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METHODS OF ANALYZING AND TESTING
COAL AND COKE

by

Staff, Office of the Director of Coal Research !

Abstract

by Bureau of Mines laboratories for characterizing coal and coke.

To provide better service to coal producers and consumers, the scope
of this bulletin has been expanded to include important test methods used
to evaluate coal properties for commercial processing. The methods de-
scribed will prove valuable to all persons interested in analyzing and test-
ing coal and coke.

THIS bulletin presents all analytical and test methods regularly used

Introduction

Since its creation by Congress in 1910, the Bureau of Mines has been
engaged in the development of methods for analyzing and testing coal and
coke. Methods used for analysis and testing were first published in
January 1912, as Technical Paper 8. Improvements and modifications in
analytical procedures were included in subsequent papers published in
1913, 1926, 1929, 1938, and 1951.

Efforts to improve the precision of analytical procedures and to
develop rapid methods to reduce time requirements were continued by
the Bureau. To aid the consumer in the selection of coals for commercial
processing, numerous test methods have been developed in this country
and abroad to appraise coal properties more intelligently. This bulletin
includes the analytical and test methods which are used regularly by the
Bureau of Mines.

Analytical methods included for the first time are the flame spectro-
photometric method for the determination of alkali oxides, and potenti-
ometric determination of chlorine in coal, as well as rapid methods for
analysis of coal ash. Additional test methods include the determination
of the grindability of coal, equilibrium moisture in coal, and float-and-sink
analysis. Plastometric and dilatometric methods to determine the coking
properties of coals are described, as well as assay procedures for the
appraisal of low-temperature carbonization yields.

1 Compiled by Walter H. Oppelt, Project coordinator, Coal Utilization and Preparation, Pittsburgh Coal
Research Center, Bureau of Mines, Pittsburgh, Pa.

Work on manuscript completed January 1966.



METHODS OF ANALYZING AND TESTING COAL

PREPARATION OF LABORATORY
SAMPLE WITH PRELIMINARY
DRYING

The coal samples are received at the lab-
oratory in galvanized steel containers, height
11\b inches, diameter 3(4 inches. Each con-
tainer has a close-fitting screw cap and rub-
ber gasket to assure no moisture loss while
in transit. The methods of collecting and
shipping samples are described in a Bureau
of Mines handbook.1 After the sample is re-
ceived at the laboratory, it is given a lab-
oratory number and placed in a fared alumi-
num pan 10 inches wide, 1410 inches long,
and 2 inches deep. The sample is weighed
and then put in the air-drving room, shown
in figure 1 This is a controlled temperature
(30-35° C) room with forced air moving

Figure 1.—Air-Drying Room.

LSnyder, N. H.
Revision of Technical Paper 133.
1957, 1B pp.

(revised by S. .1 Aresco). Coal Sampling.
Hnreau of Mines Handbook,

over the samples. The sample is dried under
these conditions until the loss in weight be-
tween two successive weighings, made 20 to
24 hours apart, does not exceed 3.5 percent
by weight. The purpose of drying is to re-
duce the moisture in the sample to approxi-
mate equilibrium with the air of the labo-
ratory and thus minimize changes in moisture
content during sample preparation and
analysis.

The loss in weight by air-drying is not the
total moisture, but this moisture "combined
with the moisture determined in the analysis
sample at 105° C gives the total moisture of
the sample.

Immediately after the last weighing, the
entire air-dried sample is pulverized to pass
a No. 60 sieve (250 micron), by passing it
through an impact pulverizing mill. This
sample is then reduced to about 50 grams
with a laboratory riffle shown in figure 2
(thirty-six Vi-inch openings).

The sample is then passed quickly through
a No. 60 sieve. Normally all the sample will
pass through the sieve, but if any particles

Figure 2.—-Laboratory Riffle.
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do remain on the sieve, they are reduced to
pass the No. 60 sieve on a bucking board and
added to what passed through the sieve. This
50-gram portion is put in a rubber-stoppered,
wide-mouth, 4-ounce bottle, and constitutes
the laboratory sample. The above procedure
is carried out as rapidly as possible, to mini-
mize change in moisture.

Before portions for the various analytical
determinations are weighed, the sample is
mixed thoroughly. The bottle containing the
sample is placed on the 36-bottle-capacity
mixing wheel shown in figure 3 and rotated
for 20 minutes. The wheel is 30 inches in
diameter and makes 25 revolutions per
minute. The sample bottles are held by
spring clips on the periphery of the wheel at
an angle of 45° with the axis. The bottle is
not more than three-fourths filled, and the
speed of rotation is slow enough to prevent
centrifugal action from hindering the thor-
ough mixing of the pulverized coal.

METHODS OF ANALYSIS

Proximate Analysis

Proximate analysis is the determination,
by prescribed methods of moisture, volatile
matter, fixed carbon (by difference), and
ash.

Moisture by Oven Method

APPARATUS.—The moisture oven is a large
copper cylinder containing seven identical
small copper cylinders arranged as in figure
4. The oven is 12 inches wide, 19 inches
high, and 26 inches long, and each of the 7
copper cylinders accommodates 12 porcelain
capsules. The space between the outer and
the inner cylinders is filled with a 1:1 solu-
tion of ethylene glycol and water. The
solution is heated with four electric strip
heaters, and the temperature is controlled by
a thermostat. A reflux condenser allows for
expansion, and also keeps the water from
evaporating. A current of air dried by pass-
ing through concentrated sulfuric acid and
preheated by passing through copper tubes
surrounded by the ethylene glycol solution
is forced through the inner cylinders of the
oven and over the sample at a rate of two to
four volume changes per minute; it takes up
moisture from the samples and escapes
through small openings in the front of the
oven. It has been found that some coals
oxidize on heating in the presence of air, and
therefore the determined moisture may be

Bottle holders

\

\
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N Mixing wheel
N,
&
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E% 2 % Wheel support
/ | L
/ *(3 §
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= L
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< i
L Belt 4
Belt guard i
Bench ~
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L : d
T Pulley Belﬁ
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Motor “ | 3
I i
—L e
s ]W
=\ P—===\

FIGURE 3.—Mixing Wheel.

somewhat low. Using nitrogen instead of air
as the sweep gas would eliminate this slight
error. A distillation procedure? that also
minimizes oxidation effects is sometimes
used for low-rank coals and lignites. It in-
volves collection and measurement of the

3 Goodman, John B., Manuel Gomez. and V. F. Parry. Deter-
mination of Moisture in Low Rank Coals. BuMines Rept. of
Inv. 4969, 1953, 20 pp.



4 METHODS OF ANALYZING AND TESTING COAL AND COKE

~Outlet

Condenser
Inlet . _
Slots (7)

= Liquid
j level gage

Heater strips (4)°

N2 Manifoldwith | .
individual slot controls “~~_____

FIGURE 4.—Moisture Oven.

water resulting from heating the coal in a
liquid that has a boiling point higher than
water and is immiscible with it.

OVEN METHOD FOR COAL CRUSHED To PAsS
A No. 60 SIEVE.—In this case the moisture is
determined on the air-dried sample.

Place a 1-gram sample (all weighings
made to 0.1 mg) of the coal in a weighed
porcelain capsule (22.5 mm in depth, 42.5
mm in diameter, glazed inside, unglazed out-
side botom) and heat for 1 hour at 105° =+
5° C in a preheated oven. The capsule is then
removed from the oven, immediately covered
with an aluminum cover, and cooled in a
desiccator over concentrated sulfuric acid.
This step must be carried out without delay.
The loss in weight multiplied by 100 is re-
corded as percent moisture.

OVEN METHOD FOR COAL CRUSHED To PAss
A No. 20 SIEVE.—In this case, if requested,
the moisture is determined on the as-received
coal without preliminary air drying.

Place a 5-gram sample (weighed to 1 mg)
in the same capsule as used for the 1-gram
sample and heat for 114 hours; otherwise,
the procedure is the same as for the coal
crushed to pass a No. 60 sieve.

On laboratory samples crushed to pass a
No. 60 sieve

Permissible differences,
percent

Moisture content, percent:
Under 5

10-15 .......
Over 15

On laboratory samples crushed to pass a
No. 20 sieve

Permissible differences,
percent
Moisture content, percent:

Ash

APPARATUS.—The muffle furnace to burn
the coal (fig. 5) is a heavy duty electric hair-
pin-type furnace with an air aspirator
installed at the back of the muffle. The
aspirator maintains an ample supply of air
in the muffle at all times to insure complete
oxidation and to provide circulation through
the muffle to remove the products of combus-
tion formed during ignition of the sample.

The door of the furnace is kept open 6 to 8
mm from the bottom to provide circulation
of air through the muffle.

Refractory
- Counterweight

Muffle .

Heating f
elements <]

Thermocouple | ...
tube

Magnesite

FIGURE 5.—Muflle Furnace for Determining Ash.

PROCEDURE.—Place the porcelain capsule
containing the residue from the moisture
determination by the oven method, or a
l1-gram sample weighed to 0.1 mg of air-
dried coal ground to pass a No. 60 sieve
when moisture is determined by the distil-
lation method in the cold muffle furnace, and
heat gradually so that the temperature
reaches 500° C in 1 hour and 750° C in 2
hours. Continue the ignition in the muffle at
750° C for 114 hours. Remove the capsule
with its contents from the mufile, cover with
an aluminum cover, cool on an asbestos tray,
and weigh. Replace the capsule and contents
in the muffle at 750° C, heat for 14 hour, cool,
and weigh again. If the change in weight is
0.5 mg or less, the last weight of the capsule
and residue minus the empty capsule multi-
plied by 100 is percent ash. If the change is
greater than 0.5 mg, heat the residue again
for 30 minutes and repeat the process until
the change in weight is 0.5 mg or less.
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Slow heating of the coal as described pre-
vents difficulty in obtaining satisfactory
check results for coals that contain consider-
able calcite and pyrite because of varying
amounts of sulfur retained as calcium sul-
fate in the ash.* Slow heating also avoids
coking the sample, which makes burning
difficult; furthermore, if a coal high in
volatile matter is heated rapidly, the gas
generated tends to puff within the capsule
and thus mechanically to carry off portiong
of the sample. Ash determined by this
method represents ignited mineral matter
remaining after the combustible substances
of the coal are burned.

PRECISION.—The following tabulation
gives permissible differences in percent, of
ash from the same laboratory and same
sample.

Permissible differences,

percent
Ash, percent:

015 oo ssnennes 0.15
15-25 ... 20
25-50 ....... 30
Over 50 .o 40

Volatile Matter

APPARATUS.—AIl volatile-matter determi-
nations at the Pittsburgh laboratory are now
made in specially designed electric furnaces
of the vertical type shown in figure 6. The
heating element consists of 36 feet of nickel-
chromium resistance wire (No. 17 B. & S.
gage, 0.324 ohms per foot) wound on a heli-
cal grooved (3%-inch pitch) refractory fur-
nace core 6 inches long by 314 inches wide
with semicircular sides of 3/-inch radius. A
current of about 10 amperes at 115 volts is
required to reach a temperature of 950° C
(£ 20° C) in 15 to 20 minutes. With an
electric * proportioning stepless controller
package, 7 amperes are required to maintain
the 950° C temperature. The life of the
heating element under daily operation is 20
to 24 months. A base metal thermocouple is
permanently installed through the bottom of
the furnace so that the hot junction is just
below the platinum crucibles. In calibrating
the furnace, 1 gram of ignited silica or
alumina is substituted for the coal to avoid
possible contamination of the thermocouple.
A thermocouple is placed in the crucible so
that the hot junction is in contact with the
bottom of the interior of the crucible. The
furnace controller is then adjusted until a
constant temperature of 950° C is registered

t Rees, O. W., and W. A. Sc¢lvig. Determination of Ash in
Coals Unusually High in Calcite and Pyrite. Ind. and Eng.
Chem., anal. ed., v. 14, 1942, pp. 209-212,
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FIGURE 6.—Electric Furnace for Determining Vola-
tile Matter.

by the thermocouple in the crucible. The
temperature of the fixed thermocouple of the
furnace is recorded, and this temperature
corresponds to 950° C in the crucible zone
when two crucibles are in the furnace. In
making this comparison the usual platinum
cover is replaced by one that is perforated to
admit the thermocouple leads.
PROCEDURE.—Place a 1-gram sample
(weighed to 0.1 mg) of air-dried coal ground
to pass a No. 60 sieve in a 10-ml platinum
crucible with a close-fitting capsule cover,
shown in figure 7, in which A is the cover
and B is the crucible. Heat the crucible and
contents at 950 ° C (= 20° C) in the electric
furnace for exactly 7 minutes. Remove the
crucible from the furnace, cool it rapidly by
placing it on an air-cooled steel plate, and
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\ 4 e

)T

9//

FIGURE 7.—Ten-Milliliter Platinum Crucible for De-
termining Volatile Matter. A, crucible
cover. B, crucible,

weigh. The loss in weight minus the weight
of moisture determined at 105° C times 100
equals the percentage of volatile matter.

With some strongly caking low- and
medium-volatile bituminous coals the coke
button may be broken with explosive violence
because of liberation of volatile matter
within the button. This is designated “pop-
ping.” It may blow the lid off the crucible
and cause mechanical losses of the coked
material. When popping is observed, reject
the determination and repeat the test until
popping no longer occurs.

Mechnical losses are incurred when peat,
lignite, and subbituminous coal are heated
rapidly ; such losses also occur with some
low-temperature cokes, green cokes, chars,
anthracites, and semianthracites. This me-
chanical loss is usually called sparking, and
is caused by particles of the fuel being ejected
from the crucible by the too-rapid escape of
steam or volatile matter.” These particles
become incandescent in the flame of the burn-
ing volatile constituents and may be seen
around the edge of the crucible cover, some-
times only 14 inch above the crucible and at
other times shooting several inches to the
top of the furnace. In severe sparking, ash
deposits and occasionally unburned material

% Cooper, H. M., I. D. Osgood and R. E. Solomon. Determi-
nation of Volatile Matter in Low- Temperature Cokes, Chars, and
Noncaking Coals. BuMines Rept. of Inv. 3168, 1932, 17 pp.

Lord, N. W. Experimental Work Conducted in the Chemical
Laboratory of the United States IFuel-Testing Plant at St. Louis,
Mo., January 1, 1905 to July 31, 1906. Geol. Survey Bull. 323,
1907, 49 pp.: reprinted as BuMines Bull. 28, 1911, pp. 6-7.
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FIGURE 8.—Percentage of Volatile Matter From
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are found on the crucible cover. Small de-
posits of ash are sometimes found on the
crucible cover with moderately sparking
fuels. All fuels that do not cake when volatile
matter is determined are watched closely for
sparking during the heating period; at the
end of the test the crucible cover is inspected
for ash deposits, and any found are con-
sidered as evidence of sparking.

All fuels that spark appreciably when
volatile matter is determined by the pre-
scribed method are given a gradual (linear)
heating so that the temperature reaches
650° C in 6 minutes. The crucible is then
lowered to its regular position for exactly 6
minutes at 950° C. A statement is included
in the analytical report when the modified
method is used.

It should be clearly understood that the
volatile matter does not represent any
definite compound in the coal. The method of
determination is wholly empirical, and any
variation in temperature or rate of heating
will change the amount of volatile matter
determined.

This fact is illustrated graphically by the
curves in figure 8, which represent the
amount of volatile matter obtained by heat-
ing several portions of a single sample of
coal or coke at various temperatures between
750° and 1,100° C.¢

6 Fieldner, A. C.,, and A. E. Hall.

on the Determination of Volatile Matter in Coal.
Internat. Cong. Appl. Chem,, v. 10, 1912, p. 139.

Influence of Temperature
Proc. 8th
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PRECISION.—The following gives the per-
missible difference for the same sample from
the same laboratory.

Permissible differences,

percent
Volatile matter:

High-temperature coke ..........cceeuee 0.2
Anthracite ....cccccevceecceenrennecnienenenns 0.2
Semianthracite, bituminous ............ 0.5

coal, low-temperature coke,

and chars
Subbituminous coal .......ccceceereecverennes 0.5
Lignite and peat .....cccoovvervvvrcnvrnnnns 0.5

The fixed carbon is found by subtracting
the sum of the percentages of moisture, ash,
and volatile matter from 100.

Ultimate Analysis

The ultimate analysis supplies information
on the elemental composition of coals in
terms of ash, carbon, hydrogen, nitrogen,
oxygen, and sulfur.

Carbon and Hydrogen

APPARATUS.—Schematic diagrams of ap-
paratus and electrically heated furnace used
for determining carbon and hydrogen in
solid fuels are shown in figures 9 and 10.
The furnace consists of three independent
heaters (G, H, and I) mounted on wheels so
th%’c they are movable along the combustion
tube.

The three heaters are similar in construc-
tion, and differ only in length and in re-
sistance wire used in their heating elements.

Heater G is 8 inches (203 mm) long and is
wound with 15 feet of B. & S. No. 33 nickel-
chromium No. II ribbon (1.1520 ohms per
foot) on a fused alumina tube 734 inches
(197 mm) long, 114 inches (32 mm) inside
diameter, and 114 inches (38 mm) outside
diameter ; heater H is 14 inches (356 mm)
long and is ' wound with 26 feet of B. & S. No.
28 nickel-chromium No. V ribbon (0.676
ohms per foot) on a tube 1334 inches (349
mm) long; and heater I is 6 inches (152
mm) long and is wound with 10 feet of B. &
S. No. 20 nickel-chromium No. 4 wire (0.615
ohm per foot) on a tube 534 inches (146
mm) long. The combustion furnace operates
on 110-115 volts, and the temperature of
each heater is controlled by a separate voltage
regulator, D, of the variable transformer
type.

The combustion tube is a fused-silica tube
glazed inside and outside. Its internal
diameter is about 18 mm, wall thickness
about 2 mm, and total overall length about
112 cm; one end is rounded for insertion of
a rubber stopper, and the other end is drawn
out to about 6 mm outside diameter and 30
mm in length for rubber tubing connection
with the absorption train. To permit obser-
vation the tube has a 12 em transparent sec-
tion that begins about 35 cm from its large
end. The first part of the tube up to the end
of the transparent section is empty; follow-
ing the transparent section is a roll of copper
gauze about 2 cm long; the next 33 cm is
filled loosely with copper oxide wire; a sec-
ond roll of copper gauze separates the wire
from 18 em of fused lead chromate (3 by 10
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FIGURE 9.—Apparatus for Determining Carbon and Hydrogen.
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FIGURE 10.—Electric Furnace for Determining Car-
bon and Hydrogen.

mesh) which is held in place by a plug of
glass wool extending to the constricted end
of the tube.

The oxygen before entering the combus-
tion tube is purified by passing it through a
silica tube filled with copper oxide wire and
heated to 750° C by heater E, then through
U-tube F filled with sodium hydroxide-
asbestos in the entrance side separated by a
glass-wool plug at the bottom from an-

hydrous magnesium perchlorate in the exit -

side. Heater E is identical with heater G
except that it is mounted permanently. The
purification may be eliminated if the oxygen
is known to be pure. The sodium hydroxide-
asbestos and anhydrous magnesium per-
chlorate used in purification tube F' are the
same as those used in the absorption train
gognected to the exit end of the combustion
ube.

Combustion and subsequent aspiration are
carried out with oxygen, and the combustion
tube is under pressure of about 3 inches of
water controlled by the depth of water in
tube C. This tube acts not only as a safety
valve to prevent excess oxygen pressure in
the combustion tube but also as an indicator
to insure an ample supply of oxygen in case
of rapid combustion of the sample. Tube B is
empty and serves as a safety device to pre-
vent water from tube C reaching the anhy-
drous magnesium perchlorate in U-tube A.
When the current is interrupted or the
oxygen flow is stopped, atmospheric pres-
sure is established in the system by loosen-
ing the stopper in the top of tube B.

First in the absorption train is a Mar-
chand tube, J, filled with granular anhydrous
magnesium perchlorate to absorb water.

Nesbitt absorption bulb K is connected to
magnesium perchlorate tube J to absorb
carbon dioxide. This bulb contains sodium
hydroxide-asbestos which has approximately
14 inch of magnesium perchlorate on top.
The Nesbitt bulb K is connected to a Vanier
bulb, M, filled with water, to indicate the
rate of flow, and the Vanier bulb in turn is
connected to an aspirator.

A small serew clamp, L, on the rubber tube
connecting Nesbitt bulb K to Vanier bulb M
regulates the rate of aspiration through the
combustion tube. The rate is maintained at 50
to 75 ml per minute or 2 to 3 bubbles per
second through the Vanier bulb M. The vol-
ume does vary somewhat because of vari-
ation in the diameter of the glass spiral in
different bulbs. After aspiration has been
regulated to the desired rate the combustion
tube and absorption train are tested for
tightness by temporarily closing the large
end of the combustion tube with a rubber
stopper or by placing a pinch clamp on the
rubber connection at this point. More than 3
bubbles per minute through the Vanier bulb
M indicates a leak.

PROCEDURE.—Run a blank for the same
length of time and in the same manner as a
regular determination after the system has
been idle for some hours or after changes
have been made in the chemicals in the ab-
sorption train or after the combustion tube
has been recharged. If in the blank aspiration
the change in weight of tube J and bulb K is
less than 0.5 mg each, the apparatus is in
proper condition for use. A compound of
known carbon and hydrogen content, such
as sucrose, is used regularly to check the
operation.

To start a series of determinations, attach
tube J and bulb K with short pieces of tightly
fitting rubber tubing, regulate the oxygen
aspiration, and energize heaters E, H, and 1.
Pull partly out of the heater a brass tube,
which fits over the exit end of the combustion
tube and moves freely in heater I, to cover
the connection between the combustion tube
and Marchand tube J. This brass tube con-
ducts enough heat from the heater to prevent
deposition of moisture in the connection.
The temperature of heater H reaches 800° C
in about 90 minutes, and the temperature of
heater I over the lead chromate is about
400° C. Remove tube J and bulb K from the
train, wipe with a clean cloth, and cool to
room temperature. Connect another set of
tube J and bulb K in the apparatus and
aspirate for 15 to 20 minutes. Place a 0.2-
gram air-dried sample, crushed to pass a No.
60 sieve, weighed to 0.1 mg, in a porcelain
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boat and put in a glass weighing tube, which
is immediately closed with a stopper to
minimize moisture changes. After the first
set of tube J and bulb K have cooled to room
temperature, open bulb K for a moment to
allow the oxygen in the bulb to reach atmos-
pheric pressure) weigh, and replace them
in the train. Quickly transfer the boat con-
taining the sample from the weighing tube
to the transparent section of the combustion
tube. Energize heater G, and move it from
the left end of the track to cover about half
of the boat containing the sample. If the
heater G has been cooling from a previous
determination, its temperature is reduced
under 200> C before another test is started.
Gradually increase the temperature of heater
G to 850° C at such a rate that the coal burns
slowly and evenly. At the same time, move
the heater forward slowly so that it finally
covers the entire clear section in the com-
bustion tube and contacts heater H. This
burning operation requires 20 to 25 minutes.
After full heat is continued 15 minutes, de-
energize heater G and return it to its original
position to cool for the next determination.

Continue the aspiration for 15 to 20 min-
utes. Remove Marchand tube J and Nesbitt
bulb K and replace them with another set
for the next determination. Wipe the tube J
and bulb K with a clean cloth, cool to room
temperature, and weigh. The increase in
weight of the Marchand tube J multiplied by
55.95 gives the percentage of hydrogen, and
the increase in weight of the Nesbitt bulb K
multiplied by 136.45 gives the percentage of
carbon. Remove the boat and inspect the
residue for carbon. If coke or carbon is pres-
ent, the determination is repeated. The total
time required for a determination after
heaters H and I have reached the proper
temperature is 50 to 60 minutes.

PRECISION.—Permissible differences of
same sample from the same laboratory are as
follows.

Permissible differences,
percent
Ultimate analysis:

Carbon .......
Hydrogen

Nitrogen

The well-known Kjeldahl-Gunning method
is used to determine nitrogen. Boil one gram
of the air-dried coal sample ground to pass
a No. 60 sieve and weighed to = 1 mg with
30 ml of concentrated sulfuric acid (H.SO,),
7 to 10 grams of potassium sulfate (K,SO,),
and 0.6 to 0.8 gram of mercury in a 500-ml

Kjeldahl flask until all particles of coal are
oxidized and the solution is nearly colorless.
For coke, about 0.1 gram of chromic oxide
(Cr0;) is added to the mixture before boil-
ing. Continue the boiling at least 2 hours
after the solution has reached the straw-
colored stage. The total time of digestion
will be 3 to 4 hours except for coke and
anthracite, which require much longer diges-
tion. Add a few crystals of KMnO,, after the
solution has cooled enough to avoid violent
reaction, to insure complete oxidation. After
the solution has cooled, dilute it to about 250
ml with cold water. Add twenty-five mil-
liliters of potassium sulfide solution (40
grams K.S per liter) to precipitate the mer-
cury, and several granules of 20-mesh zinc to
prevent bumping. Add gradually enough
strong sodium hydroxide (NaOH) solution
to make the solution distinctly alkaline.

The danger of loss of ammonia is mini-
mized by holding the flask in an inclined
position while the sodium hydroxide solution
is being added. The alkaline solution runs
down the side of the flask and forms a layer
below the lighter acid solution. After the
alkaline solution is added, connect the flask
at once to the condensing apparatus, and
mix the solution by gently shaking the flask.
Distill over the ammonia (NH3) into a
measured amount (10 ml) of standard sul-
furic acid solution (0.3568 N), to which has
been added enough cochineal indicator for
titration. Continue the distillation until 150
to 200 ml of distillate has passed over, and
titrate the distillate with 0.1784 N ammonia
(NH,0H) solution (20 ml NH,;OH solution
— 10 ml H,SO, solution = 0.05 gram
nitrogen).

In routine work the determinations are
made in sets of 12, the digesting and distill-
ing apparatus being designed for 12 flasks.
One flask in each set contains a blank deter-
mination in which 1 gram of pure sucrose
(cane sugar) is substituted in place of the
usual coal sample. The nitrogen found in
this blank determination is deducted from
the nitrogen found in each of the 11 determi-
nations that were made in the same set.

Usually the sodium hydroxide and potas-
sium sulfide are dissolved in a single stock
solution. Twenty pounds of electrolytic
caustic soda are dissolved in water in a stone-
ware jar. A solution containing 175 grams
of potassium sulfide in water is added, and
the resulting solution is made up to 22 liters.
About 100 ml of this alkali solution is used
for a nitrogen determination.
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PRECISION.—Permissible differences of the
same sample, same laboratory, follow.

Permissible differences,
percent

Ultimate analysis:
Nitrogen

Sulfur

EscHKA METHOD.—The method consists
of incinerating coal and coke with Eschka
mixture (2 parts of light calcined magnesium
oxide (MgO) and 1 part of anhydrous sodium
carbonate (Na.CO;s)). Thoroughly mix a
sample of air-dried coal ground to pass a No.
60 sieve and weighing 1.3737 grams, weighed
to 0.1 mg, in a 30-ml platinum or porcelain
crucible with about 3 grams of Eschka mix-
ture, and spread over the top about 3 grams
of Eschka mixture to form a cover. Place the
crucible with its contents in a cold muffle
furnace, and heat slowly to 800° + 25° C in
about 114 hours. Slow heating during this
preliminary period is essential to avoid
rapid expulsion of the volatile matter, which
tends to prevent complete absorption of the
products of combustion of the sulfur. Main-
tain the maximum temperature of 800° =
25° C for about 114 hours.

Remove the crucible from the muffle and
stir the contents thoroughly. If any black
particles remain, return the crucible to the
muffle and heat until all the particles are
burned out, a condition that indicates that
the process is complete. Allow the crucible
and contents to cool, transfer the contents to
a beaker, and digest with 100 ml of hot water
for at least 30 minutes. Filter into a beaker;
wash the insoluble residue in the beaker
twice with hot water by decantation and
after transferring it to the filter paper, wash
it with small quantities of hot water until
the volume of solution in the beaker is about
200 ml. Add enough hydrochloric acid (2:1)
to make the solution slightly acid. Precipitate
the sulfur as barium sulfate (BaSO,) by
adding slowly 10 to 20 ml of a hot 10-percent
solution of barium chloride (BaCl.2H.O).
Allow the solution containing the precipitate
to stand for at least 2 hours at a temperature
just below boiling.

After cooling, filter the solution through
an ashless filter paper and wash with hot
distilled water until a silver nitrate solution
shows no precipitate with a drop of the fil-
trate. The test for assuring excess barium
chloride is made by adding a few drops of
sulfuric acid solution to the filtrate. Ignite
the precipitate in a porcelain crucible, free
access of air being allowed and the paper

being folded over the precipitate only loosely
to prevent spattering. Smoke the paper off
gradually at first, and do not heat above a
dull redness for the final heating. After
burning off the paper completely, continue
the heating for a few minutes; then cool the
crucible and weigh the BaSQO, precipitate.
The weight in grams of barium sulfate -after
deducting the weight of barium sulfate
found in a blank determination using the
same reagents, multiplied by 10, equals the
percentage of sulfur in the sample.

BoMB-WASHING METHOD.—Sulfur can be
determined in the washings from the oxygen
bomb calorimeter after the calorimetric de-
termination. The results have been found to
check closely with those of the Eschka
method.” The method saves considerable
time over the Eschka method, so it is also
used in the coal-analysis laboratory of the
Bureau of Mines.

Allow the bomb to stand in the calorimeter
water for not less than 5 minutes after firing.
Remove the bomb, and open the valve care-
fully to allow the gases to escape at an ap-
proximately even rate so that the pressure
is reduced to atmospheric in not less than 1
minute. Too rapid release of the gases results
in a loss of sulfur. Bombs equipped with
valves other than needle valves, such as com-
pression valves, are provided with a device
for controlling the valve to permit a slow
and uniform release of the gases. Open the
bomb and examine the inside for traces of
unburned material or sooty deposit. If you
find any, repeat the test. Wash all parts of
the interior of the bomb, including the tray,
with a fine jet of distilled water containing
1 m] per liter of a saturated solution of
methyl orange until no acid reaction is ob-
served. It is essential to wash through the
valve openings of bombs equipped with com-
pression valves or other types of valves with
large openings, as considerable spray may
collect in such openings.

Collect the washings in a 250-ml beaker
and titrate with standard ammonia solution
(0.00652 g per ml) to obtain the acid correc-
tion for the heating value, as specified under
the calorimetric determination. Heat the
solution to boiling, filter, and wash the resi-
due and filter paper thoroughly five or six
times with hot distilled water. Add to the
filtrate and washings, amounting to about
200 ml, enough hydrochloric acid (2:1) to
make the solution slightly acid. Heat the

7 Selvig, W. A.. and A. C. Fieldner. Sulfur in Coal and Coke;
Check Determinations by the Eschka, Bomb-Washing and
Sodium Peroxide Fusion Methods. Ind. and Eng. Chem., v. 19,
1927, pp. 729-733.
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solution and precipitate the sulfur with
barium chloride solution as described in the
Eschka method.

(Weight of BaSO, — blank) X 13.74 =—
Weight of sample

percentage of sulfur

Permissible differences of the same sam-
ple, same laboratory follow:

Permissible differences,
t
Ultimate fanalysis percen
(O |
sulfur, cent: Bomb-
ur, percen Eschka washing
method method
0-2 e 0.05 0.10
24 e .08 .15
Over 4 ..cccovvvrennnnd .10 20

Oxygen

In the ultimate analysis, the composition
of coal is expressed in percentages of ash,
sulfur, carbon, hydrogen, nitrogen, and
oxygen. The sum of these constituents is
taken to equal 100 percent. As there is no
simple, direct method for the determination
of oxygen, it is estimated by subtracting the
sum of the other five constitutents from 100.
This method throws upon the oxygen the
summation of all the errors incurred in the
other determinations.

In the consideration of an ultimate anal-
ysis one must remember that the hydrogen
and oxygen of the moisture in the sample are
included with the hydrogen and oxygen of
the dry-coal substance. Usually before com-
parisons are made ultimate analyses are
computed to a dry-coal basis to give the re-
lative proportions of hydrogen and oxygen
in the dry coal.

Determination of Sulfur Forms in Coal

Three forms of sulfur are recognized in
coal: (1) Sulfur combined with iron as
pyrite or marcasite and known as pyritic
sulfur, (2) sulfur combined with the coal
substance as organic sulfur, and (3) small
quantities of sulfate sulfur in the form of
calcium sulfate or iron sulfate. Freshly mined
coal usually contains only small quantities of
sulfate sulfur. These forms of sulfur are
determined on samples of air-dried coal
crushed to pass a No. 60 (250 p) sieve by

modifications of methods developed Dby
Powell.?

The sulfate sulfur is extracted from the
coal with dilute hydrochloric acid. The
pyritic sulfur is extracted from the hydro-
chloric acid residue with dilute nitric acid.
The pyritic sulfur is then determined (1)
from the nitric acid soluble sulfur, or (2) by
calculation from the pyritic iron which is the
nitric acid soluble iron. The organic sulfur
is the difference between the total sulfur and

the sum of the pyritic and sulfate sulfur.

Sulfate Sulfur

Weigh out a 2.0000-gram sample, weighed
to 0.1 mg, and place it in a 250-ml beaker.
Add 3 ml of 1:3 ethyl alcohol and swirl to
wet the sample. Cover the sample carefully
with 50 ml of hydrochloric acid (1:3). Cover
Witlh a watch glass and place on a hotplate to
boil.

At the end of 20 minutes, filter the con-
tents of the beaker, retaining the coal mate-
rial left on the filter, after washing six
times with cold water, for the pyritic sulfur
determination. To the filtrate add 10 ml of
bromine water and heat almost to boiling.
Add 20 to 25 ml of 1:1 ammonium hydroxide,
and let stand on a hotplate for 20 minutes.
Filter while hot, discarding the residue left
on the filter after washing five or six times
with hot water. Increase the volume of the
filtrate to 200 ml with distilled water.

Neutralize the filtrate with hydrochloric
acid (2:1) and add an excess of 5 ml, using
methyl orange indicator. Heat the solution
to boiling, add slowly 20 ml of hot 10 percent
barium chloride solution, and allow to stand
for several hours. Filter and wash the
precipitate with hot water until free of
chlorides, ignite the filter paper, and weigh
the barium sulfate. The weight of barium
sulfate, in grams, multiplied by 6.868 repre-
sents the percentage of sulfur combined as
sulfate in the coal.

Pyritic Sulfur

Macerate the coal residue and filter paper
from the hydrochloric acid separation in 100
ml of 25 percent by volume nitric acid and
allow to stand, with occasional stirring for
12 to 24 hours at room temperature. Filter
and discard the coal residue after washing
several times with cold water. Add 3 ml of
concentrated hydrochloric acid to the filtrate
and evaporate to dryness on a water bath.

8 Powell, Alfred R. The Analysis of Sulfur Forms in Coal.
BuMines Tech. Paper 254, 1921, 21 pp.
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Dissolve the residue in 5 ml of concentrated
hydrochloric acid and 25 ml of water. Pour
this acid solution into a 250-ml beaker and
add 25 ml of hot ammonium hydroxide (1:1)
making sure that ammonium hydroxide is in
excess. Filter while hot and wash several
times with hot water.

Sulfur in the filtrate is determined by the
method used for sulfate sulfur.

Dissolve the precipitate of ferric hy-
droxide off the filter with the least possible
quantity of concentrated hydrochloric acid,
added drop by drop, and wash with small
amounts of water. Heat the acid solution
contained in a 250-ml beaker almost to boil-
ing and add stannous chloride (10 grams of
stannous chloride dissolved in 20 ml of hot
concentrated hydrochloric acid and diluted to
200 ml with water) drop by drop from a
burette until the solution is colorless, adding
3 or 4 drop in excess. Cool the solution
rapidly and transfer it to a 600-ml beaker
containing 250 ml of cold water. Add 10 ml
of a saturated solution of mercuric chloride,
stir the solution thoroughly, then add 20 ml
of titrating solution (144 grams of mangan-
ous sulfate, 1,040 ml of water, 280 ml of
sulfuric acid, 1.84 specific gravity, and 280
ml of phosphoric acid, 1.71 specific gravity)
and stir until well mixed. Titrate at once
with 0.02 N potassium permanganate until
the faintest pink color lasts for 10 seconds.
The number of milliliters of 0.02 N potas-
sium permanganate used, multiplied by
0.0558, gives the percentage of pyritic iron
in the coal. The percentage of pyritic iron
multiplied by 1.148 gives the percent sulfur
as pyrite in the coal. Comparison is made
with the gravimetric determination of
pyritic sulfur, and if the calculated per-
centage is lower than that obtained directly,
the calculated value is considered to be the
correct one.

Organic Sulfur

Organic sulfur is determined by subtract-
ing the sum of the sulfate and pyritic sulfur
from the percentage of total sulfur in the
coal determined by the Eschka method.

Determination of Chlorine in Coal
and Coke by the
Bomb Combustion Method

This analytical method is used for the
determination of chlorine in coals, cokes,

and chars. The chlorine in the sample is con-
verted to a chloride by combustion with
oxygen in the bomb and determined vol-
umetrically by potentiometric titration with
a standard AgNO; solution.

Procedure

Mix a l-gram sample of air-dried coal,
ground to pass a No. 60 sieve, and weighed
to 0.1 mg, thoroughly with 1-gram of Eschka
mixture (a special 2:1 mix of low chloride
MgO and Na,CO3;) and put in a nickel
crucible. Place 10 m] of water in the bottom
of the bomb to absorb the acid gases from
the vapor phase. Admit oxygen slowly into
the bomb until the pressure reaches 25
atmospheres. Immerse the bomb in a con-
tainer of distilled water and fire with an
ignition unit. Use a 10-cm length of iron
wire for ignition. After 10 minutes, remove
the bomb from the water and rotate so that
maximum washing is accomplished by the
liquid in the bomb. After the pressure is re-
leased at a uniform rate (requiring approxi-
mately 1 minute) open the bomb and inspect
for unburned coal. If unburned particles are
found, discard the determination; otherwise
rinse the interior of the bomb and crucible
thoroughly with a fine stream of hot distilled
water into a 400-ml beaker until approxi-
mately 250 ml of wash water is collected.
Take special care not to lose any wash water.

Allow the bomb washing to come to room
temperature; add 2 to 3 drops of methyl
orange indicator to the solution and acidify
to a permanent pink color with freshly boiled
1:1 HNO,. Add approximately 14 to 16
drops of excess acid to get the solution to a
pH of 2. (It is not necessary to measure the
pH, because experiments have shown that
the required pH of 2 is obtained by the addi-
tion of 14 to 16 drops of excess acid.) Bal-
ance the titrating meter at a scale reading
of 500 millivolts and set the scale to the pre-
determined millivolt equivalence point (see
calibration). Place the silver and silver-
silver chloride electrodes in the solution and
actuate the stirring mechanism. Carry out
the titration with standard AgNO; (0.0141
N) to the end-point and record the volume of
titrant consumed.

Make a blank determination following the
same procedure and using the same amounts
of all reagents.
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Calculation

To calculate the percentage of chlorine for
a l-gram sample and a 0.0141 N solution of
AgNO; use:

(A-B) X 0.05 — percentage of chlo-
rine, where

A = ml of AgNO; solution required to
titrate sample, and

B == ml of AgNO; solution required to
titrate blank.

Calibration

To calibrate the titrating meter for the
potentiometric end-point, dilute a standard
solution of 10.00 ml of 0.0141 N NaCl with
200 ml of distilled water and acidify with
1:1 HNO; to a pH of 2. Add to this 0.0141 N
AgNO; solution in 8 increments of 1 ml each,
8 increments of 0.5 ml each, and then 6 in-
crements of 1 ml each. Record each incre-
ment with its particular dial reading. Plot
a curve by using the volume as the abscissa
and the dial settings as the ordinate. Take
the end-point from this curve as the point of
inflection or the middle of the steepest por-
tion of the curve.

Having determined this end-point, routine
determinations can be carried out rapidly
by setting the dial to a value preceding this
point and titrating till the cathode ray tube
opens. The dial is then set to the exact end-
point and the titration carried out drop-wise
until the tube opens again. Continue stirring
for a few seconds before recording the
volume of titrant used.

Determination of Carbon Dioxide
in Coal

Small amounts of mineral carbonates oc-
cur in many coals and comparatively large
amounts in some coals. The determination
of carbon dioxide is required in estimating
the mineral-matter content of high-car-
bonate coals for classification® purposes.

Carbon dioxide is determined by boiling
the coal with dilute hydrochloric acid and
absorbing the liberated carbon dioxide in a
situable absorbent.

Apparatus

The apparatus used for the determination
is shown in figure 11. A 300 ml Erlenmeyer

9 American Society for Testing and Materials, Carbon Dioxide
in Coal. D 1756-62 in 1965 Book of ASTM Standards: Part 19,
G{zseous Fuels ; Coal and Coke. Philadelphia, Pa. 1965, pp. 312—
315.

e

FIGURE 11.—Apparatus for Determining Carbon
Dioxide.

flask, 4, is fitted with socket joint No. 35/20.
To this is fitted a straight adapter tube, B,
with ball and socket joints No. 35/20, and
center tube of about 8 mm OD. The inner (8
mm) tube of the adapter extends almost to
the bottom of the Erlenmeyer flask. The
other end of the small tube is attached to a
three-way stopcock having a separatory fun-
nel, C, on one end and an aspirator bottle, D,
attached to the third end, which is an acid
reservoir. Separatory funnel C and aspirator
bottle D are provided with a glass cylinder,
E, filled with soda lime to free the incoming
air from carbon dioxide. The large tube of
the adapter, B, is connected to a 300 mm
Graham coil-type condenser, F, with ball and
socket joint No. 35/20; this is connected to
an absorption bulb, G, having a layer of glass
wool on the bottom and filled with 8-mesh
anhydrous calcium chloride saturated with
carbon dioxide. Bulb G is followed by another
absorption bulb, H, filled about two-thirds
full with pieces of pumice impregnated with
anhydrous copper sulfate.

The impregnated pumice is prepared as
follows: Crush pumice to approximately 1/4.-
inch size, sieve free from dust, and transfer
60 grams to a casserole. Cover with a con-
centrated solution of 30 to 35 grams of cop-
per sulfate, evaporate to dryness while stir-
ring constantly, and then heat for 3 to 4
hours at 150° to 160° C in an air bath. Cool
in a desiccator and preserve in a glass-
stoppered bottle.1°

10 Hillebrand, W. F., and G. E. F. Lundell. Applied Inorganic
Analysis. John Wiley & Sons, Inc., New York, 1929, pp. 42-43.
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The pumice impregnated with copper sul-
fate absorbs any hydrogen sulfide and hydro-
chloric acid that may be present. The re-
mainder of bulb H is filled with 8-mesh
anhydrous calcium chloride saturated with
carbon dioxide. Nesbitt bulb I contains
sodium hydroxide-asbestos which has ap-
proximately 14-inch of magnesium per-
chlorate on top with a layer of glass wool on
the top and bottom of the bulb. Vanier bulb
J is half - full of water and is used to indicate
the rate of flow only. Suction is applied to
the Vanier bulb by a filter pump through a
Mariotte flask K. The flask keeps the pres-
sure constant; the rate of flow is regulated
by a screw clamp placed between the bulb
and Mariotte flask.

Procedure

Insert the Nesbitt bulb into the absorption
train and displace the air by aspirating car-
bon dioxide-free air for about 15 minutes at
a rate of 2 to 3 bubbles a second, as indicated
in the Vanier bulb. Remove the Nesbitt bulb,
weigh, and insert into the absorption train.
Place a 10-gram sample of coal, weighed to
0.1 mg and ground to pass a No. 60 sieve, in
the Erlenmeyer flask and add 100 ml of hot,
recently boiled distilled water. Shake the
flask to wet the sample and connect it to the
apparatus. Turn the stopcock to allow 30 ml
of dilute hydrochloric acid (1:3) to flow from
the reservoir, D, to the separatory funnel, C,
and by turning the stopcock add the dilute
acid slowly to the flask. Heat the Erlen-
meyer flask until the contents boil gently and
continue the boiling for 10 minutes. Main-
tain the current of carbon dioxide-free air
through the apparatus during this period
and for an additional 15 minutes to insure
that all the carbon dioxide is swept into the
Nesbitt bulb. Remove the Nesbitt bulb, wipe
with a clean cloth, allow to stand 10 minutes
at room temperature and weigh. The in-
crease in weight is the carbon dioxide in the
coal sample.

Precision
Permissible differences, percent
Carbon dioxide, ) I;iﬁ'erent o
percent Same laboratory,
laboratory, duplicate
same sample sample
Under 1.0 ........ 0.05 0.10
Over 1.0 ... 0.10 0.20

Determination of the Calorific Value
of Coal

Apparatus

The multiple unit calorimeter ! used by
the Bureau of Mines is of the isothermal
oxygen bomb type shown in figure 12. The
combustion bomb is made of stainless steel,
which will not be attacked by nitric or sul-
furic acid. The calorimeter consists of an
oxygen bomb, an inner pail, a calorimeter
can with cover, a stirring device, a platinum
resistance thermometer, a resistance bridge,
a galvanometer, a constant-temperature
bath, and a large automatic pipette.

Standardization of the Calorimeter

The first detail to be considered in calori-
metric work is the correct determination of
the water-equivalent of the apparatus.

Among others, the most convenient and
accurate method of calibrating commercial
calorimeters is by the combustion of stand-
ard substances, the calorific values of which
have been accurately determined in calori-
meters calibrated by electrical methods.
Benzoic acid of certified calorific value may
be obtained from the National Bureau of
Standards.?

In using this method the water-equivalent
is an average of at least five determinations,
which are carried out with the thermometer
used in daily work. The weight of benzoic
acid taken for combustion is about 1.2
grams; this amount gives approximately the
same rise of temperature as is obtained in
the combustion of 1 gram of coal. The
benzoic acid is pelleted, weighed, and im-
mediately placed in the bomb.

The determination is divided into three
periods—the preliminary period, the com-
bustion period, and the final period. The
preliminary period usually requires five
readings taken 1 minute apart, or until the
rate of change per minute is nearly constant.
After the fifth reading has been taken the
current at 82 volts is turned on for about
half a second, and the combustion period
begins. The first two readings in this period
are taken half a minute apart, because the
change in temperature is so great. The tem-
perature rises to a maximum and then begins
to fall; after its rate of fall becomes uniform,

11 Davis, J. D., and E. L. Wallace. A Convenient Multiple-

Unit Calorimeter Installation. BuMines Tech. Paper 91, 1918,
48 pp.

12 National Bureau of Standards. Reference Materials: Catalog
and Price List of Standard Materials Issued by the National
Bureau of Standards. Misc. Publication 260, October 1, 1965.
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fall becomes uniform.

The following figures are from an actual
determination and show the method of cal-
culating the results and the corrections
applied:
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Method of calculating water equivalent from calorimeter readings
(Benzoic acid : 1.2000 grams weighed to 0.1 mg)

. . Temperature change Temperature
Tlrpe, Reading,! Change from at each reading, correction for heat
min °C previous reading computed rate per | loss or gain during
minute each interval
PRELIMINARY PERIOD
0 0.201 — — —
1 .205 0.004 — —
2 211 .006 — —
3 218 .007 — —_
4 224 .006 — —
5 232 .008 — —
Net — .031 -+.0062 +.0028
COMBUSTION PERIOD
5.5 0.637 0.405 +0.0049 +0.0013
6 2.502 1.415 —.0013
7 3.109 1.057 —.0029 —.0031
8 3.248 139 —.0033 —.0034
9 3.268 .020 —.0034 —.0034
10 3.269 .001 —.0034 —_
Net | — 3.037 — 20071
FINAL PERIOD
11 3.265 +.0004 — —
12 3.262 —.003 — —_
13 3.258 —.004 —_ —
14 3.255 —.003 — —
15 3.252 —.003 — —
Net —_ —.017 —0.0034 —_
1 Starting at approximately 28° C.
2 Algebraic sum.
Reading at 10 minutes .......cciiiiecveecinnniencniinesenen. B O 3.269
Reading at 5 minutes .....ccccververvccriinnineessnnien e esenns °C e 232
Observed Change ... °C e 3.037
Radiation 10SS .cccciveeviicnrreinccrrcceeseesssne e snesenessssessassssssanssasnes °C vvverereenne 0071
Corrected Change ........ccoiviiiiiinnicinnesn e °C e 3.0441
Heat of combustion of 1 gram of benzoic acid ......cccccecrenrinne Btu .......... 11,373
Weight of Sample .....coivvvvieininiecrcserrreerssss e esassenees Zrams ... 1.2000
Heat of combustion of sample .........ccccccvneeevninnininnnicnnniene. Btu .......... 13,648
Heat from titer 1 .......ocvvivieiriicrrcrrrerersereeesessressessssssnesnssees Btu .......... 20
Total heat ...cccivvvvirirsieieccere st e tenes Btu ... 13,668
Water equivalent of heat from titer (13,668/3.0441)............ Btu .......... 4,493
12 ml. titer (1 mI=10 Btu) ..o snsassienes Btu .......... 20
0.0 g sulfur (0.01 2=23.4 Btu) ....cccccvvvrrerrvrecrrcrnrnrsesreessssines Btu .......... 0
20

The reading 0.201°, taken at 0 minutes, is
the first reading of the preliminary period.
The temperature reading 0.232° is the last
reading of the preliminary period and was
taken 5 minutes after the first reading;
hence, 0.232° — 0.201° = 0.031°, or total

change in temperature during the prelim-
inary period; also 0.031° — 5 = 0.0062°, or
rate of change per minute during the pre-
liminary period.

The rate of change per minute in the final
period is found in like manner to be
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—0.0034°; hence, 0.0062° — (—0.0034°) —
0.0096°, or change in rate during the com-
bustion period.

The observed change in temperature dur-
ing the combustion period is 3.037°; the
change in rate per degree of temperature
change in the combustion period is therefore
equal to

0.0096°
3.037°

The change in temperature during the first
half minute of the combustion period is
0.405° and 0.405° X 0.0032° = 0.0013°, the
change in rate during first half minute of
combustion period. The rate of temperature
change at reading at 514 minutes is 0.0062°
— 0.00138° — 0.0049°.

The rate of change for each succeeding
reading in the combustion period is cal-
culated in the same way.

The temperature correction for the heat
loss during the half-minute readings is made
by dividing the algebraic sum of the rates by
4, and for the minute readings the algebraic
sum is divided by 2, because the temperature
correction for heat loss during each interval
is the mean rate per minute of temperature
change multiplied by the time of the interval
in minutes. For example, at 5 minutes the
rate per minute of temperature change is 4+
0.0062°, and at 5% minutes the rate per
minute of temperature change is 4+ 0.0049°;
therefore the mean rate per minute of tem-
perature change for the half-minute interval
is

= 0.0032°.

0.0062 é+ 0.0049) __ 0056,

and 14 X (4 0.0056) = -+ 0.0028, which is
the correction for heat loss taking place dur-
ing the half-minute interval. The algebraic
sum of all the temperature corrections for
heat loss during each interval is added to the
observed temperature change.

Correction for radiation, (heat loss or
gain), and acidity are made as shown pre-
viously. After the corrected change of tem-
perature (3.0041 in the specimen calorimeter
determination) has been obtained the water
equivalent is computed by the following
formula:

__ HW4C
E = T
in which
E — water equivalent of calo-
rimeter,

H — heat of combustion of 1 gram
of the standard substance,

W =— Weight in grams of sample
taken,

C =correction for heat from for-
mation of nitric acid, and

T = change of temperature, cor-
rected for radiation.

An oxygen bomb calorimeter, standard-
ized by the combustion of benzoic acid, gave
the following concordant results:

Seven determinations with benzoic acid
(Btu value, 11,373) gave water equivalent
values of 4,495, 4,501, 4,491, 4,492, 4,495,
4,496, and 4,493, or an average of 4,495.

Procedure

Place a 1-gram sample of coal, weighed to
0.1 and ground to pass a No. 60 sieve, in a
platinum tray the bottom of which is cov-
ered with a piece of asbestos paper that has
been ignited. The use of this asbestos mat
avoids trouble in completely burning anthra-
cite. Put about 0.5 ml of water in the bottom
of the bomb to saturate with moisture the
oxygen used for combustion. Attach one of
the platinum terminals of the firing circuit
to the tray. Connect the terminals by a piece
of platinum wire 8 mm long and 0.10 mm in
diameter, weighing about 15 mg. Attach the
ends of the wire to the terminals (which
must be clean) simply by wrapping the wire
tightly around them. Bend down the plati-
num wire so as to touch the coal sample on
the mat within the tray. Put the bell on the
bomb plate and engage the locknut. Admit
oxygen slowly into the bomb until the pres-
sure within the bomb is 20 to 30 atmos-
pheres, depending on the size of bomb used.
For the larger bombs a pressure of 20
atmospheres is sufficient, while smaller
bombs may require as much as 30 atmos-
pheres to furnish enough oxygen for com-
plete combustion. The bomb should contain
at least 5 grams of oxygen per gram of coal
or other combustible. The oxygen is ad-
mitted very slowly so that no particles of
coal dust are blown out of the tray. When
extremely light materials such as peat are
used, best results are obtained by briquetting
the sample, and using a weighed portion of
the broken briquets instead of the powdered
sample.

Place the bomb in the brass inner pail con-
taining 1,880 grams of distilled water and
put the inner pail in the calorimeter can.
The temperature of the water is 2.5° C below
the temperature of the water bath. Adjust
the stirring apparatus so that it touches
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neither pail nor bomb, and insert the plati-
num resistance thermometer so that the tip
is about 5 cm from the bottom of the bucket
and does not contact any metal parts of the
apparatus. After the stirrer has been in
motion about 1 minute, or when the water
has been mixed thoroughly, read the tem-
perature with the platinum resistance
thermometer attached to a bridge and
galvanometer which is calibrated to 0.001° C,
required for accurate calorimetric work.
Continue the stirring at a uniform rate
throughout the determination which should
be rapid enough to insure thorough mixing.
In covered calorimeters never allow the
temperature to rise more than 1° C above the
temperature of the water jacket.

The actual determination is made by re-
cording only two readings, the initial read-
ing at 28° C before the sample is ignited and
the final reading 5 minutes later. Subtracting
the initial from the final reading gives the
observed temperature change and the radi-
ation correction is applied (see Radiation
Correction) to give the total temperature
change. This multiplied by the water equiv-
alent will give the total heat developed.

Further corrections are made for heat due
to formation of aqueous nitric acid and sul-
furic acid. The correction for sulfur burned
to sulfuric acid (H.SOy) is 13 calories per
0.01 gram of sulfur. The correction for
nitrogen to aqueous nitric acid is made by
titrating the acidity of the bomb liquor with
standard ammonia solution (0.00652 gram
NH,; per milliliter) and is equivalent to 5.56
calories (10 Btu) per milliliter.

DETERMINATION OF SULFUR-CORRECTION
FOR ACIDITY.—After combustion of the coal,
wash the bomb calorimeter thoroughly, and
titrate the washings with standard ammonia
solution (0.00652 gram per millilter), methyl
orange being used as an indicator. The acid-
ity is due to the nitric acid (HNO;) formed
from the nitrogen of the coal and the nitro-
gen of the air in the bomb and also to the
sulfuric acid (H.SO,) obtained from the
combustion of the sulfur in the coal. The
sulfur can be easily determined by precipita-
tion as barium sulfate (BaSO,;). The am-
monia solution is of such strength that 1 ml
is equivalent to 0.00537 gram of nitrogen,
since this weight of nitrogen burned to nitro-
gen pentoxide (N.0;) plus water generates
5.56 calories (10 Btu) of heat.

The calorific value of nitrogen burning to
N.,O; + water is 1,035 calories per gram;
1,035 calories: 5.56 calories: : 1 gram :
0.00537 gram. Therefore, 0.00537 gram of

nitrogen generates 5.56 calories (10 Btu) of
heat when burned to aqueous nitric acid.

The ammonia solution is made up accord-
ing to the equation

HNO; 4+ NH; =— NH,NO..
Since N = 14 and NH; = 17,
14 : 17 = 0.00537 gram : 0.00652 gram.

‘Therefore, 0.00652 gram of NH; is equiv-
alent to 0.005387 gram of nitrogen, which
when burned to aqueous nitric acid (HNOj3)
releases 5.56 calories (10 Btu) of heat. The
standard solution contains 6.52 grams of
NH; per liter. The solution, when used to
titrate the bomb liquor after combustion of a
coal sample, must satisfy not only the nitric
acid formed but also any sulfuric acid result-
ting from the combustion of the sulfur in the
coal.

The strength of the ammonia solution in
terms of sulfur in the form of sulfuric acid
(H.S0O,) is determined by the following
equation:

2NH£; + HzSO4 — (NH4) 2SO4
2NH; : S=34 : 32 = 0.00652 gram NH; :
0.0061 gram S.

The heat of combustion of sulfur to aque-
ous sulfuric acid (H.SO,) is 4,450 calories
per gram of sulfur. This reaction takes
place in the bomb calorimeter when the fuel
is burned in an atmosphere of oxygen under
high pressure.

In the ordinary combustion of coal under
a boiler the sulfur burns to sulfur dioxide
(80,), the heat of formation of which is
2,250 calories per gram of sulfur. The differ-
ence between these two calorific values
(4,450 calories — 2,250 calories) is 2,200
calories per gram of sulfur. Therefore, a
correction of 2,200 calories per gram of sul-
fur must be made in the calorimeter deter-
minations, owing to the formation of aqueous
sulfuric acid. As 1 ml of the ammonia solu-
tion is equivalent to 0.0061 gram of sulfur,
0.0061 times 2,200 equals 13.49 calories, the
heat correction to be made if all the acidity
of the liquor from the bomb represented sul-
furic acid (H.SO,).

Hence, the ammonia solution containing
0.00652 gram NH; per milliliter is equivalent
to 5.56 calories (10 Btu) for nitrogen con-
verted to aqueous nitric acid” (HNO;) or to
13.49 calories for sulfur converted to aqueous
sulfuric acid (H.SO,). A further correction,
therefore, is applied for the sulfur that is
determined separately. This correction is a
function of the differences between the value
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of the ammonia solution in terms of sulfur
(13.49 calories) and its value in terms of
nitrogen (5.56 calories), of 7.93 calories. The
difference, 7.93, divided by 0.0061, the value
of 1 ml of ammonia solution in grams of sul-
fur, equals 1,300 calories per gram of sulfur,
or 13 calories for each 0.01 gram of sulfur.

The total acidity correction is the number
of milliliters of ammonia (NH;) solution
multiplied by 5.56 (10 Btu, the factor for
nitric acid) plus the number of centigrams
of sulfur multiplied by 13 (23.3 Btu).

RADIATION CORRECTION.—The change in
radiation loss from one sample to another is
due only to the difference in temperature
change after a sample is ignited. The pre-
vious statement holds true only if the equip-
ment is not changed in any way and the
ignition temperature remains the same.

The Bureau of Mines ignites all samples
when the water temperature is at 28° C
(= 0.1), and by doing this a radiation cor-
rection chart is printed for each calorimeter
unit. After a temperature rise is recorded
for a sample, the radiation loss is taken from
the chart which compares with that temper-
ature rise. The radiation loss is then applied
to the observed temperature change to give
the corrected change of temperature. The
chart is made from a graph which is plotted
with radiation correction vs. observed tem-
perature change. By using 0.8, 1.2, and 1.6
grams of benzoic acid, three points on the
graph are found, and the curve is then
plotted. Three to five runs are made using
each weight, and the average of them is used.
These determinations are run as shown
under the Standardization of the Calo-
rimeter.

The permissible difference for the same
laboratory, same sample, is 40 Btu/lb.

Method of Calculating and Reporting
Analyses **

Calculation from analysis of “air-dried”
coal to coal “as received”

As all the analytical determinations are
made on the air-dried sample, the analysis of
the coal as received at the laboratory is cal-
culated from the analysis of the air-dried
coal in the following manner :

(100-air-drying loss)
100
-4 air-drying loss = moisture as received.

Moisture X

13 All figures expressed in percent.

Volatile matter X (100-a1r-;1(1)'(3)rmg loss)

— volatile matter as received.

Fixed carbon X (100-a1r-;i(1)-(3)rmg loss)

— fixed carbon as received.
(100-air-drying loss)

Ash X 100

— ash as received.

(100-air-drying loss)
Sulfur X 100

= sulfur as received.
(100-air-drying loss)
100
+ 1/9 air-drying loss = hydrogen
as received.
(100-air-drying loss)
100
= carbon as received.
(100-air-drying loss)
100
= nitrogen as received.
(100-air-drying loss)
100
+ 8/9 air-drying loss =— oxygen
as received.
(100-air-drying loss)
100
= calories as received.

Hydrogen X

Carbon X

Nitrogen X

Oxygen X

Calories X

Calculation from “air-dry”’ or as-received
analysis to “dry coal”

A statement of analysis is referred to a
moisture-free basis by calculation from the
“air-dry” or “as-received” analysis in the
following manner:

. 100
Volatile matter X m

—volatile matter in dry coal.

. 100
Fixed carbon X m

== fixed carbon in dry coal.

100
Ash X 100-moisture

=ash in dry coal.

100
Sulfur X 356 moisture

— sulfur in dry coal.

. 100
(Hydrogen — 1/9 moisture X 100-moisture

= hydrogen in dry coal.
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. 100
Carbon X 100-moisture

= carbon in dry coal.

. 100
Nitrogen X 100-moisture
= nitrogen in dry coal.

. 100
(Oxygen — 8/9 moisture) X 100-moisture

= oxygen in dry coal.

. 100
Calories X 100-moisture

—calories in dry coal.

Calculation from air-dry, as-received, or
moisture-free analysis to moisture
and ash-free basis

For making comparisons coal analyses are
sometimes referred to a “moisture- and ash-
free” basis by calculation from the air-dry,
as-received, or moisture-free analyses in the
following manner:

100

100- (moisture 4 ash)
= volatile matter referred to moisture-
and ash-free basis.

Volatile matter X

. 100
Fixed carbon X 100- (moisture 4 ash)
= fixed carbon referred to moisture-
and ash-free basis.

100

100- (moisture -+ ash)
= sulfur referred to moisture- and
ash-free basis.

Sulfur X

(Hydrogen-1/9 moisture) X
100

100- (moisture 4 ash)
= hydrogen referred to moisture- and
ash-free basis.

100

100- (moisture -+ ash)
= carbon referred to moisture- and
ash-free basis.

Carbon X

100

Nitrogen X 100- (moisture 4 ash)
==nitrogen referred to moisture- and
ash-free basis.

(Oxygen-8/9 moisture) X
100

100- (moisture + ash)
— oxygen referred to moisture- and
ash-free basis.

100

Calories X 100- (moisture 4 ash)
— oxygen referred to moisture-
and ash-free basis.

Calorific values in calories are converted
to calorific values in British thermal units
(Btu) by multiplying by 1.8.

METHODS OF PHYSICAL TESTS

Method of Test for Determination of
Grindability of Coal

This method is used to determine the rela-
tive grindability or ease of pulverizing of
coals, as compared with a coal chosen as 100
grindability. A prepared sample is subjected
to a definite amount of grinding energy in a
miniature pulverizer, and the new surface is
determined by sieving.

Apparatus

The apparatus consists of :

(a) Hardgrove grindability machine
shown in figure 13;

(b) these sieves: No. 4 (4.76 mm), No.
16 (1.19 mm), No. 30 (595ux), and No. 200
(74p) ;

(¢) a mechanical sieving machine;

(d) an adjustable plate coffee-mill type

. crusher; and

(e) a torsion balance having a sensitiv-
ity of 0.01 g.

Preparation of Sample

A representative coal sample collected ac-
cording to Bureau of Mines sampling proce-
dure is prepared by crushing to pass a No. 4
sieve.

Place approximately 1,000 grams of the
air-dried coal sample on the No. 16 sieve
nested with a No. 80 sieve and bottom pan.
Shake the sieves with a mechanical sieving
machine. Put the material remaining on the
No. 16 sieve through the crusher for stage
crushing. Close the plates of the crusher ap-
proximately {; inch after each pass until all
the sample passes through the No. 16 sieve.
The portion retained on the No. 30 sieve con-
stitutes the sample to be tested.
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Ficure 13.—Hardgrove Grindability Machine.

Procedure

Place a 50-gram sample of the material
retained on the No. 30 sieve, and weighed to
+ 0.1 gram, uniformly in the lower grinding
element around the 8 evenly spaced balls.
Set the upper part of the grinding element
on top of the balls, and pull the whole assem-
bly into place with the wing nuts. Care
should be taken to draw the mill up evenly
and completely so that the required weight
(64 = 14 pound) rests on the balls. Set revo-
lution counter at zero, and start the mill.
When the grinding cycle is completed, after
60 revolutions, the machine shuts off auto-
matically. Transfer the sample immediately
to the No. 200 sieve by brushing the grinding
elements and balls thoroughly.

Shake the sieve mechanically for 10 min-
utes, remove it, and brush the dust on the
bottom of the No. 200 sieve (using a soft
brush) into the receiver pan. Reassemble
the sieve and shake for a 5-minute period,
followed by the brushing just described.
Another 5-minute period of sieving and
brushing completes the sieving.

Carefully transfer the material remaining
on the sieve to the weighing pan, and weigh
to the nearest 0.1 gram. Subtract this weight
from 50.0 grams to determine the amount of

material ground by the grmdlng machine to
pass a No. 200 sieve. All sieving and weigh-
ing operations should be carried out without
delay as high-moisture coals tend to lose
moisture when finely pulverlzed

The grindability index is calculated as
follows:

Hardgrove grindability index —
13 4 6.93 W,

Where

W = weight of material passing the
No. 200 sieve.

The above equation is only correct if the
apparatus gives 100 grindability index when
a standard coal of 100 grindability index is
run. To compensate for deviations due to
differences of the mill and sieve, a factor
must be determined to arrive at the correct
results.

Using a standard 100 grindability coal and
the equation above

100 — 18 4 6.93 W, or
6.93 W., — 87 if 6.93 = Factor.

Then
Factor = §7_
W,
where

W,. = Weight of material passing the
No. 200 mesh sieve using
standard coal of 100 grind-
ability.

The equation then becomes (using the test
sieve only) :

Hardgrove grindability index = 13
+ (Factor X W),

where

W — Weight of material passing
the No. 200 mesh sieve.

Factor == As determined above and may
be used as long as there is no
appreciable change in the
sieve or machine.

Duplicability of Results

The permissible variation between two or
more determinations shall not exceed the
following:

Percent
Same laboratory ........ccccoeeeeeeee 2
Different laboratories ............ 3
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Method of Test for Determination of
True Specific Gravity of Coal and Coke

This method of test is intended for deter-
mining the true specific gravity of coal and
coke.

Apparatus

The Hogarth specific gravity bottle with
side tubulure recommended by Blair1* for
the determination of specific gravity of iron
ores is a convenient and accurate apparatus
for determining the specific gravity of coal
and coke. The specific-gravity bottle has a
capacity of about 100 ml and is calibrated
accurately in order that a table may be con-
structed giving the capacity of the bottle in
grams of water at the temperature prevailing
in the laboratory. This is conveniently done
from data in the Bureau of Standards !5
tables of corrections for determining the true
capacities of glass vessels from the weight of
water in air.

Procedure

Introduce carefully a 10-gram portion of
coke, ground to pass a No. 200 sieve, which
has been previously dried for 1 hour at
105° C, into the specific-gravity bottle with
enough distilled water to fill the bottle about
half full. (For coal, a 10-gram portion is
used, ground to pass a No. 60 sieve, and
previously dried for 1 hour at 105° C.) .Put
the bottle on a hot plate, and keep the con-
tents boiling for 1 hour; ¢ during this time
frequently shake the specific-gravity bottle to
wash down any material adhering to the
sides. If the contents froth on boiling, insert
a straight-form, one-bulb, glass-drying tube
in the mouth of the bottle through a small
piece of pure-gum tubing to prevent loss of
particles of the sample. After boiling for 1
hour, remove the bottle from the hot plate
and fill to the tubulure with recently boiled
and cooled distilled water, and cool the con-
tents to room temperature. Then fill the
specific-gravity bottle to slightly above the
mark on the capillary of the stopper with re-
cently boiled distilled water, which has been
cooled to room temperature. Filling is con-
veniently done by inserting the end of the
tubulure in a small beaker of the distilled
water and applying a slight suction on the
stopper. Adjust the water level to the mark

14 Blair, A. A. The Chemical Analysis of Iron. J. B. Lippin-
cott Co., Philadelphia and London, 7th ed.. 1908, p. 278.

15 National Bureau of Standards. Standard Density and
Volumetric Tables. Cire. 19, 1924, pp. 56-60.

16 Selvig, W. A., and W. L. Parker. The Determination of the
Specific Gravity of Coke. Chem. and Met. Eng., v. 28, 1923, pp.
547-550.

on the capillary by touching a piece of filter
paper to the end of the tubulure, and wipe
dry and weigh the bottle. Immediately after
the weighing, remove the stopper and meas-
ure the temperature of the contents.

The true specific gravity is calculated from
the formula

True specific gravity —
W
W — (W1—P)

in which
W = weight in grams of dry sample,
W! — weight in grams of bottle 4 dry
sample 4 water required to fill
the bottle, and
P — weight in grams of bottle 4 water
required to fill the bottle.

Duplicability of Results

The difference in duplicate determination
of true specific gravity shall be not more than
the following:

Same analyst .....ccocccevveevieeeenns
Different analysts ..................

Method of Test for Determination of
Apparent Specific Gravity of Coal
and Coke

This method of test is intended for deter-
mining the apparent specific gravity of coal
and coke.

Apparatus

The apparatus used for determining the
apparent specific gravity consists of a gal-
vanized-iron cylinder shown in figure 14,
which is filled with water to the water line
indicated in the figure. A hydrometer made
of brass is immersed in the cylinder. On top
of the hydrometer are two pans; the upper
one is used for weights and the lower for the
sample. Below the air buoy is a brass cage
perforated with holes to allow the air to es-
cape when the instrument is immersed. The
cage carries the sample when it is weighed
under water.

Procedure

The method of determining the apparent
specific gravity of coal is as follows: Place
brass weights on the upper pan until the
hydrometer sinks to a mark on the stem be-
tween the copper pan and the buoy. Record
the total weight required. Remove the
weights and place about 500 grams of the
sample in lump form (about 114- to 2-inch
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FIGURE 14.—Apparatus for Determining Apparent
Specific Gravity.

cubes) in the copper dish. Add brass weights
until the hydrometer sinks to the mark on the
stem. The difference in the weights used gives
the weight of the sample in air.

Then carefully transfer the sample to the

brass cage below the buoy. Immerse the cage
with the coal and move the hydrometer rap-
idly up and down in the water several times
to remove air bubbles. Adjust the weights on
the upper pan until the instrument again
sinks to the mark on the stem. The weight
required to sink the hydrometer to the mark,
with no sample on the upper pan or in the
brass cage, minus the weight required to sink
it to the mark, with the sample immersed in
the cage, equals the weight of the coal in
water. Then,

If the weight of the sample in air —=x g,

and the weight of the sample in water —

y g,the apparent specific gravity —

X
X—y

The method of determining the apparent
specific gravity of coke is as follows: Use
about 500 grams of the sample in lump form
(about 114- to 2-inch cubes) and dry the
sample to constant weight at 105° to 200° C.
As coke is porous, it takes up water rapidly,?
so the method is modified to correct for the
water absorbed by coke. Permit the coke to
remain immersed in the water for 15 min-
utes, during which period the hydrometer
occasionally is moved up and down to detach
any air bubbles adhering to the surface of
the pieces of coke. Then adjust the hydrom-
eter to the mark on the stem in the usual
manner, and at once remove the cage con-
taining the sample from the water and allow
it to drain for 1 minute. Transfer the wet
coke to the copper dish of the hydrometer,
and add weights until the hydrometer sinks
to the mark on the stem. The difference in
the weights used for the dry and wet coke
gives the weight of water absorbed by the
coke. Then,

If the weight of the sample in air =x g,

and the weight of the sample in water —=

y g, and the weight of water absorbed

= z g, the apparent specific gravity —

X

and

100 X

apparent specific gravity

true specific gravity
percentage by volume

of coke substance.
Also,

100 — percentage of volume of coke sub-

stance =— percentage by volume of cell
space.

17 Work cited in footnote 16.
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Method of Test for Determination of
Equilibrium Moisture of Coal at 96
to 97 Percent Relative Humidity
and 30° C.

This method determines the equilibrium
moisture of coal in an atmosphere over a
saturated solution of potassium sulfate at
30° C. It affords a means of estimating the
bed moisture of either coal that is wet and
shows visible surface moisture, or coal that
may have lost some moisture. It is a means
to estimate the surface moisture of wet coal
by subtracting the equilibrium moisture
from the total moisture determined at
105° C.

Apparatus

The apparatus consists of the following:

(a) a small vacuum-type desiccator,
shown in figure 15;

(b) a. water bath to accommodate sev-
eral desiccators equipped with a temperature
controller to maintain a uniform temperature
of 30° C;

(¢) a moisture oven having a uniform
temperature and a minimum of air space
with provisions made for passing nitrogen
through the oven at a rate that gives three
volume changes per minute;

(d) mechanical vacuum pump;

(e) a coffee-mill type crusher;

(f) a manometer for measuring the
pressure in the desiccator;

(g) a No. 16 (1.19 mm) sieve; and

(h) glass weighing bottles, low form,
flat bottom, 70 mm in diameter, with ground
glass cover.

Procedure

Stage-crush the sample of coal to pass a
No. 16 sieve by means of the coffee-mill type
crusher which produces a minimum amount
of fine material.

Place 20 to 25 grams of the crushed coal
into a 250-milliliter Erlenmeyer flask and add
100 milliliters of water. Shake the flask for
15 hour and then place it in a constant-tem-
perature bath for 3 hours at 30° C. At the
end of the wetting period, remove the excess
water from the coal by filtering on a Buech-
ner-type funnel using suction supplied by a
water filter pump. Care should be taken to
prevent drying of the coal. Mix the coal in
the funnel by stirring with a spoon.

Spread about 5 grams of the wetted sample
over the bottom of a weighing bottle of

- —— \WM
s = .

Manometer %
g

Sample Lead ring

N -

1 g K2S04 crystals

K2S04
(saturated solution)

FIGURE 15.—Vacuum-Type Desiccator.

known weight. Place the uncovered weighing
bottle in the small vacuum-type desiccator
containing a saturated K,SO, solution with
excess salt (coarse crystals) projecting above
the surface of the solution. Totally immerse
the desiccator in the constant-temperature
water bath and evacuate to an absolute pres-
sure equivalent to about 30 mm of mercury
with a mechanical vacuum pump. Keep the
sample for 72 hours in the water bath at a
temperature of 30° = 0.2° C.

At the end of equilibration, restore at-
mospheric pressure in the desiccator, with
the desiccator still in the bath, by slowly
admitting dry air for a period of not less
than 15 minutes. Admit the air to the inlet
tube - of the desiccator after passing it
through a bubbler containing H,S0, (sp gr
1.84), then a capillary tube for regulating the
rate of air flow, and finally a coiled copper
tube placed in the constant-temperature bath.
Remove the desiccator from the bath and
open immediately. Quickly close the weigh-
ing bottle, and weigh to the nearest 0.2 mg.
Uncover the weighing bottle, place it in the
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moisture oven preheated to 105° C and heat
for 114 hours. At the end of the drying
period remove the dish from the oven, cover,
cool for 30 minutes in a desiccator over
H.SO, (sp gr 1.84), and then weigh. The
loss in weight is designated as equilibrium
moisture.

Samples of low-rank coals used for the
determination of equilibrium moisture should
contain nearly all their bed moisture.

Duplicability of Results

The permissible differences between two or
more determinations shall not exceed the fol-
lowing values:

R Permissible differences

Equilibrium

moisture, .

t Same Different

percen laboratory laboratories
Under 5 0.3 0.5
5-15 ... 5 1.0
Over 15 . 1.0 1.5

Method of Test for Specific-Gravity
Analysis of Coals

Most coal-washing processes effect a sep-
aration between coal and impurity on the
basis of the difference in specific gravity of
their components. Coals differ in the relative
amount of material of different densities
present, and it is this factor that determines
to a large degree the amenability of a par-
ticular coal to upgrading by washing. In ad-
dition, the specific-gravity (float-and-sink)
analysis of clean coal and refuse products re-
sulting from a washing operation serves as
the basic data for determining the sharpness
of the separation achieved.

Preparation of Sample

The weight of a sample required depends
to a great extent on the largest particle size
to be tested. While sufficient data are not
available to determine statistically the mini-
mum sample weight required, the weights
given below for testing various sizes of coal
have been found by experience to give ac-
ceptable results.

Top size, inches,

and sieve no.: Weight, pounds

[ 2SR PPR 2,000
4 e ... 1,000
2 . 325
1 e 160
V2 . 75
LA s 35
No. 8 ......... 10
NO. 16 ittt seeeeaes e 3

When salt solutions are used for the sepa-
rations, the sample must be soaked in water
for at least 12 hours before testing to insure
that the coal is saturated ; when organic solu-
tions are used the sample must be air dried
before testing.

Test Methods

There is no standard method of float-and-
sink testing the total particle size range of
coals. The methods employed by the various
laboratories are selected on the basis of the
amount of coal to be tested and the personal
preference of the laboratory personnel.

The coarse coal retained on a No. 16 sieve
may be tested either in salt or organic solu-
tions. The particle sizes passing a No. 16
sieve may be separated in organic solutions
or further sized into an intermediate size
fraction passing a No. 16 and retained on a
No. 200 sieve for testing in organic or salt
solutions and an ultrafine gize fraction pass-
ing a No. 200 sieze for centrifugation in or-
ganic solutions.

To determine the distribution of the var-
ious specific gravity components present in a
coal, it is immersed in a series of heavy
liquids ranging from about 1.30 to 2.00 spe-
cific gravity. The testing procedure is started
in the bath that will eliminate the greatest
amount of the sample as a finished product,
generally the bath of lowest density. For
clarity, the procedures are described starting
with the lowest specific gravity solution;
hence, the float material is a final product.
The coal reporting to each of the specific
gravity components then is washed when
necessary, dried, weighed, and if washability
data are desired, analyzed for ash, sulfur,
and any other chemical characteristic desired.

The specific gravity of the solutions must
be checked continually because of dilution,
temperature variations, and evaporation.
When separating fine-sized coals, ambient
temperature around the separating vessel
should not vary more than 1° or 2° F. Spindle
hydrometers having an accuracy =+ 0.001
specific-gravity units are adequate.

SALT SOLUTION.—Aqueous solutions of
zinc chloride are the most commonly used
salt solutions for testing coals. Any specific
gravity range from 1.00 to 1.93 can be ob-
tained by adjusting the concentration of zinc
chloride.

Zinc chloride is relatively cheap and does
not produce toxic fumes. It is, however,
acidic; hence, protective clothing must be
worn by laboratory personnel, and suitable
materials of construction must be used for
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the testing equipment. The high viscosity of
zinc chloride, especially at gravities above
1.60 is a particular disadvantage in separat-
ing fine coal. Products separated in zinc
chloride must be rinsed thoroughly to remove
residual salt solution; this is simple for the
coarse sizes but becomes increasingly diffi-
cult with decreasing particle size. Complete
removal of the zinc chloride during rinsing
is essential, as residual salt will produce er-
roneous chemical analyses.

Coarse coal (retained on a No. 16 sieve).—
Figure 16 shows an overall view of the test-
ing apparatus. The principal items of equip-
ment are lead-lined steel tanks, 88 by 27 by 20
inches deep, for the baths, and the apparatus
in which the float is separated from the sink.
As shown in figure 17, this apparatus is a
basket comprised of two parts. The lower
part is provided with a reinforced screen bot-
tom of No. 60 screen size. The bottom of the
upper part is a grid which supports a flexible
No. 30 sieve that can be inserted to divide the
2 parts of the basket. The two parts are
clamped together when the apparatus is im-
mersed in the float-and-sink bath, but can be
separated for removal of the products after
the basket has been hoisted from the bath.
The apparatus and testing procedure have
been described in detail by McMillan and
Bird.18

Figure 16.—Coarse Coal Testing Apparatus Using
Salt Solution.
18 McMillan, E. R., and B. M. Bird.

of the Pacific Northwest.
Bull. 28, 1924, 234 pp.

Coal Washing Problems
Univ. Washington Eng. Exp. Sta.

Introduce the sample after the bath is ad-
justed to correct density and lower the basket
into the tank. The weight of sample that can
be put in the basket is limited by the danger
of mechanical entrapment of particles in the
wrong product and ranges usually from
about 25 to 125 pounds deﬁending on the size
consist. After the sample has been put in the
bath, stir the layers of float and sink to free
trapped particles. Adjust the density, if
necessary, and allow a few minutes for the
particles to reach their proper stratum. In-
sert the sieve divider between the two halves
of the basket to isolate the float from the
sink. Finally hoist the basket from the bath
and allow to drain for a few minutes before
separating the two halves. Move the sink in
the bottom part of the basket to the bath of
next higher density and repeat the procedure.

When each final specific gravity fraction is
obtained, place the portion of the basket con-
taining it on a sloping sheet metal tray and
rinse for a few minutes with hot water.
Dump the fraction out of the basket and
wash it into a rinsing pan, on the bottom of
which has been placed a rinsing pipe. The
pipe is connected by a hose to a manifold
supplying hot rinsing water. The water rises
through the coal in the pan, overflowing the
lip at one end. When testing fine coal direct
the overflow through a No. 200 sieve to pre-
vent loss of coal. Continue rinsing until the
addition of a drop of silver nitrate solution
to the water in the pan shows no precipitate.
Then drain, dry, cool to constant weight, and
weigh the samples.

Fine coal (passing a No. 16 sieve).—Be-
cause of the viscosity of the high specific-
gravity salt solutions, separating the particle
sizes passing a No. 50 sieve is difficult. A
centrifuge may be used to test this size frac-
tion, but washing and recovery of the size
fractions passing a No. 200 sieve is so diffi-
cult that the use of salt solutions is not
recommended.

A satisfactory method for testing the size
fraction passing the No. 16 and retained on
the No. 200 sieve is to further size the sample
by a No. 50 sieve. The size fractions passing
a No. 16 and retained a No. 50 sieve are
tested statically and those passing a No. 50
and retained on a No. 200 sieve are tested
centrifugally.

The apparatus for testing the size frac-
tions passing a No. 16 and retained on a No.
50 sieve consists of funnel-flask glass bottles
having a 3-liter funnel joined by a standard
?round glass taper joint to a 2- or 3-liter

lask. A stopper on the end of a rod is used
to separate the upper and lower portions of
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Figure 17.—Coarse Coal Separating Basket.

the bottle after the products are separated.
Figure 18 shows a general view of the ap-
paratus.

The apparatus for testing the size frac-
tions passing the No. 50 and retained on a
No. 200 sieve includes a centrlfu%e equipped
with a four-place head having 600-milliliter
capacity cups, four 500-milliliter capacity
hourglass bottles, and a rubber stopper on
the end of a rod. The centrifuge must be
equipped with a brush release mechanism to
prevent too rapid deceleration. Figure 19
shows an overall view of this apparatus; the
analyst is ‘pourlng the float product into a
filter funne

To make a separation of the size fraction
passing a No. 16 and retained on a No. 50
sieve, fill a funnel-flask (fig. 18) approxi-
mately two-thirds full of solution and place
the sample in the solution while being stirred.
Add additional solution to raise the liquid
level to within 1 inch of the top and agitate
the sample. Check the specific gravity of the
liquid and adjust if necessary; after which
allow the sample to settle until the separation
is complete.

When the separation is completed, move
the rubber stopper gently through the float
layer with a slight twisting motion and insert
securely in the neck of the funnel. Separate
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Figure 18— Funnel-Flask Apparatus for Fine Coal
Testing.

the vessel at the ground glass joint, the fun-
nel containing the float and the flask con-
taining the sink. Pour the float fraction into
the washers shown in figure 20 and wash
thoroughly with hot water. Dry and weigh
the float product. Place the sink product in a
vessel containing the next higher specific
gravity liquid and repeat the above process.

A centrifuge is used to effect separations
of the size fractions passing a No. 50 and
retained on a No. 200 sieve. Riffle a 100-gram
sample into four 25-gram samples which are
Brewetted and put into the four hourglass

ottles containing about 400 milliliters of salt
solution having the desired specific gravity.
Check and adjust the specific gravity if nec-
essary, place the bottles in the centrifuge
cups, and centrifuge for 20 minutes at 1,500
revolutions per minute.

After the centrifuge has stopped, remove
the bottles from the cups and separate the
float and sink by inserting the stopper into
the neck of the hourglass. Pour the liquid
containing the float onto filter paper, remove
the stopper, and pour the sink onto another
filter paper. Rinse the float thoroughly with
hot water, dry, and weigh; put the sink into
the hourglass bottles containing a solution of
the next higher specific gravity and repeat
the above process.

Organic Solutions—Several OrganiC SO-
lutions are used for testing coals. Carbon
tetrachloride, having a specific gravity of
1.58 and perchlorethylene, having a specific

gravity of 1.63, are commonly used, to which
Is added unleaded gasoline or bromoform or
Stoddard’s solution to decrease or increase
the specific gravity within the usual specific
gravity range from 1.3 to 2.0. Proprietary
solutions such as Certigrav 19 are available.

Organic solutions are relatively expensive
and produce toxic fumes which are heavier
than air; therefore, all testing must be done
in a downdraft hood. Because of their cumu-
lative effect, protective clothing must be
worn, and care must be exercised to prevent
even minute quantities from entering the
human body by inhalation, ingestion, and di-
gestion. A distinct advantage of organic
solutions is that the separated products air
dry readily and require no washing.

Coarse coal (retained on a No. 16 sieve).—
The apparatus for testing coarse coal in or-
ganic solutions consists essentially of tapered
circular 10-gallon containers and inner
tapered circular baskets slightly smaller hav-
ing a screen bottom and a wide rimmed top.
Figure 21 shows an overall view of the equip-
ment inside a downdraft box.

Put the screen-bottomed basket into the
separating bath and place small portions of
the air-dried sample In the basket. Stir the
coal to prevent entrapment and then allow it
to settle for a few minutes. Remove the float
Bortion with a screen-wire strainer. Lift the

asket containing the sink portion out of the
bath and allow to drain. Move the basket to
the next bath where another increment of
float coal is removed. Continue this process
throughout the desired number of separa-
tions. Air dry the specific gravity com-
ponents resulting from the separation in a
downdraft hood, and weigh.

Fine coal (passing a No. 16 sieve).—The
float-and-sink separation is made in a separa-
tory funnel having a capacity of 3 liters
mounted in a downdraft hood, as shown in
figure 22.

Pour about 2 liters of solution of the de-
sired specific gravity into the separatory fun-
nel and add the sample of coal. Gently bubble
air through a glass tube inserted into the
layer of sink material to free trapped par-
ticles. Treat the layer of float in the same
way. Allow the sample to stand for 1 hour or
until the solution between the layers of float
and sink becomes clear.

The separation is accomplished by with-
drawing the bed of sink and about half the
solution through the stopcock directly onto a
filter paper in a funnel. Withdraw the float

10 Reference to specific brands is made for identification only,
and does not imply endorsement by the Bureau of Mines.
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Figure 19.—Equipment for Centrifugal Separation of Fine Coal.

product onto another filter; wash down par-
ticles of float adhering to the walls of the
funnel with additional solution. Drain both
products and then dry. Repeat the procedure
with the sink in baths of successively higher
density.

Because of the slow settling velocities of
the very fine coal particles, the coal passing a
No. 16 sieve may be screened by a No. 50
sieve; size fractions passing a No. 16 and
retained on a No. 50 sieve are separated
statically, and the size fractions passin? a
No. 50 sieve are separated centrifugally.
Because no washing of the products is re-
quired, there is no limitation to the fineness
of the coal that can be separated.

The apparatus used for separating the
above mentioned size fractions in organic
solutions is identical to that used for separat-
ing the respective size fractions in salt solu-
tions, as shown in figures 18 and 19.

The procedure employed for separating the
above mentioned size fractions is the same
as that given earlier for separating the re-
spective size fractions in salt solutions except
that no rinsing of the products is required.

Report

The specific gravity fractions resulting
from the specific gravity analysis are
weighed and, if analyzed, for their ash and
sulfur content, furnish the basic information
for calculating washability data. The data
may be plotted as washability curves shown
in figure 23. An explanation of washability
data and curves may be found in a paper by
Coe.-"

-° Coe, G. D. An Explanation of Washability Curves for the
Interpretation of Float-and-Sink Data on Coal. BuMines Inf.
Circ. 7045, 1938, 10 pp.
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Figure 20.—Fine Coal Washing Devices.

Duplicability of Results.— Sufficient
data are not available to assess the accuracy
of these test procedures under all operating
conditions that may be encountered. Pri-
marily, accuracy is a function of the density
composition of the coal. If a higher percent-
age of the coal is concentrated near the spe-
cific gravity of a bath, the utmost care must
be used in adjusting the specific gravity to
avoid significant errors in the proportion of
float and sink.

Evaluation of Froth Flotation
Cleaning Potential of Fine Coal

Introduction

Froth flotation is a coal washing process
for fine size coal, generally minus 28 mesh.
The raw material in slurry form is intro-
duced into a flotation vessel, called a cell;
the clean coal product reports to the surface
of the cell in a multitude of bubbles, called a
froth and the impurity remains in the slurry
and flows out of the cell as a tailings refuse
product which is then disposed of.

Coal is a hydrophobic material; it resists
being wetted by water but readily attaches
itself to air at a liquid-solid-gas interface and
is lifted out of the pulp into the clean coal
froth product. The impurities are hy-

Figure 21.—Coarse Coal Testing Apparatus Using
Organic Solutions.

drophilic; that is, they are readily wetted at
a liquid-solid-gas interface and remain in the
pulp until discharged to the tailings product.
The floatability of the various coal constit-
uents decreases in the order vitrain, clarain,
durain, and fusain.

Chemical reagents are added to flotation
plant feed slurries to enhance flotation re-
sults. The two principal reagent types used
for coal flotation are frothers and collectors.
Frother reagents are used to produce stable
froths and small size bubbles, both prime
factors in successful flotation. Frothers, al-
most always needed, are used at the rate of
0.1 to 0.5 pounds per ton of feed. Collector
reagents are used to impart a hydrohobic
coating to desirable particles which, owing to
oxidation or some other phenomena, do not
display normal floatability. Collectors, when
required, are used at the rate of 0.5 to 3.0
pounds per ton of feed.
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Figure 22.—Separatory Funnel for Testing Fine Coals in Organic Solutions.

Standard specific gravity analysis of fine
coal is of limited value in determinin% the
amenability of the coal to cleaning by froth
flotation. Therefore, a timed release analysis
technigue has been developed to assess the
amenability of fine coal to froth flotation
cleaning. This technique is adaptable to any
standard laboratory flotation cell; however,
operating parameters, such as agitation, and
air rate will vary for different cells.

Most American bituminous coals float quite
readily, although an excessive amount of fine
clay material or oxidized coal may adversely
effect the flotation rate. Such factors, not
discernible by standard density analysis, are
of prime importance when designing a fine-
coal cleaning plant.

Test Method

A coal and water slurry of apProximateI
8 percent solids is mixed in the flotation cell
for ten minutes to assure thorough wetting
of the material. Cell agitation and air rate
are set at a minimum at the start of each
float, using a tachometer and flowmeter re-
spectively, to assure initial removal of the
most readily floatable coal particles; suffi-
cient reagent is added to assure a slight ex-
cess. As the float progresses, additional
reagent is added, and the air and agitation

rates are increased so that the final froth will
contain everything that can possibly float
under the most intense conditions. A dia-
gram of the timed release analysis procedure
Is shown in figure 24. Operating conditions
shown in table 1 are found to be applicable
in the Bureau’s flotation cell.

Table 1.— Operating conditions for flotation
tests using the timed release analysis

Collection
Froth Frother Air, Agitation, time,
number drops 1 cfm rpm sec
3 0.23 1,500 15
2 0.24 1,600 30
2 0.26 1,700 30
2 0.28 1.800 30
2 0.30 1,900 60
2 0.64 2,000 180

128 drops per cm >
10 drops equal 0.15 prrams of methylisobutyl carbinol.

Froat 1L—After wetting 200 grams of coal
in 2,300 ml of water for 10 minutes a pre-
determined amount of frother, from 0.5 to 1
pound per ton of solids, is added to the cell;
air is introduced, and froth 1 is collected in
basin 1 for a timed period, as shown in table
2. The air is turned off, and water is added
to bring the pulp to its original level. More
reagent is added, the air and agitation rates
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SPECIFIC GRAVITY
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Specific Elementary data, Computed data, Near gravity
gravity ercent cumulative percent | +0.10 specific
fraction | Weight| Ash | Sulfur [Weight| Ash | Sulfur |gravity, percent

Float 1.30 120 39| 1.5 1201 3.9 1.5
1.30-1.35 36.5] 7.3 1.66 48.5] 6.5 | 1.62 -
1.35-1.40 18.2 [ 11.3 [ 1.93 66.71 78| 1.1 69.8

1.40-1.45 9.4 (152 233 | 761 87| 1.78 36.9
1.45-1.50 571196 254 | 818 9.5| 1.84 20.5
1.50-1.55 3.6 [23.5| 3.44 | 85.4)10.0 | 1.90 -
1.55-1.60 1.8 (27.1| 3.34 | 87.2(10.4 | 1.93
1.60-Sink 12.8 |42.2 [13.53 | 100.0 |14.5 | 3.42

Total 100.0 | 14.5 | 3.42

FiGURe 23.—Illustration of Washability Data and
Curves.

increased, and the second froth is collected.
This procedure is repeated until six froths
are collected. The tails are retained in a
basin.

TABLE 2.—Summary of float 1

Froth
number:

Collection time,
sec

REFLOAT A.—The operating procedure
shown in table 3 is repeated for the reclean-
ing of the six froths.

Froth 1 from float 1 plus makeup water is
added to the flotation cell. The initial portion

of froth 1A is collected for 7145 seconds, air
and agitation are discontinued, and froth 2
from float 1 is added to the cell. The refloat is
then continued for 714 seconds to complete
froth 1A. With froth 1A removed, flotation is
continued for 15 seconds before froth 3 from
float 1 is added to the cell. The float is con-
tinued 15 seconds to complete froth 2A.
Froth 2A is then removed and flotation is
continued for 15 seconds. Froth 4 from float
1 is added to the cell and the float is continued
for 15 seconds completing froth 3A. After
removing froth 8A, an additional 15 seconds
of refloating is required before adding froth
5 and continuing the refloat for 15 seconds
to complete froth 4A. Froth 5A is collected
for 30 seconds before the addition of froth 6
from float 1; froth 5A is then collected for
another 30 seconds. After removing froth
5A, the final froth 6A is collected by con-
tinuing the refloat for 3 minutes.

TABLE 3.—Summary of refloat A

Froth Total froth
Froth number collection collection Refloat A
from float 1 time, sec time, sec froth number

1 Y%
: Lk } 15 1A

- 15
2. i ! 30 2A
3.. 5
1. 15 } 30 3A
4. 15
5. 15 | 30 44
5.. 30
6.. 30 } 60 5A
6 180 180 6A

REFLOAT B.—For refloat B the operating
procedure shown in table 2 is again repeated.
The procedure for recleaning of the products
from the succeeding froth is modified so that
the products from refloat A are not added to
the cell until the froth collection time has
progressed two-thirds of the way through the
collection time of the preceding froth, as
shown in table 4.

Some difficulty may be experienced because
of the excessive volume of froth in the basins
during refloating, which causes the cell to
overflow when air and agitation are turned
on. To remedy this, the collecting basins may
be allowed to settle until clean liquid can be
decanted off into the tails collecting basin.

The six froths thus collected and the three
tailings products combined as one are then
filtered, dried, weighed, and analyzed for ash
and sulfur.
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TIME, minutes
ID IR S W
a1 21 z‘J-"z o | 3
FIRST FLOAT-—4 | -
SECOND FLOATH ' -
THIRD FLOAT- —
Froth No.4-| ; 2 3 | 4 5 6 Three tails
= combined
-~ w0
5 2
prs | ] | 1 1 w
0 I 2 3 4 5
TIME, minutes

TABLE 4.—Summary of refloat B

FIGURE 24.—Diagram of the Timed Release Analysis Procedure.

tention time in the cell on yield of salable

Froth Total froth
Refloat A collection collection Refloat B
froth number time, sec time, sec froth number
1A e 10 -
3 } 15 1B
0
10 } 30 2B
10 } 30 3B
20
' 20 ! 30 4B
SAcicieenns 2(0) } 60 5B
6A....coeneen 180 180 6B

The timed release analysis technique was
developed to provide washability data from
which product yields and qualities may be
estimated. Yield-ash curves for 3 coals
shown in figure 25 were drawn from typical
timed release analysis data. From the curves,
predictions of product yield at a given ash
may be made.

The flotation data obtained may also be
used as shown in figure 26 to provide flota-
tion rate data which show the effect of re-

product.

METHODS FOR DETERMINATION
OF PLASTIC PROPERTIES OF
COALS

Method of Test for Agglomerating
Index of Coal

The agglomerating index is a measure of
the caking properties of coal.

The procedure determines the agglomerat-
ing index of coal by examination of the resi-
due in the platinum crucible incident to the
standard volatile matter determination.2?

Table 5 gives the method of designating the
degrees of caking from coals that give a non-
coherent residue to coals that give buttons
showing strong swelling and pronounced cell
structure. Buttons corresponding to these
grades of caking are shown in figure 27.

21 Gilmore, R. E., G. P. Connell, and J. H. H. Nicolls. Ag-

glomerating and Agglutinating Tests for Classifying Weakly
Caking Coals. Trans. AIME Coal Div., v. 108, 1934, pp. 255-265.
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TABLE 5.—Agglomerating and caking properties of coals based on examination of residue
ncident to the volatile-matter determination

Designation

Appearance of residue from standard
method for determination of

Class Group

volatile matter in coal

Nonagglomerating 1—button
shows no swelling or cell
structure and will not sup-
port a 500-gram weight with-
out pulverizing.

Agglomerating 1—button shows
swelling or cell structure or
will support a 500-gram
weight without pulverizing.

verizing.

NA (nonagglomerate)

A (agglomerate)—button dull
black and sintered; shows
no swelling or cell struec-
ture; will support a 500-
gram weight without pul-

C (caking)—Dbutton
swelling or cell structure.

NAa—noncoherent residue.

NAb—coke button shows no swelling or

............ cell structure and after careful removal

from the crucible will pulverize under a
weight of 500 grams carefully lowered
on button.
sAw (weak agglomerate)—buttons come
out of crucible in more than, one piece.

)Af (firm agglomerate)—buttons come out

of crucible in one piece.

Cp (poor caking)—button shows slight
swelling with small cells, has slight
gray luster.

Cf (fair caking)—button shows medium
swelling and good cell structure, has
characteristic metallic luster.

Cg (good caking)—button shows strong
swelling and pronounced cell structure,
with numerous large cells and cavities,
has characteristic metallic luster.

shows

1 Agglomerating index—coals which in the volatile-matter
determination produce either an agglomerate button that will

support a 500-gram weight without pulverizing or a button
showing swelling or cell structure are classified as agglomerating.

Method of Test for Determination of
Free-Swelling Index of Coal

This test is used to obtain information on
the free-swelling properties of bituminous
coal and serves as an approximate measure of
the caking and coking characteristics.?? It is
not recommended for determining the expan-
sion properties of coals in coke ovens. The
test is made by heating, at a specified rate
over a gas burner, a 1-gram sample of freshly
prepared coal in a special silica crucible. The
residue or button resulting from the carboni-
zation is compared for size and shape with
standard profiles.

Apparatus

The apparatus consists of:
(a) Low-form crucibles of translucent
silica, with silica ring-handle lids, according
to the following specifications:

Weight ....cccevvvvrennnne grams........ 11.0 to 12.75
External height ......cccccocvvnnns 26 = 0.5
millimeters
External diameter
F=0 70 ¢ « SRR do
Internal diameter at
base, minimum .......... do
Capacity (approximate)
milliliters
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FiGure 25.—Typical Froth Flotation Washability
Data.

22 Ostborg, H. N., H. R. Limbachcr, and Ralph A. Sherman,
An Experimental Investigation of the British Standard Method
for the Crucible Swelling Test for Coal. Proc. ASTM, v. 42,
1942, pp. 851-864.

Selvig, W. A., and W. H. Ode. An Investigation of a
Laboratory Test for Determination of the Free-Swelling Index
of Coal. BuMines Rept. of Inv. 4238, 1948, 11 pp.
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PRODUCT COLLECTION TIME, minutes

FIGURE 26.—Typical Froth Flotation Rate Curves.

One of the lids has a hole near the center
large enough to accommodate the thermo-
couElIe used in determining the temperature
in the crucible.

(b) A sight tube, shown in figure 28, is
used to view the coke buttons so that the
effect of parallax is eliminated. The brass
tube is supported on a ring stand.

(c) A capillary flowmeter with water
manometer is placed in the gas line before
the burner as a guide to the control of the
rate of flow shown in figure 29. A booster
pump equipped with a diaphragm-valve pres-
sure controller is installed to provide a con-
stant gas pressure to the burner sufficient to
attain the required temperature.

(d) A natural gas burner with a large
grid (33 millimeters), a draft shield, and a
silica triangle are shown in figure 29. The
draft shield is made from asbestos cement
pipe. At the top of the shield three slots,
3 millimeters wide and 25 millimeters deep,
are cut at points 120° apart. These slots
serve to hold the triangular crucible support

KEY
NA Nonagglomerate Cf Fair caking
Af Firm agglomerate Cg Good caking

Cp Poor coking
The buttons in the second row have been cut in half to show the
internal structure of the caked materials.

Figure 27.—Residues From Volatile Matter De-
termination, Showing Various Degrees
of Agglomeration and Caking.

in place. The shield is supported on a ring
stand so that the distance between the base
of the crucible and the top of the burner grid
is approximately % inch. A triangular cru-
cible support is made of three pieces of
translucent silica tubing, 6 millimeters in
external diameter and 63 millimeters long,
mounted on chromium nickel wire. The

Figure 28.—Sight Tube.
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Flowmeter
1 mm capillary,

25 mm long \\

Gas —»

! Silica triangle

! - Crucible
i

1 l5‘cm

*- Meker burner

+ Asbestos-piping
“(wa\l thickness 5 mm )

Constant flow = -
manometer

FI1GURE 29.—Details of Burner Assembly.

diameter of the circle inscribed in the tri-
angle is 32 millimeters. Ends of the twisted
wires are used as handles to remove the hot
crucible.

Calibration of Burner

With the burner assembly arranged as
shown in figure 29, and with an empty cru-
cible and special lid in position, the burner is
lighted for 15 minutes to allow the assembly
to come to an equilibrium temperature. The
temperature of the inner surface of the bot-
tom of the crucible is measured with a No. 28
gage base metal thermocouple and potentiom-
eter. Care is taken to place the junction of
the thermocouple and portions of each wire
on the bottom of the crucible. By adjustment
of the burner, distance between the burner
and the bottom of the crucible, and gas pres-
sure, the temperature of 800° =+ 10° C is
obtained in 114 minutes, and 820° + 5° C is
obtained in 214 minutes after placing the
crucible in position.

Procedure

The sample of coal is freshly ground to
pass a No. 60 sieve and is prepared in ac-
cordance with the procedure described in this
report under “Preparation of Laboratory
Sample with Preliminary Drying.”

Place 1 gram of the freshly pulverized coal
weighed to the nearest milligram in the cold

crucible. Tap the crucible lightly 12 times on
a block of wood and rotate between taps to
level the coal, cover with the lid, and place
on the silica triangle over the burner. Heat
until the flame of burning gases dies out, and
in no case heat less than 214 minutes. Make
three buttons for each sample which are
viewed through the sight tube, rotating the
button around the vertical axis to get the
maximum cross-sectional area of the button.
Place the standard profile as shown in figure
30 in the center of the field of vision as
viewed from the top of the sight tube. Record
the number of the standard profile most
nearly matching the maximum cross-sec-
tional area of the button as the free-swelling
index. If any button differs more than 1 unit
from the other two results, another button is
made and tested.

Buttons from some coals do not closely
resemble the standard profiles. The cross-
sectional areas of these odd-shaped buttons
are measured by tracing the shadow cast on
millimeter graph paper placed immediately
below the button. Force a steel wire through
the button along the vertical axis, and then
fasten in a horizontal position just above the
graph paper. A point source ceiling light or
an incandescent light in a hood several feet
above the button will cast a sharp shadow on
the graph paper. Count the number of square
millimeters within the tracing and compare
them with the profile having the same area,
as shown in table 6.

Report

Report the average swelling index of the
series of three buttons, expressed to the near-
est one-half unit.

TABLE 6.—Areas of standard profiles

Standard
profile

Standard
profile

Area, square
millimeters

Area, square
millimeters

95

If the residue is a powder, or if the button
pulverizes under a weight of 500 grams care-
fully lowered on it, the coal is designated as
“nonagglomerating.” Buttons that break into
two or three hard coherent pieces under the
500 gram weight are reported as number one.
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FIGURE 30.—Full-Scale Standard Profiles and Corresponding Swelling Index Numbers.

Method of Test for Agglutinating
Value of Coal

The agglutinating-value test 23 is a small-
scale laboratory test intended to give infor-
mation regarding the coking and caking
properties of bituminous coal. It is an ap-
proximate measure of the material in coal
that fuses and becomes plastic on heating.
The test consists in heating a mixture of
15 parts of closely sized silicon carbide with
1 part of coal ground to pass a No. 200 sieve
in a cylindrical porcelain crucible of pre-
scribed dimensions in a vertical electric tube
furnace for 20 minutes at temperatures in-
creasing to 950° C. The crushing strength in
kilograms of the resulting carbonized button
is recorded as the agglutinating value of the
coal.

Apparatus

The apparatus consists of:

(a) An electric furnace of the vertical
type as used for determining volatile matter
in coal is suitable. It is equipped with a
nickel-chromium wire stirrup, shown in fig-
ure 31, for supporting the crucible, and a
controller to maintain the required tem-
perature.

2% Selvig, W. A., B. B. Beattie, and J. B. Clelland. Agglutinat-
ing Value Test for Coal. Proc. ASTM, v. 33, pt. 2, 1933, pp.

TA1-T57.

R ———

’ Lead weight

L_.E_.

LA\

Notched lid

i
1
1
]
I
1
i
1
i
I
|
i
|
|
[
[
[
[
[
T
.
.
Vol
'
b
ry
ol
™ | L
e e
[g‘m{b m [ ;}_—:‘_J

|- 7 N ]

FIGURE 31.—Equipment for Agglutinating Value
Test. A, Crucible stirrup. B, Charge
compressor.
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(b) The apparatus shown in figure 31 is
used to compress the mixture of coal and
silicon carbide in the carbonizing crucible.
The lower end of the compressor is made to
fit snugly into the crucible without binding,
so that the load of 3,500 grams is applied to
the mixture.

(c) A Riehle compression testing ma-
chine equipped with a constant speed motor
is used for crushing the carbonized buttons.
1t can apply the load to the test specimen at
a continuous rate of approximately 20 kg per
minute. The indicating dial, in metric units,
is graduated by tenths up to 25 kg. Pe-
riodically, the spring scale is calibrated by
using standard weights. Rubber pads 34-inch
thick, cut from the small end of a soft rubber
stopper, are cemented on to the steel plates
of the compression cage to equalize the pres-
sure over the top and bottom surfaces of the
button.

(d) High-form porcelain mixing cru-
cible having a capacity of approximately 55
milliliters.

(e) Cylindrical porcelain carbonizing
crucible according to the following specifi-
cations:

Inside diameter ................ millimeters........ 28

Inside height ......ccoccevvenvreevenccnnne. do........ 30

Capacity (approximate ...... milliliters........ 18

Selected stock free from irregularities of
shape.

(f) Ring-handle porcelain lid having an
ingide diameter of 32 millimeters. Two
notches are ground in opposite sides of the
cover to accommodate the side wires of the
crucible support as shown in figure 29.

(g) Silicon carbide which is carefully
graded by removing for use the portion pass-
ing through a No. 45 sieve and retained on a
No. 60 sieve. The selected portion is washed
by shaking vigorously with water in a bottle
and decanting ; this operation is repeated five
times. It is thoroughly dried and stored for
use in a covered container.

The Bureau of Mines investigated various
materials for use as inert in the agglutinat-
ing-value test.?* These included silica sand,
electrode carbon, fused bauxite, fused alumi-
num oxide, kaolin grog, and silicon carbide.
Of these, silicon carbide appeared to be the
most suitable with respect to uniformity of
different shipments. However, experience
has shown that different lots have given er-
ratic results, making it necessary to set aside
one lot as a standard, and to test each lot
received to determine whether it checks with

24 Selvig, W. A., and W. H. Ode. Inert Material for Aggluti-
nating-Value Test of Coals. Fuel, v. 21, 1942, pp. 46-51.

the standard. If a new lot does not check
with the standard, enough coals of various
ranks are tested to obtain a factor for con-
verting results obtained by the new lot to
those of the standard.

Calibration of Furnace

The thermocouple actuating the tempera-
ture controller is installed permanently in the
furnace through the bottom so that the junc-
tion is just below the bottom of the carbon-
izing crucible. A carbonizing crucible is
filled with the silicon carbide and placed in
the center of the heating zone of the furnace
by adjusting the supporting stirrup. A
standard thermocouple is placed in the cru-
cible containing the silicon carbide so that
the tip of the well touches the bottom. The
temperature controller is adjusted to get a
constant temperature of 950° C by the stand-
ard thermocouple. A higher temperature is
registered by the permanent thermocouple,
but corresponds to a temperature of 950° C
in the crucible. This temperature is recorded
and the controller is adjusted to operate at
this temperature. In starting a series of tests,
the controller is set to operate at this pre-
determined temperature and a crucible filled
with crushed carbonized residue from a pre-
vious test is inserted in the furnace.

Preparation of Sample

The coal for the test is prepared by further
crushing a portion of the laboratory sample
prepared in accordance with the procedure
described in this report under “Preparation
of Laboratory Sample with Preliminary Dry-
ing.” About 25 grams of the laboratory
sample is sieved on a No. 200 (74-micron)
sieve. The oversize portion is crushed lightly
on a bucking board so that it will just pass
through the sieve. An excessive amount of
fines is undesirable. Since the stage crushing
segregates the sample, it must be thoroughly
mixed after the several screenings are com-
bined. The test should be made immediately
after the preparation of the sample.

Procedure

Make the test on a mixture of 18.750 grams
of silicon carbide and 1.250 grams of the
freshly prepared coal.

Place the silicon carbide in the mixing
crucible, and wet it with one drop (0.07
gram) of glycerin, which is delivered from a
suitable burette. After adding the glycerin,
stir the carbide for 1 minute; then add the
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coal and stir for 2 minutes. It is important
that the mixing operations be done in a thor-
ough and uniform manner as follows: Turn
the crucible, resting on a table, with the left
hand in a counterclockwise direction. Draw
a small spatula held in the right hand in a
nearly vertical position repeatedly from the
bottom of the crucible toward the top and
simultaneously move it horizontally in a
clockwise direction around the side of the
crucible.

Carefully transfer the mixture to the car-
bonizing crucible and level the top by means
of a square-end spatula. Take care not to tap
the crucible, since this would change the bulk
density and affect the determination ap-
preciably. Compress the mixture in the cru-
cible by carefully lowering and resting the
3,500-gram load of the charge compressor on
it for 30 seconds. Fill the space at the top of
the crucible with crushed carbonized buttons
from previous tests. Cover the crucible with
the lid, put it in the stirrup, and place the
assembly in the furnace heated to 950° =+
10° C in the crucible.

The thermo-couple will register a 40° to
80° C drop in about one minute and then will
gradually rise. Adjust the temperature con-
troller so that a temperature corresponding
to 950° =+ 10° C in the crucible zone is
reached in 15 minutes and maintained at this
temperature for the remaining 5 minutes of
the carbonization period.

After carbonizing for exactly 20 minutes,
remove the assembly from the furnace and
suspend it in air until it has cooled to room
temperature. Remove the crucible from the
stirrup, and pour off the uncarbonized mate-
rial on top without removing the button from
the crucible. Invert the crucible over a sheet
of No. 00 sandpaper and gently rub the but-
ton to remove any irregularities on the top
surface. Remove the button from the crucible
and place the sanded surface in the center of
the lower rubber pad on the cage of the com-
pression machine and crush. Record the
crushing strength as registered on the dial of
the machine to the nearest 0.1 kg.

Report

Six buttons are carbonized and crushed for
each sample. The average agglutinating
value of the six buttons is calculated, and the
variation of the individual buttons from this
average is computed. If all six buttons are
within 10 percent of the average value, this
value is taken as the agglutinating value. If
one button shows a difference greater than 10
percent of the average, the value for this but-

ton is discarded, and the average of the five
remaining buttons is taken as the agglutinat-
ing value. If more than one button shows
variations exceeding 10 percent of the aver-
age value, the test is considered unsatisfac-
tory, the results are discarded, and another
test is made on six buttons.

The agglutinating value of a coal is re-
ported to the nearest tenth of a kilogram as
follows:

Agglutinating value,
kilograms
Ratio, silicon carbide to coal:
15:1

Method of Test for the Measurement
of Plastic Properties of Coal by the
Gieseler Plastometer

This method of test covers a semiquanti-
tative procedure for determining the relative
plastic behavior of coal when heated under
prescribed conditions in the absence of air.?s
The test is used when studying coals and
blends used in carbonization and in other
situations where plastic properties are of
practical importance.

Apparatus

A convenient form of the Gieseler plas-
tometer is shown schematically in figure 32.
The apparatus consists of the following:

(a) A steel retort consisting of four
parts as shown in figure 3 is provided:

(1) Retort crucible, ecylindrical, 0.844
+ 0.003 inch in inside diameter and 1.375
inch in depth, with exterior threads for join-
ing the crucible to the barrel.

(2) Barrel, at least 5.5 inches long
including collar, and having an inside diam-
eter of 0.375 + 0.003 inch except at the
crucible end, where it has an inside diameter
of 0.844 = 0.003 inch to a height of 0.375
inch. The top end of the barrel is 0.625 inch
inside diameter to a depth sufficient to allow
clearance for the axle of the plastometer
head when the apparatus is assembled. A
hole, fitted with a tube 0.1875 inch inside
diameter is provided at a point 3.125 inch
above the crucible so as to afford exit for the
volatile products during a test. The barrel
has two holes, for observation and ventila-
tion, located on the side opposite the off-take
tube. One hole 0.25 inch in diameter is

25 Brewer, R. E., and J. E. Triff. Measurement of Plastic
Properties of Bituminous Coals. Ind. and Eng. Chem., anal. ed.,
v. 11, No. 3, May 1939, pp. 242-247.

Soth, G. C., and C. C. Russell. The Gieseler Method for
Measurement of the Plastic Characteristics of Coal. Proc. ASTM,
v. 43, 1943, pp. 1176-1193.
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FIGURE 32.—Gieseler-Type Plastometer.

centered 0.125 inch below the collar; the
other hole is 0.12 inch in diameter and
centered 0.50 inch above the offtake tube.
(3) Steel stirrer, as shown in figure
32, provided with a straight shaft of 0.156 =+
0.001 inch in diameter and equipped with
four rabble arms. The lower end of the
stirrer is tapered to a point having an in-
cluded angle at least 10 degrees greater than
that of the notch in the bottom of the cruci-
ble. The rabble arms on the stirrer are
0.0625 =+ 0.001 inch in diameter, 0.250 =+
0.002 inch in length, and are placed perpen-
dicular to the shaft at 90° intervals around
the shaft and 0.125 =+ 0.001 inch apart center
to center along the shaft. The middle two
rabble arms are set at 180 degrees to each
other, and likewise the remaining two arms
180 degrees to each other. The lowest rabble

arm is set in the shaft to give a :-inch
clearance between it and the bottom of the
crucible when the stirrer is in place. The
upper end of the stirrer is cut to fit into the
slot on the lower end of the axle in the
plastometer head.

(4) Guide sleeve, provided near the
upper end of the stirrer to guide the latter
within the barrel, with a clearance of at least
0.002 inch.

(b) The plastometer head, shown in
figure 32, contains an axle mounted in ball-
bearing races with the lower end of the axle
slotted to receive the upper end of the stirrer.
A 1.938-inch diameter drum pulley is at-
tached to the upper end of the axle in such
a manner that it can be quickly loosened
during a test for rewinding of the weight
cord. A suitable brake is provided to stop
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and release the pulley during a test. A
cord 26 approximately 6 feet long is wound
around the drum pulley and is passed as
shown over a second, vertically mounted,
slotted dial pulley of the same diameter as
the drum pulley. The dial pulley has ball
bearings and a counterbalanced pointer to
indicate movement on a concentrically
mounted round dial divided into 100 divi-
sions for the 360 degrees. The end of the
cord is loaded with a total weight of 40 g.

(c) An electrically heated furnace with
suitable manual or automatic controls is pro-
vided so that a heating rate of 3.0° = 0.1° C
per minute on an overall basis with not more
than 3.0° = 1.0° C per any 1 minute can be
maintained over the range of 300° to 550° C.
The furnace contains a molten solder bath of
approximately 50 percent lead and 50 per-
cent tin composition or equivalent. Temper-
atures in the bath are measured with a suit-
able thermocouple in a 14-inch outside
diameter protection tube immersed in the
bath so that the tube touches the outside wall
of the crucible and the hot junction of the
couple is at the same height as the center of
the coal charge. A suitable furnace is illus-
trated in figure 32.

(d) The loading device is provided so
that the coal is packed uniformly around the
stirrer in the crucible, sufficiently tight to
permit transfer to the plastometer head and
to withstand a torque of 40 gram-inches
until it reaches the softening temperature. A
suitable device is shown in figure 33. It con-
sists of a rack with a sliding piston, a cylin-
drical weight holder and a two-part weight.
The combined weight of the cylinder and
static weight are 9 kilograms, and the drop
weight is 1 kilogram. The drop weight can
be raised 414 inches.

Preparation of Sample

Take a representative sample (50 grams)
of the air-dried coal ground to pass a No. 20
sieve, and reduce it in size to pass a No. 40
sieve. Test the coal for plastic properties as
soon as possible after preparing the sample.

Preparation of Apparatus for Test

(a) Friction Determination. Make a
static test of the friction of the apparatus at
room temperature by assembling the plastom-
eter as for a test, except that the crucible is
empty. Remove the weight from the end of
the cord and substitute a tared light pan.

26 12 Thread Linen Fisherman'’s Linc has been found satisfac-
tory for this purpose.

<

- Drop weight

- Stirrer

&
—

.

Crucible

FI1GURE 33.—Loading Device.

Static weight
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Add analytical weights to the pan until the
pointer just moves at an even rate. With the
best bearings in the plastometer head, this
weight is less than 0.5 gram. This test is
made prior to the first test of the day.

(b) Packing Procedure. Mount the
crucible, with the stirrer in place, in the load-
ing device with the piston raised (fig. 33)
and place 4.5 grams of coal in the crucible.
Remove the voids in the coal by stirring with
a stiff wire. Lower the piston and put on the
weight holder and weights. Let the drop-
weight fall three times and then let the as-
sembly stand for 15 minutes with the 10
kilograms pressing on the coal. Remove the
crucible and screw the barrel on the crucible
without disturbing the stirrer. Put the sleeve
guide in place and attach the barrel to the
plastometer head, making sure the top end
of the stirrer fits in the slotted end of the
axle.

Procedure

The test is carried out as follows:

(a) Lower the assembled apparatus into
the furnace until the bottom of the crucible
is immersed to a depth of 3 inches in the
molten solder bath maintained at a temper-
ature of 300° C. For low volatile coals with
an initial softening temperature of over
400° C, it is permissible to maintain a tem-
perature of 350° C in the solder bath. Place
the thermocouple in the bath as previously
described and cover the bath with a piece of
transite. Adjust the heating control so that
the bath will regain the initial temperature
in 10 = 2 minutes after immersion of the re-
tort. Thereafter, heat the retort at a rate of
3.0° + 0.1° C per minute on the overall basis.

(b) When the retort has attained the
initial bath temperature, release the brake
on the drum pulley, set the dial pointer at
zero, and start the clock. At the first de-
tectable continuous movement of the pointer,
record the corresponding temperature as the
“initial softening temperature.” Thereafter,
take the readings of time, temperature, and
pointer movement at 1-minute intervals. If
the rate of turning of the pointer becomes
such that the length of cord on the drum
pulley will not permit completion of the de-
termination, apply the brake and rewind the
cord on the pulley. Release the brake at
1-minute intervals, and determine the rate of
pointer movement by means of a stopwatch.
Take care to allow the pointer to reach a
uniform movement before timing, and to
obtain a time interval as long as is con-
veniently possible in order to increase the

accuracy. Make these periodic readings
until the point movement becomes such that
after releasing the brake the length of cord
remaining on the drum pulley will permit the
completion of the determination. Continue
readings until the pointer shows no further
movement. When it is necessary during the
test to rewind the cord on the drum pulley,
take care not to disturb the stirrer in the
coal sample.

Al] tests are made in duplicate and the
average values are reported.

Care of Plastometer

To obtain satisfactory results the ap-
paratus is maintained in good working con-
dition as follows:

(a) It is most important that the dimen-
sions of the rabble arms on the stirrer meet
the specifications as previously described. In
addition to thorough cleaning of the stirrer
and crucible between tests, it is important
that the dimensions of the rabble arms be
checked at frequent intervals. The total sur-
face are of the four rabble arms, when new,
is approximately 0.21 square inch. When,
after use, it is found by accurate measure-
ment that the area is reduced to 0.18 square
inch or less, the rabble arms are replaced or
the entire stirrer is discarded.

(b) The ball bearings are thoroughly
cleaned in a light solvent at frequent inter-
vals. Before reassembly they are lubricated
with a high-temperature, low-viscosity, sili-
cone oil. Three drops of oil are used per
bearing, and the oil is distributed uniformly
over the balls.

Report

The schedule for reporting results is as
follows:

(a) The corresponding movement of the
pointer in dial divisions per minute is cal-
culated from the observed times and dial
readings. All values over 15,000 are reported
as ‘“greater than 15,000 divisions per min-
ute.”

(b) The following information is in-
cluded in the report:

(1) Initial softening temperature.—
The temperature of the first detectable con-
tinuous movement of the dial pointer. It is
permissible to characterize this temperature
by other dial divisions per minute, but in
these cases they are reported as such.

(2) Fusion temperature.—The tem-
perature at which the rate of dial pointer
movement reaches 5 dial divisions per min-
ute.
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(3) Temperature of maximum fluid-
ity.—The temperature at which the dial
pointer movement reaches the maximum
rate.

(4) Maximum fluidity.—The maxi-
mum rate of dial pointer movement in dial
divisions per minute.

(5) Solidification temperature.—The
temperature at which the dial pointer move-
ment stops.

(¢) Certain coals have the tendency to
swell up into the barrel during the determi-
nation. Upon completion of the test and
after cooling, the retort is carefully dis-
assembled, and the height of the material in
the barrel is recorded in inches.

Duplicability of Results

All characteristic temperature points for
duplicate tests have to agree within 5° C.
Maximum rate of pointer movement has to
agree within 20 percent of the average.

Method of Test for the Measurement
of Dilatation of Coal by the Audibert-
Arnu Dilatometer

This test is used to determine the coking
properties *7 of coal or coal blends. It is not
designed, nor can it be used, to indicate the
pressures exerted by coals on the walls of
industrial carbonization ovens. The results
of the test are not comparable with the free-
swelling index or with expansion in the sole-
heated oven.

The method is somewhat similar in prin-
ciple to the Hoffmann dilatometer test,?®
which had some use by the Bureau of Mines
in studies of coal plasticity.

A pencil made of powdered coal is inserted
in a narrow tube and topped by a steel rod
(piston) which slides in the bore of the tube.
The whole is heated at a constant and definite
rate in a vertical furnace. By recording the
displacement of the piston as a function of
temperature and expressing the displace-
ments as percentages of the original length
of the pencil, a curve of the type shown in
figure 34 is obtained.

27 This method is recommended by the International Organi-
zation for Standardization for determination of coking properties
of coals for classification purposes. International Organization
for Standardization, ISO/TC 27—Document 664.

28 Berg, H. Contribution to Dilametric Technique in the
Study of Bituminous Coal. Boletin Informativo del Instituto
Nacional del Carbon, v. 5, 1956, pp. 151-161,

Hoffmann, H. Die Bestimmung der Bildsamkeit von Stein-
kohlen nach der Dilatometermethode. (The Determination of
Plasticity of Coals by the Dilatometer Method). Oel und Kohle,
v. 40, 1944, pp. 531--581,

Hoffmann, H.,, and K. Hoehne. Uber das plastische Ver-
halten von Steinkohlen. (Pasticity of Coals). Brennstoff-Chem.,
v. 85, 1954, No. 13/14, pp. 201-211; No. 15/16, pp. 236-246 ; No.
17/18, pp. 269/275; No. 19/20, pp. 298-304.

DISPLACEMENT, percent

—_) - — -

FIGURE 34.—Audibert-Arnu Dilatometer 'i‘est for
Coal.

The following items are characteristic:

T,—Temperature at which the piston
has moved down 1 percent: initial softening
temperature.

T,—Temperature at which the piston
reaches its lowest point: temperature of
maximum contraction.

T,—Temperature at which the piston
reaches its highest point: temperature of
maximum dilatation.

a—DMaximum contraction in percent.
b—Maximum dilatation in percent.

Apparatus

The apparatus consists of the following:
(a) The dilatometer illustrated in figure
35 consists of an electric furnace composed
of an aluminum-bronze block held vertically
400 mm high and 65 mm in diameter. It is
bored with three holes 350 mm deep and 15
mm in diameter to accommodate three dila-
tometer tubes; one tube is used for the
thermocouple. The block is heated by a wire
winding suitably insulated; all is enclosed in
a metal case. The instrument is equipped
with a recording device consisting of a
spring-powered drum carrying a double
chart on which the dilatation of two coal
samples is recorded simultaneously as the
furnace is heated at three degrees per minute
in the range of 330° to 550° C. The chart is
printed with vertical and horizontal lines
corresponding to elapsed time and percent
dilatation.
A program controller with a base metal
thermocouple is used to control and indicate
the temperature.
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FIGURE 35.—Dilatometer Furnace Assembly With
Recording Device.

(b) Dilatometer tubes and pistons are
shown in figure 36. At least three dilatom-
eter tubes are required (one is used for the
thermocouple). The weight of the piston
assembly which includes the pen holder and
arm is adjusted to 150 + 5 grams.

(c) Cleaning instruments for the
dilatometer tubes consisting of:

(1) An auger, diameter 7.8 mm (%
inches).

(2) A reamer consisting of a steel
bar of semicircular section, 7.95 mm in
diameter.

(3) Rifle ramrod with 30 caliber wire
brush.

(d) Apparatus for preparing the coal
pencils is shown in figures 37, 38, and 39 and
consists of : Mold and accessories, ram, and
press.
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FIGURE 86.—Dilatometer Tube and Piston.

Calibration and Inspection of the Apparatus

(a) The furnace is constructed so that
the temperature conditions are uniform in
the dilatometer tubes placed in their normal
positions in the holes. To verify this, the
furnace is heated at a rate of 5° C per min-
ute. When the temperature reaches about
450° C, an exploration is made of the lower
180 mm of a dilatometer tube placed in the
furnace by comparing the temperature
shown on the controller with that shown by
a probe in the tube. The difference between
the probe temperature and the regulator
temperature has to be less than:

+ 2° C in the lower 120 mm
=+ 5° C from 120 to 180 mm
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The furnace is calibrated by comparing
the temperature of the regulator tube with
that in each of the other tubes as the furnace
is heated from 330° C at the rate of 3° C per
minute. The regulating thermocouple is
placed in its tube with the junction touching
the wall 3 ¢cm above the bottom; a piece of
ceramic thermocouple protection tubing 7
mm in diameter and 3 ¢m long is placed in
the bottom of the tube to support the thermo-
couple. Thermocouples are placed in the other
tubes in the same way. The temperatures
observed during tests are corrected by the
differences found during this calibration.

(b) The dilatometer tubes are inspected
for wear after 100 determinations made
with any one tube. Results of the next four
determinations are compared with those ob-
tained in a new tube. The results are then
examined.

If b, = dilatation in the old tube,
b, = dilatation in the new tube.

Calculate the ratio:

bo — bn
X e
100

Then, if the average value of X for the four
coals, taking into account the sign, is greater
than 3.5, the old tube is rejected. Tubes that
are found satisfactory are retested after 25
additional determinations.

(¢) The mold is periodically checked
with the gage, which also is used to check
new molds.

If, when the gage is inserted in the
larger orifice of the mold,

(1) Two lines can be seen, the mold
is too small and has to be reamed out;

(2) One line can be seen, the mold is
satisfactory;

(3) No line can be seen, the mold is
worn and has to be replaced.

Preparation of Coal Pencil

A representative sample of 50 grams of
air-dried coal previously ground to pass a
No. 20 sieve is reduced in size to pass a No.
100 sieve. Immediately after preparation,
weigh 10 grams of sample and place it in a
glass mortar; add exactly 1 ml water and
mix with the pestle until all of the coal is
uniformly wetted. Place the mold (fig. 37)
in its support with the larger orifice upward
and set the funnel on the mold. Place a small
amount of coal in the funnel and tamp with
tamping pin without removing the funnel.

Place the mold assembly under the ram (fig.
38) in order to tamp the sample by dropping
the plunger four times. Repeat this until the
mold is filled. Take increments of sufficient
size so that the mold will be filled with four
increments.

To remove the pencil from the mold, re-
move the support and the funnel, place the
ejector guide at the end of the mold with the
small orifice, and place the guide tube at the
other end with the receptacle in the guide
tube. Insert the ejector piston in the guide
and push the pencil onto the receptacle by
means of the press (fig. 39). Adjust the
length of the pencil to 60 = 0.25 mm by cut-
ting away as much as necessary of the thick
end with a razor blade.

Procedure

Carefully insert the pencil, thick end first,
in the dilatometer tube and push it gently
into position with the piston. Place the tubes
into the furnace when the temperature is
330° C. Where, in exceptional cases, T, is
less than 350° C, charge the furnace when
the temperature is 20° C below T;. As soon
as the tubes are in place, attach the arms and
recorder pens and set the pens on the zero
line. When the temperature returns to the
starting temperature, start the recorder, the
clock, and the program controller, which has
been set to increase the temperature at the
rate of 3° C per minute. The temperature
returns to 330° C in 7 to 10 minutes.
Although the dilatation is recorded on the
chart, read and record the temperature
shown on the controller every two minutes
throughout the test. Continue the heating
for 5 minutes after the maximum dilatation
is reached. Remove the tubes from the fur-
nace and take the pistons from the tubes.

Duplicate determinations are carried out
in a separate run.

Cleaning of Tube and Piston

Remove as much of the coke as possible
with the auger. Soak in benzene; then use
the reamer. Finish cleaning with benzene
and a brass wire brush. Clean the piston
with very fine emery paper, taking care not
to round the edges, and check to ensure that
the piston slides freely in the tube.

For coals that are difficult to remove from
the mold, it is recommended that the ejector
piston and inside of mold be cleaned from
time to time.
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Report

Record the following information:
T,—Initial softening temperature.
T,—Temperature of maximum con-

traction.

T,—Temperature of maximum dil-
atation.

Percent maximum contraction: to
nearest whole number.

Percent maximum dilatation: to

nearest whole number for negative
dilatation; to nearest 5 for dilata-

tion up to 100; to nearest 10 for
dilatation over 100.

Duplicability of Results

The results of duplicate determinations
carried out at different times on the same
sample in the same laboratory by the same
operator using the same apparatus should
not differ by more than 7 (1 4+ b) percent

100
where b =— maximum dilatation in percent.
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Most coals show a slight swelling of the Ejector
pencil before contraction; when this occurs
after the recorder has been started the pen
is returned to the zero line.

If a coal has a dilatation greater than 300
percent, repeat the test using pencils of 30
mm length made by cutting the usual pencil
in half. Calculate the percent contraction
and dilatation for each half and report the
average.

COAL CHARACTERIZATION BY
ASSAY METHODS

Fischer-Schrader Low-Temperature
Carbonization Assay of Coal

The procedure for making low-temperature
carbonization assays is a modification of the
method developed by Fischer and Schrader 2°
at the Kaiser Wilhelm Institut fiir Kohlen-
forschung, Miilheim-Ruhr, Germany. The
method is used by fuel laboratories in many
countries.

W”hFischer, F., and ]§I Schrader. (Crude-Tar Determination
ith an Aluminum istillation Apparatus). Ztschr. angew. S
Chem., v. 33, No. 1, 1920, pp. 172-175, FIGURE 39.—Press.
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In the assay as originally developed, no
provision was made for collecting and meas-
uring the light oil and gas. Since that time
the method has been modified to provide for
measurement of these products.3?

Apparatus

The apparatus shown in figure 40 consists
of the following:

(a) The retort?' is designed to car-
bonize a 50-gram charge of coal. With cover
in place, its volume is approximately 200 ml;
it is approximately 55 mm in inside diam-
eter, and 95 mm in height below the lid. The
retort is a heavy-walled, machined aluminum
casting with a triangular side projection or
nose through which a brass outlet tube ex-
tends downward at an angle of 45°. The
large heat capacity of the nose prevents con-
densation of the heavy fraction of the tar in
the outlet tube. The cover is an aluminum
plug that fits into the top of the retort in a
precision-ground taper joint. A well in the
wall of the retort provides for measurement
of the temperature either with a high-tem-
perature mercury thermometer or with a
thermocouple. The retort is clamped to a
support by a steel rod permanently fitted into
the side of the retort. During the carboniza-
tion an asbestos-cement shield, open at the
bottom, is placed around the retort to reduce
heat losses. A Meker-type gas burner with

30 Selvig, W. A., and W. H. Ode. Determination of Gas, Coke,
and By-Products of Coal. Evaluation of Laboratory Assay Tests.
Ind. Eng. Chem., anal. ed., v. 7, No. 2, 1935, pp. 88-93.

Selvig, W. A.,, and W. H. Ode. Low-Temperature Car-
bonization Assays of North American Coals. BuMines Bull. 571,
1957, 56 pp.

31 Detailed drawings of the 50-gram retort (Drawing B-1129)
may be obtained on request from the Graphic Services Section,
Bureau of Mines, 4800 Forbes Avenue, Pittsburgh, Pa., 15213,
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grid diameter of 1 inch is used to heat the
retort; the temperature is regulated by ad-
justing the gas flow.

(b) The tar-water receiver is a 200-ml
Erlenmeyer flask with a side tube 50 mm
long and a 4 mm bore. During the test it is
immersed in an ice-water bath for rapid
cooling of the vapors. A 100-mm glass-
stoppered U-tube containing anhydrous
CaCl,, connected to the side arm of the tar-
water receiver, removes any water that may
have escaped condensation in the receiver.
A slight modification of the tar-water re-
ceiver is necessary for subbituminous coals
and lignites, since tars from these coals are
somewhat more difficult to condense than are
tars from coals of higher rank. In this modi-
fication a weighed glass U-tube is inserted in
the recovery system between the regular tar-
water receiver and the calcium chloride
drying tube. The U-tube is partly filled with
a loose packing of absorbent cotton and is
immersed in an ice-water bath.

(¢) A freezing tube is used to remove
the light oil from the gas. It is of similar
design but smaller than that used for light-
oil recovery in the United States Steel Corp.
dry distillation test for coal.? During the
assay the freezing tube is kept cold
(—78° C) by immersion in a wide-mouthed
Dewar flask filled with a thick slush of Dry
Ice and acetone.

(d) The gas is collected in a calibrated
5-liter gasometer containing a 20-percent
solution of anhydrous sodium sulfate and 5

32 United States Steel Corp., Chemists’ Committee. Methods
of the Chemists of the United States Steel Corp. for the Sam-
pling and Analysis of Coal, Coke, and Byproducts. Carnegie
Steel Co., Bureau of Technical Instructions, 3d ed., 1929, pp.
134-136.

Leveling bottle

Gasometer

Light oil
freezing tube

Dry Ice-acetone Rubber tubing

Vacuum jar

F1GURE 40.—Apparatus for Fischer-Schrader Low-Temperature Carbonization Assay.
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percent, by volume, of sulfuric acid. The
gasometer is provided with a thermometer
and manometer and is connected to a leveling
bottle for controlling the gas pressure.

Procedure

Charge 50 grams of air-dried coal crushed
to pass a No. 20 sieve to the aluminum retort.
For very strongly swelling coals reduce the
weight of the sample to 30 to 40 grams. It
has been reported that successful assays of
a full 50-gram charge of even the highest
swelling material may be made if the top of
the retort is filled with a loose plug of glass
wool that extends downward below the retort
outlet.3® After the coal has been charged
into the retort, seat the retort plug tightly
into place with a thin film of flake graphite-
mineral oil paste. Insert the thermometer or
thermocouple in the well, and put the retort
shield in place.

Weigh the tar-water receiver to the near-
est 0.01 gram and attach it by a well-fitting
cork to the outlet tube of the retort. The
outlet tube extends 11.5 cm into the flask.
To keep the cork from charring and to make
a gastight joint with the outlet tube, coat
the top of the cork with glycerin-litharge
cement. Attach the drying tube to the tar-
water receiver by a glass-to-glass connection
and immerse the receiver to its neck in the
ice-water bath.

Insert the light-oil freezing tube with stop-
cocks open in the freezing mixture. After
temperature equilibrium is reached, close the
stopcocks, remove the freezing tube, bring to
room temperature, and dry. Weigh the tube
to the nearest 0.001 gram and replace in the
freezing mixture. After temperature equi-
librium is reached, attach it to the U-drying
tube.

Connect the gasometer filled with the con-
fining liquid to the system through the freez-
ing tube.

Open the stopcocks on the freezing tube
and gasometer and test the system for leaks
by putting it under reduced pressure by
lowering the leveling bottle attached to the
gasometer. If any leakage occurs, remove
the plug on the retort and reseat. Normally,
no trouble is experienced with leakage if the
joint between the plug and retort is well
ground.

33 Hensel, R. P. Prevention of Frothing in Fischer Assay
Method. Anal. Chem., v. 26, 1954, p. 1393.
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FIGURE 41.—Time-Temperature Curve for Fischer-
Schrader Low-Temperature Carboni-
zation Assay.

Carbonize the coal at a rate conforming to
the time-temperature curve shown in figure
41. Adjust the primary-air ports on the
Meker burner to give a long flame that en-
velops the bottom and sides of the retort.
With a little practice, no difficulty will be
experienced in regulating the temperature.
Raise the temperature of the retort to a
maximum of 500° C in about 50 minutes.
Continue the heating at 500° C (== 3°) until
the gas evolution is not more than 25 ml in
10 minutes. The total time of carbonization
generally is about 3 hours, the exact time
depending on the weight of charge and the
rank of coal. Maintain the pressure in the
system at atmospheric during the test.3*

After carbonization is completed, turn off
the gas burner and close the stopcocks. Re-
cord the volume of gas, its temperature, and
the barometric pressure. Disconnect the
tar-water receiver from the system, and
stopper the outlet of the retort. Disconnect
the freezing tube from the gasometer, but
keep it in the freezing mixture.

Weigh the tar-water receiver; the increase
in weight represents the total tar plus water.
Determine the water content of the tar-
water mixture by the ASTM Standard
Method of Test for Water in Petroleum
Products and Other Bituminous Materials

3¢ For a more careful investigation of the gas obtained from
the assay, the contents of the train at the end of the test are
mixed with that in the holder by recirculation. By means of a
small pump the gas is recirculated through a water trap, flow-
meter, and drying tube into a second side-arm on the tar flask
and on through the train. This is continued for 10 minutes, with
the temperature of the retort maintained at 500° C, at a rate of
about 1000 ml per minute, which is sufficient to change the gas
in the gasometer about three times.



50 METHODS OF ANALYZING AND TESTING COAL AND COKE

(D 95-62),35 except that toluene is used as
the solvent. After the side arm has been
stoppered, use the tar-water receiver as a
distilling flask for the water determination.
Add about 75 ml of toluene to the flask, at-
tach a Stark-Dean moisture tube and reflux
condenser, and boil the contents of the flask
until all of the water is collected in the mois-
ture tube. Convert the volume of water
directly into grams by assuming a specific
gravity of 1.00. Determine the weight of tar
by deducting the weight of water from the
weight of the tar-water mixture.

Purge the light-oil freezing tube in the
Dry Ice-acetone mixture with dry air to
remove any residual gas. Close the stopcocks
and remove the freezing tube from the freez-
ing mixture and allow it to come to room
temperature. Weigh the tube immediately,
since the light oil is extremely volatile and
will escape; the increase in weight repre-
sents the light oil.

After the retort has cooled, remove and
weigh the coke or char, and record its ap-
pearance after considering the following
physical properties:

Degree of fusion—complete, partial,
slight, none.

Swelling—much, some, slight, none.

Cells—Ilarge, medium, small, none.

Color—silver gray, black.

Luster—bright, medium bright,
dull.

Take the weight of gas as the difference
between the weight of the original sample
and the sum of the weights of the coke or
char, tar, water, light oil, and hydrogen
sulfide. Correct the volume of gas, measured
in ml, to standard conditions of 60° F and 30
inches of mercury, saturated with water
vapor. This volume may be converted to
cubic feet per ton of coal by multiplying by
the factor 0.641.36

Collect a sample of gas from the gasometer
and analyze it in a Bureau of Mines-type
Orsat apparatus.?” The following con-
stituents are determined: Carbon dioxide
and hydrogen sulfide, illuminants, oxygen,
hydrogen, carbon monoxide, methane, and
ethane; nitrogen is obtained by difference.

35 American Socicty for Testing and Materials. Specification
for Dctermination of Water in Petroleum and Other Bituminous
Materials. D 95-62 in 1965 Book of ASTM Standards: Part 17,
Petroleum Products—Fuels; Solvents; Lubricating Oils; Cutting
Qils; Grease; pp. 44-47 and Part 18, Petroleum Products—
Measurement and Sampling—LPG; Light Hydrocarbons; Plant
Spray Oils; Sulfonates; Crude Petroleum; Petrolatum; Wax;
Graphite ; pp. 4-7, Philadelphia, Pa. 1965.

36 Page 143 of work cited in footnote 32.

37 Fieldner, A, C., G. W. Jones, and W, F. Holbrook. The
Bureau of Mines Orsat Apparatus for Gas Analyses. BuMines
Tech. Paper 320, 1925, 18 pp.

To determine the hydrogen sulfide, bubble
a known volume of the gas, which usually is
1,000 ml, through about 10 ml of a 1:1 potas-
sium hydroxide solution in an absorption
bulb. Remove the solution from the bulb and
wash the bulb with several portions of
water; dilute the solution to 100 ml in a
volumetric flask, add a 25-ml aliquot slowly
with constant stirring to a beaker containing
about 100 ml of water, 10 ml of standardized
0.1 N iodine solution, and 6 to 7 ml of con-
centrated hydrochloric acid. Titrate back the
excess iodine with standard 0.1 N sodium
thiosulfate, using starch as indicator.

Correct the gas analysis to an air- and
hydrogen sulfide-free basis for reporting
purposes.?® Calculate the heating value and
specific gravity of the gas from the analysis
of the gas and the heating values and specific
gravities of the constituents.3?

Calculate the percentage yields of the car-
bonization products from their weights and
the original weight of the air-dried coal.
Yields in gallons per ton of coal are cal-
culated by assuming a specific gravity of
1.00 for the tar and 0.76 for the light oil.4°
Specific gravities of tar and light oil from
individual coals may vary slightly from the
figures given; they are, however, an average
selected from data obtained in low-temper-
ature carbonization tests at 500° C by the
BM-AGA method.

The yields obtained on an air-dried coal
basis are calculated to the as-received and
dry-coal basis.

Duplicability of Results

No difficulty is experienced in checking
duplicate determinations within the follow-
ing limits:

Coke or char ..percent 0.4
Tar .- do 4
Water do 2
Light 01l ...ccveveeieriireciinennenns do..coecrernenns .10
Gas do 5
Gas .oceveerneend cu ft per ton of coal........ 100
Gross heating value of gas

Btu per 1b of coal............ 40

Bureau of Mines Low-Temperature
Carbonization Assay of Coal

The assay was developed to eliminate the
criticisms leveled at the early methods by
which certain of the more important prod-

38 “Ajr free” for this test is considercd to be free of oxygen
4+ equivalent nitrogen.

39 The illuminants obtained in this test are considered to be
equal parts of ethylene, propylene, and butylene.

40 To convert percent of coal to gallons per ton, multiply by
2.8965 for tar and by 3.156 for light oil.
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ucts were determined by difference. In the
present procedure all products are directly
weighed or determined volumetrically and
converted to equivalent mass. The develop-
ment of the assay has been reported in detail
in prior publications.#’ This assay has been
found to be a convenient and reliable method
for establishing carbonization yields of both
noncoking and coking coals at 500° C.

Apparatus

Apparatus shown schematically in figure
42 and assembled in figure 43 consists of:

(a) The carbonization retort proper is

made from 13-gage mild-steel boiler tubing,

41 Gomez, Manuel, and John B. Goodman. Distillation Assays
of Missouri River Basin Coals. BuMines Rept. of Inv. 5009,
1953, 9 pp.

Goodman, John B., Manuel Gomez, V. F, Parry, and W. S.
Landers. Low-Temperature Carbonization Assay of Coal in a
Precision Laboratory Apparatus. BuMines Bull. 530, 1953, 24
pp.

Goodman, John B., Manuel Gomez, and V. F. Parry. Lab-
oratory Carbonization Assay of Low-Rank Coals at Low,
Medium, and High Temperatures. BuMines Rept. of Inv. 5383,
1958, 49 pp.

Landers, W. S., J. B. Goodman, and D. J. Donaven. Low-
Temperature Carbonization Assays of Coals and Relation of
Yields to Analyses. BuMines Rept. of Inv. 5904, 1961, 41 pp.

A - Power meters

B - Autotransformer

C - Refort heating furnace and cose

D - Carbonization retort assembly

£ - Thermocouples

F.- Tar-water receiver, in ice-water bath
G - Tar-mist trap, glass-wool packed
H-Moisture absorbing tubes

7 -Hydrogen sulfiide absorber

J - Activated carbon trap (light oil)

K - Safety traps

L -Gas recirculation pump {packless bellows)
M- Stainless steel gasometer

N - Static pressure manometer

0 - Pressure regulator

P-Diol thermometers

@ - Stainless steel wool packing (loose)
R -Pump check valves

S~ Two point recarding potentiometer
T -Brine reservoir

2 inches OD by 7 inches in length, with a
welded 16-gage top and bottom. The gas - off-
take tube is constructed from a 7-inch piece
of % inch ID thin-wall seamless steel tubing,
welded to the retort top. The side gas - offtake
line is made from the same type tubing. This
latter offtake is approximately 12-inches
long and is welded to the vertical gas - offtake
tube 1 inch from the top, at an angle of 45°
with reference to the vertical gas - offtake
and charging tube. At the top of the vertical
section of the offtake tube, a standard Y4-inch
I.P.T. ground, bronze-seat pipe union is
welded. To the top half of the union is
brazed a Y;-inch OD by 0.199-inch ID type
306 stainless steel thermocouple well, which
extends into the retort chamber to a point 1
inch above the retort bottom at its midsec-
tion. Closure of the ground seat union effec-
tively prevents any leakage from the retort.

(b) The furnace cylinder is made from
a piece of 314-inch steel shafting, 9-inches
long, bored out to receive the 2-inch OD re-
tort. The boring is about 35-inch greater to

Insulotion

-

—]

¢ 3 3 9 12
Scale, inches

Compressed
air supply

FI1GURE 42.—Bureau of Mines Low-Temperature Carbonization Assay Apparatus.
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Figure 43.—Assembly of Bureau of Mines Low-Temperature Carbonization Assay Apparatus.

allow easy removal if a little scale or dirt
wedges between the walls. Three 750-watt
band type or magnesia insulated tubular type
electric heaters tightly encircle the cylinder.
The 2,250 watt potential heat input exceeds
that required for any carbonization assay
up to 500° C, but this reserve allows the
heater elements to operate at a lower cur-
rent level and prolongs their life. Loose
diatomite thermal insulation is poured
around the furnace cylinder and heater units.
The amount of current entering the heater
units is controlled by a variable autotrans-
former of 0- to 135-volt range and requisite
wattage. A pair of panel mounted indicating
ac voltage and current meters is used to
establish heating conditions.

The inside, or center thermocouple, meas-
ures the temperature of the coal charge and
indicates when carbonization is complete at
a specific temperature. The outer thermo-
couple is a bare-end type, and is inserted in
the thermostat steel. In boring this outer
well, a minimum wall thickness is provided
on the side adjacent to the retort, since it is
intended to measure, as nearly as possible,
the outside shell temperature of the retort.
Both couples are constructed from matched
22-gage base metal wires.

(©) As shown in figure 42, the tar- and

water-receiver is a 500 ml, round bottom,
short-ring-necked flask with a standard
taper 24/40 female ground-joint tube at-
tached at a 45° angle to the ring neck and
loosely packed with stainless steel wool turn-
ings. The ground joint section is about 3 to
4 Inches long. It accommodates the glass-
wool-packed tar-mist trap in the tapered
ground-joint tube and the small side gas-
recirculation outlet, which is fused to the
tube just below the ground joint section. The
recirculation outlet is, in turn, connected to
a packless bellows-type gas pump equipped
with check valves, or if this is unavailable,
to an 85 ml rubber gas-aspirating bulb on
the exhaust-valve side. The function of the
pump or gas bulb is to enable the operator to
circulate a large volume of the fixed gases
derived from the assay through the assay
train and gasometer system. The mixing in-
sures homogeneous gas composition for
analysis. A sulfur-free rubber stopper con-
nects the side gas offtake of the retort with
the tar-water receiver. Any water carried
through as vapor in the gas stream during
the course of an assay run is absorbed in the
Schwartz-type calcium chloride tube follow-
ing the tar-mist trap.
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(d) The hydrogen sulfide trap shown in
figure 44 is constructed from 11/4-inch-
diameter glass tubing 6 inches in length, and
provided with inlet and outlet tubes through
ring seals at the top. A standard taper 9/14
joint closed with a pennyhead stopper is
provided at the top for charging the absorber
with copper sulfate-impregnated siliceous
absorbent to about 5 inches of its length. The
remaining top 1 inch of the trap is filled with
anhydrous calcium chloride; a thin layer of
glass wool or cotton separates the impreg-
nated diatomite from the calcium chloride.
One charge of copper sulfate reagent lasts
about three to five gas determinations and
often more, depending upon the sulfur con-
tent of the coals. The degree of copper sul-
fate exhaustion is indicated by the formation
of a dark brown-black copper sulfide deposit
in the absorber tube.
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FI1cURE 44.—Hydrogen Sulfide Absorber.

(e) The light-oil trap is fabricated from
the male and female halves of a standard
24/40 tapered ground-glass joint, and has an
overall length of 7 inches. This trap has a
capacity of approximately 30 ml of 8 x 14
mesh activated carbon and 15 ml of 8 mesh
anhydrous calcium chloride. The gas stream
carrying the light oil vapor enters the top
of the trap and travels down through the
carbon and up through the drying charge of
calcium chloride.

(f) To prevent corrosion caused by the
saturated brine used for the gas-confining
liquid, the gasometer or gas holder, as indi-
cated schematically in figure 42 (items M
and T), is constructed from a 12-foot length
of 4-inch OD stainless-steel tubing (3853-
inch ID) with provision made for a domed
head and a flat-mounting base. The slightly
inclined reservoir section of the gasometer
is of the same material and size. All connect-
ing tubing and valves are of brass or stain-
less steel, and all welds are made with stain-
less-steel welding rod. The total gasometer
capacity as indicated on figure 42 is 23.5
liters, and the smallest division shown in the
side scale is 50 ml. Dial type thermometers
inserted in copper wells are placed at the 2-
and 8-foot levels of the gasometer to show
gas temperature. Stainless-steel petcocks
are placed at various levels to permit the
attachment of a gas-recirculation line at the
optimum point indicated by the volume of
the gas collected.

Through tubing and a needle-type by-pass
valve, the bottom outlet of the gasometer is
connected to the lower end of the brine
reservoir. A valving manifold provides all
connections necessary for operation. One
connection is made to the compressed-air
supply; a second connection is made to the
automatic pressure regulator, and a third
connection vents the gas to the atmosphere.

Procedure

Depending on its gas yield, fluidity, and
swelling properties, charge 125 to 200 grams
of coal previously crushed to l4-inch by O
size to the retort. Lower rank coals, if not
air - dried, vield higher total water at the
expense of the true coal substance, and thus
may reduce the test precision. The permis-
sible maximum moisture content of the
charge is 10 percent.

Introduce the coal charge into the assay
retort through the {5-inch gas-offtake tube,
D, figure 42. Maintain a free volume of not
less than one inch below the outlet of the gas-
offtake tube in order to prevent plugging
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due to expansion of the charge which may
occur with coking coals. Weigh the retort
and contained coal charge on a pulp balance
sensitive to 0.05 gram. Seal the retort by
inserting the center thermocouple well and
tightening the welded union nut. Attach the
dry, tared, tar-and-water receiver flask, F,
figure 42, to the 45° retort side gas-offtake
tube; connect the gas-recirculation line to the
side tube of the tar-and-water flask; and
place the entire assembly in a crushed ice-
‘water bath. Attach the glass-wool-packed
tar-mist trap to the tar-and-water receiver
by way of a ground joint. Connect a weighed,
Schwartz-type, 150 mm U-tube filled with
8-mesh anhydrous calcium chloride desiccant
to the outlet tube of the tar-mist trap. Con-
nect a previously prepared and weighed
hydrogen sulfide absorber to the open arm
of the calcium chloride U-tube and then to a
freshly activated carbon adsorption trap for
light oil collection. Fit all traps and ad-
sorbers used in the assay train with protec-
tive plug seals on the inlet and outlet tubes
when they are weighed on the analytical bal-
ance. The activated carbon sized to pass a
No. 6 sieve and retained on a No. 16 sieve is
freshly reactivated before use by heating in
a rotating tubular retort at about 300° C for
one-half hour, during which time dry steam
is passed through the charge. After steam-
ing, and while still hot, the activated carbon
is subjected to an absolute pressure of about
100 mm of mercury for about 30 minutes,
and is then rapidly removed from the retort
and stored in stoppered bottles for current
use.

Place two safety traps, K, figure 42, in the
gas circuits from the carbon trap to the
gasometer and from the gasometer to the re-
circulating gas pump, L, figure 42, to prevent
the saturated brine in the gasometer from
accidentally contaminating the carbon trap
or the tar-and-water receiver during recir-
culation of the carbonization gas at the
conclusion of the assay. Water vapor
carried over from the gasometer during
recirculation of the gas is removed by a
second calcium chloride U-tube located be-
tween the pump and the brine safety trap.
Small amounts of water taken up by the dry
gases entering the tar-water receiver during
recirculation are absorbed and accounted for
in the calcium chloride tube in the main col-
lection train.

Control the rate of heating by a variable
autotransformer of 0- to 135-volt range and
requisite wattage. The heating schedule
chosen for most lignites and higher rank
coals is one that reaches 500° C in about one

hour using a heating rate of 7° to 8° C per
minute. Continue the heating at the final
carbonization temperature for one additional
hour. Measure the temperature in the center
of the coal charge and at the wall of the re-
tort by automatically compensated thermo-
couples in the center well of the retort and
in the wall of the furnace, F, figure 42, and
recorded by a two-point temperature indicat-
ing-recording potentiometer. By means of
an automatic pressure regulator, O, figure 42,
hold the entire system at zero pressure or at
a slight vacuum the greater part of the assay
run to prevent leakage into or out of the sys-
tem.

At the termination of an assay, isolate the
gasometer from the lower brine reservoir.
To obtain a homogeneous gas sample repre-
sentative of the entire determination, recir-
culate the gas in the gasometer through the
train by means of a bellows-pump for at least
three minutes. Read the gas volumes to 50
ml and estimate to one-half of a division or
25 ml. Collect a gas sample from the gasom-
eter and analyze for carbon dioxide,
illuminants, oxygen, carbon monoxide, hy-
drogen, methane, ethane, and nitrogen in an
Orsat-type precision gas analyzer.

Reweigh the calcium chloride U-tube, the
hydrogen sulfide trap, and the activated -
carbon trap on an analytical balance. Weigh
the tar-and-water receiver, together with the
tar-mist trap, on a 2-kilogram capacity pulp
balance with a sensitivity of = 0.1 gram.
The differences in weights determined before
and after the assay test give the yields
directly of water in the gas, hydrogen sul-
fide, light oil, and tar-and water, respec-
tively. The water phase is separated from
the tar-water mixture by distillation with
xylene.*? Attach to the tar-and water re-
ceiver by ground glass joints a Stark-Dean
type moisture tube connected to a water con-
denser; add xylene to the receiver and reflux
the mixture for about one hour. Alter-
natively, when it is desired to recover the tar
for ultimate analysis, decant the major por-
tion of the water and dry the remaining tar
for three to four days over concentrated sul-
furic acid.

Allow the retort to cool and then reweigh
to obtain the yield of char or coke. During
cooling, close the angled gas-offtake tube
with a small stopper to prevent access of air
to the hot char or coke residue. When cool,
pour the char out of the retort through the
vertical gas - offtake tube, D, figure 42, if
lignites or weakly caking coals are assayed.

42 Work cited in footnote 3.
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If a strongly coking coal has been carbonized,
remove the bottom from the retort using a
thin hacksaw starting cut, then peeling the
bottom off and extracting the coke. Gas-weld
a new bottom plate onto the retort for subse-
quent usage, thus extending its life almost
indefinitely.

Report

As shown on the sample worksheets 1 and
2, the yields of all solid and liquid products
are directly calculated from weight determi-
nations while gas yields are obtained by the
actual measurement of gas volumes corrected

for specific temperature and pressure condi-
tions prevailing in various parts of the assay
equipment and converted to weight percent
from the composition of the gas.

To complete the material balance, calculate
the assay-distillation gas as a percentage of
the moisture- and ash-free coal according to
the following procedure. The total volume of
the carbonization assay system, exclusive of
that volume occupied by the adsorbents and
desiccants, is found by direct calibration to
be 1,620 ml for the apparatus used in the
sample worksheet 1. This volume is different
for another apparatus because of changes in
construction and layout. As shown in sample

Sample Worksheet 1.—Low-temperature carbonization assay data

Carbonization temperature:
0,

Weight grams:
Retort and coal
Retort, tare.........

Coal carbonized...... 199.0
Tar, water, and flas! 346.2
Flask................. 302.9
Tar and water. 43.3
Total water, b; 18.1
Tar residue....... 25.2
Dryer and moisture.. 64.0752
Dryer (CaCly)..... 63.9898
Moisture in gas... .0854
H:S tube and H:S. 176.7058
H:S tube, tare.... 176.2102
HoSingas........co.coons 4956
Light oil, trap, and carbon.. 81.8205
Trap and Carbon, tare 79.2276
Light oil... e 2.5929
Char resid 1,026.8
Pan, tare. 883.9
Net char. 142.9
Percent
Gas | Btuper
analysis cu ft
Total O2- and No-free cale
14.7 16.1
2.3 2.5
2.5 o e
9.5 10.4 83.5
9.9 10.9 .
49.3 54.0
5.6 6.1
6.2
100.0

Material balance:

Grams Percent

Proximate, percent:
H:0, as received 4.6, H:0, air dried
Volatile matter....41.2

Fixed carb............ 46.8
Ash, as received .. 7.4, Ash, airdried................................
Total.....

Btu, as received
Btu, moisture and ash free
Observed gas volume
Temperature, gasometer, 69°F....
Net gas, O2- and No-free (as carbonized), STP! ml/g...
Net gas, O> and No-free (as carbonized) STP! cu ft/lb..
Retort temperature, gas correction .

Observed barometer.......................

Correction................
Corrected barometer.

Calculated sp gr gas..
Volumes of system components

for assay unit, ml;
Retort
Tar-water receiver
Train and traps

Sample Worksheet 2.—Low-temperature carbonization assay: Assay gas calculations

A. Gas in gasometer (STP X gas-saturation factor at 69¢ F)

24.68 520

13500X—X—'X09764

529

10,659 ml

B. Gas in system after test: (V train) + (V trap) + (V retort)

24.68 _ 520 24 68
(720 X 30 X 5—2—5) + [(575 - 43.3)

520 142.9\ _ 24.68 520
492:‘ [(325_ X 30 * 1365

582 + 462 + 74 = 1,118 ml

C. Tota Jgas in system: Gas (gasometer) + gas (system after test)

10,659 + 1,118 =

=A+B
11,777 ml
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D. Net yield (O Nx-free) = 11,777 ml X (

. 10,752
©199.0

E. Net gas, ml per g

453.6

F. Net gas, cu ft per lb: 54.0 ml per g X 28,316

The yield of gas, expressed as weight-percent, is calculated from the
molecular distribution of elements in the carbon dioxide, illuminants,
carbon monoxide, hydrogen, methane, and ethane, all gases referred to
an oxygen- and nitrogen-free, dry, total gas. The volume-percent of the
individual gases, as determined by the Orsat gas analyzer, provides the
starting point for gas yield calculations. From the volume-percent is
obtained the elemental mole (carbon, hydrogen, and oxygen) volume.

Mole volume per 100 moles
Gas, O Per-
and No-free cent
Carbon Hydrogen Oxygen

16.1 161 | 16.1

2.5 7.0 7.0

10.4 104 | ... 5.2

109 | ... 10.9

54.0 54.0 108.0 | ...

6.1 12.2 183 | ...

100.0 99.7 144.2 21.3

The sum of the elemental mole volumes, when divided by the cal-
culated average volume (378 cu ft per b mole), for all gases mentioned,
taken at 60° F' and 80 inches of mercury, will yield the moles of the cal-
culated elemental gas (carbon, hydrogen, and oxygen) per 100 cu ft of
total gas yield.

Moles per cu ft of gas, O:— and N:— free

Carbon......ccoveieinian

worksheet 1, the total volume of the system

is composed of the volume of the retort, the .

volume of the tar-water receiver flask, and
the volume of the assay train. The gas vol-
ume remaining in the train at the conclusion
of a test is obtained by calculating the three
component volumes in the particular system
as shown in the sample worksheet 2.

(1) Reduce to standard gas condi-

tions the combined volumes of the calcium
chloride U-tubes, hydrogen sulfide trap, light-
oil (activated carbon adsorber) trap, brine
salf)ety traps, and connecting tubing (720
ml).

(2) Correct the volume of the gas in
the tar-water receiver flask for the volume
occupied by the stainless-steel packing and
the volume of condensed water and tar col-
lected at 32° F. .

(3) Calculate the volume of the gas
remaining in the retort by subtracting the
volume of residual char from the volume of
the retort, at the temperature indicated by
the center retort thermocouple, read at ap-
proximately the same time recirculation of
the gas has been completed. The assumption
is made that the char contained in the retort
has a true specific gravity of 1.6. Small
differences in specific gravity do not sig-

100 — 27

100) = 10,752 ml (STP, dry)

= 54.0 ml per g[(STP, dry) (Oz- and N:-free, as carbonized)]

= 0.865 cu ft per lb [(STP, dry) (02 and N:-free, as carbonized))

HYArOZen. ...t %,;'8—2- = 0.381
OXYZON ...ttt % = .056

The moles of each elemental gas, when multiplied by their respective
molecular weight expressed as pounds, will give the pounds of that
gas per 100 cu ft of the total assay-gas yield.

Lb per 100 cu ft of gas, O2- and N-free

CarDON......oieicicee e 0.264 X 12.01 = 3.171
381 X 2.016 = .768

.056 X 32.000 = 1.792

701 5.731

The sum of the pound weights of the elemental gases, when multi-
plied by the observed assay gas yield, expressed as cubic feet of gas
produced per pound of coal carbonized, will give the pounds of gas made
per 100 pounds of coal carbonized or the percent of gas.

5.7381 1b/100 cu ft X 0.865 cu ft per Ib = 4.96 1b gas per 100 b coal.
= 5.0 percent gas yield (as
carbonized coal basis).

To obtain the specific gravity of the assay gas, the weight of that gas
expressed as pounds per cubié¢ foot is divided by the weight of 1 cu ft
of air at standard conditions of 60° F and 30 inches of mercury. This
figure is taken to be 0.07657.

0.05731 1b per cu ft _
0.07657 Ib per cu ft = 0-748

nificantly affect the computed gas volumes.

The total gas volume obtained from
carbonization of the coal charge is the sum
of the gas volumes in the gasometer and the
system. The observed gasometer volume is
reduced to standard gas conditions of 60° F
and 30 inches mercury pressure and further
correction for water saturation. For report-
ing purposes recalculate the total gas volume
to an oxygen- and nitrogen-free basis. This
step gives the final net volume of gas.

PETROGRAPHIC ANALYSIS OF
COAL

Coal is composed of various physical com-
ponents, some of which are visible to the
unaided eye while others may be seen only
under a microscope. There are a number of
systems of description and classification of
these components. Those used in describing
the appearance of coal under the microscope
may be combined into two major groups, de-
pending on whether the coal is observed by
transmitted or reflected light. For the
former observations sections of coal thin
enough to transmit considerable light are re-
quired; the latter studies are made on
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polished surfaces. Thin section methods were
pioneered in the United States by Dr. Rein-
hardt Thiessen of the Bureau of Mines, and
have been used by the Bureau for many
years.*3 Studies of polished surfaces of coal
were developed mainly in Europe, but have
been used extensively in this country in re-
cent years. In fact, there has been very
recent agreement among American coal
petrographers that a method involving
measurement of reflectance of the various
recognizable components is the most promis-
ing for correlation with utilization of coal.

Thin Section Analysis by Transmitted
Light

The most recent complete description of
the Bureau of Mines method of petrographic
analysis of coal using thin sections was pub-
lished in 1948.4* In this method components
termed anthraxylon, translucent attritus,
opaque attritus, and fusain are determined,
in addition to mineral matter. The term
anthraxylon is applied to orange-to-red
bands or lenses wider than 0.014 mm in the
direction perpendicular to the bedding, fairly
homogeneous in appearance but often show-
ing evidences of cell structure. Translucent
attritus consists of anthraxylous material
less than 0.014 mm and yelow spores, pollen,
and cuticles of characteristic shape. Opaque
attritus consists of irregularly-shaped black
masses, sometimes having a granular struc-
ture. Fusain also consists of irregular
opaque masses, but it has a characteristic
fibrous, cellular structure. However, fusain
less than 0.037 mm in the direction per-
pendicular to the bedding is classed with the
opaque attritus.

Petrographic thin section analysis is
usually made on specimens obtained from
column samples cut out of a coal bed from
top to bottom. The specimens are small
blocks measuring approximately 1'x 0.8 x 0.5
inches. The 0.8-inch dimension is in the ver-
tical direction of the column or bed, so that
the total of the 1 x 0.8-inch faces represents
a ribbon area over the entire height of the
bed, excluding the material lost in cutting
between the blocks. One such face of each
block is ground flat on a silicon carbide lap,
further smoothed on a fine Belgian hone, and
finally polished on a cloth lap using alumina

13 Parks, B. C., and H. J. O’Donnell. Petrography of Ameri-
can Coals. BuMines Bull. 550, 1957, 193 pp.

XD Determination of Petrographic Components of
Coal by Examination of Thin Sections. Trans. AIME, Coal Div.,
v. 177, 1948, pp. 535-551; AIME, Coal Technol., Tech. Pub.
2492, November 1948, 17 pp.

powder. This face is cemented to a glass
microscope slide with a mixture of Canada
balsam and marine glue. The opposite face is
then ground on laps and the hone until the
coal begins to transmit light. The section is
finally ground to the desired uniform thick-
ness by grinding on the hone with localized
finger pressure on areas appearing to be rela-
tively thick when the section is held up to a
strong light. Final steps in this process and
polishing of the surface are performed with
a piece of cork dipped in a fine polishing
powder. All of these grinding and polishing
steps are conducted under running water or
with wet materials. The final thickness of the
coal section is between 5 and 10 microns. A
microscope cover glass is cemented over the
finished section for protection.

Microscopic analysis of thin coal sections
is conducted with a Dbiological microscope
equipped with 15X binocular eyepieces, with
16 and 32 mm objectives to attain magnifica-
tions of 60X and 150X. Anthraxylon is meas-
ured at 150X and opaque attritus, fusain,
and mineral matter at 60X. Translucent at-
tritus is determined by difference. Measure-
ments are made by means of a Whipple
micrometer disk inserted in one of the eye-
pieces. This is a glass disk on which is
centered a T mm square field divided into one
hundred 0.7 mm squares with the central one
subdivided into twenty-five 0.14 mm squares.
The effective sizes of these squares under
different magnification conditions are de-
termined by comparison with a stage mi-
crometer.

To begin the analysis, an area of the sec-
tion near the center of the left half and at
the top or bottom of the section is observed
in the eyepiece containing the Whipple disk.
In particular the ribbon of the section cov-
ered by the central vertical tier of squares is
observed. The remaining squares are masked
for convenience. The number of squares or
fractions of squares occupied by each com-
ponent is estimated and recorded. The stage
is then moved the length of the tier of
squares, and the components in this field are
estimated. This procedure is continued until
the opposite edge of the section is reached.
Measurements are next made by a similar
traverse near the center of the right half of
the section. Proportions of each component
determined in the two traverses are aver-
aged. A detailed study ** of the errors in-
volved in this type of thin section analysis
showed that the percentages of components
present in a column sample of a coal bed as

45 Work cited in footnote 44.
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determined by the above described technique
should not usually be in error by more than
2 percent.

Polished Surface Analysis by
Reflected Light

In petrographic analysis of coal by re-
flected light microscopy, various investigators
have made determinations of components or
assemblages of components defined or de-
scribed by different methods. There has been
a greater diversity of techniques of polished
surface analysis than of thin section analysis.
In the method usually used at the Bureau of
Mines the proportions of the so-called mac-
erals (analogous to minerals in rocks),
termed vitrinite, exinite, micrinite, fusinite
and semifusinite, are determined, together
with the amount of recognizable mineral mat-
ter. Vitrinite, the principal maceral of bright
coal, is dark to light gray in appearance and
may or may not show cell structure. It is
nearly analogous to anthraxylon. Exinite is
composed of the remains of spores, pollen,
and cuticles. It is usually recognized by mor-
phology and very low reflectance. It is an
ingredient of translucent attritus. Miecrinite
is completely structureless, has a high re-
flectance, and occurs in granular or massive
form. It is the major part of the opaque at-
tritus. Fusinite always shows a characteris-
tic fibrous, cellular structure and has high
reflectance. The fusain of the thin section
classification consists almost entirely of fusi-
nite; fusinite less than 0.037 mm is classed
with opaque attritus. Semifusinite, repre-
senting the transition stage from vitrinite to
fusinite, also has the fibrous, cellular struc-
ture but a lower reflectance than fusinite. In
thin section analysis it may be classed with
translucent attritus, opaque attritus or fusain
depending on its relative translucency and
size.

Petrographic analysis by reflected light
may be conducted on blocks similar to those
cut out of a column sample for thin-section
analysis. They must, of course, be well
polished on one face perpendicular to the
bedding. However, the reflected light method
is especially suited to analysis of broken or
granular coal. For this purpose, the received
sample of broken coal is reduced in amount
and particle size by successive breakage and
rifiling steps until two equivalent 10-gram
samples passing a No. 20 sieve are obtained.
From each of these, 414 gram portions are
taken with a spatula for incorporation into a
briquet using a thermoplastic binder. Sev-

eral thermoplastics having a low melting
point and hardness similar to that of coal
have proved satisfactory. A 5-gram quantity
of the plastic is melted and the coal sample
stirred in until well dispersed. The hot mix-
ture is poured into a mold of aluminum foil
shaped into a 1-inch cube. When the mixture
has set at room temperature the foil is
stripped away. One face of the resulting
briquet is then ground and polished by a
technique similar to that used in preparing
thin sections. However, more care is taken
in the final polishing on the cloth lap so that
a well-polished surface nearly free of
scratches is obtained. The briquet is then
mounted and leveled on a microscope slide by
being pressed into modeling clay with a hand
press.

Petrographic analysis in reflected light is
made using a metallographic binocular micro-
scope. A 25X oil immersion objective is used
together with pairs of 10X or 15X oculars to
give magnifications of 250X or 375X.
Glycerin or cedar oil may be used as an im-
mersion medium, the former for convenience
in removal with water and to obviate minor
repolishing for later use, the latter for better
optical conditions or for photomicrography.
The same Whipple disk as used in thin sec-
tion analysis is also used in this technique,
and the procedure of estimation of propor-
tions of components is similar. Of course the
components determined in the two methods
are different and only partly analogous, as
described previously. Five equally-spaced
traverses are usually made on each of the two
equivalent briquets, and the final results are
averages of ten traverses.

Because briquets of a common coal sample
usually contain a heterogeneous assortment
of components, the precision of the above de-
termination is not much better than 5 per-
cent. This could be improved, if desired, by
making more traverses. The apparent greater
precision of the thin section method men-
tioned earlier (2 percent) was the result of
twenty traverses over ten thin sections. A
more detailed study of the two methods would
be necessary for a better comparison.

CLASSIFICATION OF COALS

Because of the worldwide occurrence of
coal deposits, the numerous varieties which
are available, and the diversity of uses, ef-
forts have been made in this country and
abroad to develop systems for classifying
coal according to characteristic properties
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TABLE 7.—Classification of coals by rank!
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Fixed carbon limits, Volatile matter Calorific value limits,
per cent limits, percent Btu per pound
(dry, mineral- (dry, mineral- (moist,? mineral-
matter-free basis) matter-free basis) matter-free basis)
Class Group Agglomerating
character
Equal or Equal or | Equal or
greater Less Greater less greater Less
than than than than than than
Il. Metaanthracite 98 | ... 2
I. Anthracitic............ 12. Anthracite..... 92 98 2 8 i e e
3. Semianthracite. 86 92 8 14 | Nonagglomerating?®
1. Low-volatile bituminous coal........ 78 86 14 22 | o
2. Medium-volatile bituminous coal 69 78 22 31 O o
II. Bituminous.......... 3. High-volatile A bituminous coal..| ... 69 31 414,000 Commonly =
4. High-volatile B bituminous coal.. 413,000 14,000 agglomerating?
| 5. High-volatile C bituminous coal..| ... | .. {f 11,500 13,000
10,500 11,500 Agglomerating
[1. Subbituminous Acoal..............| ... | ... 10,500 11,500 Nonagglomerating
III. Subbituminous..|<2. Subbituminous Beoal....................| ... 9,500 10,500
|3. iubbitu:ininous Ccoal....coocovel s 1 8,300 g, ggg ......
P L.Lignite Ao e e | s 6,300 5
IV. Lignitic {2. Lignite B o 6300 |

1 This classification does not include a few ccals, principally
nonbanded varieties, which have unusual physical and chemical
properties, and which come within the limits of fixed carbon or
calorific value of the high-volatile bituminous and subbituminous
ranks. All of these coals either contain less than 48 percent dry,
mineral-matter-free fixed carbon or have more than 15,500 moist,
mineral-matter-free British thermal units per pound.

2 Moist refers to coal containing its natural inherent moisture
but not including visible water on the surface of the coal.

determined by laboratory methods.

As can be expected, many national classi-
fication systems have been developed in ac-
cordance with characteristics of domestic
coals without reference to coals of other
countries. Terms for describing similar or
identical coals differed in each nation. Be-
cause of increased trade among various na-
tions after World War II, efforts were made
to develop an international system for classi-
fying coal to eliminate confusion in inter-
national trade and to facilitate exchange of
technical and scientific information on prob-
lems of coal research and utilization.

Information on the American and Inter-
national systems of coal classification is pre-
sented in this section of the publication.

American System

The Bureau of Mines cooperated in the
development of a system for classifying
American coals, which later became the
ASTM (American Society for Testing and
Materials) system for classification of coals
by rank according to their degree of meta-
morphism or progressive alteration in the
natural coalification series from lignite to
anthracite. Recently, the system has been
revised and published as Tentative Specifica-
tion (ASTM Designation D 388-64T) for
Classification of Coals by Rank.%¢

46 American Socicty for Testing and Materials. Tentative
Specification for Classification of Coals by Rank. D 388-64T in
1965 Book of ASTM Standards: Part 19, Gaseous Fuels: Coal
and Coke. Philadelphia, Pa., 1965, pp. 73-78,

3 If agglomerating, classify in low-volatile group of the

bituminous class.

4 Coals having 69 percent or more fixed carbon on the dry,
mineral-matter-free basis shall be classified according to fixed
carbon, regardless of calorific value.

5 It is recognized that there may be nonagglomerating varieties
in these groups of the bituminous class, and there are notable
exceptions in high-volatile C bituminous group.

With the permission of ASTM, the classifi-
cation system is shown in table 7. It is based
on the parameters of fixed carbon and cal-
orific value (expressed in Btu per pound)
calculated to the mineral-matter-free basis.
The higher-rank coals are classified accord-
ing to fixed carbon on the dry basis; the
lower-rank coals according to calorific value
on the moist basis. Agglomerating character
is used to differentiate between certain ad-
jacent groups.

Because the mineral matter in coal cannot
be analytically determined, the following
method of calculating to the mineral-matter-
free basis from the determined ash content
is used: Parr formulas: ¢7

Dry, Mm-free FC =
Btu — 0.15S

100 — (M -+ L.08A + 0.558) < 100 (1)

Dry, Mm-free VM —

100 — Dry, Mm-free FC (2)
Moist, Mm-free Btu =

Btu — 508

100 — (1.08A) -+ 0.55S (3)
where :
Mm = mineral matter,

Btu = British thermal units per pound
(calorific value),

47 Parr, S. W. The Classification of Coal.
Univ. Illinois, Bull. 180, 1928, 62 pp.

Eng. Exp. Sta.,
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FC = percentage of fixed carbon,
VM = percentage of volatile matter,
M = percentage of moisture,

A — percentage of ash, and

S — percentage of sulfur.

“Moist” refers to coal containing its nat-
ural inherent or bed moisture, but not in-
cluding water adhering to the surface of the
coal.

If it is impossible to sample the coal with-
out including visible surface moisture, or if
there may be other reason to question the
accuracy of inherent moisture content deter-
minable from the sample, and the coal is
likely to be classified on the “moist” basis,
the sample shall include the following state-
ment in the description: “Moisture question-
able.” Samples so marked shall not be used
for classification on a moist basis unless the
equilibrium moisture of the particular coal is
determined according to “Method of Test for
Equilibrium Moisture of Coal at 96-97 Per-
cent Relative Humidity and 30° C as de-
scribed in this publication.

International Systems

Whereas the ASTM system provides for
classification of all ranks of coal, interna-
tional classification is based on two systems,
one for the hard coals and the other mainly
for brown coals and lignites. The borderline
between the two international systems is
placed at 10,260 Btu per pound (5,700 keal
per kilogram) moist and ash-free.

International Classification of Hard Coals
by Type

As a result of an exchange of information
on existing national systems of coal classifica-
tion and extensive laboratory work by a
working group in which the Bureau of Mines
participated, a paper was published by the
Economic Commission for Europe as a
United Nations document in December
1956.48

The Bureau has published information on
this classification system and its application
to American coals.*® The following discus-
sion has been prepared from this publication.

Figure 45 shows the international classifi-
cation of hard coals by type. The term “hard
coal” is defined as coal with a gross calorific

48 United Nations’ Economic Commission for Europe. Inter-
national Classification of Hard Coals by Typve. E/ECE/247,
EZ/ECE/COAL/IIO. U.N. Pub. Sales No. 1956 II E. 4, 1956,
52 pp.

19 Ode, W. H., and W. H. Frederic. The International Systems
of Hard-Coal Classification and Their Applications to American
Coals. BuMines Rept. of Inv. 5435, 1958, 19 pp.

value of more than 10,260 Btu per pound
(5700 kecal per kg) on the moist ash-free
basis. Coals classified in the American So-
ciety for Testing and Materials system as
anthracite, bituminous, and higher rank sub-
bituminous are included in the international
system according to this definition. While
names are used in the ASTM system, a num-
bering system is used in the international
classification. Moreover, in the ASTM sys-
tem, coals are classified on the mineral-
matter-free basis and in the international
system on the ash-free basis.

In the international system the hard coals
are separated into nine classes according to
their volatile-matter content, calculated on a
dry, ash-free basis. The first five classes in-
clude coals with a volatile-matter content to
33 percent, while the gross calorific value on
the moist, ash-free basis is used to separate
coals containing more than 33 percent vola-
tile matter into classes six to nine.

The nine classes of coal, based on volatile-
matter content and calorific value are divided
into groups (0-3) according to their caking
properties when heated rapidly. Either of
two methods—the free-swelling test or
Roga test—may be used to measure caking
properties.

The coal groups are further divided into
subgroups (0-5) according to coking prop-
erties, as measured by tests in which the coal
is heated slowly. The coking properties are
measured either by maximum dilatation,
using the Audibert-Arnu method or by Gray-
King coke type.

The numerical values obtained from the
respective tests are combined into a three-
figure code number to arrive at the proper
classification of the coal. The first figure in-
dicates the class of coal, the second figure,
the group, and the third figure, the subgroup.

In figure 46 are compared the class num-
bers and group boundaries of the interna-
tional system with those of the ASTM classi-
fication. As the figure shows, the group
boundaries in the two schemes are quite
similar; thus class numbers in the interna-
tional system are nearly equivalent to group
names in the ASTM Classification.

International Classification of Brown Coals
and Lignites

According to a proposal of the Classifica-
tion Working Party with which the Bureau
of Mines cooperated by having representa-
tives at meetings and by performing labora-
tory research, coals with less than 10,260 Btu
per pound (5,700 kcal per kg), moist, and ash



61

METHODS OF ANALYZING AND TESTING COAL

q|/mg (Aiptwny aaypjal 13d 94 ‘D . OF) SISDQ 3314-ysD ‘4SIOW UO 3N|DA J1J1IO|DI $SOID [

1ayow B|yp|oA 2d OZ-91< | ° ' 9ZEE

Jayow
*ysp jo juadiad Q| OF § YHM |POD 4O PI3IA WNUWIXDW D MO||D PINOYS UOHDIOY 1O} Paid[as ApADIB oyeds ay)  ‘(supew ayondoiddpiayio Auo Jo)

ojoA pd 91-yI< ' pZEE ()

poyjew yuis-pup-poy A10ioqo| A padnpas aq isnul it ‘swajsAs juasaid ayy o} BuIPI0IID UOKDIYISSDID MO|ID OF YB1Y 0O} SI [DOD JO JUBIUOD YsD 3y asaym (I )} BN

(1a4pwWw 3)1ypjOA 45d £E 9A0QD Jajawpind d1IOJIDd AQ PUD JBKPW .3|HB|OA A £¢ 0} dn JapOW 3|14D|oA Aq PaulwIaiaq)

S3ISSV10
08601 09621 0S6'ET | e _ _ _ _
op 0d 06-2¥ 6 _osz01< |-os601< |-osezr< | OSOEIS - - = 1 Jewnind 403 —
M“ m“ WW|MM w EA_ ) (334-yse ‘Aip) S0
- - - - - -69<-¢< - )
Jayow a|l4pjoA od | p—EE 9 SO ee< ge< ge< < ge-gz< | 82-02< | 0z-v1< | ¥1-01< oif< £-0 T Jenew apmelop
‘40 Juajung JaYP-31)R|0A BjRLIYOIdde
ue aAey sasse|d Buimo|(oy ay} ‘uoijedipul ue sy 6 8 A 9 g 4 € 4 1 0 —— Y3IBWNN SSY10
8 | v \
v BuiuazjosuoN 0 006 008 00L 009 005 0oy 00¢ 00z : -0 £-0 0
001
N N
a-g Kjuo uonoenuod 1 118 1L 119 116 1884 11¢€ 112
N N 0z-5< 21 1
9-3 0> 4 218 [a93 219 21§ 2y zIe z1e
N
a-g Ajuo uonoenuo) 1 128 12L 129 128 jt44 1€ /
9-3 0= 4 zz8 2zt 229 zzs ey zee / -0z < v-§2 4
N
v9-l9 05-0< € €28 €2L €29 €25 x44 €2€ \
= 2L 2€9 265 2y )
9-3 0> Z 2€8 zee | zeg
v9-lg 050 < € / €EL €€9 €€S €EY £€€
s < ¥< €
/ N
895-Sp or1-05< 14 ve9 yE€S veY yEE
89 < ovl < S / 5€9 GES sev
(saquinu
-Aeis Jelewole;g ‘sanadoid Buod AQ pauiuaap ‘dnoiBqns ayy sajedipul aandly paIyl ay L xapu| eR0y mm,m.m_n_uﬁi
YIEWNN 'saipiadoud Buiyes AQ pauiw.a}ap ‘203 jo dnoi8 ay) Saledlpur aindly PuUodas ay| XOpULBUIIBMS-3314 | y3g N
d4NOY¥9ENS 1ayow 3|1ojoA $3d €€ 3A0QD JajawpIDd dy140|D> Aq pUD Jaubw 3|yP[oA pd gE o4 dn jusjuod dNoYo
SYILIWVHYd dNOYOHENS JoyeW-3(118|0A AQ PBUILLIIAP ‘10D BY} JO SSEIO BY) S31eDIpUl Jaquinu 3pod 3y} Jo aindly 1siy 3y SYILIWVHYd dNOYD
JANILYNY3LTY JAILYNY3LTY
(sanadoid Bunjod AqQ paulwialap) (sanadoad Buiyeds Aq paulwsalap)
SdNoUsENs SHIBINN 3000 sdnous

International Classification of Hard Coals by Type.

FIGURE 45.



62

METHODS OF ANALYZING AND TESTING COAL AND COKE

PSR SRS N SRS S SR ST SN S T S S TR

||

International
classification, o] 1 2 3 4 5 6 7 8 9
class number
T T mvr.lg..,. T — ,.,,f.laboé‘.l.zéoor,,,, T
5 Volatile-matter parameterl/ 20 25 30 y 14,000 Calérif\c-value par’ameterE/ 11,000 10,000
|

P T IO S R S S |

.
Meta
ASTM .
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Medium-volatile
bituminous coal

High—\éo\atl\e High-volatile C bituminous
coal and subbituminous A

coal

Subbituminous B
coal

High-volatile A
bituminous coal | bituminous

coal

_1/ Parameters in international system are on ash-free basis; in ASTM system, they are on mineral-matter-free basis.
2/ No upper limit of calorific value for class 6 and high-volatile A bituminous coals.

FI1GURE 46.—Comparison of Class Numbers and Boundary Lines of International System With Group Names
and Boundary Lines of ASTM System.

free should be classified as brown coals and
lignites.5°

The parameters chosen for classifying the
lower rank coals were total moisture and
vield of low-temperature tar. As a correla-
tion exists between the total moisture and
calorific values of the lower rank coals, the
moisture parameter indicates the value of the
coal as a fuel; the yield of tar indicates the
value of the coal for chemical processing.

Low-rank coal refers to the relative posi-
tion in the scale of rank classification, that is,
according to the degree of metamorphism, or
progressive alteration, in the natural series
from lignitic coals to anthracite. It does not
refer to the quality or grade of coal.

The Bureau has interpreted the interna-
tional system and discussed its application
to American low-rank coals.’? The following
information has been adapted from this
publication.

The coals are first classified according to
their total moisture content as ash-free coals.
Total moisture is that contained in freshly

50 United Nations’ Economic Commission for Europe. Mining
and Upgrading of Brown Coal in Europe—Developments and
Prospects. E/ECE/297, E/ECE/Coal/1248. U.N. Pub. Sales No.
1957. II E. Mim. 20, October 1957 ; Internal Documents Service,
Columbia Univ. Press, New York, 1957.

51 0de, W. H., and F. H. Gibson. Intcrnational System for
Classifying Brown Coals and Lignites and Its Application To
American Coals. BuMines Rept. of Inv. 5695, 1960, 20 pp.

mined coal. The class numbers and corre-
sponding range of moisture values are:

Total moisture
ash-free, percent

20 and less
>20-30
>30-40
>40-50

Class No.:

The coals divided into classes according to
total moisture are subdivided into groups by
yield of low-temperature tar, calculated dry
and ash free.

Group numbers with corresponding range
of tar yields are:

Tar dry,
ash-free, percent

10 and less
>10-15
>15-20
>20-25
>25

The classification of brown coals and lig-
nite as shown in table 8 is indicated by a
four-figure code number. The first two fig-
ures identify the class and the last two, the
group.

Data on total moisture and tar yield of 73
American coals ranging from subbituminous
B coals to lignite indicated that these coals
can be classified by the international system.

TABLE 8.—International classification of coals with gross calorific
value below 10,260 Btu/lb (5,700 kcal/kg (Statistical Grouping)

Class parameter: Total moisture, ash-free, percent
Group parameter: .
Group No. Tar yield (dry,

ash-free), percent 0-20, >20-30, >30-40, >40-50, >50-60, >60-70,
class 10 class 11 class 12 class 13 class 14 class 15

>25 1040 1140 1240 1340 1440 1540

>20-25 1030 1130 1230 1330 1430 1530

>15-20 1020 1120 1220 1320 1420 1520

>10-15 1010 1110 1210 1310 1410 1510

<10-10 1000 1100 1200 1300 1400 1500

1 Moist, ash-free basis (30°C/96 percent relative humidity).
2 Total moisture content refers to freshly mined coal. For
internal purposes, coals with a gross calorific value over 5,700
kcal/kg (maf), considered in the country of origin as brown

coals but classified as hard coals for international purposes, may
be classified under this system, to ascertain, in particular, their
suitability for processing. When total moisture content is over
30 percent, gross calorific value is always below 5,700 kcal/kg.
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PREPARATION OF LABORATORY
SAMPLE

Most coke samples analyzed in the Bureau
of Mines laboratory are prepared without
air - drying, but, if the coke sample is wet, it
is air - dried in the same manner as a coal
sample (See ‘‘Preparation of Laboratory
Sample With Preliminary Air-Drying.”).

If the dry (or air-dried) sample is larger
than 14 inch, it is crushed mechanically with
a jaw crusher or by hand on a chilled iron or
hard-steel plate by impact of a hard bar or
sledge, avoiding all rubbing action; other-
wise, the ash content will be increased mate-
rially by the addition of iron from the
sampling apparatus, even though hardened
iron or steel is used. Crushing is continued
until all the sample is finer than 14 inch; the
sample is then mixed and reduced on a large
riffle sampler to approximately 5 pounds. The
5-pound sample is crushed further by means
of a hard-steel roll crusher to pass a No. 20
sieve, mixed, and reduced on a 1/-inch riffle
sampler (fig. 2) to 200 grams. The 200-gram
portion is put in the porcelain jar (1 gallon
capacity) of a ball mill and ground to pass a
No. 60 sieve. The jar is slightly more than
half - full of well-rounded flint pebbles, which
are about 34 inch in diameter, and it makes
45 to 50 revolutions per minute. The wear of
the pebbles and the interior of the mill do
not increase the ash content appreciably.

Coke requires 14 to 1 hour of grinding to
be pulverized to pass a No. 60 sieve. When
pulverization is completed the contents of the
jar are poured on a li-inch square-mesh
screen, the sample is separated from the
pebbles by shaking the screen over a rubber
mixing cloth, and the pebbles and the inside
of the jar are brushed carefully to remove
any adhering pulverized coke. The sample is
then passed quickly through a No. 60 sieve.
Some coarse particles may remain on the
sieve, and these are reduced in size to pass a
No. 60 sieve by impact in a hard-steel, dia-
mond mortar. The sample is mixed quickly
and then passed through a small riffle sam-
pler to obtain a 50-gram sample, which is put
in a rubber-stoppered, wide-mouthed, 4-
ounce bottle and constitutes the laboratory
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sample. To minimize change in the moisture,
the mixing and reducing of the pulverized
sample after removal from the ball mill are
done with utmost, dispatch. The total time
elapsing from the opening of the porcelain
jar to the stoppering of the laboratory sample
bottle does not exceed 3 minutes.

Before portions for the various analytical
determinations are weighed, the sample is
mixed thoroughly. The bottle containing the
sample is placed in the mixing wheel shown
in figure 3 and rotated for 20 minutes. The
wheel is 30 inches in diameter and revolves
25 times in a minute. The sample bottles are
held by spring clips on the periphery of the
wheel at an angle of 45° with the axis. The
bottles should not be more than three-fourths
full, and the speed of rotation should be slow
enough to prevent centrifugal action from
hindering the thorough mixing of the pow-
dered coal.

METHODS OF ANALYSIS

The methods of analysis for coke are
identical to the tests for coal except for the
nitrogen determination.

In the nitrogen determination the only
difference is that approximately 0.1 gram of
chromic oxide (CrO;) is added to the mix-
ture of coke, K,SO,, H.SO,4, and mercury be-
fore digesting. The total digestion time, in-
cluding the two hours after the solution has
reached the gray-colored stage, is approxi-
mately eight hours.

METHODS OF PHYSICAL TESTS

The true specific gravity and apparent
specific gravity of coke are determined ac-
cording to “Method of Test for Determina-
tion of True Specific Gravity of Coal and
Coke” and “Method of Test for Determina-
tion of Apparent Specific Gravity of Coal and
Coke” as described in a previous section of
this publication.
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Method of Test for Determination of
Apparent Specific Gravity of Coke
Using a Large Sample

This method of test is intended for deter-
mining the apparent specific gravity of coke
on a large sample weighing approximately
25 pounds according to ASTM Designation
D 167-24 Standard Method of Test for Vol-
ume of Cell Space of Lump Coke.?2 This
method has the advantage that the large
sample (about 25 pounds) is more represen-
tative than much smaller samples.

Apparatus

The apparatus consists of a suitable con-
tainer, such as a wash boiler, not smaller
than approximately 13 inches high, 22 inches
long, and 11 inches wide, or its equivalent in
size, provided with a spout consisting of a
short 14-inch nipple extending horizontally
from the container to about 214 inches below
the top. A wire cage for holding the sample
is made of about l4-inch square-mesh screen-
wire cloth; it is provided with a cover of the
same material and with two long handles.
The wire cage is made so that it fits inside
the container below the spout.

Procedure

Select about 25 pounds of coke represen-
tative in size, shape, and general appearance
of the coke under consideration. Dry this
sample to constant weight at a temperature
of 105° to 200° C, allow to cool, and weigh
after any adhering dust has been shaken and
brushed off. Put a cork in the spout of the
container, and place the container on a level
and rigid base or floor. Put the empty cage
inside the container, and add water at room
temperature until the water level is above
the spout. After the water has come to rest,
remove the cork from the spout, and permit
the excess water to drain out for 1 minute
after the overflow stream starts to discharge
drop by drop. Replace the cork in the spout,
and remove the cage from the water, care
being taken to shake all adhering water back
into the container. Place the weighed and
dried coke sample in the cage, and, after the
cover is fastened, lower the cage containing
the coke into the water. If the container is
not large enough to retain the displaced
water, draw some of the water into a weighed

52 American Society for Testing and Materials. Standard
Method of Test for Volume of Cell Space of Lump Coal. D 167—
24 in 1965 Book of ASTM Standards: Part 19, Gaseous Fuels:
Coal and Coke. Philadelphia, Pa., 1965, pp. 8-11.

bucket by removing the cork from the spout
while the coke is being lowered.

Permit the cage with the coke to remain
in the water for 15 minutes; shake it occa-
sionally to detach any air bubbles adhering
to the surface of the coke, care being taken
not to disturb the position of the container.
Keep the coke completely submerged at all
times. At the end of the 15-minute period,
after the water has come to rest, remove the
cork, and allow the displaced water to drain
into a weighed bucket for 1 minute after the
overflow stream starts to discharge drop by
drop. Replace the cork, remove at once the
cage containing the coke from the water, and
let it drain for 1 minute. Finally, remove
the wet coke from the cage and weigh; de-
termine the weight of the displaced water,
which has been caught in the bucket. Cal-
culate the apparent specific gravity as fol-
lows:

A

Apparent specific gravity — B+ (C—AY

in which

A — weight of dry coke,

B — weight of water displaced by
wet coke, and

C = weight of wet coke.

Method of Drop Shatter Test for Coke

This method of test affords a measure of
the relative resistance of coke to breakage
when subjected to handling and during
transit to the consumer.

Apparatus

The shatter-test machine shown in figure
47 consists of a box 18 inches wide, 28 inches
long, and approximately 15 inches deep, sup-
ported above a rigidly mounted cast-iron or
steel plate not less than 14 inch thick, 38
inches wide, and 48 inches long. The inside
of the bottom of the box is 6 feet above the
plate. The bottom of the box consists of two
doors hinged lengthwise and latched so that
they swing open freely and do not impede the
fall of the coke. Boards about 8 inches high
are placed around the plate so that no coke
may be lost. To prevent breakage of coke
while the sample is being put in the box,
pulleys and a counterweight are provided to
permit lowering of the box to a convenient
level.

Procedure

Place about 50 pounds of the coke pieces,
none of which will in any position pass a
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FIGURE 47.—Shatter-Test Machine.

2-inch square-mesh sieve, in the box of the handling, lower the box to a convenient
shatter-test machine, level the coke, and height each time the coke is being trans-
raise the box to such a height that the inside  ferred to it. After the fourth drop, screen
of its bottom is 6 feet above the iron or steel the coke successively through square-mesh
plate. Release the hinged bottom to allow the  sieves with 2-inch, 114-inch, 1-inch, and 14-
coke to fall on the plate. Drop the coke four inch openings. Circular sieves 2 feet in
times on the plate, and return all small pieces  diameter are convenient to use. In sieving
each time to the box with the large coke. To take care to prevent breakage of the coke
prevent possible breakage of the coke by  pieces. Sieve the coke in such increments to
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allow all pieces to be in direct contact with
the sieve openings, and shake the sieve gently
to avoid breakage. Weigh separately the
pieces remaining on each sieve and those
passing the 14-inch sieve. If the sum of these
weights shows a loss of more than 1 percent,
reject the test and make another one. Since
the average probable error of a single
shatter-test determination is approximately
2 percent, it is advisable to make several
tests and report the average result.

Report

The results of the test are reported as
follows:

Passing Retained on Percent
2-inch sieve ..ceeer vevveervieeen

2-inch sieve .......... 132-inch sieve ...... orveeinnnne
1%-inch sieve........ 1-inch sieve ...c.cee covvvveecinens
1-inch sieve .......... Yo-Inch Sieve ....... wvevveennns

15-INCH SIEVE .vees et evereeneenes

Method of Tumbler Test for Coke

This test is a relative measure of the re-
sistance of the coke to degradation by abra-
sion. The results obtained, however, are also
influenced by the effect of impact.

A somewhat similar test is the Micum
drum method used principally in some Euro-
pean countries.??

Apparatus

The tumbler machine consists of a motor-
driven circular steel drum 36 inches in inside
diameter and 18 inches in inside length, made
of steel plate at least 14 inch in thickness.
Two equally spaced 2- by 2- by 14-inch angles
are riveted longitudinally inside the drum.
These angles are riveted to the shell so that
the attached legs point away from the direc-
tion of rotation and thus give a clear unob-
structed shelf for lifting the coke. To pro-
vide for rotating, the drum is mounted on a
horizontal steel shaft 114 inches in diameter
passing through the drum. An opening is
provided in the shell for introducing and
removing the sample. During the test the
steel cover is fastened rigidly to the shell and
is constructed to fit into the shell and give
a smooth inner surface.

53 Walters, J. G., G. W. Birge, and D. E. Wolfson. Correlation
of ASTM and Micum Coke Test Methods. BuMines Rept. of Inv.
6482, 1964, 48 pp.

SIEVES.—For sizing the sample for the test
square-mesh sieves having 2-inch and 3-inch
openings between the wires are used. For
sieving the coke after the tumbler test
square-mesh sieves having 1.00-inch and
0.250-inch openings between the wires are
used. Sieves of heavy double-crimped wire
with circular frames about 24 inches in
diameter are suitable.

BALANCE.—A balance for weighing the
coke, sensitive to 1 gram, is satisfactory.

Procedure

Size the coke before testing by sieving on
3-inch and 2-inch square-mesh sieves, with-
out crushing the larger pieces, to obtain a
sample that will pass the 3-inch and be re-
tained on the 2-inch sieve. In sizing the
sample upend each piece on the sieve by
hand to determine whether in any position
it passes the sieve. If a large proportion of
the pieces is larger than 3 inches, break out
representative smaller pieces of the desired
size. Accomplish this without shattering the
coke pieces with a heavy screw driver or
similar tool by prying apart at fracture
cracks.

Dry the sized coke sample at 104° to
200° C, weigh accurately approximately 22
pounds (10 kg) of the dried coke and place
in the drum of the tumbler machine. Fasten
the cover rigidly and rotate the drum at 24
=+ 1 rpm for a total of 1,400 revolutions. Re-
move all of the coke from the drum and sieve
on the one-inch and 0.250-inch sieves. Weigh
separately pieces retained on each sieve and
those passing the smallest sieve. Make the
weighings to the nearest 1 gram.

Report

Report the sieve analysis after the tumbler
test in cumulative percentages to the nearest
0.1 percent as follows:

Percent
cumulative
Total retained on:
1.00-inch sieve ..eeve vevcrennneee (stability factor)
0.250-inch sieve .....ccee covrveeennn. (hardness factor)

The coke industry has generally adopted
the practice of designating the percentage of
coke retained on the one-inch sieve as the
stability factor and the percentage retained
on the 0.250-inch sieve as the hardness
factor.
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METHOD FOR DETERMINATION
OF FUSIBILITY OF COAIL ASH

The method that the Bureau of Mines uses
for making fusibility tests is the result of
considerable experimental work 3¢ on the
nature of the fusion of coal ash and the in-
fluence of various oxidizing, reducing, and
neutral atmospheres on the softening tem-
perature of ash molded in the form of Seger
cones. On a nitrogen-free basis the total
amount of reducing gases is maintained be-
tween the limits of 20 percent and 80 percent
by volume of the sum of the reducing and the
oxidizing gases. Hydrogen, hydrocarbons,
and carbon monoxide are considered as re-
ducing gases; and oxygen, carbon dioxide,
and water vapor are considered as oxidizing
gases. Nitrogen is inert. The atmosphere in
which the ash is heated is controlled by burn-
ing an excess of gas; a reducing atmosphere
is thus obtained by which the iron in the ash
is reduced mainly to the ferrous state, giving
the lowest temperature at which clinkering
may result.

This change in the iron is especially im-
portant in testing coals that contain a rela-
tively large proportion of iron in the form of
pyrite. Higher softening temperatures may
be expected in tests employing oxidizing at-
mospheres which oxidize the iron mainly to
ferric oxide or in tests employing strongly
reducing atmospheres which reduce the iron
largely to the metallic state. Under both con-
ditions a more refractory slag is formed than
results if the atmosphere is such as to reduce
the iron in the ash to ferrous oxide, which,
with the silica present, forms readily fusible
silicates. Ferric oxide combines with silica to
form compounds that require high tempera-
ture for fusion; on the other hand, if the iron
is reduced to the metallic state, one of the
most active fluxing constituents is removed
from the system, and high fusing points
result.

Analyses of clinkers from boiler furnaces
indicated that fuel-bed conditions favored the
formation of clinkers in which the iron was

54 Fieldner, A. C., A. E. Hall, and A. L. Feild. The Fusibility
of Coal Ash and the Dectermination of the Softening Temper-
ature. BuMines Bull. 129, 1918, 146 pp.
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chiefly in the ferrous state. The values ob-
tained in the laboratory tests are in this
respect comparable to such conditions, and
the tests give the lowest temperatures at
which the intimately mixed ash softens and
forms clinker,

Furnace

Owing to the large number of samples
tested by the Bureau, the coal-ash fusion fur-
naces of the Denver Fire Clay Company are
used. The burners of these furnaces are ar-
ranged on a tangent near the base of the
furnace and thus give a rotary flame that
completely surrounds the crucible in which
the ash cones are placed. This whirling flame
heats the crucible uniformly, and when an
excess of gas over air is used, a reducing at-
mosphere is maintained within the crucible,
giving the lowest point at which the ash
fuses. The furnace is supplied with natural
gas; compressed air is furnished by a Maxon
No. 1 Premix burner unit. The Premix
burner unit is relatively small, so it can be
mounted alongside the furnace. Tempera-
tures up to 1,600° C are attained with the
coal-ash fusion furnace. To conduct the hot
gases from the room, counterbalanced sheet-
iron canopies, connected with telescopic 8-
inch flues to an exhaust system, are hung
over the furnaces.

Figure 48 shows the interior of the coal-
ash fusion furnace arranged for making a
test. The corundite crucible is about 8 inches
in inside diameter and about 414 inches high

FIGURE 48.—Furnace for Determining Fusibility of
Coal Ash.
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outside with a wall about 14 inch thick. The
crucible has a cover and has two holes in the
side, an observation hole 2 inches in diameter
and a thermocouple hole 1 inch in diameter,
90° to the right of the observation hole. The
bottoms of the two holes are in the same
horizontal plane. The crucible is positioned
on a corundite support so that the two holes
in the crucible are in line with the corre-
sponding holes in the furnace wall. The ash
cones mounted on a refractory base are on a
corundite disk so that they are visible
through the observation hole of the crucible
and the furnace wall.

A fused silica or alundum tube, 174 inches
in external diameter and 6 to 7 inches long,
is placed in the 2-inch observation hole of the
furnace; its inner end is flush with the inside
furnace wall, and the other end projects from
the furnace. A brass sleeve carrying a thin
clear glass window is slipped over the outer
end of the observation tube to prevent the
escape of burning gas, which would hinder
convenient observation of the cones. When
observations at high temperature are made,
the cones are viewed through a piece of
colored glass, such as Corning No. 6 shade,
Noviweld.

At furnace temperatures above 1,000° C,
observation of the cones is very difficult. An
open blowing tube of refractory porcelain
about 14 inch in inside diameter is inserted
in the thermocouple hole, the inner end being
flush with the inside of the furnace wall.
This blowing tube is connected to a com-
pressed-air line with rubber tubing. By
means of a gas valve, air is let into the tube
at the time of observation, momentarily cool-
ing the ash cones and rendering them visible.

Temperature Measurement

Temperature measurements are made with
a thermocouple of platinum and platinum-
rhodium, protected from the furnace gases by
a glazed-porcelain tube, and a high-resistance
millivoltmeter or with an optical pyrometer
of the disappearing-filament type, which has
been calibrated to be accurate within 10° C
up to 1,400° C, and within 15° C from 1,400
to 1,600° C.55 If a thermocouple is used, the
hot junction is placed in the immediate vi-
cinity of the cones. The optical pyrometer is
now preferred, because it obviates mounting
the protection tube of the thermocouple in the
furnace and is usable for temperatures above
1,500° C. As the optical pyrometer is sighted

55 For detailed information concerning the use of pyrometers
sce Pyrometric Practice. NBS Technol. Paper 170, 1921, 326 pp.

through the glass window of the observation
tube, the following corrections are added to
the observed temperature to correct for the
loss of light at the glass window: 800° C,
add 5°; 1,000° C, add 8°; 1,200° C, add 10°;
1,400° C, add 13°; and 1,600° C, add 16°. The
pyrometer equipment is checked frequently
by mounting pieces of pure gold and nickel in
the same manner as the cones. With a
strongly reducing atmosphere, a melting
point of 1,452° C is obtained for nickel and
of 1,063° C for gold. From time to time,
the pyrometer equipment is standardized
through the temperature range for which it
is used.

Preparation of Coal Ash

Spread out approximately 50 to 100 grams
of coal, ground to pass a No. 60 sieve, on a
5-inch fire-clay roasting dish, and completely
convert it to ash in a muffle furnace at 800°
to 900° C. Transfer 5 to 10 grams of this
ash to an agate mortar and grind to pass a
No. 200 sieve. A mechanical agate-mortar
grinder saves time where many determina-
tions are made. Place the finely ground ash
in a silica or porcelain capsule about %3 inch
deep and 13/ inches in diameter and ignite
for 2 hours in a current of oxygen at 800° to
850° C. The purpose of this ignition is to
insure complete and uniform oxidation of the
ash.

Preparation of Cones

Moisten the ignited ash with a 10-percent
dextrin solution containing 0.1 percent sali-
cylic acid as a preservative and work the ash
into a plastic mass with a spatula. Mold
the plastic material into small triangular

‘pyramids 34 inch high and %4 inch wide at

each side of the base. Form the pyramids by
firmly pressing the plastic material with a
steel spatula into a stainless steel mold of the
dimensions given above, the mold being
similar to that shown in figure 49. Strike off
the surface smooth and remove the cone from
the mold by applying a small knife blade at
the base. Mount the cones when dry in a re-
fractory base composed of a mixture of equal
parts of kaolin and calcined alumina. Mois-
ten the base mixture to make it workable,
and spread a part of it on a sheet-iron plate.
Then mount the cone in a vertical position
in a small hole made in the base and put a
little of the base material into the hole
around the bottom of the cone to fill the
crevices and to make the cone stand firmly.
Usually five cones are mounted on one base
in the manner shown in figure 50, A. Dry
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Figure 49.—Stainless Steel Cone Mold for Making
Ash Cones.

the mounted cones in the laboratory by al-
lowing them to stand overnight. Drying is
hastened by placing the cones in a warm
place.

Method of Heating

Put two test pieces in the muffle crucible
in the position shown in figure 48, place the
loosely fitting cover on the crucible, and
ignite the gas. Let the gas burn about 10
minutes to heat the furnace parts before the
large cover plate of the furnace is replaced;
otherwise, the flame blows out. After the
cover plate of the furnace has been put in
position, increase the flow of gas and air
enough to cause combustion just above the
tuyeres and yet maintain a yellowish flame
at least 6 inches above the opening in the
cover plate of the furnace. While such a
flame is maintained, gradually increase the
temperature by a suitable adjustment of gas
and air to 800° C; then reduce the rate of
heat increase to approximately 10° C per
minute. Maintain this rate until the end of
the test.

It is important to maintain the 6-inch re-
ducing flames at the furnace vent through-
out the test, if possible, and at all events up
to a temperature of 1,450° C. Temperatures
above 1,450° C require larger proportions of
air to gas; however, a strongly reducing
atmosphere is not so essential at the higher
temperatures, because refractory ashes,
owing to their low iron oxide content, are
only slightly affected by oxidizing or reduc-
ing atmospheres.

Observations

The initial deformation temperature is the
temperature at which the apex of the cone

i 2 3 4 5

Figure 50.—Ash Cones. A, Cones mounted on base.
B, Typical form of fused cones.

rounds or melts, as shown in cone 1 of figure
50, B. Such bending must not be confused
with a shrinking or warping of the cone.

The softening temperature is defined as
the temperature at which the cone has fused
down to a spherical lump, as shown in cone
3 of figure 50, B. Cone 2 has almost reached
the softening temperature; cone 4 has passed
the softening temperature.

The fluid temperature is the temperature
at which the cone has spread over the base
in a flat layer, as represented by cone 5 of
figure 50, B.

Report and Precision

For the convenience of fuel engineers the
results of the test are reported In degrees
Fahrenheit.

Permissible differences for the softening
temperature of coal or coke ash are 30° C for
duplicate determinations made in the same
laboratory and 50° C for determinations
made on duplicate samples in different lab-
oratories.
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METHODS FOR ANALYZING COAL
AND COKE ASH

Introduction

Methods of analyzing coal and coke ash
for major constituents include: The classical
wet-chemical procedures based on recognized
methods for analyzing silicate rocks,?¢ and
the more rapid physicochemical methods
being applied in ash analysis.

The classical methods of ash analysis were
described in the 1938 edition of Bureau of
Mines Technical Paper 8, and later in Bureau
of Mines Bulletin 492. Most of these methods
have continued in use, and those now em-
ployed for occasional analyses and for check-
ing results by other procedures are described
in the following sections.

In 1957 the gravimetric methods of deter-
ming Na,O and K.O were replaced by a flame
spectrophotometric method. Other develop-
ments in more rapid techniques of determin-
ing SiOQ, AI_)Og, Fe,-,Og, TiOQ, P205, and the
EDTA titration of CaO and MgO found in-
creasing application. Finally, the newer
methods were assembled in a coordinated
procedure for further trial.’” These methods
were based mainly on the work of Shapiro
and Brannock,”® and Archer, Flint, and
Jordan.”®* A recent modification shortened
the colorimetric method for Fe,O; by using
sodium gluconate to minimize interference
by phosphorus. Although future develop-
ments may change some of the methods,
those now available have many applications
and give results with almost the same ac-
curacy as the classical procedures. The rapid
methods currently used are described in a
separate section.

Preparation of Ash Sample

Spread 100 to 200 grams of coal or coke
passing a No. 60 sieve on 5-inch fire-clay

56 Washington, Henry S. The Chemical Analysis of Rocks.
John Wiley & Sons, Ine., New York, 4th ed., 1930, 296 pp.

Hillebrand, W. F. The Analysis of Silicate and Carbonate
Rocks. U.S. Geol. Survey Bull. 700, 1919, 285 pp.

Hillebrand, W. F., G. E. F. Lundell, H. A. Bright, and J. L.
Hoffmann. Applied Inorganic Analysis. John Wiley & Sons,
Inc., New York, 2d ed., 1953, 1,034 pp.

57 Gibson, F. H., and W. H. Ode. Application of Rapid
Mecthods for Analyzing Coal Ash and Related Materials. BuMines
Rept. of Inv. 6036, 1962, 23 pp.

58 Shapiro, Leonard, and W. W. Brannock. Rapid Analysis of
Silicate Rocks. U.S. Geol. Survey Bull. 1036-C, 1956, 56 pp.

Rapid Analysis of Silicate, Carbonate, and Phosphate Rocks.
U.S. Geol. Survey Bull. 1144-A, 1962, 55 pp.

59 Archer, K., D. Flint, and J. Jordan. The Rapid Analysis
of Coal Ash, Slag, and Boiler Deposits. Fuel, v. 37, No. 4, 1958,
Dp. 421-443.

roasting dishes and convert to ash in a muffle
furnace at about 800° C. Transfer the ash to
shallow opaque silica dishes (dishes 234
inches in diameter are convenient) and con-
tinue heating until the weight is constant or
the loss in weight is less than 0.1 percent per
hour. Grind the ash in an agate mortar to
pass a No. 100 sieve, and transfer it to a
stoppered bottle.

This method is designed to prepare about
10 grams of ash sample. For analysis by
rapid methods approximately half of this
quantity of sample is prepared.

Ignition Loss at 800° C

To correct for any moisture or carbon
dioxide that may be absorbed by the ash
after its preparation, make an ignition-loss
determination at the time of analysis by
heating a 0.5 or 1-gram sample to constant
weight in a muffle furnace maintained at a
temperature of 800° C. Correct the final
analysis of the sample to an ignition loss-
free basis. Generally, ignition losses of coal
acshes are low, ranging from 0.1 to 0.3 per-
cent, but may be appreciably higher for ashes
prepared from coals unusually high in calcite
because of the possible absorption of water
and carbon dioxide by the calcium oxide in
the ash.

Classical Methods

Fusion with Sodium Carbonate

Mix a 1-gram sample of ash in a 30-ml
platinum crucible with the larger part of 5
to 6 grams of sodium carbonate and cover
the mixture with the remainder of the
sodium carbonate. Place the lid on the cru-
cible and heat at a low red heat over a Meker
burner or blast lamp for 5 to 10 minutes.
Gradually increase the heat until the mass
sinters, so the carbon dioxide may pass off
without spattering, and finally bring to com-
plete fusion at a bright red heat.

The fusion is complete when the whole
mass has been in a state of quiet fushion for
about 15 minutes and gives off no more bub-
bles. The fusion will seldom be perfectly
clear and transparent, since carbonates of
iron, magnesium, and calcium form cloudy
masses.

When fusion is complete, remove the
crucible from the flame and swirl by a suit-
able circular motion as the melt cools so it
solidifies in a thin sheet over the inside and
bottom of the crucible. After the crucible is
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cool, place it and the lid in a 350-ml porcelain
casserole, add 50 to 100 ml of water, cover
with a watch glass, and slowly add 15 ml of
concentrated hydrochloric acid.

A bluish-green color of the cooled cake
indicates manganese; if present, chlorine
will be evolved on the addition of hydro-
chloric acid, which will attack the platinum.
A milliliter of alcohol added to the crucible
will reduce the manganate and prevent at-
tack of the platinum.

Heat on the hot plate until the melt is dis-
solved, wash the crucible and lid, and remove
the last traces of silica from the crucible
with a rubber-tipped stirring rod.

Silica

Evaporate on the steam bath until the
residue begins to powder or crumble, and
appears dry. Breaking up the lumps and
crusts expedites the evaporation near the
end of the process. Treat the residue with
15 ml of dilute hydrochloric acid (1:1) and
cover; after warming on the steam bath a
short time add 50 m] of water and heat gently
to complete solution of the chlorides. Filter
the silica and wash with a hot solution con-
taining 5 ml of concentrated hydrochloric
acid in 95 ml of water.

Return the filtrate to the casserole, evap-
orate to dryness, and dehydrate on the steam
bath for 1 to 2 hours until free from hydro-
chloric acid. Moisten the residue with 8 ml
of dilute hydrochloric acid (1:1), add water,
and heat on the steam bath as before. Filter
off the small amount of silica, collecting the
filtrate in a 400-ml beaker, and wash with
cold water containing 1 ml of concentrated
hydrochloric acid to 99 ml of water. A little
silica generally adheres to the side of the dish
and is not removed by washing ; this should
be removed with a small piece of ashless
filter paper which is later burned off during
ignition of the silica.

Place the papers and silica from the first
and second dehydration in a weighed 30-ml
platinum crucible and heat over a Meker
burner or blast lamp until the paper is burned
off. Then ignite the silica for about 20 min-
utes, cool in a desiccator, and weigh quickly
with the crucible covered. Repeat the ignition
for 10-minute periods until the weight is con-
stant. The silica thus obtained is never pure,
and may contain small amounts of Fe,03,
TiO,, P,0;, and Al;O0;. Moisten the weighed
residue with water and add 1 or 2 drops of
dilute sulfuric acid (1:1) to retain the TiO.,
some of which would be vaporized as titan-
ium fluoride in the absence of sulfuric acid.

Add enough hydrofluoric acid, a few drops at
a time, to dissolve the silica on warming;
about 5 ml is usually sufficient. Evaporate
the solution to dryness, preferably on an air
bath,%® and ignite at a bright red heat for at
least 15 minutes. Cool in a desiccator and
weigh ; the loss in weight is SiO,.

Fuse the nonvolatile residue with a little
sodium carbonate, dissolve the fusion in
dilute hydrochloric acid, and add to the fil-
trate from the silica for the succeeding deter-
minations.

Aluminum Oxide

Aluminum, iron, titanium, and phosphorus
oxides are precipitated by ammonium hy-
droxide and separated from the calcium,
magnesium, and alkalies. Add 10 to 15 ml of
concentrated hydrochloric acid to the filtrate
from the silica to form, later, sufficient am-
monium chloride to prevent the precipitation
of magnesium along with the aluminum and
iron hydroxides.

Heat the solution almost to the . boiling
point and add ammonium hydroxide grad-
ually, stirring constantly until precipitation
is complete and a very slight excess of am-
monium hydroxide is present. The solution
should be alkaline to methyl red. Heat to the
boiling point, stirring occasionally to prevent
bumping, and boil for not more than 1 min-
ute. Allow the bulky gelatinous precipitate
to settle for a few minutes, filter, and collect
the filtrate in a 600-ml] beaker. Decant the
clear liquid as much as possible and then
bring the precipitate on the filter paper, tak-
ing care that the filter is neither filled to
within more than 2 or 3 mm of the ecge nor
that it runs dry; in the later case the gelatin-
ous hydroxides will tend to consolidate, and
filtration and washing will be long and
tedious.

Wash the beaker and precipitate two or
three times with a hot solution of ammonium
nitrate made by neutralizing a solution of 2
ml of concentrated nitric acid in 100 ml of
water with ammonium hydroxide. Thorough
washing is not necessary at this point, but
the precipitate should be collected in the bot-
tom of the filter and the upper edge of the
filter should be washed clean.

Since this first precipitate contains mag-
nesium as well as calcium and alkalies, its
solution and reprecipitation at least once are

60 A convenient form of air bath that may be used on a gas
hot plate can be made from an asbestos board 14 inch thick.
Holes 114 inches in diameter in the board will hold the crucibles
so that about two-thirds of the crucible will extend through the
hole. This top is s¢t on a black iron frame having sides 114
inches high so the bottoms of the crucibles are suspended about
1, inch above the hot plate.
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necessary. Carefully remove the filter and
its contents from the funnel and place in the
400-ml beaker. Add 10 ml of concentrated
nitric acid, then 100 ml of water, and macer-
ate the filter paper with a stirring rod while
heating to dissolve the precipitate. Reprecip-
itate with ammonium hydroxide in a slight
excess as before and boil for not more than
1 minute. Filter and wash the precipitate
with the hot ammonium nitrate solution until
free of chlorides. Small pieces of filter paper
may be used to remove the last traces of
precipitate from the beaker. Combine the
filtrate with that from the first ammonium
hydroxide precipitation and keep for deter-
mination of calcium and magnesium.

Transfer the filter and contents to a
weighed 30-ml platinum crucible and dry
cautiously on the hot plate or at a consider-
able distance over a small flame. Ignite at a
low temperature until the paper is charred,
then incline the crucible at an angle, and
adjust the cover so the contents have free
access to air. Heat at a bright red heat for
about 30 minutes and then blast for 10 min-
utes to completely dehydrate the alumina.
Cool in a desiccator, weigh, and repeat igni-
tion to constant weight. The ignited precip-
itate consists of Al,O;, Fe,0;, TiO, and
P,0;. The percentage of Al,O, is obtained by
difference after the Fe,0;, TiO., and P,0s
have been determined.

If no provision is made for manganese at
this stage of the analysis, it will be distrib-
uted mainly between the calcium and mag-
nesium, the largest part being precipitated
and weighed as Mn,P,0; along with the
magnesium. Very little will be precipitated
with the alumina when two precipitations
are made as described. For most coal ashes
manganese may be disregarded, since the
small amount usually present will cause only
slight errors. When several tenths percent
of manganese is present, it n.ay be precipi-
tated with the alumina and iron by adding
about 1 gram of ammonium persulfate to the
solution just before each precipitation with
ammonium hydroxide. The manganese is
then included with alumina, being weighed
as Mn;O,, and a correction may be applied
if the manganese is determined on a separate
sample.

Ferric Oxide

Ferric oxide is determined in a separate
sample of ash by the Zimmermann-Reinhardt
method using stannous chloride reduction.é!

61 Hillebrand, W. F., G. E. F. Lundell, H. A. Bright, and J. I.
Hoffman. Applied Inorganic Analysis. John Wiley & Sons, Inc.,
New York, 2d ed., 1953, pp. 395-396.

SOLUTIONS.—Four solutions are used to
determine ferric oxide.

0.1 N potassium permanganate.—Weigh
3.20 grams of potassium permanganate for
each liter of solution required. Dissolve in
distilled water and allow the solution to
stand for several weeks before filtering
through asbestos and standardizing with
sodium oxalate.®? Transfer 0.3 gram of
sodium oxalate (dried at 105° C) to a 600-ml
beaker. Add 250 ml of diluted sulfuric acid
(5.95) previously boiled for 10 to 15 minutes
and then cooled to 27° =+ 3° C; stir until the
oxalate has dissolved. Then add 39 to 40 ml
of 0.1 N potassium permanganate at a rate
of 25 to 35 ml per minute while stirring
slowly. Let stand until the pink color dis-
appears (about 45 seconds). To complete the
titration heat to 55° to 60° C and add per-
manganate until a faint pink color persists
for 30 seconds. Add the last 0.5 to 1 ml drop
by drop, taking care to allow each drop to
become decolorized before the next is intro-
duced. Deduct a blank (0.03 to 0.05 ml)
determination made in another beaker hav-
ing the same volume of acid and hot water.
The standard is eonveniently expressed as
grams of Fe;O; per milliliter of potassium
permanganate.

Stannous chloride.—Add hydrochloric acid
and water to stannous chloride and heat
until solution is complete.

Stannous chloride ................ grams........ 62.5
Hydrochloric acid (specific

gravity, 1.20) ...cccviiiiiiiniinns ml........ 125
Water coevrevreveceiieesecenreseenesnens ml........ 125

Titrating solution.—The titrating solution
follows:

Manganous sulfate,

crystallized ...ccccoeeeviiiiennnns grams........ 90
Water e ml........ 650
Sulfuric acid (specific

gravity, 1.84) ...ccvciviinnnns ml........ 175
Phosphoric acid (specific

gravity, 1.7T1) .civveninininnns ml........ 175

Mercuric chloride, saturated solution.—
Dissolve about 40 grams in 500 ml of hot
water and cool to room temperature.

PROCEDURE.—Mix 0.5 gram of the sample
in a platinum crucible with the larger part
of 3 to 4 grams of sodium carbonate, and
cover the mixture with the remainder of the
sodium carbonate. Fuse the mixture for 1%
to 3/ hour, heating gently at first until the
mass sinters, then increasing the heat until
fusion is complete. Place the cooled crucible
and lid in a 250-ml beaker, add about 50 ml

62 Fowler, R. M., and H. A. Standardization of

Permanganate Solutions With Sodium Oxalate. Nat. Bureau of
Standards Jour. Research, v. 15, November 1935, pp. 493-501.

Bright.
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of water, cover with a watch glass, and add
15 to 20 ml of concentrated hydrochloric
acid. Heat on a hot plate until the melt is
dissolved; then remove the crucible and lid
and rinse with distilled water, using a rub-
ber-tipped stirring rod if necessary.

Add ammonium hydroxide to the hot solu-
tion until the iron is precipitated, add 2 or 3
drops in excess, and boil for one minute. If
the solution contains ferrous iron, as shown
by a greenish color of the precipitate, bro-
mine water should be added to oxidize the
iron before the precipitation is completed.
Filter and wash the precipitate five or six
times with hot water, then transfer it to the
beaker in which the precipitation was made
by spreading the filter paper out on the side
of the beaker and washing the precipitate
off with a small quantity of water. Dissolve
any precipitate adhering to the paper by
washing alternately with hot, dilute hydro-
chloric acid (1:1) and hot water, using 10
to 15 ml of the acid.

Heat on a hot plate to dissolve the iron,
and evaporate it without boiling to 10 to 20
ml. Add stannous chloride drop by drop to
the hot solution, shaking gently, until color-
less, and then add 1 drop in excess. Wash
down the sides of the beaker with cold water
and dilute io about 75 ml. Cool rapidly to
room temperature, add 10 ml of saturated
mercuric chloride solution, and transfer to a
600-ml beaker containing 300 ml of cold
water and 10 ml of titrating solution. Titrate
with standard potassium permanganate until
a faint pink color persists. Subtract a blank
titration made on the reagents. This deter-
mination gives total iron which is calculated
as F8203.

Note the following:

(1) Silica is not removed as it does not
interfere with the titration. Breaking up the
flakes of silica with a glass rod will facilitate
reduction of the last traces of iron with
stannous chloride.

(2) The precipitation with ammonia re-
moves the excess chloride salts. Chlorides
are then kept down to a safe limit by using
only 10 to 15 ml of dilute hydrochloric acid
(1:1) to dissolve the iron precipitate.

(3) Total iron in coal-ash slags and
clinkers may be determined by this proce-
dure.

Titanium Dioxide

Fuse the ignited iron and aluminum oxides
from the aluminum determinations with 5
to 10 grams of potassium bisulfate (fused
lump), heating gently until the salt is melted

and the moisture driven off without boiling
or spattering. Then gradually increase the
heat until the bottom of the crucible is faint
red. The liquid mass becomes dark brown
as the oxides are dissolved, but when the
flame is removed and the crucible is allowed
to cool somewhat, the fusion becomes lighter
in color, and any undissolved substance is
visible. Continue fusion until solution is
complete.

Place the cooled crucible in a 250 ml beaker
with 100 ml of water, add 25 ml of dilute
sulfuric acid (1:1), and heat to dissolve the
melt. Remove the crucible and transfer the
solution to a 250 ml volumetric flask. When
cooled to room temperature, the solution is
diluted with water to the mark, and mixed.

Pipet a 10 ml portion into a 50 ml vol-
umetric flask (1) and for a reference solu-
tion add a second 10 ml portion to another
50 ml flask (2). Add 4 ml 1:1 H,SO, to each
flask, mix, and cool to room temperature.
Add 5 ml of 3 percent hydrogen peroxide to
flask 1. Fill both flasks 1 and 2 with water
to the mark and mix. Measure absorbance
at 410 mu of solution in flask 1 using solution
from flask 2 as reference.

As this test solution contains 40 mg of
sample in 5 percent H,SO,, make a calibra-
tion test and calculate results according to
the photometric method for TiO, described
later.

Phosphorus Pentoxide

Volumetrie, colorimetrie, and gravimetric
methods are available for determining phos-
phorus in ash.® A volumetric method that
complies with ASTM standards follows.

SOLUTIONS.-—The following solutions are
used to determine phosphorus content.

Ammonium molybdate.—Dissolve 65 g
molybdic acid (85 percent) in a mixture of
143 ml ammonium hydroxide and 142 ml
water. Add solution slowly, stirring con-
stantly, to 715 ml nitric acid (sp gr 1.20). If
solution is cloudy, add 2 drops of a solution of
ammonium phosphate (20 percent) and
allow precipitate to settle, then filter the
solution. .

0.1 N sodium hydroxide.—Prepare con-
centrated solution of sodium hydroxide (100
g NaOH to 100 ml water) in a stoppered
flask and allow to settle. Draw out required
amount (about 11 ml) of clear liquid with
pipet and dilute to 2 liters with recently
boiled and cooled distilled water. Store solu-

63 Gibson, F. H., and W. H. Ode. Determining Phosphorus in
Coal and Coke. Evaluation of Volumetric, Colorimetric, and
Gravimetric Methods. BuMines Rept. of Inv. 5743, 1961, 21 pp.
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tion in a plastic bottle fitted with rubber
stopper carrying a siphon tube connected
with a 15-ml buret or pipet and a soda-lime
guard tube.

Standardize 0.1 N sodium hydroxide solu-
tion as follows: Weigh to nearest 0.1 mg
about 0.2 g potassium hydrogen phthalate
and dissolve in 100 ml water. Add 15 ml
sodium hydroxide solution and titrate excess
alkali with 0.1 N nitric acid, using phenol-
phthalein indicator. Calculate grams phos-
phorus equivalent to 1 ml of sodium hydrox-
ide solution, taking 1 ml of a normal solution
as being equivalent to 0.20422 g potassium
hydrogen phthalate and 0.00135 g phos-
phorus.

0.1 N nitric acid.—Prepare a solution con-
taining 6.3 ml nitric acid (sp gr 1.42) per
liter.

Standardize nitric acid against sodium
hydroxide solution under conditions similar
to regular phosphorus determination. Mac-
erate a filter paper with a glass rod in 50 ml
water and remove rod. Add 15 ml standard
sodium hydroxide, close flask with a rubber
stopper, and swirl for 1 minute. Allow solu-
tion to stand about 5 minutes, then remove
stopper, add 50 ml water and 4 drops 0.5
percent phenolphthalein, and titrate with
nitric acid.

Nitric Acid (Sp Gr 1.20).—Solution con-
taining 400 ml nitric acid (sp gr 1.42) and
600 ml water is approximately correct.
Check specific gravity of mixture with a
hydrometer and adjust to correct value if
necessary.

PROCEDURE.—Add 10 ml concentrated
nitric acid and 5 ml hydrofiuoric acid to 0.5 g
ash in a platinum crucible and evaporate to
dryness. Repeat evaporation to dryness with
same quantities of nitric and hydrofiuoric
acids. Add 15 ml nitric acid (sp gr 1.20) to
residue and evaporate to a volume of ap-
proximately 7 ml, then transfer to a 150-ml
beaker, dilute to 50 ml, cover with a watch
glass, and boil for 15 minutes. Filter solution
through 9-cm paper into 300-ml Erlenmeyer
flask and wash the paper and the small resi-
due six to eight times with hot water. Add 5
ml ammonium hydroxide (sp gr 0.90) to
solution in flask; if a permanent precipitate
is not produced add more ammonium hy-
droxide dropwise until iron is precipitated.
Next add concentrated nitric acid slowly
until precipitate just dissolves, then add 4
ml nitric acid in excess and dilute solution to
100 ml. Heat solution to 80° C, add 50 ml
ammonium molybdate solution, and shake
for 10 minutes. Allow solution to stand for
one hour and filter through 9-cm paper.

‘Transfer precipitate to paper while washing

flask five times with 1-percent potassium
nitrate solution. Continue washing paper and
precipitate with approximately 10-ml por-
tions of wash solution, directing stream first
around rim of paper and circling down to
precipitate until 10 ml of last washings show
alkaline to phenolphthalein with one drop
0.1 N sodium hydroxide solution. Ten to fif-
teen washings are usually sufficient.

Return filter paper and precipitate to
original flask, add 50 ml recently boiled dis-
tilled water that has cooled to room temper-
ature, and macerate paper with a glass rod.
Add 15 ml 0.1 N sodium hydroxide, close
flask immediately with rubber stopper, and
swirl contents for one minute to dissolve
precipitate. Allow flask to stand about 5
minutes before titrating. Remove stopper,
add 50 ml water and 4 drops 0.5 percent
phenolphthalein, and titrate excess sodium
hydroxide at once with 0.1 N nitric acid.

Calculate phosphorus content of sample
from number of milliliters of standard 0.1 N
sodium hydroxide neutralized by phospho-
molybdate precipitate. Report as percent
P,O; in ash.

Note the following:

(1) Weight of sample may be varied
according to phosphorus content; 0.0005 to
0.002 g P (0.0011 to 0.0046 g P,0;) gives
suitable amount of ammonium phosphomol-
ybdate precipitate for convenient filtering
and washing.

(2) Relatively large amounts of titanium
retard precipitation of phosphorus. In this
method titanium in ash sample goes into
solution. If ash is abnormally high in titanium
so that approximately 0.01 g or more TiO, is
present in sample, trouble may be experi-
enced owing to retarding effect of titanium.
This retarding effect may be overcome by
digesting ammonium phosphomolybdate pre-
cipitate at 50° C for 30 minutes and allowing
it to cool to room temperature and to stand
for 8 hours before filtering.

Manganese Oxide %4

Treat a 1-gram sample of ash in a plati-
num crucible with 4 ml of concentrated sul-
furic acid, 10 ml of water, and 10 to 20 ml of
hydrofluoric acid and evaporate until the
sulfuric acid fumes freely. Allow the mix-
ture to cool and dissolve in 25 ml of dilute
nitric acid (1:3). Filter into a 300-ml Erlen-
meyer flask and if an appreciable residue re-
mains ignite and fuse the residue with a

64+ Low, A. H. Technical Methods of Ore Analysis. John
Wiley & Sons, Inc., New York, 10th ed., 1927, p. 150.
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small amount of potassium bisulfate (fused
lump). Dissolve in dilute nitric acid (1:3),
add to the main solution, and dilute to 50 ml
with the nitric acid. Add about 0.5 gram of
sodium bismuthate and heat to boiling to
destroy any reducing substances present;
then add a few drops of a 5-percent solution
of ferrous sulfate or sodium thiosulfate to
remove any manganese dioxide and perman-
ganate that may have formed, and boil for a
few minutes until all nitrous oxide has been
driven off. Cool to 10° to 20° C, add an ex-
cess of sodium bismuthate to the cold solu-
tion, and shake for 1 minute. Add 50 ml of
dilute nitric acid (3:100) through which air
has been bubbled to remove nitrous oxide,
filter through asbestos on a Gooch crucible,
and wash with 50 to 100 ml of the same acid.
Add exactly 0.5 g of ferrous ammonium sul-
fate to the filtrate, shake to dissolve the salt,
add another 0.5 g if the permanganate is not
decolorized, and titrate the excess ferrous
salt with 0.1 N potassium permanganate.
Determine the number of milliliters of stand-
ard permanganate equivalent to 0.5 g of the
ferrous ammonium sulfate under similar
conditions. The iron value of the standard
permanganate times 0.1967 equals its man-
ganese value. Manganese is reported as
Mn;0y; this is subtracted from the alumina
value when the manganese is collected in the
ammonium hydroxide precipitate.

Calcium Oxide

Evaporate the combined filtrates from the
precipitation of iron and aluminum by am-
monium hydroxide to about 400 ml. Add
enough ammonium hydroxide to make the
solution decidedly ammoniacal and heat to
boiling. Slowly add 1 gram of ammonium
oxalate dissolved in 25 to 50 ml of hot water
to the boiling ammoniacal solution, stirring
constantly to precipitate the calcium. Con-
tinue the boiling for a few minutes and allow
the solution to stand for an hour or more be-
fore filtering. Filter and wash the precipitate
two or three times with hot water.

Dissolve the precipitate with 25 to 50 ml
of warm dilute hydrochloric acid (1:5),
washing through the filter into the beaker in
which the precipitation was made, and dilute
to 100 ml. Add about 1 ml of saturated am-
monium oxalate solution, heat to boiling, and
reprecipitate the calcium by slowly adding
ammonium hydroxide until the solution is
alkaline to methyl red and an excess of 1 to
2 ml of ammonium hydroxide is present.
Continue boiling for a few minutes and allow
to stand for 1 hour before filtering. Wash

the paper and precipitate two or three times
with hot water. Avoid more washing because
of the appreciable solubility of calcium
oxalate. Ignite the paper and precipitate in a
platinum crucible over a Meker burner for
about 20 minutes, cool in a desiccator, and
weigh as caleium oxide. Repeat the ignition
for 5-minute periods until the weight is con-
stant.

Magnesium Oxide ¢°

Evaporate the filtrates from the calcium
to 300 to 400 ml and add methyl red indi-
cator, about 5 ml of concentrated hydrochloric
acid, and 10 ml of a saturated solution of
(NH,).HPO,. Then add ammonium hydrox-
ide (sp gr 0.90) slowly, while stirring, to
neutralization ; when the precipitate is well-
formed add an excess of 10 to 15 ml. Let
stand at least 4 hours, preferably overnight,
filter, and wash with water containing 3
percent by volume of ammonium hydroxide.
Dissolve the precipitate on the filter by wash-
ing with warm dilute hydrochloric acid (1:5)
and dilute the solution to 100 to 150 ml. Add
methyl red indicator and about 1 ml of
(NH,)-HPO, solution. Cool and finish the
precipitation as before, using an excess of 5
to 10 ml of ammonium hydroxide, and allow
to stand at least 4 hours. Filter the solution
and wash the precipitate free of chlorides
with 3 percent ammonium hydroxide. Place
the paper and precipitate in a weighed
platinum crucible, char without flaming, and
ignite at a low temperature, with the crucible
lid adjusted to permit circulation of air.
Finally ignite to constant weight at the high-
est temperature of a Meker burner. Multiply
the weight of ignited Mg,P,0; by 0.3623 to
obtain the weight of MgO.

Sulfur Trioxide

Weigh 0.5 to 1.0 gram of ash sample, mix
in a 30-ml platinum crucible with 4 to 5
grams of anhydrous sodium carbonate and
about 0.2 gram of potassium nitrate. Care-
fully fuse the mixture, cool the crucible, and
place it in a 250-ml beaker. Add 10 ml of hot
water, 1 ml of alcohol to reduce any sodium
manganate that may be present, and digest
on a hot plate till the mass disintegrates. Re-
move and wash the crucible and break up
any lumps of residue with a glass rod. Filter
into a 400-ml beaker, first by decantation,
then transfer the residue to the paper, and
wash with a 0.1 percent solution of sodium

65 Epperson, A. W. The Pyrophosphate Method for the Deter-
mination of Magnesium and Phosphoric Anhydride. J. Am.
Chem. Soc., v. 50, 1928, pp. 321-333.
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carbonate until the volume of the filtrate is
about 200 ml. Add 2 or 3 drops of methyl
orange indicator, carefully neutralize with
hydrochloric acid, then add a slight excess.
Heat to boiling and add 10 ml of 10-percent
barium chloride solution. Boil the mixture
for a few minutes and allow it to stand for at
least 2 hours at a temperature just below
boiling. Filter on a close-textured paper and
wash with hot water until free of chloride.
Ignite in a weighed porcelain crucible, cool
in a desiccator, and weight the barium sul-
fate. From this weight calculate the per-
centage of SO; in the sample.

Rapid Methods

Two solutions of the ash sample are pre-
pared in the following methods, solution A
for determination of SiO, and Al,Oz and
solution B for the other determinations.
Solution B containing 0.4 gram of sample in
250 ml is designed to provide enough por-
tions of test solution for the various determi-
nations described. In the spectrophotometric
methods described the absorbance readings
are made in 1 cm cells.

Preparation of Analysis Solutions

SOLUTION A.—Weigh accurately 0.0500 g
of sample and transfer to a 50-ml nickel
crucible. Add 1.5 g sodium hydroxide, cover
crucible, and heat to melt the sodium hydrox-
ide. Swirl gently to ensure that no particles
of sample float on the surface of melt. Con-
tinue fusion for about 5 minutes at a dull
red heat, then remove crucible from flame,
swirl melt around sides, and allow to cool.

Add about 25 ml water and let stand for
an hour or overnight if convenient. Pour
contents of crucible into a 600-ml beaker con-
taining 400 ml water and 20 ml 1:1 HCL.
With a rubber policeman remove any residue
from crucible and wash into beaker. Do not
allow nickel crucible to come in contact with
the acid.

Transfer solution to a 1,000-ml volumetric
flask, dilute with water to mark, and mix.
Clean the flask with 1:1 HCL and rinse with
water before use.

Prepare duplicate standard solutions in
the same manner using 0.0500 g portions of
National Bureau of Standards sample No. 99,
soda feldspar. Also prepare a blank:solution.
Store the standard and blank solutions in
plastic bottles. The standard soda feldspar
X)Inéc)ains 68.66 percent SiO, and 19.06 percent

2Us3.

SOLUTION B.—Treat 0.400 = 0.0005 g of
sample in a 80-ml platinum crucible with 3

ml 1:1 H,SO; and 10 ml HF. Evaporate on
an air bath until most of the HF is removed,
then add 1 ml HNO,, and continue heating
until strong fumes of SO; evolve.

Cool the crucible and contents, add water
to dissolve the residue, and digest on air bath
for one-half hour. Transfer contents of
crucible to a 250-ml volumetric flask. When
cooled to room temperature dilute to the
mark and mix. Also prepare a blank solution.

Although some calcium sulfate from sam-
ples high in calcium may not dissolve during
digestion in the crucible, it normally will dis-
solve on further dilution. A small quantity
of insoluble barium sulfate may still remain
with some samples. This will settle to the
bottom of flask and not interfere in deter-
mining the main constitutents. If appreciable
insoluble residue is present, the solution can
be filtered into another 250-ml flask before
finally diluting to the mark.

Because of the possibility of alkali con-
tamination from the flask, determine sodium
and potassium the same day that solution B
is prepared, or withdraw 25 ml with a pipet
and store in a plastic bottle.

Description of Methods

S1LicA.—The following method is used for
the determination of silica.

Reagents—Ammonium molybdate solu-
tion: Dissolve 7.5 g ammonium molybdate in
751 of water, add 10 ml 1:1 H,SO4, and dilute
to 100 ml. Store in plastic bottle.

Tartaric acid solution, 10 percent; store in
plastic bottle.

Reducing solution: Dissolve 0.7 g sodium
sulfite in 10 ml water. Add 0.15 g of 1-amino-
2-naphthol-4-sulfonic acid and stir until dis-
solved. Dissolve 9.0 g of sodium bisulfite in
90 ml water, add this solution to the solution
above, and mix. Store in plastic bottle.

Procedure.—Pipet 10 ml aliquot of sample
solution A, 10 ml of each standard solution,
and blank solution in to separate 100-ml volu-
metric flasks. Dilute to 50 to 60 ml with
water and mix.

Add 1.5 ml ammonium molybdate solution
with a measuring pipet, mix, and let stand 10
minutes.

Pipet 4 ml tartaric acid solution, followed
immediately by 1 ml reducing solution, into
the first flask, mixing during the additions.
Dilute contents of this flask immediately to
the mark and mix before proceeding to the
next flask.

Let each solution stand 1 hour then
determine its absorbance at 650 mp using the
blank solution as reference.
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Calculation.—Compute factor for each
standard test =

Percent SiO, in standard
absorbance of standard

Compute average factor.

Percent SiO. in sample = (average factor
X absorbance of sample).

ALUMINUM OXIDE.—The following proce-
dure is used for determination of aluminum
oxide.

Reagents. — Calcium chloride solution:
Transfer 7 g CaCO; to a 250-ml beaker. Add
about 50 ml water and 1:1 HCL in drops
until the CaCO; is dissolved. Boil the solu-
tion for 1 to 2 minutes, cool, and dilute to
500 ml.

Hydroxylamine hydrochloride solution, 10
percent.

Thioglycollic acid: Dilute 5 ml of reagent
with water to 100 ml.

Buffer solution: Dissolve 70 g sodium
acetate in water, add 30 ml glacial acetic
acid, and dilute to 500 ml.

Alizarin red S solution, 0.1 percent: Dis-
. solve 0.2 g alizarin red S in 200 ml water and
filter to obtain a clear solution.

Procedure.—Pipet a 10-ml aliquot of sam-
ple solution A, 20 ml of each standard solu-
tion A, and 20 ml of blank solution into
separate 100-ml volumetric flasks. Then
pipet 10 ml of blank solution to the flask
containing 10 ml of sample solution to main-
tain correct pH. For ash samples that con-
tain less than 20 percent Al,O, take a 20-ml
aliquot directly from solution A.

.Add 1 ml CaCl, solution to each flask and
mix.

Add 1 ml hydroxylamine hydrochloride
solution to each flask and mix.

Add 1 ml thioglycollic acid solution to each
flask and mix.

Add 10 ml buffer solution, measured with
a graduate, to each flask, mix, and allow to
stand 10 minutes.

Add 5 m] alizarin red S solution with a
pipet, dilute to 100 ml, and mix.

Allow to stand for 1 hour, then measure
absorbance at 475 mu using blank solution as
reference.

Calculation.—Compute factor
standard test = '

for each

Percent Al,O; in standard
absorbance of standard

Calculate average factor.

Percentage of Al,O; in sample for 10 ml-
aliquot = 2 X average factor X absorbance
of sample solution; or for 20-ml aliquot =

average factor X absorbance of sample solu-
tion.

FERRIC OXIDE.—The procedure for deter-
mination of ferric oxide follows:

REAGENTS. — Hyldroxylamine hydrochlo-
ride, 10 percent.

Soduim gluconate solution, 10 percent.

Orthophenanthroline solution, 0.1 percent.

Sodium citrate, 10 percent.

Standard iron solution: Dissolve 0.2455 =+
0.0005 g FeSO,- (NH,), S0O.6-H,0 in water,
add 3 ml 1:1 H,SO,, and dilute to 500 ml; 1
ml contains equivalent of 0.1 mg Fe,Q;.

Procedure.——Dilute 10 ml of sample solu-
tion B to 50 ml in a volumetric flask.

Pipet 10 m] of diluted sample solution into
a 100-ml volumetric flask, pipet 5 ml of
standard iron solution into another 100-ml
flask, and add nothing to a third flask for
reagent blank.

Add 5 ml hydroxylamine hydrochloride
solution to each flask and mix.

Add 10 ml sodium gluconate solution to
each flask and mix.

Add 10 m) orthophenanthroline solution
to each flask and mix.

Add 10 ml sodium citrate solution to each
flask, dilute to 100 ml with water, and mix.

Measure absorbance at 510 mpu using re-
agent blank as reference.

Calculation.—The standard test solution
contains 0.5 mg of Fe,0;, and a 10-m] aliquot
of the diluted sample solution contains 3.2
mg of sample. For these conditions, per-
centage of

0.5 X absorbance of sample
absorbance of standard X 3.2

F3203 == >< 100

Note: For samples containing more than 15
percent Fe,0;, take a 5-ml aliquot of the
diluted sample solution which contains 1.6
mg of sample.

T1TANIUM D10XIDE.—The following method
is used for determination of titanium
dioxide.

Reagents.—Hydrogen peroxide, 3 percent
solution.

Standard titanium solution: Transfer
0.2008 -+ 0.0005 g of Bureau of Standards
sample No. 154a (99.6 percent TiO;) or the
appropriate amount of reagent TiO. of known
composition to a platinum crucible. Fuse
with potassium pyrosulfate. Dissolve the
melt in 50 ml 1:1 H,SO,, cool, and dilute to
1,000 ml in a volumetric flask. The concen-
tration of TiO, is 0.20 mg/ml.

Procedure—Pipet a 25-ml portion of sam-
ple solution B into a 50-ml volumetric flask
(1), and for the reference solution add a
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second 25-ml portion of solution B to another
50-ml flask (2).

Add 5 ml 1:1 H,SO, to each flask, mix, and
cool to room temperature.

Add 5 ml hydrogen peroxide solution to
flask 1. Fill both flasks 1 and 2 to the mark
with water and mix.

Measure absorbance at 410 mu of solution
in flask 1 using solution from flask 2 as ref-
erence.

Calibration.—Transfer 5.0 ml standard
TiO, solution to 50-ml volumetric flask 1 and
add about 25 ml water. Add 25 ml water to
flask 2.

Add 5 ml 1:1 H,SOy to each flask, mix, and
cool to room temperature.

Add 5 ml hydrogen peroxide to flask 1.
Fill both flasks to the mark with water and
mix.

Measure absorbance at 410 myu of solution
in flask 1 using reagent blank in flask 2 as
reference.

Calculation.—For an example, assume 5
ml of standard = 1.00 mg TiO.,. This is
equivalent to 2.5 percent for a 25-ml aliquot
of sample solution B that contains 40 mg of
sample.

Percentage of TiO, =

2.5 X absorbance of sg@g
absorbance of standard

PHOSPHORUS PENTOXIDE. — Phosphorus
pentoxide is determined as follows.

Reagents. — Molybdivanadate solution:
Dissolve 0.625 g of ammonium metavanadate
in 200 ml 1:1 HNO; Dissolve 25 g ammonium
molybdate in 200 ml water. Pour the am-
monium molybdate solution into the meta-
vanadate solution while stirring and dilute
with water to 500 ml.

Standard P.0; stock solution: Dissolve
0.3835 =+ 0.0005 g potassium dihydrogen
phosphate (dried at 110° C) in water and
dilute to 1,000 ml.

Standard working P.O; solution: Dilute 50
ml of stock solution to 500 ml. Then 25 ml
contains 0.50 mg of P,0;, which is equivalent
to that in the solution prepared from a sam-
ple containing 1.25 percent P,O; as directed
in preparation of sample solution B.

Procedure.—Pipet a 25-ml aliquot from
sample solution B, 25 ml of standard working
solution, and 25 ml of the blank solution into
separate 50-ml volumetric flasks.

With a pipet add 10 ml molybdivanadate
solution to each flask, dilute with water to
the mark, mix, and allow to stand for at least
5 minutes.

Measure absorbance at 430 mu using the
reagent blank as reference.

Calculation.—Percentage P,O; —

1.25 X absorbance of sample
absorbance of standard

CALCIUM AND MAGNESIUM OXIDES.—Re-
agents.—EDTA solution: Dissolve 3.720 g of
the disodium salt of ethylene diamine tetra-
acetic acid in water anc dilute to 1,000 ml.
Standardize against the standard calecium
solution using calcein or phthalein purple
indicator.

Standard calcium solution: Dissolve 1.000
g calcium carbonate in water with 4 ml 1:1
HCl. Heat to boiling to expel carbon dioxide,
cool, and dilute to 1,000 ml. 1 ml is equivalent
to 0.00056 g CaO.

Triethanolamine solution: Dilute 500 ml of
triethanolamine with water to 1,000 ml and
mix.

Potassium hydroxide: Dissolve 224.4 g
potassium hydroxide in water and dilute to
1,000 ml. Store in plastic bottle.

Calcein indicator: Mix 0.2 g calcein, 0.12
g thymolphthalein, and 20 g finely ground
potassium chloride.

Phthalein purple indicator: Mix 0.1 g
phthalein purple, 0.005 g methyl red, and
0.05 g naphthol green B with 10 g finely
ground potassium chloride.

Procedure for CaO.—Pipet 25 ml of sam-
ple solution B and 25 ml of the blank solution
into separate 500-ml Erlenmeyer flasks.
Dilute with water to approximately 100 ml.

Add 1 ml of concentrated HCI, 5 ml of the
triethanolamine solution, 5 ml ammonium
hydroxide, and 10 ml potassium hydroxide
solution in that order, mixing after addition
of each reagent. Dilute with water to about
200 ml.

Add approximately 40 mg calcein indicator
and titrate with standard EDTA solution
until the color changes from a green fluores-
cence to purple. Observe the color change in
diffused light looking down thrcugh the flask
to a black surface.

Procedure for MgO.—Pipet 25 ml of sam-
ple solution B and 25 ml of blank solution
into separate 500-ml Erlenmeyer flasks.
Dilute with water to about 100 ml.

Add 1 ml concentrated HCl, 20 ml trie-
thanolamine solution, and 25 ml ammonium
hydroxide, mixing after addition to each
reagent. Dilute with water to approximately
200 ml.

Add a volume of standard EDTA solution
slightly less than the calcium titer, then add
about 40 mg phthalein purple indicator. Con-
tinue the titration until the color changes
from pale purple to colorless or pale grey.
A slight excess of EDTA produces a green
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coloration. Observe the color change in
diffused light looking down through the
flask to a white surface.

Calculation.—Let V; = milliliters of
EDTA required for caleium titration, cor-
rected for blank.

V. = milliliters of EDTA required for Ca
=+ Mg titration, corrected for blank.

F — grams CaO = 1 ml EDTA; (0.719 F
= grams MgO =1 ml EDTA).

W = weight of sample, grams.

= volume of aliquot, milliliters.

250
V,XFX A
g X 100.

Thus, if W = 0.4 g, F — .00056, and A —
25 ml, percentage of CaO =V, X 1.4.

Percentage of Mg0 =

Percentage of Ca0 =

250
(V:— Vi X 0.7T19XF X A v 10,
w

SODIUM AND POTASSIUM OXIDES.—Re-
agents.—Synthetic ash solution: Dissolve
2.0 g iron in 5 ml 1:1 H,SO; and 100 ml
water.

Dissolve 1.0 g aluminum in 5 ml 1:1 H,SO,
and 100 ml water.

Dissolve 1.25 g CaCO; in 3 ml 1:1 H,SO,
and about 600 m] water.

Dissolve 1.0 g MgSO,-TH,0 in water.

Combine the solutions, filter, and dilute
with water to 1,000 ml.

Stock Na solution, 100 parts per million
(ppm) : Dissolve 0.3088 = 0.0005 g Na,SO,
in water and dilute to 1,000 ml.

Stock K solution, 100 ppm : Dissolve 0.2228
+ 0.0005 g K.SO, in water and dilute to
1,000 ml.

Standard Na solution: Pipet 10 and 50 ml
of stock Na solution into separate 100-ml
volumetric flasks. Add 10 ml synthetic ash
solution and 10 ml stock K solution to each
flask, dilute with water to the mark, and mix.
The solutions contain 10 and 50 ppm Na.

Standard K solution: Pipet 50 ml stock K
solution into a 100-ml volumetric flask. Add
10 ml synthetic ash solution and 10 ml stock
Na solution, dilute with water to the mark,
and mix. The solution contains 50 ppm K.
As the standard 10-ppm Na solution contains
10 ppm K, use it also for the standard
10-ppm K solution. Store in plastic bottles.

Calibration.—Prepare additional standard
Na solutions containing 1, 4, 20, 30, and 40

ppm Na, and standard K solutions contain-
ing 1, 4, 20, 30, and 40 ppm K. Also prepare
blank solutions, the Na blank containing 10
ml synthetic ash solution and 10 ml stock K
solution per 100 ml, and the K blank con-
taining 10 ml synthetic ash solution and 10
ml stock Na solution per 100 ml. Rinse each
sample cup two times with the solution it is
to contain before filling with the test solu-
tion.

"After adjusting flame spectrophotometer
according to manufacturer’s directions, set
the wavelength to 589 myu and aspirate the
50 ppm Na solution. Move the wavelength
control slightly back and forth at the sodium
wavelength to find setting for maximum re-
sponse. Finally, while aspirating the 50 ppm
Na solution adjust the slit width and sensi-
tivity to achieve a transmittance reading of
80. Rinse aspirator with water, and deter-
mine transmittance reading for the 40-ppm
Na solution. Repeat this operation, checking
that the transmittance reads 80 for the 50-
ppm Na solution, and determine readings for
the 30-, 20-, and 10-ppm Na solutions. Test
the blank solution, and subtract blank read-
ings from each determination. Prepare a
working curve for the range 10 to 50 ppm
Na. Make another working curve for the
range 1 to 10 ppm Na. To do this aspirate
the 10-ppm Na solution and increase slit
width sufficiently to obtain a transmittance
reading of 80, and then determine readings
for the 4- and 1-ppm Na solutions.

Make similar measurements for the stand-
ard K solutions at a wavelength of 768 my.

PROCEDURE. — Operate flame spectropho-
tometer in the manner used for calibration.
Rinse sample cup with solution it is to con-
tain, and fill separate cups with standard 50-
and 10-ppm Na solution, sample solution B,
blank solution B, and water. Adjust instru-
ment for the 10-50-ppm range at the sodium
wavelength using the standard 50-ppm Na
solution, and determine readings for sample
solution and blank. When sample solution
contains less than 10 ppm Na, make determi-
nation in the 1-10-ppm range after setting
instrument with the 10-ppm Na solution.
For samples rich in sodium, dilute an aliquot
of solution B for the test.

Make similar determinations for potassium
using the standard 50- and 10-ppm K solu-
tions to adjust the spectrophotometer. Sub-
tract the blank reading from the sample
reading, and determine the concentration of
Na and K in the test solution from the
appropriate working curve.
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Calculation.—When using 0.4 g of sample
in 250 ml for solution B, calculate percentage
of Na,O and KO as follows:

ppm Na X 1.348
16

Percentage of K.0 — ppm K 1>é 1.2046

Percentage of Na,O =

Method of Reporting Analysis

An example of the method used in report-
ing an analysis of a coal ash follows. Man-
ganese oxide (Mn;O4) is not listed among
the constituents, as it seldom is determined.

Constitutent: ‘Percent
Silica (Si102) revrerrvrerceiriesresesiesenieensens 45.4
Aluminum oxide (Al203) .ovvvvnrnnnnns 24.1
Ferric oxide (Fe203) .covvvieirirnrcrerennens 19.9
Titanium dioxide (TiO2) ..cccvvviieennnn 1.0
Phosphorus pentoxide (P203) ....ccoeu.. .20

Calcium oxide (Ca0) ....ccieene.
Magnesium oxide (MgO)
Sodium oxide (Na20) ...
Potassium oxide (K20) ...
Sulfur trioxide (SO3)

METHODS FOR DETERMINATION
OF FERRIC OXIDE, FERROUS
OXIDE, AND METALLIC IRON IN
COAL-ASH SLAGS AND CLINKERS

The forms of iron in coal-ash slags and
clinkers are sometimes determined in con-
nection with studies concerning ash composi-
tion as related to ash fusibility and ash
viscosity. The. degree of oxidation of the
iron is one of the variables that affect the
temperature at which various stages of
fusion occur. The method is empirical in
nature, and it is difficult to determine its ac-
curacy. It is given here because of occasional
requests for such information.

Preparation of Sample

A hard steel mortar should be used in
crushing the sample. The pestle should not
be twisted or turned as such motion will .con-
taminate the sample with metallic iron from
the mortar and pestle. The sample should
be crushed to pass a No. 60 sieve.

Total Iron

Determine total iron in 0.5 g of sample
according to the method described for ferric
oxide in coal ash. When more than 0.1 per-

cent of metallic iron or much carbon is pres-
ent it is advisable to treat the sample first
with hydrochloric acid and filter the solution.
Ignite the residue, and fuse with sodium
carbonate. Dissolve the melt in hydrochloric
acid, add to the first solution, and proceed
with the iron determination.

The total iron calculated to Fe,O; minus
Fe,0; equivalents of the ferrous oxide and
metallic iron equals the ferric oxide in the
sample.

Ferrous Iron

Weigh 0.2 to 0.5 g of sample, depending
on the amount of ferrous iron present, and
transfer to a 50-ml platinum crucible. A
small spiral of platinum wire placed in the
crucible will prevent bumping during boiling.
The crucible should be placed in a hole cut
in a piece of asbestos board so its lower two-
thirds is exposed to the flame of a Meker
burner. Add 15 ml of dilute sulfuric acid
(1:3), cover the crucible and heat almost to
boiling ; then add 5 to 10 ml of hydrofluoric
acid and boil gently for 5 to 10 minutes.
Place the crucible and contents in a 600-ml
beaker containing 350 ml of recently boiled
and cooled boric acid solution (15 g H3;BO;
to 350 ml of water) and titrate with standard
potassium permanganate. Subtract a blank
titration made on the reagents. This deter-
mination gives the ferrous iron plus any
metallic iron that may be present. The de-
termined iron, calculated to FeO, minus the
FeO equivalent of the metallic iron equals
the ferrous oxide in the sample.

Metallic Iron

Transfer 0.5 to 1.0 g of the sample to a
250-ml beaker and add 60 ml of a 5-percent
mercuric chloride solution. Cover the beaker
with a watch glass and digest on the hot plate
for one hour but do not allow to boil. Filter
into a 400-ml beaker and wash with a cold
2-percent solution of mercuric chloride.
Dilute the filtrate to 300 ml with cold water,
add 10 ml of titrating solution, and titrate
with the standard potassium permanganate.
Deduct a blank determination made on the
reagents. If more than 2 percent of metallic
iron is present, reduce the amount of sample
to give not more than 0.01 g of metallic iron.
This titration gives the metallic iron in the
sample.



APPENDIX

TABLE A-1.—Nominal dimensions, permissible variations, and limits
for wire cloth of standard sieves (U.S. Standard Series
(4th root of 2 ratio))

. X X Nominal wire
Sieve designation Sieve opening Permissible Permissible diameter!
Permissible variation maximum
variations for not more variation in

Inches (ap- in average than 5 percent individual Inches
Standard Alternate Milli- proximate opening, of openings, openings, Milli- approximate
meters equivalents) percent percent percent meters | equivalents)

@ 2 3) 4) (5) (6) O] (8 9

107.6 4.24 +3 +4 +5 6.40 0.2520

101.6 4.00 +3 +4 +5 6.30 .2480

90.5 3.50 +3 +4 +5 6.08 2394

76.1 3.00 +3 +4 +5 5.80 2283

64.0 2.50 +3 +4 +5 5.50 .2165

53.8 2.12 +3 +4 +5 5.15 .2028

50.8 2.00 +3 +4 +5 5.05 1988

45.3 1.75 +3 +4 +5 4.85 .1909

38.1 1.50 +3 +4 +5 4.59 .1807

32.0 1.25 +3 +4 +5 4.23 .1665

26.9 1.06 +3 +5 +6 3.90 .1535

25.4 1.00 +3 +5 +6 3.80 .1496

22.6 875 +3 +5 +6 3.50 .1378

19.0 750 +3 +5 +6 3.30 .1299

16.0 .625 +3 +5 -+6 3.00 1181

13.5 .530 +38 +5 +6 2.75 .1083

. 12.7 .500 +3 +5 +6 2.67 .1051

. 11.2 .438 +3 “+5 +6 2.45 .0965

. 9.51 375 +3 +5 +6 2.27 .0894

8. 8.00 .312 +3 +5 +6 2.07 .0815

6. 6.73 .265 +3 +5 +6 1.87 .0736

6. 6.35 .250 +3 +5 46 1.82 0717

35, 5.66 223 +3 +5 +10 1.68 .0661

24, 4.76 .187 +3 +5 -+10 1.54 .0606

24, 4.00 157 +3 +5 +10 1.37 .0539

3. 3.36 .132 +3 +5 +10 1.23 .0484

i2. 2.83 111 +3 +5 +10 1.10 .0430

2. 2.38 0937 +3 +5 -+10 1.00 .0394

32, 2.00 .0787 +3 +5 “+10 .900 .0354

31 1.68 .0661 +3 +5 -+10 .810 .0319

* 1. 1.41 0555 +3 +5 +10 725 .0285

. 1.19 0469 +3 +5 +10 .650 .0256

1.00 .0394 +5 +7-14 +15 .530 .0228

841 .0331 +5 +7-14 +15 .510 .0201

.707 .0278 +5 +7-15 +15 .450 0177

.595 .0234 +5 +7-15 +15 .390 0154

.500 0197 +5 +7-14 +15 .340 .0134

420 0165 +5 +12-14 +25 .290 .0114

.354 0139 +5 +12-14 +25 247 .0097

297 0117 +5 +12-14 +25 215 .0085

250 0098 +5 +12-14 +25 .180 .0071

210 .0083 +5 +12-14 +25 .152 .0060

177 .0070 +6 +20 +40 .131 .0052

.149 .0059 +6 +20 +40 .110 .0043

125 .0049 +6 +20 +40 .091 .0036

.105 .0041 +6 +20 +40 .076 .0030

.088 0035 +6 +20 +40 .064 .0025

074 .0029 +7 +30 +60 .053 .0021

.063 .0025 +7 +30 +60 .044 .0017

.053 .0021 +7 +30 +60 .037 .0015

.044 .0017 +7 +30 +60 .030 .0012

.037 .0015 +7 +30 +60 .025 .0010

! The average (iigmcter of the warp and o° the shoot wires,
taken separately, of the cloth of any sieve shall not deviate from

the nominal values by more than the following :

Sieves coarser than 395 u
Sicves 595 u to 125 u ...
Siceves finer than 125 4
2 These sieves are¢ not in the

1th root of 2 series, but

been included because they are in common usagze.

.. b percent
. 10 percent
15 percent
they have

(ISO)
these sieves be included in all sieve analysis data
intended for international publication.
Note.—All measurements of openings and wire diameters shall
be made on the completed sieve.
Courtesy American Society for Testing and Materials,

Standard. It

Book of ASTM Standards, Part 9.
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3 These sieves correspond to those proposed as an International
is recommended that wherever

possible
or reports

1965
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TABLE A-2.—Comparison of selected square-mesh-wire - test sieves
of different countries: Equivalent values

United States Great Britain
ASTM
Germany Japan
Tyler Standard I.M.M. DIN 4188, JIS,
Sieve designation Openings per openings per openings per sieve inside mesh nominal

nu linear inch linear inch linear inch number width in mm measure in

(1) (2) (3) (4) (5) ()

5,660 3-1 3-1 6.3 5,660

4,000 5 . 5 . 4.0 4,000

3,360 6 6 5 3.15 3,360

2,380 8 8 7 2.5 2,380

2,000 10 9 8 2.0 2,000

...... 10 1.6 1,680

1,190 16 14 14 10 1.25 1,190

1,000 18 16 16 12 1.0 1,000

841 20 20 18 16 .8 840

500 35 32 30 25 5 500

250 60 60 60 50 .25 250

210 70 65 72 60 2 210

105 140 150 150 120 .1 105

88 170 170 170 150 .08 88

74 200 200 250 200 .063 74

44 325 32 289 . 44
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Calorific value
Determination, 14
Correction for sulfur, 18
In coal classification, 59, 60, 62
Calorimeter
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Washing, 25
Coal ash
Analysis, 67
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Cone preparation, 68, 69
Determination, 4
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Analysis, 63
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Analysis, 70
Coking in ash determination, 5
Cone mold, 69
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Desiccator, vacuum, 24 Moisture determination, 2, 3
Dilatation Distillation method, 3
Audibert-Arnu measurement, 43, 60 Oven for, 4
Gray-King test, 60 Oven method, 4
Hoffmann measurement, 43 Moisture in coal, 60, 62
Percentage, 47 Muffle furnace for ash determination, 4
Dilatometer, 44 . ..
Calibration and inspection, 44 Nitrogen determination, 9
Maintenance, 45 In coke, 63
%’{r(:elgsazlll’? accessories, 46 Organic solutions in specific gravity analysis, 28
Ram,,47 Oxygen determination, 11

Tubes and pistons, 44

Pet hic analysis, 56
Drying room, 2 etrographic analy

Phosphorus pentoxide determination in ash, 73, 77
Equilibrium-moisture determination, 24 Physical tests for

Eschka method for sulfur determination, 10 8813'(1; 26%

Compared with bomb-washing method, 10 .
Exinite. 58 Plastic property

’ Determination, 33

Ferric oxide determination in ash, 71, 77, 80 Measured by Gieseler plastometer, 39
Ferrous oxide determination, 80 Plastometer
Fischer-Schrader low-temperature Gieseler, 40

carbonization assay, 47 Maintenance, 42

Calculations, 50 Preparation for test, 41
Time-temperature curve, 49 Polished surface analysis by reflected light, 58

Float-and-sink tests, 25 Popping in volatile-matter determination, 6
Fluidity, maximum, 43 Potassium oxide determination in ash, 79
Free-swelling index, 84, 43, 60 Profile
Froth flotation, 30, 31, 32, 33 Area, 36 o

Rate curves, 35 Corresponding swelling-index number, 37

Timed release analysis, 31, 33 Proximate analysis of coal, 3

Washability data, 34 Pyrite in ash determination, 5
Funnel flask, 28 Pyrometer for ash-fusion tests, 68
Furnace . .

Ash determination, 4 Radiation correctionin

Calibration, 38 ’ Calorific value determination, 19

Carbon and hydrogen determination, 7, 8 Calorimeter standardization, 17

Coal-ash fusion, 67 Reagents )

Volatile-matter determination, 5 Froth flotation, 30
Fusain, 57, 58 Riffle, 2
Fusibility of coal ash, determination, 67 Roga test, 60

Fusinite, 58 Salt solution in specific gravity analysis, 25, 26

Gray-King test, 60 Semifusinite, 58
Grindability determination, 20 gﬁpisatzrytfgnnel kfor fine coal, 28, 31
i ility i i atter test for coke
Grindability index, calculation, 21 Machine, 64, 65
Hard coal in international classification, 60, 61 Sieves, 81, 82
Hardgrove grindability machine, 21 Sight tube for free-swelling index determination, 35
Hydrogep determination, 7, 8 Silica determination in ash, 71, 76
Precision, 9 Slag analysis, 67
Ignition loss determination, 70 Sodium oxide determination in ash, 76
International classification, 62 Sparking in volatile matter determination, 6
Brown coals and lignites, 60 Specific gravity
Comparison with ASTM system, 62 Analysis, 25
Hard coal by type, 60, 61, 62 Calculation of true, 22
Iron, oxidation in ash, 67 Determination of apparent, 22
Forms in coal-ash slags and clinkers, 80 Determination of true, 22
Specific gravity of coke
Kjeldahl-Gunning nitrogen determination, 9 Determination of apparent, 63
Precision, 10 Sulfate determination, 11
Sulfur

Lignite in international classification, 62

i Determination, 10, 11
Loading device for plastometer, 41 etermin » 10,

Correction for acidity, 18
Precision, 11
Forms in coal, 11
Sulfur, organic determination, 11, 12
Sulfur, pyritic determination, 11
Gravimetrie, 11

Magnesium oxide determination in ash, 75, 78
Manganese oxide determination in ash, 74
Mechanical loss in volatile-matter determination, 6
Metamorphism, 62

Micrinite, 58 Sulfur trioxide determination in ash, 75

Microscopic analysis of thin sections, 57 Swelling-index numbers and corresponding
Micum test for coke, 66 profiles, 37

Mineral matter calculation, 13, 59
Mixing wheel, 3 Tar yield in coal classification, 62



Temperature
Fluid, 69
Fusion, 42
Initial deformation, 69
Initial softening, 42, 46
Maximum contraction, 46
Maximum dilatation, 46
Maximum fluidity, 43
Measurement in ash fusion, 68
Softening of ash, 67, 69
Solidification, 43

Thin-section analysis by transmitted light, 57
Titanium dioxide determination in ash, 73, 77
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Tumbler test for coke, 66
Ultimate analysis of coal, 7

Vitrinite, 58
Volatile matter
Determination, 5, 6, 33, 35
Effect of temperature, 6
Precision, 7
In ash determination, 5
In coal, 5, 6
In coal classification, 59, 60

Washability data and curves, 32
Washing devices for fine coal, 27, 30
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