migration,.macromolecular.coil.reconfiguration..Some.ionic.interactions.
may.also.be.expected.

The. goal. of. paper. surface. sizing. is. to. enhance. paper. properties. by. keeping. the. hydrophobic.
compound.on.the.paper.surface..Liquid.penetration.in.the.paper.z-direction.due.to.the.nip.pressure.
and.the.capillary.transport.competes.with.polymer.adsorption.(water-soluble.species.and.particles)..
Retention.is.100%..However,.the.size.distribution.and.the.penetration.depth.of.high.molecular.com-
pounds.depend.on.the.solution.viscosity.and.the.ionic.interaction.

The. liquid. penetration. is. controlled. by. the. molecular. weights. of. starch. and. the. sizing. agent.
[56,252]:.higher.molecular.weights.and.higher.solution.viscosity.increase.the.chance.for.paper.chem-
icals.to.remain.on.the.paper.surface..Polyvalent.metal.salts.(such.as.alum.and.AZC).are.involved.in.
increasing.the.size.of.the.polyelectrolyte.aggregates,.can.change.the.solution.viscosity,.prevent.the.
penetration.of.the.surface.sizing.agent.through.the.paper.sheet,.and.can.be.a.partner.in.anchoring.
the.sizing.agent.on.the.fiber.surface.

The.wet.sheet.passes.through.the.drying.section.where.high.temperature.and.water.evaporation.
accelerate. the.physical.and.chemical.processes..At. this.point,. it. is.possible. to. reach. the.melting.
point.(or.Tg).of.the.sizing.agent.and.to.develop.ionic.and/or.covalent.bonds.through.unimolecular.or.
bimolecular.reactions..Some.of.these.interactions.are.similar.to.those.developed.during.the.internal.
sizing.process.

Based.on.the.HST.measurements.[18,252],.only.the.ammonium.salt.of.SMA.can.improve.hydro-
phobicity.(SMA.sodium.salt.is.a.poor.sizing.agent)..The.sodium.salt.of.SMA.(1:1.and.a.molecular.
weight.of.120,000).shows.an.HST.value.of.about.4.s,.while.the.ammonium.salt.of.SMA.(with.the.
same.composition.and.molecular.weight).has.an.HST.of.124.s.

Only.an.ammonia.solution.of.SMA.has.that.capability..In.order.to.be.effective,.the.ammonium.
salt.of.the.SMA.resin.(or.EAA.or.styrene–acrylic.acid.copolymer).must.be.heated.at.regular.tem-
perature.and.converted.to.acid.for.the.paper.machine.dryer.[276]..The.free.ammonia.is.flushed.out.
and.the.equilibrium.moves.to.the.acid.form..The.undissociated.carboxylic.group.makes.the.copo-
lymer.more.hydrophobic.
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The.SMA.sodium.salt.does.not.change.its.composition.at.the.drying.section.and.the.sizing.prop-
erties.are.not.improved.

The.SMA.amide–ammonium.salt.also.change.into.succinic.imide.units..The.imidization.of.SMA.
takes.place.at.higher.temperatures.[363]..However,.for.short.lapses.of.time,.it.can.occur.at.low.con-
versions.in.the.drying.section.
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Copolymers.of.SMA.with.half.ester–ammonium.salt.cannot.change.their.structure.to.imide,.and.
thus.the.drying.temperature.does.not.have.any.impact.on.the.HST.numbers.[71].
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Imidization.is.a.unimolecular.reaction..Reactions.of.the.bimolecular.type.would.involve.a.sur-
face.sizing.agent.and.cellulose.or.a.cross-linker..Cellulose.reacts.with.alkyl.silicon.halide.[364–
366],.lactone,.or.anhydrides.(such.as.AKD.and.ASA)..The.new.hydrophobic.tails.are.oriented.away.
from.the.cellulose.fiber.[1].

The.polyglycidyl.ether.[367,368],.as.a.cross-linker.for.SMA,.converts.the.carboxylic.group.to.
ester.and.the.resulting.molecules.have.a.much.higher.molecular.weight..For.both.uni-.and.bimolecu-
lar.reactions,.temperature.and.moisture.are.critical.

SMA,.EAA,.and.styrene–acrylic.acid.copolymers.are.polyanionic.electrolytes.very.likely.to.be.
involved.in.ionic.interactions.with.polycations.during.the.papermaking.process..Whether.or.not.the.
SMA.performance.as.a.surface.sizing.agent.in.the.presence.of.alum.can.be.improved.is.still.under.
debate.[13,18,252]..Moreover,.many.patents.describe.styrene.copolymers.with.(meth)acrylic.acid.as.
being.able.to.perform.as.sizing.agents.in.the.absence.of.alum.[83,229,276]..For.instance,.the.absence.
of.alum.is.critical.for.the.best.performance.of.the.maleated.petroleum.resin.[289].

On.the.other.hand,.cationic.SMA.[296].is.an.effective.surface.sizing.agent.[297].in.the.absence.
of.alum..However,.polyfunctional.cationic.species.seem.to.help.the.carboxylic.groups.to.“bridge”.to.
the.anionic.cellulose.fibers.[13,15,270,271]..Aluminum,.zirconium.compounds,.and.multifunctional.
reactive.organic.compounds.(such.as.G-PAm).[286].or.polyamines.[369].are.examples.of.polyfunc-
tional.cationic.compounds.

The.sizing.performance.of.anionic.polyurethanesis.improved.in.the.presence.of.alum.[18,320]..
Larger.aggregates.are.recommended.as.surface.sizing.agents.[370]..For.white.paper,.it.is.recom-
mended.to.use.aluminum.sulfate.(0.1%–1.5%.by.weight.of.the.fibrous.material)..Adding.the.alumi-
num.salt.at.the.wet.end.is.beneficial.[81],.but.it.is.also.possible.to.impregnate.the.finished.paper.with.
a.solution.of.alum.prior.to.treatment.with.the.surface.size.[25].

The.two.polyelectrolytes.are.put.in.contact.in.the.size-press.solution.or.direct.on.paper..It.seems.
that.at.least.a.fraction.of.their.hydrophobic.properties.are.developed.based.on.those.interactions..
The. zirconium. salt. immobilizes. the. surface. sizing. compound,. prevents. its. penetration. onto. the.
paper.sheet.[371,372],.and.orients.the.hydrophobic.portion.of.the.SMA.macromolecule.away.from.
the.surface.of.the.sheet.[373].in.the.wet.state,.before.the.sheet.enters.the.drying.section.of.the.paper.
machine..Polyelectrolyte.complexes.[369].include.both.cationic.and.anionic.residual.charges,.which.
may.help.the.printing.process.(interactions.with.the.ink.components).

In.order.for.HST.to.improve.significantly,.the.amount.of.AZC.[71].must.be.quite.high.(Figure.
9.12):.0.15%.SMA.(amide.ammonium.salt).asks.for.about.3%.AZC.(based.on.dry.starch).
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FIGURE 9.12 The.effect.of.AZC.concentration.on.the.HST.values.
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AZC.can.interact.with.anionic.polymers.in.alkaline.pH.[15]..The.anionic.oxidized.starch.is.the.
preferred.starch;.AZC.enhances.the.HST.values.especially.when.SMA.is.an.ammonium.salt.

AZC.is.a.soluble.alkaline.salt.of.zirconium..Because.zirconium.Zr4+.salts.are.extensively.hydro-
lyzed.in.water,.ammonium.cations.and.anionic.hydroxy-bridge.zirconium.polymer.containing.car-
bonate.[374].are.present.in.the.AZC.solution..The.AZC.solution.in.water.is.stable.at.temperatures.
below.40°C.and.in.the.7.5–11.0.pH.range..The.AZC.solution.can.be.added.to.a.polymer.solution.
having.the.same.pH.range..In.order.to.improve.the.stability.of.the.AZC.solution.at.higher.tempera-
tures.(up.to.70°C),.a.hydroxy-carboxylic.acid.(tartaric,.dihydroxy.tartaric,.mucic,.and.gluconic.acid).
can.be.used.[375].

The.chemical.structure.of.the.zirconium.salt.is.still.under.discussion.[371]..Its.cationicity.and.
the. number. of. cationic. charges. able. to. bond. the. anionic. groups. of. the. surface. sizing. polymers.
are.currently.under.study..The.aqueous.solution.of.Zr4+.in.carbonate.media.involves.[376].several.
complexes.having.the.following.stoichiometries:.[Zr(CO3)4]4−,.[Zr(CO3)3(OH)]3−,.[Zr(CO3)2(OH)2]2−,.
[Zr(CO3)(OH)3]−,.and.[Zr(OH)4]..The.general.formula.is

. [Zr(CO ) (OH) ]3 4x x
x

−
−

where. 0.≤.x.≤.4.. The. relative. concentrations. of. those. species. are. related. to. the. initial. HCO3
−. ion.

concentration.
Zirconium.salts.can.undergo.a.“condensation”.process,.and.generate.a.complex.structure..The.

increase.of. the.extent.of.polymerization.of.Zr4+.complexes.can.be.correlated.with. the.formation.
of.more.hydrolyzed.species..Condensation.can.be.attributed.to. the.formation.of.hydroxo.bridges.
Zr–(OH)–Zr.. Decreasing. the. CO3

2−. concentration,. either. by. dilution. or. by. addition. of. alkaline.
reagents,.leads.to.the.formation.of.more.condensed.species.

In.the.[Zr(CO3)2(OH)2]n.polymeric.unit,.carbonate.ions.replace.H2O.in.the.coordination.sphere.of.
Zr4+,.and.so,.for.n.=.4,.the.formula.[Zr4(CO3)8(OH)8]8−.may.have.the.following.structure.[376,377]:
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Ammonium.cations.are.used. for.a.closer.structure.of.AZC.. In. this.polymeric.structure. there.
are.eight.carbonate.groups,.which.make.AZC.a.polyfunctional. compound..A. linear. structure. is.
also.proposed.in.which.a.different.ratio.between.hydroxylic.groups.and.carbonate.groups.is.used.
[24,374].
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The.carbonic.acid.is.a.very.weak.acid.and.it.can.be.replaced.by.an.organic.acid.(carboxyl.group)..
If.the.carboxylic.group.is.attached.to.a.macromolecular.structure.(like.surface.sizing.agents:.the.
styrene–acrylic.acid.or.the.SMA.copolymers),.a.cross-linking.process.takes.place.[374]..The.poly-
carboxylic.compound.can.be.the.water-dispersible.latex.of.a.hydrophobic.material..The.carboxylic.
groups.are.located.on.the.particle.surface.and.can.interact.with.zirconium.derivatives.[372]..The.
carboxylic.group.can.also.be.attached.to.the.cellulose.fiber.and.AZC.makes.it.possible.to.anchor.the.
macromolecular.compound.to.the.cellulose.fiber.

Carbonate.ions.are.in.excess.in.order.to.confer.stability.to.the.polymeric.compound..If.the.con-
centration.of.the.carbonate.ion.changes,.the.molecular.size,.the.molecular.size.distribution,.and.the.
overall.solution.properties.will.change.as.well.

The.migration.is.controlled.[371].by.alginate.salt.(ammonium.is.preferred).and.0.01%–2%.AZC..
That.is.a.very.elegant.way.to.control.the.amount.and.the.“reactivity”.of.the.zirconium.complex.when.
the.migration.control.agent.is.blended.with.a.polycarboxylic.compound.

AZC.has.exhibited.certain.useful.characteristics.as.an.additive.in.the.size-press.solution.[373]:.it.
reduces.dusting.from.internal.ash.during.printing,.reduces.linting.derived.from.surface.fibers.during.
printing,.increases.Gurley.porosity,.and.improves.performances.of.low-cost.starch.derivatives.

There.are.some.downsides.of.using.alum.and.AZC.in.conjunction.with.anionic.macromolecu-
lar.compounds.as.surface.sizing.agents..To.mix.the.solutions.of.two.different.polymers.is.often.a.
problem.[378,379]:.a.phase.separation.can.be.developed.in.the.size-press.solution.(insoluble.aggre-
gates—see.Chapter.3)..The.AZC.compatibility.with. the. size-press. solution.can.create. the. same.
difficulties:.precipitation,.phase.separation,.increase.in.viscosity,.etc..An.acceptable.range.for.pH.
is.between.5.and.10..It.is.recommended.[71].to.add.the.cationic.compound.(AZC,.alum,.cationic.
copolymers).to.starch.followed.by.mixing.before.adding.the.SMA-type.resin.

The.aluminum.salt.added.at. the.wet.end.creates.several.problems.as.well:. it. is.eluted. from.
paper.into.the.sizing.solution.and.it.can.precipitate.the.anionic.polyelectrolyte.in.the.size-press.
solution.[271].

9.1.4  effect of the defoameR

The. sizing. agent. is. dissolved.or. dispersed. in. a. starch. solution.or. dispersion..During. the.drying.
process,.the.sizing.material.coats.the.cellulose.fiber.surface.and—at.the.macroscopic.scale—the.
paper.surface..That.is.mainly.a.“surface”.phenomenon..Most.surface.sizing.agents.are.also.surface.
active.compounds,.which.can.generate.foaming..That.is.why.size-press.solutions.usually.include.a.
defoamer..Defoamers.are.often.surface.active.materials,.which.cause.the.paper.surface.to.be.easily.
wetted.[318].and.reduce.the.size.effectiveness.

The.SMA.solution.with.solids.content.of.10%–20%.needs.defoamer.in.a.concentration.of.about.
350.ppm.to.prevent.foam.formation.during.the.synthesis.process..In.the.size-press.solution.(starch.
plus.surface.sizing.agent),.for.the.same.defoamer.concentration,.the.defoamer/surface.size.ratio.is.
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about.100.times.higher.than.that.in.the.SMA.solution..Starch,.the.sizing.agent,.and.the.defoamer.
are.100%.transferred.to.the.paper.sheet,.and.therefore.the.defoamer.content.on.the.paper.surface.is.
about.15%.based.on.the.sizing.agent..

The.effect.of. two.different.commercially.available.defoamers.on. the.performance.of. the.half.
ester.ammonium.salt.of.SMA.is.shown.in.Figure.9.13.[71]..Low.concentrations.of.defoamer.reduce.
with.about.50%.of.the.HST.value,.and—at.higher.concentrations—the.size.effectiveness.decreases.
close.to.zero.

9.2 sURFAcE stREnGth AGEnts

The.paper.web.is.a.capillary.system.made.from.hydrophilic.fibers..The.printing.and.coating.pro-
cesses.result.in.a.significant.stress.to.paper.surface..The.cellulose.fibers.located.in.the.bulk.of.sheet.
are.involved.in.an.interfiber.bonding;.fibers.interact.with.one.another.in.the.three-dimensional.space.
(x,.y,.and.z)..The.average.number.of.interfiber.bonds.calculated.for.one.cellulose.fiber.is.lower.for.the.
fibers.located.on.the.paper.surface.(a.two-dimensional.area)..Linting,.picking,.blistering,.delami-
nating,.and.feathering.should.be.prevented.by.enhancing.the.paper.surface.strength.with.specially.
designed. chemicals..The. effect. of. those. chemicals. on. the. surface. strength. should.be. accurately.
evaluated.[380].

Wet.end.additives.(such.as.dry-strength.resins).improve.surface.strength.as.well..For.instance,.
lower. molecular. weight,. cationic. starches. (charge. density. 0.7–1.1.meqv/g). [381,382],. cationic.
(imidized).and.anionic.SMA.[383].reduce.linting.and.dust.formation.during.the.printing.process..
However,. the.chemicals. added.at. the.wet. end.are. supposed. to.be.evenly.distributed. in. the.bulk.
of.paper;. therefore,.only.a.small.portion.of. the.compound.is. located.closer. to. the.paper.surface..
Because.an.important.part.of.the.resin.does.not.contribute.to.the.surface.strength,.the.surface.treat-
ment.seems.to.be.a.better.choice.

Even.during.the.surface.treatment.with.the.starch.solution,.the.polymer.does.not.remain.solely.
on.the.paper.surface.but.penetrates.to.a.certain.extent.into.the.bulk.of.sheet..The.penetration.depth.
depends.on.the.solution.viscosity.(the.higher.the.viscosity,.the.lower.the.penetration),.on.the.surface.
tension.of.the.solution.(the.lower.the.surface.tension.of.the.solution,.the.deeper.the.penetration),.on.
the.ionic.charge.density,.and.on.the.paper.porosity.[52,362].

The.treatment.of.the.paper.surface.with.chemical.compounds.should.be.performed.in.a.way.as.to.
prevent.their.penetration.into.the.bulk.of.sheet.[384]..A.special.equipment.with.a.vacuum.blade.unit.

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800 1000 1200

Re
du

ct
io

n 
in

 H
ST

 (%
)

Defoamer concentration (ppm)

Defoamer 1

Defoamer 2

FIGURE 9.13 The. defoamer. effect. on. HST. and. HST. decay.. (From. Latta,. J.L.,. Tappi Papermakers 
Conference,.1994,.p..399..With.permission.)

© 2012 by Georgia-Pacific Chemicals LLC

  



387Chemicals for the Treatment of Paper Surface

was.designed.to.keep.starch.on.the.paper.surface..That.device.allows.for.the.same.pickup.of.starch.
but.a.lower.linting.than.the.size-press.treatment.

Surface.strength.is.required.for.paper.designed.to.go.into.repetitive.printing.process.in.which.
the.mechanical.stress.is.applied.in.the.presence.of.water.or.other.aggressive.liquids.(such.as.ink)..
The.presence.of.water.[385].(or.any.other.polar.solvent).may.change.the.paper.surface.strength:.the.
hydrogen.bonding.is.reduced,.a.strong.fiber.swelling.results.in.a.stress.relaxation,.which.allows.for.
fiber.rising.[386].

Various. printing. technologies. require. paper. surface. with. high. integrity. and. resistance. to. the.
abrasive.effects.of.the.printing.processes..Higher.printing.speed,.higher.printing.pressure,.increases.
in.ink.tack.(or.ink.viscosity).result.in.more.linting.[387]..Fiber.picking,.linting,.and.filler.dusting.all.
contribute.to.decreased.runnability.of.paper.

Paper.chemicals.able.to.provide.surface.strength.for.the.paper.sheet.combine.the.properties.of.
dry.strength.resins.and.surface.sizing.agents..Any.chemicals.able.to.reduce.the.paper.porosity,.to.
improve.the.interfiber.bonding.(such.as.PAAm.[388,389]).and.to.increase.the.fiber.hydrophobicity,.
may.have.an.impact.on.the.surface.strength.of.paper.[34]..The.sizing.agent.makes.the.paper.more.
hydrophobic.and.thus.more.resistant.to.the.water.involved.in.the.printing.process.[384].

Starch.as.paper.surface.treatment.[20,390].improves.the.interfiber.bonding.through.newly.devel-
oped.hydrogen.bonds..During.the.drying.step,.other.polymers.can.interact.with.cellulose.fibers.to.
form.ionic.or.covalent.bonds..The.improvement.of.the.surface.strength.through.covalent.bond.for-
mation.should.be.considered.in.the.case.of.PAAm.and.a.carrier.for.glyoxal.(glyoxal-monoureine.
[391],.starch-glyoxal.[392]),.polyisocyanate.[393],.or.acrylamide/N-methylol–.acrylamide.copoly-
mer.[394].

Ionic.bonds.are.developed.at.the.contact.between.chemicals.and.paper,.such.as.between.anionic.
cellulose.fibers.and.any.cationic.polyelectrolyte..Polyvinyl.amine.and.its.copolymers.[395],.cationic.
starch.[72],.or.cationic.amylose.[68]).are.designed.as.surface.strength.agent. for.newsprint.grade.
paper,.which.is.involved.in.many.rewetting.processes.during.the.printing..AZC.added.to.the.size-
press.solution.[373].reduces.dusting.from.internal.ash.during.printing,.reduces.linting.derived.from.
surface.fibers.during.printing,.increases.Gurley.porosity,.and.improves.performances.of.low-cost.
starch.derivatives.

Potential.surface.strength.additives.may.include.ionic.bonds.before.they.reach.the.paper.surface..
Blends. of. anionic. and. cationic. compounds. [370,396,397]. make. polyelectrolyte. complexes. (dual.
system,.see.Section.6.5)..Thus,.cPAAm.or.polyethylene.imine.(PEI),.is.blended.with.hydrophobic.
copolymer.(such.as.anionic.SMA).[398,399].or.anionic.(oxidized).starch..The.cationic.groups.and.
the.anionic.groups.may.be.in.the.same.molecule.of.amphoteric.starch.[400,401],.which.is.able.to.
provide.a.cross-linked.structure.by.itself,.and.the.film.is.not.sensitive.to.water.[402].

The.ionic.component.can.be.located.in.different.layers.[403]:.at.the.top.of.a.polycationic.primer.
coating,.a.second.coating.is.added,.which.incorporates.anionic.polyelectrolytes.[404]..In.order.to.
consolidate.the.presence.of.lignin.(or.lignosulfonate.[405]).into.the.paper.structure,.a.successive.
addition.of.a.cationic.PAE.resin.is.used.[406–411].

The.right.balance.between.the.hydrophilic.and.hydrophobic.parts.on.one.hand.and.the.formation.
of.the.hydrogen,.covalent,.and.ionic.bonds.on.the.other.hand,.may.be.combined.in.sophisticated.
blends..Both.strength.and.sizing.functions.are.improved.by.premixing,.prior.to.application.on.paper,.
hydrophilic.PAAm.[88,89,285,286].(or.its.copolymers).with.a.hydrophobic.surface.size.agent.(SMA.
type).in.the.presence.of.a.cross-linking.agent.(zirconium.salts,.formaldehyde,.G-PAm,.melamine-
formaldehyde.polymers).

The. paper. surface. treatment. with. strengthening. resins. can. be. performed. by. adding. them. to.
the.size-press.solution.[412],.spraying.them.on.the.wet.web.surface,.[413].or.applying.them.on.the.
Yankee.drier.[390].

A.paper.product.that.is.both.strong.and.highly.dispersible.is.obtained.by.adding.a.cationic.or.a.
nonionic.strengthening.agent.[414].only.to.limited.areas.of.the.paper.surface,.which.results.in.the.
formation.of.an.interlocking.serpentine.pattern.
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9.3 PoRosIty BUIldERs

Paper.is.a.porous.material.and.fluids.may.pass.through.its.structure.[415]..Ink.and.air.penetration.
are.parts.of.the.printing.processes..They.function.under.vacuum.and.improve.capabilities.to.reduce.
the.rate.of.the.air.flow.passing.through.paper.

Paper. porosity. depends. on. the. quality. and. the. amount. of. the. chemicals. added. on. the. paper.
surface..In.other.words,.paper.porosity.can.be.controlled.by.paper.chemicals.and.by.cellulose.fiber.
modification..For.instance,.the.size.of.the.paper.pores.is.increased.by.cross-linking.the.cellulose.
fibers.with.formaldehyde,.epichlorohydrin,.or.glyoxal.[416].

The.porosity.builder.does.not.develop.a.continuous.film:.it.is.only.a.reduction.in.the.pore.size,.
and,.consequently,. in.the.rate.of.air.flow.through.paper..The.film-forming.glue.[417].can.reduce.
paper.porosity.by.enlarging.the.area.covered.by.that.film.(patches.at.the.crossing.point.of.the.cel-
lulose.fibers).

Pore.distribution.depends.on.the.thickness.of.the.paper..The.degree.of.penetration.of.the.sizing.
material. is. thus.a.critical. factor..Because.starch.and.sizing.agents.have.a.high.molecular.weight.
structure,.their.penetration.into.the.bulk.of.dried.paper.is.limited..However,.the.solution.penetration.
into.a.wet.web.is.much.easier..Therefore,.the.sizing.agent.is.divided.in.two.portions:.one.is.sprayed.
on.the.wet.web..The.size.penetration.into.the.wet.web.depends.on.the.web.consistency.and.on.the.
running.speed.between.the.addition.point.and.the.dryer..The.second.portion.is.added.in.the.size.
press.on.the.dry.paper.[11].

Paper. surface. sealing. may. combine. different. approaches:. the. pores. are. filled. with. inorganic.
filler.and.the.macromolecular.aggregates.remain.on.the.surface.in.small.patches.of.film.[67]..Some.
paper.chemicals,.such.as.starches,.are.film-forming.materials..There.have.been.numerous.attempts.
at.finding.a.synergetic.effect.between.starch.(or.PVA).and.other.paper.chemicals..In.order.to.reduce.
paper.porosity,.blends.of.cationic.starch.and.SMA.ammonium.salt.are.cooked.at.120°C–150°C.and.
used.at.the.wet.end.[418].

Starch.is.the.major.component.of.the.size-press.solution..Because.the.properties.of.the.starch.
solution.in.water.pose.many.problems.in.terms.of.stability,.changes.in.viscosity.vs..time,.profile,.
etc.,.PVA.was.chosen.as.a.substitute.for.starch.in.order.to.study.the.interaction.with.polycarboxylic.
compounds.[419]..Intermolecular.interaction.through.hydrogen.bonds.was.observed.with.the.PVA.
solution.in.the.presence.of.polyacrylic.acid..That.experimental.data.were.confirmed.for.the.EAA.
solution.in.the.presence.of.starch:.the.solution.viscosity.shows.a.maximum.at.about.1:1.ratio.[276].

O

O

R

R

OHO

H

O
H

R

OH

R

There.is.a.good.chance.to.get.such.synergetic.effects.due.to.the.intra-.and.intermolecular.hydro-
gen.bonds.in.the.water.solution.of.PVA.[420].or.to.the.bonds.between.PVA.and.polystyrene.sulfonic.
acid. or. its. sodium. salt. [421].. The. presence. of. intermolecular. interactions. was. measured. by. the.
viscosity.of.the.solution..The.intermolecular.interaction.between.alginate.and.a.polysaccharide.(or.
polycarboxylic.compound.and.a.polyether.[422]).is.noticed.by.the.increase.in.Brookfield.viscosity.
of.their.solution.[423].

Those.findings.were.confirmed.for.polymers.used.in.the.paper.industry..The.hydrogen.bonds.
formed. between. the. carboxylic. groups. (EAA,. carboxymethyl. cellulose,. or. alginate. [424]). and.
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the.hydroxyl.functionality.(PVA).improve.film.strength.and.reduce.porosity.[417,425]..There.are.
also.interactions.between.poly(methacrylic.acid).and.hydroxyethyl.cellulose.[426],.starch.[67].and.
SMA.[18,427].

A.porosity.builder.may.have.the.carboxyl.and.hydroxyl.groups.located.in.the.same.macromole-
cule..Carboxylic.groups.are.added.to.starch.by.esterification.with.tetra-propenyl.succinic.anhydride.
[360]..Carboxylated.PVA.is.obtained.[428].by.copolymerization.of.vinyl.acetate.with.carboxylic.
monomers,.followed.by.hydrolysis.with.sodium.hydroxide..PVA.modified.with.itaconic.acid.shows.
a.significant.reduction.in.paper.porosity.

If.those.interactions.are.strong.enough.to.develop.in.water.solution.(solvent.able.to.disrupt.the.
hydrogen.bonding).it.is.obvious.that.the.same.types.of.interactions.are.possible.in.the.solid.state.
(films.or.aggregates.between.starch—or.cellulose—and.polycarboxylic.compounds).

The.strength.of.those.interactions.depends.not.only.on.the.molecular.weight.of.the.polymers.(a.
higher.molecular.weight.is.better.[18,252,373]),.but.also.on.the.type.of.cation.associated.with.the.
carboxylic.polymer..The.SMA.sodium.salt.provides.higher.Gurley.values.than.the.ammonium.salt.
[15,18,253]..AZC.(or.alum.[276]).also.improves.porosity,.through.the.immobilization.of.the.surface.
sizing.compound.near.the.surface.

Chitosan.is.a.biopolymer,.a.polysaccharide.with.amino.groups..The.chitosan.solutions.are.pre-
pared.in.acetic.acid.1%.with.different.molecular.weights.(Mw.=.573,000.or.Mw.=.1,080,000).[429]..
The.cationic.polymer.interacts.with.anionic.fibers.and.improves.the.paper.porosity.only.at.concen-
trations.higher.than.1%.(Figure.9.14)..The.higher.molecular.weight.chitosan.is.much.more.effective.
as.a.porosity.builder.
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The.structure.of.chitosan.(as.a.potential.cationic.polyelectrolyte).opens.the.opportunity.to.inter-
act.with.the.common.anionic.paper.chemicals,.such.as.oxidized.starch..In.that.case,.the.addition.of.
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FIGURE 9.14 The.effect.of.chitosan.molecular.weight.on.paper.porosity.
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only.0.4%.chitosan.results.in.an.increase.of.about.400.times.in.the.effectiveness.of.oxidized.starch.
as.porosity.builder.[429].(from.6.6.to.2480.s)..The.interaction.between.a.cationic.and.an.anionic.
polyelectrolyte.results.in.a.“dual.system”.aggregate.with.a.very.large.macromolecular.size..Due.to.
its.size,.the.aggregate.remains.on.the.paper.surface.and.reduces.porosity.

9.4 PolymERs In PAPER coAtInGs

A.leak-proof.barrier.is.required.for.paper.that.comes.into.contact.with.oils,.greasy.or.watery.food..
Straight.polymeric.barriers.(such.as.extruded.polyethylene.film).are.costly.to.apply.to.paper,.inter-
fere.with.paper.repulpability.after.their.intended.use.[430],.and.are.being.increasingly.restricted.by.
regulations.[213]..Coatings.with.aqueous.dispersions.of.organic.binders.and.inorganic.fillers.pro-
vide.water.resistance,.glue,.ink,.and.dye.compatibility.through.a.less.expensive.process.

During.a.surface.coating.process,.the.cellulose.fibers.act.as.a.carrier.and.the.coating.layer.imparts.
the.major.performance.characteristics.of.the.coated.paper.[7]:.a.continuous.film.covers.the.sheet.and.
no.cellulose.fibers.are.left.exposed.at.the.surface..Within.an.ideal.application,.the.coating.material.
on.the.sheet.does.not.penetrate.the.paper.at.all.

The.composition.of.a.paper.surface.coating.includes.two.major.components:.about.75%.inor-
ganic.filler.and.about.20%.organic.binder.(calculated.based.on.solids.[431])..Dispersants,.defoam-
ers,.preservatives.[432],.colorants.[433],.and.lubricants.[434–436].are.used.in.smaller.amounts..
The.coating.process.may.also.need.chemicals.for.an.improved.runnability.(such.as.release.com-
position.[437]).

9.4.1  natuRal and Synthetic BindeRS

The.binder.is.the.key.material.able.to.make.a.continuous.layer.in.which.all.other.components.are.
incorporated..It.forms.smooth,.adherent.coatings,.which.uniformly.bind.the.pigment.particles.to.the.
paper.and.simultaneously.reduces.the.tendency.of.the.coating.to.stick.to.the.polished.surface.in.the.
finishing.process.[438]..Regardless.of.the.filler.functionality.in.the.printing.process.or.as.a.vapor.
barrier,.it.is.seen.mainly.as.a.polymeric.binder.substitute.

The.chemical.structure.of.the.binder.is.designed.to.improve.its.mechanical.properties,.printabil-
ity,.repulpability,.etc..The.amount.of.coating.material.and.the.coating.layer.quality.depends.also.on.
the.quality.of.the.paper.surface.(smoothness,.absorptivity,.and.size).[439,440].

The.reduction.of.the.amount.of.binder.[441].and.the.water.content.in.the.coating.formula.is.tar-
geted.to.reach.70%.solids..If.the.inorganic.pigments.are.about.75%.based.on.solids,.the.binder.poly-
meric.material.is.about.20%.from.the.entire.coating.formula..The.binder,.a.waterborne.polymer,.
and,.based.on.the.above-mentioned.percentages,.its.concentration.in.water.should.be.around.40%..
As.shown.in.Section.2.5.2,.with.high.molecular.weights,.the.viscosity.of.a.water-soluble.polymer.
at.40%.concentration.is.very.high.(gellike)..Solutions.with.40%.concentration.of.polymer.show.a.
reasonable.viscosity.only.for.polymers.with.low.molecular.weight.

Low.molecular.weight.polymers.may.be.successfully.used.as.co-binders.[442],.but.the.binder.
effectiveness.and.the.mechanical.strength.are.provided.by.larger.molecules..In.other.words,.if.a.small.
molecule.is.used.as.a.binder,.the.molecular.weight.should.be.reconstructed—for.high.strength—by.
cross-linking.during.the.curing.step..The.cross-linking.reaction.performed.at.high.solids,.high.vis-
cosity,.and.large.interface.with.inorganic.material.is.a.challenging.protocol..In.order.to.bring.the.
polymer.content.over.40%,.dispersions.of.polymers.are.a.better.choice.

The. dispersed. phase. can. be. a. hydrophobic. polymer. (such. as. in. latexes). or. a. combination. of.
dispersions.and.solutions.of.a.polymer.[443,444]..High.molecular.compounds.(such.as.starch).are.
dissolved.at.low.concentrations.(cooked.starch).and.the.resulting.solution.is.used.as.a.suspending.
environment.(slurry).for.raw.starch.[445].or.for.PVA.particles.[446].

Commonly. used. binders. include. natural. macromolecular. compounds. (such. as. casein. and. its.
oxidized.form.[447],.gelatin. [438],.modified.soy.protein.[448–450],.modified.starch—with.more.
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carboxylic.groups.[105,401,402,451–456]),.synthetic.polymers.(PVA.[457,458],.acrylamide.copoly-
mers.[459,460],.hydrolyzed.methyl.acrylate–vinyl.acetate.copolymer.[461],.wax,.and.polyethylene.
wax.[440,462–464],.ethylene–vinyl.chloride–acrylamide.terpolymer.[465]),.blends.of.natural.poly-
mers.(starches.or.casein.[466]).and.synthetic.polymers.[467].(high.amylopectin.starch.and.SMA.
ammonium.salt.[468]),.or.blends.of.synthetic.polymers.[130].(SBR.latex.and.PVA.[469–472]).

Natural.compounds.are.susceptible.to.insect.infestation.and.are.water.sensitive..Synthetic.poly-
mers.overcome.the.disadvantages.of.natural.binders:.the.properties.of.casein.are.improved.by.add-
ing.an.emulsion.of.synthetic.polymer.[438].and.modified.starch.is.made.more.hydrophobic.with.
organosiloxane.polymers.[454],.SMA.blended.with.polyester.amide.[473].or.encapsulated.oil.in.an.
imidized.SMA.[261].

The.final.properties.of.the.binder.are.obtained.in.the.drying.section.by.water.evaporation.[474].
or/and.by.a.chemical.reaction.(for. instance,.digested.proteins.are.reconstituted.with.zinc.cations.
[475]).. The. drying. temperature. should. be. correlated. to. the. glass. transition. temperatures. (Tg). or.
the.film-forming.temperature.[476,477].of.the.binder..In.the.drying.section,.the.adhesion.between.
binder.and.filler.is.improved.and.the.mechanical.properties.of.the.coating.are.set.

The.dispersed.binder.in.water.must.have.a.Tg.lower.than.55°C.[444]..The.major.types.of.paper-
coating. binders. are:. homopolymer. of. butadiene. [478]. (Tg. <0°C),. styrene–butadiene. copolymers.
[443].(−25°C.<.Tg.<.50°C),.styrene–acrylic.ester.copolymers.(−10°C.<.Tg.<.40°C),.and.polyvinyl.ace-
tate.(Tg.=.30°C)..Polymer.particles.with.higher.Tg.(such.as.polystyrene).do.not.change.their.shape.
during.the.drying.process.and.are.considered.as.organic.pigments.[479].

Organic.pigments.[480–482].are.obtained.by.styrene.polymerization.in.emulsion.in.the.presence.
of.the.copolymer.of.acrylamide–acrylic.acid.as.stabilizer.[481],.by.selective.precipitation.of.starch.
esters.[483],.or.from.cellulose.powder.[484]..Due.to.their.lower.density,.high.Tg,.and.particle.size.of.
100–600.nm.[485,486],.organic.pigments.are.used.to.replace.inorganic.pigments.[479,487].

A.balance.should.be.reached.between.Tg.and.the.coating.properties:.the.pick.strength.of.the.coat-
ing.shows.a.maximum.at.Tg.of.about.10°C,.the.wet.strength.is.higher.at.lower.Tg.(higher.Tg.latexes.
have.larger.void.volumes.[488]).and.the.coating.gloss.is.higher.at.higher.Tg.[126,489,490].

The.most.common.binder,.the.styrene–butadiene.latex,.shows.some.limitations:.water.sensitiv-
ity,.poor.adhesion.to.metals.(such.as.steel),.inability.to.air.dry..The.properties.of.styrene–butadiene.
latexes.are.improved.by.using.minor.amounts.of.polar.comonomer.(up.to.10%).[491,492],.mono-
methyl.maleate,. acrylamide. [493],. acrylonitrile,.MMA,.acrylic. and.methacrylic. acids. [126,494]..
The.polar.comonomers.are.located.on.the.particle.surface.

As.the.hydrophobic.part.of.the.binder.used.in.paper.coatings,.styrene.[495].is.replaced.by.ethyl-
ene.[272,496].in.copolymers.with.acrylic,.methacrylic,.or.maleic.acid.[497].(or.with.itaconic.acid.
[498,499]),.or.by.acrylates.and.acrylonitrile.[489,500]..Hydrophobic.binders.are.not.only.copoly-
mers.of.styrene,.but.also.of.ethylene–vinyl.acetate.copolymers.[501],.vinyl.acetate–maleic.half.ester.
[502,503],.butadiene–styrene–methacrylamide.[497],.vinylidene.chloride–styrene–butadiene.[499],.
or.with.ethylene–vinyl.acetate–acrylic.acid.copolymers.[504]..Polyester.resins.[505–509].are.also.
considered.as.hydrophobic.binders.

Acidic.comonomer.copolymers.(such.as.EAA).are.dispersed.in.water.in.the.presence.of.caustic.
or.ammonia.(alkaline.pH)..Sodium.hydroxide.makes.the.coatings.more.sensitive.to.water,.but.the.
ammonia.salt.of.EAA,.in.blends.with.SBR.latexes,.shows.better.coating.properties.[496].

Complex.binders.are.obtained.by.simply.blending.different.polymers.(a.rubbery.copolymer.of.
butadiene.or.acrylic.copolymers.[510].and.a.hard.polymer.such.as.PVC,.PVAc,.PMMA.[510,511]).or.
by.synthesis.of.one.polymer.in.the.presence.of.a.preexisting.macromolecular.compound..Through.
seeded.emulsion.copolymerization.[133,512–514],.a.soft.copolymer.styrene-butadiene-MMA-acrylic.
acid.is.synthesized.in.the.presence.of.a.hard.copolymer.(latex.of.styrene–acrylic.acid.copolymer).
[515]..The.resulting.particles.have.a.core-shell.structure.and.the.shell.can.also.be.a.carboxylated.
styrene.copolymer.[445].

The. dispersion. of. binder. is. characterized. not. only. by. the. chemical. structure. of. the. particle,.
but. also. by. the. particle. size,. the. particle. size. distribution,. and. the. properties. of. the. interface.
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(nanoparticles.can.also.be.added.to.the.formula.[516])..Most.of.those.parameters.must.reach.an.opti-
mum.for.a.designed.application..The.inorganic.filler.and.the.polymer.latex.form.two.different.types.
of.interface.with.the.water.phase..The.water.phase.may.contain.electrolytes.and.polyelectrolytes..
The.coating.viscosity,.stability,.and.runnability.depend.on.the.composition.of.the.water.phase.and.
the.concentration.of.stabilizers.at.the.interfaces.

The.pigment.and.the.binder.dispersions.should.be.colloidally.stable.and.compatible.with.each.
other:.they.are.mixed.without.formation.of.coagulum.or.excessive.increase.in.viscosity..Electrolytes.
in.the.water.phase.may.reduce.the.binder.stability..That.stability.is.improved.by.a.nonionic,.polar.
comonomer.(such.as.2-hydroxyethyl.acrylate.(12%).and.styrene–butadiene.copolymer.[517]).located.
on.the.particle.surface.[494].or.by.a.nonionic.stabilizer.[500].

The.most.common.method. to. improve. the.filler. stability. is. to.add.a.dispersant..Examples.of.
dispersants.are.anionic.polyelectrolytes.[518],.such.as.bisulfite-terminated.oligomers.of.the.acrylo-
nitrile-co-acrylic.acid.[519],.sodium.polyacrylate.(for.clay.and.calcium.carbonate).[520],.or.sodium.
polyacrylates,.along.with.sodium.carboxymethyl.cellulose.(or.starch.[443]).for.talc,.in.the.presence.
of.styrene–butadiene.latex.as.binder.[521].

The.existence.of.a.polymeric.shell.around.the.inorganic.filler.would.simplify.the.nature.of.the.
interface:.only.polymer–water.interface.remains.to.be.stabilized..The.pigment.particles.are.encap-
sulated.in.a.polymer.shell.through.emulsion.polymerization.[522].with.imidized.SMA.[523].or.by.
controlled.adsorption.of.polymeric.latex.particles.[524].

Coatings. with. a. high. content. of. solids. are. obtained. with. concentrated. latexes. generated. by.
polymerization.and.water.evaporation.[525]..The.high.solids.content.for.the.coating.formula.and.
the.presence.of.polymers,.in.the.water.phase.or.at.the.interface,.result.in.a.change.in.the.mixture.
viscosity.and.runnability..There.is.a.critical.concentration.when.the.particles.(pigment.and.polymer.
binder).get.in.contact.with.each.other.

As.the.average.particle.size.of.the.monodisperse.latexes.decreases.(D.<.1000.Å),.the.solids.content.
gets.limited.to.about.50%.[526,527]..For.a.latex.with.an.average.particle.size.of.2100.Å,.the.viscosity.
reaches.1000.cPs.at.a.concentration.of.about.60%,.while.a.latex.with.particle.size.of.720.Å.reaches.
the.same.viscosity.at.about.50%.solids.content..Thus,.the.particle.size.distribution.and.the.way.the.
particles.fill.the.volume.are.important.parameters.for.the.coating.viscosity..The.bimodal.distribution.
of.the.particle.size.shows.a.better.distribution.in.the.latex.volume,.which.reduces.latex.viscosity.

A.better.rheology.for.coatings.was.confirmed.for.the.bimodal.distribution.of.the.particle.size.
[525,528].. For. latexes. of. styrene. (63%)–butadiene. (35%)–acrylic. acid. copolymer. [525]. a. large.
reduction.in.viscosity.is.obtained.at.about.25%.particles.with.smaller.diameter.(Figure.9.15)..That.
also.confirms.the.finding.for.polystyrene.latexes.[529].
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Colloidal.interactions.between.pigment.and.binders.[126,530].depend.on.the.electric.double.layer.
of.each.component,.on.the.molecular.weights.of.water-soluble.macromolecular.compounds,.on.the.
presence.of.electrolytes,.on.the.particle.size.distribution,.etc..Polyvinyl.acetate.latexes.interact.with.
clay.particles.(hydrogen.bonding.between.the.hydroxyl.groups.of.the.PVA.used.as.stabilizer.and.
the.silanol.groups.of.clay.particles),.while.the.coating.viscosity.is.higher.[487]..A.kaolin.dispersion.
stabilized.with.anionic.PAAm.shows.a.higher.viscosity.in.the.presence.of.electrolytes.(the.repulsive.
forces.are.reduced),.which.may.change.the.coating.structure,.the.decrease.in.gloss,.and.the.increase.
in.fluid.adsorption.[531].

Associative.thickeners.(water-soluble.or.water-dispersible.polymers).control.the.rheology.of.the.
dispersed.aqueous. systems..Their. chemical. composition. [532].consists.of. a.hydrophilic.polymer.
(polysaccharides,. PEO,. PAAm,. acrylamide–acrylic. acid. copolymer). or. several. hydrophobically.
modified.water-soluble.polymers.[533]..To.balance.the.effect.of.the.thickeners,.they.are.combined.
with.a.viscosity.reducing.agent.(nonionic.or.ionic.surfactants).[534].

9.4.2  BindeR migRation

Paper.coatings.are.double.heterogeneous.systems:.(1).an.organic.material.(latex—in.blue).and.(2).an.
inorganic.material.(filler.and.pigments—in.yellow).dispersed.in.water..Some.small.molecules.and/
or.polymers.are.also.dissolved.in.the.continuous.phase.(water.solution)..The.coating.composition.
passes.through.a.high.shear.rate.[535].and.then.through.a.drying.step.

Coating.properties.depend.on.the.component.type.and.relative.concentration,.on.the.preliminary.
treatment.of.the.paper.surface.[536],.and.on.the.physical.and.chemical.processes.developed.during.
the.drying.step..Because.a.circulation.of.the.coating.components.takes.place,.it.is.hard.to.predict.the.
evolution.of.the.system.during.the.drying.step.[537].

The.particles.in.the.dispersed.system.can.be.involved.in.the.coagulation.processes:.heteroco-
agulation.(latex-pigment).and/or.homocoagulation.(latex-latex)..The.heterocoagulation.process.may.
result.in.a.good.coating,.but.homocoagulation.results.in.phase.separation..Phase.separation.starts.
with. the. binder. migration. [530]:. a. differential. movement. of. the. binder. with. respect. to. pigment.
particles..The.binder.migration.can.occur.toward.the.base.paper.during.drainage.and.toward.the.
coating.surface.during.the.drying.step.

Binder.migration.results.in.a.lack.of.uniformity,.it.may.produce.spots.and.affect.both.coating.
adhesion.to.paper.and.surface.properties,.such.as.printability..The.extent.of.the.binder.migration.
depends.on.the.paper.properties.(porosity,.water.absorbency,.fiber.dimensions),.coating.composition.
(pigment. type,.binder.chemistry,.solids. level,.viscosity,.etc.),.and.the.coating.application.process.
(coating.application.point,.coating.type,.shear.rate,.time.intervals.between.the.applicator.roll.and.
the.metering.nip.and.between.the.metering.nip.and.the.dryer,.etc.).

There.are. technological.and.compositional.approaches.aimed.at.preventing.binder.migration..
The. technique.of.multiple. layers.and.a.specific.curing. temperature.profile. (below.and.above.Tg).
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[538].are.designed.to.freeze.the.homogeneous.coating.composition.as.it.was.obtained.after.formula.
preparation.

Double.coating.process,.when.a.pre-coating.process.is.involved,.is.able.to.minimize.the.binder.
migration. toward. the. base. paper,. and,. therefore,. the. second. layer. is. more. uniform. and. always.
improves.the.coating.properties.[521].because.the.prime.coat.provides.a.tie.ply.to.the.paper.web.
for.the.top.coat.[510]..The.binder.molecules.from.the.prime.coat.migrate.into.the.paper.structure.
and.the.top.coat..The.surface.treatment.of.paper.with.SMA.and.PVA.blend.solution.reduces.wax.
penetration.into.paper.[427].

Those.two.layers.can.incorporate.the.same.binder.or.different.binders..The.prime.coat.may.use.
a.binder.with.a.Tg.of.about.20°C,.while.the.second.includes.a.binder.with.a.Tg.of.about.43°C.[539]..
Thus,.a.protein.binder.(zein.or.starch.and.gelatin.blends.[540]).is.added.to.the.top.layer,.while.the.
colloidal.clay.and.starch.(clay.has.the.ability.to.deposit.within.the.pores.on.a.normal.paper.surface).
are.added.to.the.primer.coat.[541].

Less. binder. migration. is. expected. for. less. stable. colloidal. systems.. In. order. to. control. the.
binder.migration,.the.stable.colloidal.systems.should.be.partly.coagulated.(controlled.destabiliza-
tion.with.flocculants.[487]),.and.thus.the.binder.is. immobilized,. to.some.extent,. in.the.coating.
structure..Lower.Tg.and.the.presence.of.a.multivalent.salt.favor.the.latex.particle.immobilization..
The.colloidal.system.destabilization.is.faster.at.higher.temperature,.at.higher.solids.content,.and.
in.the.presence.of.an.electrolyte..The.presence.of.carboxylic.groups.in.the.chemical.structure.of.
water-soluble.polymers.(such.as.anionic.cellulosic.polymers).has.an.effect. in.preventing.binder.
migration.[542].

Mixed.binder. systems. (styrene–butadiene. latex.and.wax.emulsion).provide.a.more.flexible.
formulation. [543].. Most. of. the. coating. formulas. have. a. complex. binder. system:. two. or. more.
water-soluble. polymers. (starches,. proteins,. synthetic. polyelectrolytes. as. dispersants,. anionic.
starch,.and.cationic.synthetic.polymers.[544],.etc.).and.two.or.more.latexes..Those.components.
show.different.interactions.with.pigments.and.different.behaviors.during.the.migration.process..
Chemical. bonds. between. different. binders. slow. down. the. migration. process.. Latexes. of. the.
styrene–butadiene.copolymer.are.obtained.in.the.presence.of.starch.when.several.grafting.pro-
cesses.take.place.[492]..Grafted.polyvinyl.acetate.onto.cationic.starch.[545].is.a.substitute.(over.
50%).for.protein.binder.

9.4.3  hydRoPhoBic and cRoSS-linKed BindeRS

After.the.drying.step,.the.coating.is.a.continuous.film.in.which.filler.particles.are.immobilized..The.
hydrophobic.properties.of.the.continuous.film.are.obtained.by.simply.blending.with.a.hydrophobic.
compound.(with.wax.emulsion.[543],.ethylene–vinyl.acetate.copolymer,.and.rosin.esters.[546]).or.
by.chemical.reactions:.starch.modified.with.ASA.[547].

In.order.to.turn.the.binder.into.a.more.hydrophobic.and.effective.water.vapor.barrier,.the.latexes.
of.styrene,.MMA,.and.acrylic.copolymers.[146,548].are.stabilized.with.a.more.hydrophobic.sta-
bilizer..The.hydrophobic.stabilizer.is.synthesized.by.the.copolymerization.of.styrene–acrylic.acid.
mixture.in.a.high.melting.point.“active”.solvent.(hydrophobic.fatty.acids.and.rosin.blends.[549]),.
which.is.incorporated.in.the.copolymer.through.a.chain.transfer.reaction.

The.binder.can.be. involved. in.a.cross-linking.process.aimed.at.making.coating.stronger.and.
stiffer..Cross-linkers.are.also.called.“insolubilizers”.[550–554]..They.are.able.to.prevent.the.meth-
acrylic.acid.copolymer.from.dissolving.in.alkaline.pH.(such.as.0.5%.ethylene.glycol.di-methacry-
late).[130]..A.cross-linked.structure.increases.the.hydrophobicity.of.the.coating.(polyamine.with.
formaldehyde.[221]).and.also.reduces.the.binder.migration.

The. chemical. structure. of. the. cross-linker. should. be. at. least. difunctional.. The. cross-linking.
reaction.may.involve.covalent.bond.formation.(starch.and.SMA.[555,556]).or.ionic.interactions.(the.
amphoteric.starches.[400–402],.amphoteric.latexes.[441],.SMA.inorganic.salts.[554],.or.blends.of.
anionic.starch.and.cationic.PEI. resins. [399])..The.cross-linker.chemical.structure. is.designed. to.
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react.with. the.particular. reactivity.of. the.binder:.carboxylated.compounds.are.cross-linked.with.
diphenylmethane-bis-4,4′-N,N′-ethyleneurea.[557].or.copolymers.of.2-alkyl-2-oxazoline.[558,559].
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CH2

NH

ON

CH2
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Other. polyfunctional. compounds. are. glyoxal. [560–564],. di-aldehyde. starch. [565–567],. urea-
glyoxal.oligomers.[568–573],.acrylic.polymers.and.glyoxal.[561,574],.amphoteric.starch.[575,576],.
diphenolic.acid.[577],.polyethyleneimine–epichlorohydrin.resins.[578],.or.with.salts.of.polyvalent.
metals.(aluminum,.antimony,.titanium,.stannum,.zirconium,.or.chromium).[564,579–584]..Cross-
linked.starch.(or.PVA,.casein,.and.soy.protein).makes.clay-based.coatings.less.sensitive.to.water.
(higher.wet-rub.resistance).[580,585]..Binders.from.two.reactive.latexes.[586].are.able.to.cure.even.
at.room.temperature.

In.order.to.make.a.stronger.binder,.the.ideal.coating.composition.would.have.low.viscosity.dur-
ing.its.shelf.life.and.application.and.increased.viscosity.only.during.the.drying.step..Irrespective.
of. the. benefits. of. a. cross-linked. structure,. cross-linking. reactions. should. be. controlled. to. avoid.
variations. in.viscosity.of. the.coating. formula.before. its.application..Usual.cross-linkers,. such.as.
formaldehyde,.glyoxal,.and.multivalent.salts.seriously.thicken.the.coating.composition.[456,520].

There.are.several.ways.to.control.the.cross-linking.process:.changing.the.addition.point.of.the.
cross-linker.(glyoxal.at.the.water.box).[456];.applying.two.layers.(one.with.the.binder.and.one.with.
a.cross-linker).[587];.using.a.carrier.for.formaldehyde.(UF.resins.[588];.modifying.polyamine.resins.
for.starch.and.SBR.latex.[520,589],.polyformals.or.methylol.dimethyl.hydantoin.for.proteins.and.
polysaccharides.[590–592]);.involving.cyclic.bis-hemiacetal.able.to.release.glyoxal.only.at.higher.
temperatures.[550–553,593];

HO

O O

OHHO

changing. the.pH. for. a. latent. reactive. starch. [594,595]. (R. is.H.or. alkyl).or. starch.propionamide.
reacted.with.polyaldehydes.[596].

OHStarch +

CH2

HC
C

O

NH
CH2

O
R

CH2

CH2

O

NH CH2

O R

O

Starch

+
OHStarch

O

NH

O Starch

O

Starch

© 2012 by Georgia-Pacific Chemicals LLC

  



396 Chemistry of Modern Papermaking

9.4.4  coating hydRoPhoBicity and itS RePulPaBility

The.curing.(cross-linking).process.is.designed.to.increase.mechanical.properties.and.to.make.the.
coating.water.repellant..The.hydrophobic.properties.of.the.coatings.make.it.difficult.for.the.paper.to.
be.repulped..The.repulping.of.coated.paper.(i.e.,.making.the.coating.water-soluble.or.dispersible).is.
a.step.developed.to.reverse.the.drying.and.cross-linking.processes..Moreover,.the.residual.organic.
material.resulting.after.repulping.must.not.interfere.with.the.next.cycle.of.papermaking.

Paraffin.wax.is.the.most.common.water.repellant..It.may.also.incorporate.dihydro-naphtalene.
resin.[597],.hydrogenated.copolymers.of.ethylene.and.α-olefin.[598],.or.Fischer–Tropsch.wax.(high.
melting.point.polyethylene.wax).[599]..Despite.the.fact.that.the.water.resistance.properties.of.waxed.
paper.begin.to.decrease.within.about.2.months.[600],.wax.makes.paper.repulping.more.difficult..
That.is.why,.in.the.year.2000,.about.60%.of.waxed.board.was.sent.to.a.landfill.[601].

Although.wax.replacement.is.currently.under.study.by.paper.scientists.[601,602],.there.are.sev-
eral.other.approaches.in.developing.a.repulpable.coating:.changing.the.binder.melting.point,.adding.
breakable.bonds.in.the.binder.chemical.structure,.and.using.a.repulpable.polymer.matrix.[603].to.
help.with.the.dispersibility.of.other.components.(such.a.wax).

Repulpable.coatings.incorporate.binders.with.breakable.bonds.or.which.are.dispersible.[604,605].
in.water..Thermoplastic.polymers.(crystalline.and.amorphous).or.hot.melt.binders.[606–609].are.
dispersed.in.water.at.higher.temperature.[610].

Binders. made. from. compounds. with. more. sensitive. bonds. to. alkaline. conditions. are. recom-
mended.for.repulpable.coatings..In.order.to.break.down.the.polymeric.film,.copolymers.of.vinyl.
acetate.[611],.hydrophobic.styrene.copolymers.[612–614].with.carboxylic.groups,.copolyesters.[615],.
esters.of.fatty.acids.[604,616],.or.inorganic.compounds.(such.as.aluminum.silicate).[617],.are.added.
to.the.coating.formulas,.which.modify.the.repulping.process.[618].

Wax.replacement. involves.materials.with. the.same.hydrophobic.character.but.with.breakable.
bonds:.ester-type.waxes.[619],.polyester.resins.[121,507–509],.and.acrylic.latexes.with.anionic.sta-
bilizers.(such.as.SMA.and.ammonium.salts.of.fatty.acids).[600].

In.the.cross-linked.structure,.ionic.bonds.are.involved.between.the.binder.particles.(carboxylated.
polymers.[614,620–623]).and.AZC.[545,603].and/or.zinc.ammonium.carbonate.[624]..Those.ionic.
bonds.are.easier.to.break.at.high.pH.(2%.caustic.at.60°C).[603,614,624,625].

A.primer.coat.with.different.composition.than.the.top.coat.may.help.both.the.repulpability.and.
the.biodegradation.of.coated.paper.[626,627]..The.two.components.may.also.form.a.single.layer:.
the.repulpable.cross-linked.matrix.(zinc.or.zirconium.salt.as.cross-linkers).of.carboxylated.styrene–
butadiene.polymers.is.used.to.encapsulate.a.hydrophobic.paraffin.wax.[603]..Fully.hydrolyzed.PVA.
(2%–3%).is.used.in.a.binder.composition.[493].to.facilitate.the.re-dispersion.in.water.of.the.major.
binder.(styrene.copolymer.latexes).during.the.repulping.step.

9.4.5  coating SuRface PRoPeRtieS

Surface.gloss. is.a. function.of. the.coating. roughness. [628,629].and.brightness,.opacity.and.print.
density.are.functions.of.the.coating.void.structure.[474].

The.coating.gloss.increases.at.lower.levels.of.pigment.concentration.and.at.higher.binder.con-
centrations. [480]..The.coating.gloss. is.also.a. function.of. the.pigment. type,. the.pigment.particle.
size.[602],.and.the.particle.size.distribution.[457,630]..Blends.of.pigments.(clay,.calcium.carbonate,.
TiO2,.and.polymeric.pigments).can.perform.based.on.optimization.studies.[631]..A.higher.gloss.is.
obtained.with.oriented.“plate”.pigments..The.pigment.is.oriented.during.the.drying.cycle.by.surface.
tension.effects..The.higher.the.Tg.values,.the.longer.it.takes.for.the.latex–pigment.coalescence.to.
occur,.thereby.increasing.the.time.for.pigment.particle.orientation.

In.order.to.improve.the.coating.gloss,.paper.is.dried.at.a.temperature.below.the.binder.Tg,.and.
then.the.coating.is.calendered.at.a.temperature.above.the.film-forming.temperature.[490]..The.sin-
tering.of.the.latex.particles.that.occurred.during.the.thermal.treatment,.led.to.the.formation.of.larger.
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voids,.which.proved.more.effective.in.scattering.the.light.[485,632]..In.terms.of.coating.properties.
[474,633],.the.temperature–time.profile.is.crucial.

Low-gloss-coated. paper. is. produced. by. using. large. particle. size. pigments. and. carboxylated.
latexes. (or. polystyrene. particles. [537]). able. to. swell. during. the. preparation. of. the. coating. com-
position.and.shrink.during.the.drying.of.the.coated.paper.[634]..The.carboxylated.latex.contains.
a. styrene-butadiene-acrylic. acid. with. up. to. 14%. acrylic. acid. (based. on. solids). [635].. Ink. gloss.
increases.with.an.increasing.polymer.gel.content.and.with.decreasing.latex.particle.sizes..Therefore,.
the.coating.partial.flocculation.may.result.in.lower.gloss.[487].

The.use.of.the.hollow.particles.reduces.the.pigment.concentration.(such.as.TiO2).without.add-
ing.undesirable.weight.to.the.coating.[636]..Polymer.dispersions.with.hollow.particles.are.useful.
as.opacifying.agents,.because.light.scattering.properties.are.related.to.the.difference.in.refractive.
index.between.the.shell.and.the.internal.void..They.also.improve.the.paper.coating.gloss.

The.void.particles.are.obtained.by.hydrolyzing.the.soft.core.(ethyl.acrylate–methyl.acrylate–allyl.
methacrylate.cross-linked.copolymer).and.keeping.the.hard.shell.(Tg.>.80°C),.which.is.a.copolymer.
of.the.styrene–MMA–methacrylic.acid.[637,638].

All.these.properties.can.hardly.be.achieved.by.just.one.binder;.blends.of.binders.with.differ-
ent.chemical.structures.are.involved.in.a.coating:.either.latexes.of.styrene.(or.acrylic.copolymers).
with.minor.amounts.of.water-soluble.polymers.[639,640].or.two.blended.latexes.(butyl.acrylate-
styrene-acrylonitrile-acrylamide-acrylic.acid.copolymer.latex.[641].and.10%.of.the.acrylic.anionic.
latex.[642]).

Two.of.the.main.factors.that.result.in.good.printing.behavior.and.pigment.incorporation.are.the.
Tg.of.the.copolymer.and.the.presence.of.carboxylic.groups.[643]..Moreover,.the.degree.of.interaction.
between.the.binder.and.the.ink.solvent.has.a.significant.effect.on.the.printing.process.[644]..Since.
the.sheet.is.separated.from.the.environment.by.a.substantial.film.(such.as.nonpolar.wax),.aqueous.
dyes.and.aqueous.inks.are.prevented.from.penetrating.it.[462,645].

Ink. receptivity.and.absorption.depends.on. the.binder.concentration. (lower.binder,.higher. ink.
receptivity).and.on.its.chemical.structure:.polyvinyl.acetate.is.more.ink.receptive.than.SBR.[487].

It.is.well.documented.that.cationic.additives.retard.the.ink-jet.dye.movement.[294]..That.is.why.
the.following.dispersions.are.recommended.for.a.better.coating.printability:.cationic.(or.ampho-
teric). dispersions. (such. as. quaternized. vinyl. imodazole. [160]. copolymerized. in. the. presence. of.
oxidized.cationic.starch.as.stabilizer.[646]),.anionic.copolymers.and.PEIs.[647],.or.the.copolymers.
of.styrene-2-vinylpyridine-methacrylic.acid.[648,649].

Coatings.can.be.multilayered:.while.the.first.layer.ensures.a.better.interaction.with.the.cellulosic.
support. (or. improves. the.coating.dispersibility.during.pulping.[605]),. the.second.targets.a.better.
interaction.with.the.exterior.environment..The.butadiene.latex.is. the.first. layer;.a. thicker.second.
layer. is.paraffin.wax. for.better.water. resistance. [650]..The. ink-receptive.material. containing.an.
acrylic.copolymer.is.added.on.top.of.the.sizing.agent.applied.as.first.layer.[26,651].

Greaseproof.coatings.are.developed.either.by.making.a.continuous.film.of.polymer.able.to.hold.
out.the.greasy.materials.or.by.incorporating.a.fluorinated.compound.in.the.coating.composition..A.
high.amount.of.polymer.is.needed.to.make.a.continuous.film;.the.film.effectiveness.is.a.function.
of.time.

Fluorochemicals.are.used.in.a.smaller.amount.and.show.a.more.robust.resistance.to.grease..
Fluorochemicals.can.be.either. small.moleculecular. [652–654].or.macromolecular.compounds.
(fluoroalkyl-poly(oxyalkylene). [655]).. Fluoroalkyl. acrylate. copolymers. [656]. can. incorpo-
rate. non-fluorinated. comonomers,. glycidyl. methacrylate,. or. stearyl. methacrylate. as. diluters.
[213,214,657].

The. dispersion. of. cross-linking. polymers. is. also. recommended. as. greaseproof. coating:. SBR.
with.MF.resin,.protein.and.clay.[658],.polyacrylic.latex.[600],.or.latex.of.acrylic.copolymers.cross-
linkable.with.polyvalent.metals.(Al,.Ca,.Cu,.Mg,.Zr).[659].or.mica,.TiO2,.CaCO3,.silica.[660].

However,.it.is.difficult.to.repulp.the.greaseproof.coatings.made.with.those.dispersions..Polymers.
with.weak.ester.bonds. in. the.backbone,.such.as. the.emulsion.of. low.molecular.weight.polyester.
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(stearic.acid,.phthalic.anhydride,.glycerol.or.polylactide).[661,662].are.used.in.order.to.make.the.
coating.hydrolysable.
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reaction.with.polyamine,.74–75,.80,.119,.121,.163,.165,.

168,.174,.180
reaction.with.starch,.23,.25,.74
in.wet.strength.resins,.99,.138,.142–146,.149,.151,.

170–171,.175,.182–198
Esterification,.21–22,.24,.78–79,.161–162,.175,.268,.298,.

300–301,.313–314,.389
Etherification,.18–20,.24–25,.52,.78
Ethylene–acrylic.acid.copolymers,.276,.281,.372,.379
Experimental.errors,.36–38,.214,.302,.353
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Fatty.acids,.13,.22,.52,.274,.281,.283,.286,.298,.301,.314,.
342,.346,.379–380,.394,.396

fatty.acid.anhydride,.7,.282,.284
fatty.acid.chloride,.145,.151,.284
polymeric.fatty.acids,.146
as.sizing.agents,.281

Fillers,.1,.6,.13,.15,.17,.53,.282,.328,.345,.354,.
379,.387

in.coatings,.388,.390–394
in.dry.strength.mechanism,.242,.245
effect.on.internal.size,.287,.290–291,.302
effect.on.rosin.size,.280
in.paper.testing,.35
polyelectrolyte.adsorption.on,.56,.58
in.repulpable.paper,.224
retention,.61,.63–68,.71–72,.74,.78,.82–84

First.pass.retention,.63–65,.302–303
Flocculation,.12,.35,.51,.63–65,.244

with.aluminum.compounds,.70–71
with.amphoteric.compounds,.82–83
with.anionic.compounds,.71–72
with.cationic.compounds,.72–76
co-flocculation,.63,.66–67
flocculation.mechanism,.65–70
homo-flocculation,.63

Formaldehyde,.104,.121,.137,.139
as.crosslinker,.25,.151–152,.178,.208,.210,.212,.241,.

373,.387–388,.394–395
formaldehyde.based.resins

AKD.stabilizer.and.promoter,.284–285,.289
as.dry.strength.resins,.249,.251,.258,.345
reactive.sizing.agents,.368
resin.retention,.33,.66,.248
as.retention.aids,.74,.78,.284
retention.enhancer,.68–69
synthesis,.139–142,.144–146
as.wet.strength.resin,.7,.98,.201

formaldehyde.emission,.241
reactions,.8,.10,.31,.79,.122–123,.127,.180,.217,.243,.

251–254,.272–273,.280
Fortified.rosin,.272–276,.278,.280,.358

G

Gemini.surfactants,.284
Glass.transition.temperature,.32–33,.176,.208,.216,.

360,.391
Glycosidic.bond,.11,.20,.22
Glyoxal.as.crosslinker,.104,.111,.121–125,.151,.

332–333,.395
Glyoxalated.hydroxyethyl.cellulose,.152
Glyoxalated.polyacrylamide,.7,.25,.75,.117–131,.154,.

198,.200,.223,.252,.260,.334,.373
Glyoxalated.poly.β-alanine,.119
Glyoxalated.polyvinyl.amine,.252
Glyoxalated.starch,.112
Glyoxalation.reaction,.112,.117–125,.127,.252,.301
Grafted.copolymers,.25–26,.68,.70,.77,.80,.119,.121,.200,.

243,.253,.329
grafted.starch,.22,.25–27,.107,.153,.173,.198,.200,.246,.

249–251,.300–301,.367,.376,.394
Greaseproof,.367,.397

h

Hemiacetal,.5,.102–107,.109,.111–112,.121,.127–130,.155,.
210,.223,.249,.395

Hemicellulose,.6–9,.11–15,.17,.33,.52,.56,.62,.64,.97,.209
in.creping.process,.327–329
hemicellulose.reactivity,.11,.22
hemicellulose.structure,.243
in.strengthening.mechanism,.217,.243–244,.248,.258

Hofmann.degradation,.31–32,.171,.211,.252,.255
Hydrocarbon.resins,.38,.275–276,.281,.286,.313,.

358–359,.379
Hydrogen.bonding,.1,.5,.9,.21,.26–27,.33,.35,.53,.60,.291,.

306,.355,.393
in.adhesives.for.Yankee.dryer,.329,.340–342,.345
in.paper.dry.strength.mechanism,.13,.37,.241–244,.

246,.248–249,.252,.254–255,.259,.387–388
in.paper.structure,.7,.14–17
in.paper.wet.strength.mechanism,.38,.97,.100,.104,.

106,.113,.121,.127,.137,.200–204,.207–210,.
214–220,.222

in.retention.mechanism,.67–70,.357

I

Ionic.liquids,.8,.337
Imidization,.175,.268,.312,.371–373,.375,.382–383
Ink-jet.technology,.352–353,.362,.367,.371,.373–374
Internal.size,.38,.56,.268,.271,.353,.370–371,.378

AKD,.282–297
ASA,.297–307
reactive.internal.size,.282–311
rosin,.271–282

Intrinsic.viscosity,.33–35,.68,.120,.188
Itaconic.acid,.147

copolymers,.80,.116,.176–177,.246,.255,.363,.389,.391
polyamide,.146

l

Latent.aldehyde.group,.107
Lignin,.6–9,.12–13,.15,.17,.52,.56,.64,.76,.209,.246,.258,.

312
associations.with.PEO,.70
Kraft.lignin,.11,.63,.69,.82
lignin.reactions,.8,.11–12,.79–80
lignin.sulfonic.acid,.198
lignosulfonate,.10,.179,.258,.283–285,.288,.310,.331,.

356,.358,.387
structure,.9–10

m

Macro-monomer,.77,.178
Maleated.hydrocarbon.resins,.281,.373,.383
Mannich.reaction,.8,.76,.79,.181,.252–255,.280
Melamine

di-allyl-melamine,.251
melamine–formaldehyde.resins,.7,.33,.66,.74,.141–142,.

179,.248,.285,.373,.387
reactions,.141,.153,.368

Michael.addition,.20,.31,.75,.102,.109,.112–114,.144,.146,.
148–152,.170,.174,.177,.211,.255,.309,.312,.
314–315,.344,.358

Multilayer.polyelectrolyte.structure,.61,.82,.199,.257
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Nonionic.emulsifier,.284,.301,.309–310,.365,.367
Nonionic.stabilizer,.61,.276,.284–285,.287,.301,.366,.392

o

Olefins,.281,.286,.298–299,.308,.312,.372,.376,.379
One-shot.rosin.emulsion,.279
2-Oxetanone.multimer,.379
Oxidized.starch,.19,.23,.57,.81,.153,.200,.224,.352–354,.

379,.384,.387,.389–390

P

Paper.impregnation,.100,.152,.217,.243,.271
Paper.porosity,.351–352,.386–389
Paper.strength,.7,.12,.15,.32,.37,.39,.61,.63,.85,.111,.129,.

141,.160,.221
crosslinkers.effect.on,.162–163
decay,.111,.118,.130,.157,.202
effect.of.internal.size.on,.38
latexes.effect.on,.254
softeners.effect.on,.345
strengthening.mechanism,.15–17,.209–219,.241,.

244,.329
water.effect.on,.97–98,.104,.137,.202–203

Paper.structure,.2,.14–17,.35,.96–97,.136,.202,.206,.209,.
217,.220,.387,.394

Paper.surface.strength,.386–387
Paper.testing,.35–39,.120
Papyrus,.5
Paraffin.wax,.6,.176,.242,.286,.313,.328,.358,.

379,.396–397
Pectin,.20
Performance.chemicals,.13
Permanent.wet.strength,.98–99,.128,.137,.152,.197,.

219–220
Pitch,.12–13,.224
Polyacrylamide,.31–34,.68,.113,.119,.171,.181,.254
Polyacrylic.acid,.31,.35,.55,.62,.72,.81–83,.118,.164,.200,.

206,.224,.257–258,.331,.341,.375,.388
Polyalkylene.polyamine,.113,.185,.274,.290,.313–314
Polyaluminium.chloride.(PAC),.277
Polyamide,.30,.68,.76,.113,.122,.146,.184,.190,.274,.

330–331,.333,.358
Polyamidoamine,.7

in.creping.adhesives,.329,.331–333,.335–336
as.retention.aids,.68,.74–75,.77,.80
in.wet.strength.resin.synthesis,.7,.99,.113,.138,.

146–152,.182–184
Polycondensation.reaction,.30–31,.139,.142,.147
Polyelectrolyte

adsorption,.53,.57–58,.62
complex,.53,.55–56,.61–63,.82–83,.199,.218,.258–259,.

276,.383,.387
precipitation,.35,.55,.62,.82,.258–259

Polyester.resins,.281,.358,.391,.396
Polyethylene.glycol,.82,.129,.146,.162,.173,.217,.273,.301,.

333,.353
Polyethyleneimine.(PEI),.52,.55,.60–61,.63,.181,.254,.285

branched.PEI,.57,.206
PEI-epichlorohydrin.resin,.216,.331,.395
PEI.retention,.60,.66,.73,.204–207,.218

in.polyelectrolyte.complex,.258,.387,.394,.397
reactions,.145,.154,.171,.199,.221,.312,.333,.335
as.retention.aid,.64–67,.77–78,.309,.313

dual.retention.system,.83–84
synthesis,.145
as.trash.catcher,.74
as.wet.strength.resin,.146,.154,.214–215,.217
as.Yankee.adhesive,.331

Polyionene,.58,.63,.75,.254,.329
Polyisocyanates,.25–26,.150,.155–161

blocking.agents.for.polyisocyanates,.159,.161
Polymer.analogous.reactions,.28,.31–32,.78,.164,.177,.

210,.258
on.acrylamide.(co)polymers,.80,.118,.251–252,.255
on.cellulose,.107
on.maleic.anhydride.copolymers,.308,.372,.376–377
on.polyvinyl.alcohol,.250
on.secondary.amine,.144,.150,.163,.307,.312
on.starch,.74,.112
on.N-vinyl.formamide.copolymers,.76,.171,.173–174

Polymerization.process,.25,.28–29,.31
Polysaccharide,.8,.14,.70,.121

chemistry.of,.17–27,.145
depolymerization,.11,.23–24
as.prepolymer.for.WSR,.152–155

Polyurea,.70,.145
Polyurethanes,.315,.353,.375,.383
Polyvinyl.alcohol,.31,.77,.100,.103,.122,.152,.173,.175,.199,.

243,.304,.329,.353
Polyvinyl.amine,.113,.172,.174,.181,.197,.199–201,.215,.

249,.252,.258,.280,.285,.329,.333,.387
Porosity.builders,.388–390
Process.chemicals,.1,.13
Pulping.yield,.8–9
Pulp.oxidation,.23,.204

Q

Quaternization,.77,.151,.166,.183,.191,.330,.342

R

Recycled.fibers,.9,.220,.224,.241,.256
Recycled.paper,.9,.121,.219,.222–224
Repulpability.index,.223
Repulping.yield,.221
Retention.aid

amphoteric,.78–79,.199
anionic,.71
cationic,.72–78
dual.retention.systems,.78,.81–84,.281,.285,.288
nonionic,.67–70
retention.enhancers,.64,.68–70,.83

Retention.mechanism,.61,.65–66,.70,.77,.206–207,.245
Reverse.sizing,.279
Ring.opening.polymerization,.26,.296
Rosin,.11

reactions,.272–274
rosin.adsorption,.277,.279–280
rosin.esters,.273,.275,.277–278,.358,.394
rosin.sizing.mechanism,.276–279
in.surface.treatment,.358,.362,.374,.378–379,.

381,.394
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Selective.adsorption,.53,.196
Semi-continuous.process,.117–118,.360,.362
Size-press.solution,.351–352

defoamer.effect,.386
ionic.strength,.356
starches.for,.354–356

Sizing.enhancers,.284,.288
Sizing.mechanism,.276–282,.289–295,.304–307,.311–312

surface.sizing.mechanism,.352,.381–385
Sodium.aluminate,.270,.273–274
Softeners,.25,.328,.330,.339–346
Solvent.for.cellulose,.7–8
Starch.oxidation,.23,.107
Starch.retrogradation,.27,.111,.249,.355
Starch.xanthate,.154,.200,.207,.223,.246,.258,.260
Styrene-Maleic.Anhydride.copolymers.(SMA),.29,.33,.

198,.246
as.binder.in.coatings,.391–392,.394,.396
in.blends.with.cationic.resins,.218,.223,.256,.258,.282,.

386–388
cationic.SMA,.375,.377
in.creping.adhesives,.331
as.internal.size,.281–282,.312
as.porosity.builder,.388–389
reactions,.312,.371–372,.376
sizing.mechanism,.382–385
as.stabilizer.for.dispersions,.177,.286,.375
as.surface.size,.354,.358,.370–373

blends.with.synergetic.effect,.373–374
synthesis,.370

Sulfamic.acid,.21,.274,.280
Surface.sizing.agents,.352

nonreactive,.356–368
reactive,.368–381
surface.enhancer,.352

Surface.tension,.5,.13,.17,.167,.176,.241,.245,.267,.339,.354,.
365,.386,.396

t

Temporary.wet.strength.resins,.97–131
Thickeners,.393
Thinned.starch,.22,.355,.368
Trans-amidation.reaction,.30,.76,.118,.149,.171,.174
Tub-size,.5,.178

U

Unsaturated.fatty.acids,.22,.283
Urea

cyclic.urea,.111
dimethylol,.140,.178,.241
mono-methylol,.140
sulfate,.13
in.trans-amidation,.30,.141,.145

Uronic.acid,.23,.243

v

Vinyl.acetate.copolymers,.25,.34,.55,.78,.116,.171,.
173–174,.176,.200,.247,.250,.331,.370,.374,.389,.
391,.394,.396

Vinylidene.chloride.copolymers,.312,.364,.391
Virgin.fibers,.1,.224

w

Washburn.equation,.267
Waste.water,.345
Water.adsorption,.85,.204,.218–219,.267,.294
Wax.emulsion,.176,.313,.368,.394
Weak.chemical.bonds,.100,.105,.111–112,.297,.306
Wet.end.chemistry,.6,.51–53,.55,.58,.63,.68,.222,.270,.

289,.345
cellulose.fibers

carboxylic.groups.on.fibers,.52,.56,.58
external.surface,.15,.52,.204
fiber.size.distribution,.51,.209
fiber.swelling.in.water,.9,.11–12,.37–38,.51
internal.surface,.14,.51–52,.204
specific.surface.area,.52,.67

electrophoretic.mobility,.52,.61,.65–67,.207,.256,.
270,.277

ionic.strength,.55–56,.62,.65–67,.71,.187,.207,.209
paper.chemicals.adsorption,

electrolyte.effect,.52–54,.56,.58,.61,.64,.67,.70–71,.
73,.76,.82

fiber.saturation.point,.52,.73,.205,.207,.256
hydrophobic.interactions,.51,.53,.59,.62
ionic.interactions,.53–54,.60,.178
pseudo-irreversible.adsorption,.54–55,.60,.66–67,.

206–207,.215,.293
pH,.7,.13,.52,.54–57,.61,.65–67,.71–72

Wet.strength.decay,.98–99,.104–106,.111,.118–120,.128,.
130,.137,.252

Wet.strengthening.mechanism,.201,.203,.209,.211,.214,.219
Wet.strength.resins,.7,.17,.29,.53,.137–224

in.alkaline.pH,.142,.144,.146,.169,.181,.206,.214
curing.reaction.of,.146,.210
dual.system,.7,.198–199,.218,.224
formaldehyde.based.resins,.139–142
polyisocyanates,.155–160
polysaccharides,.152–155
reactive.methylol.in,.140
in.repulpable.paper,.219–221,.223
as.retention.aids,.64,.85
temporary,.7,.17,.53,.97–131,.223

Wood.preservation,.1

z

Zipper.effect,.202–203,.209,.216–217,.219
Zirconium.salts,.52,.70,.102,.153,.162,.201,.332,.353,.

373–374,.383–384,.387,.395–396
Zwitterion,.78,.215,.255,.343
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