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1

Fermentation Technology: 
Current Status and Future Prospects

Ritika Joshi, Vinay Sharma and Arindam Kuila*

Bioscience & Biotechnology Department, Banasthali University, Rajasthan, India

Abstract
This chapter deals with the current status and future prospects of the fermentation 

technology (FT). It discusses the different types of fermentation processes (solid-

state and submerged fermentation) as well as the different types of enzyme and 

antibiotics production by FT. In addition, various industrial applications (enzyme 

production, organic acid production, biofuel production, etc.) of solid-state fer-

mentation are also discussed. Also discussed are the future prospects of FT with 

regard to enhanced value product development.

Keywords: Fermentation technology, solid-state fermentation, enzyme 

production, biofuel production

1.1  Introduction

Fermentation technology is defined as field that involves the use of micro-
bial enzymes for production of compounds that have application within 
the energy production, material, pharmaceutical industries, chemical, and 
food industries [1].

It appears naturally in various foods. The human beings are using it from 
the ancient times for preservation and organoleptic properties of food. It is 
a well-established technology of the ancient time used for food preserva-
tion, production of bread, beer, vinegar, yogurt, cheese, and wine. From 
time to time, it has got refined and diversified [2].

*Corresponding author: arindammcb@gmail.com



4 Principles and Applications of Fermentation Technology

It is the biological process in which various microorganisms such 
as yeast, bacteria, and fungi are involved in the conversion of complex 
substrate into simple compounds which are useful to humans (enzymes 
production, metabolites, biomass, recombinant technology, and bio-
transformation product) on industrial scale. Organic acid and alcohol 
are the main products of fermentation. In this process, there is liberation 
of  secondary metabolites like antibiotics, enzymes, and growth factors 
[3, 4].

They acquire biological activity so they are also known as bioactive 
compounds. These compounds contain plant and food constituents in 
small amount which are very nutritional. Various bioactive compounds 
consist of secondary metabolites, for example phenolic compounds, 
growth factors, food pigments, antibiotics, mycotoxins, and alkaloids [5, 
6]. The constituent of phenolic compounds are flavonoids, tannins, and 
phenolic acids. Flavanones, flavonols, flavones, anthocyanidins, and iso-
flavones are some major classes of flavonoids. Flavonoid comprises largest 
collection of plant phenolics where most of them are naturally occurring 
compounds [7].

According to their diverse perspectives, food and beverage are used 
in modern industrial fermentation processes. On the bases on different 
parameters such as environmental parameters and organisms required for 
fermentation, these techniques have become more advanced.

Generally, bioreactor is required in the middle of this process which can 
be arranged on the basis of their feeding of the batch, continuous and fed-
batch fermentation, immobilization process. In the presence of the avail-
able amount of oxygen, mixing of substrate take place in single and mixed 
culture in submerged fermentation (SmF) [8].

1.2  Types of Fermentation Processes

1.2.1 Solid-State Fermentation

Solid-state (or substrate) fermentation (SSF) are define as fermentation 
that place in solid supporting, non-specific, natural state, and low mois-
ture content. In this process, substrates such as nutrient rich waste can be 
reused. Bran, bagasses, and paper pulp are the solid substrates used in SSF. 
Since the process is slow the fermentation of substrate takes long time. 
So, the discharge of the nutrients is in controlled manner. It requires less 
moisture content so it is the best fermentation technology used for fungi 
and microorganism. However, this process is not applicable for bacteria 



Fermentation Technology: Current Status and Future Prospects 5

because this fermentation cannot be used for organism that requires high 
water condition [9].

1.2.2  Submerged Fermentation

In SmF, microorganism required a controlled atmosphere for proficient 
manufacture of good quality end products; attain optimum productivity 
and high yield.

Batch, fed-batch, or continuous modes are used in industrial biore-
actors for the production of different type of microorganism in broad 
range [8].

For the manufacture of alcoholic beverages (whisky, beer, brandy, rum, 
and wine), preservatives or acidifiers (lactic acids, citric, and vinegar) 
are used in food industry and for flavor enhancers (monosodium gluta-
mate) or sweeteners (aspartate) amino acid are used in submerged batch 
cultivation.

In this part, there are different ways of submerged cultivation using 
microorganisms in bioreactors. Here we have discussed briefly about typi-
cal features and advantages and faults of each fermentation methods are 
displayed. Lastly, the production of microorganism in liquid medium in 
various type of food industrial product has been determined as the most 
important application for continuous, batch, and fed-batch cultivation.

1.2.2.1  Batch Cultivation

Batch culture is a closed system which works under aseptic condition. 
In these cultivations, inoculums, nutrients, and medium are mixed in the 
bioreactor in which the volume of the culture broth remains constant.

1.2.2.2  Substrates Used for Fermentation

It is very important to select a good substrate as the product of fermen-
tation extremely varies. This technique is used for optimization of every 
substrate. This is mainly due to the cause that microorganism reacts in dif-
ferent way in every substrate.

The rate of consumption of different nutrient vary in every substrate, 
and so that their productivity. Some commonly used substrates in SSF 
are rice straw, vegetable waste, wheat bran, fruit bagasse, synthetic media, 
and paper pulp. Liquid media, molasses, waste water, vegetable juices, and 
soluble sugar are common substrates used in SmF to extract bioactive 
compounds.
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Enzymes [10], antioxidants [11], antibiotics [12], biosurfactants [13], 
and pigments [14] are variety of bioactive compounds which are extracted 
using fermentation.

1.3  Enzymes

Enzyme cultivation is the most important technique for the manufacturing 
of different enzymes.

When fermentation on appropriate substrates is done, both fungus and 
bacterial microbes are required for the precious collection of enzyme. 
Enzyme production can be together performed by submerged and SSF. 
Bacterial enzyme production commonly implies SmF method because it 
requires high water potential [15]. In fungus, where less water potential is 
required, SSF method is applied [16].

In the world, 75% of the industries are using SmF for the production of 
enzymes. The major reason of using SSF is that it does not support geneti-
cally modified organisms (gmo) to the extent to which SmF does, so we 
prefer SmF rather than SSF.

One more reason of using SmF is that it has lack of paraphernalia as 
related to the cultivation of variety of enzymes using SSF. The microorgan-
ism is dissimilar in SmF and SSF by the detailed metabolism display that’s 
way this is highly critical process. Here, influx of nutrients and efflux of 
waste substance is carried out in different metabolic parameters of cultiva-
tion. Some small variation from the particular parameters will affect the 
undesirable product.

1.3.1  Bacterial Enzymes

Cellulose, amylase, xylanase, and L-asparaginase are some well know 
enzymes produced from bacteria. Previously we have thought that SmF 
is one of the best ways to produce enzyme from bacteria. Current stud-
ies have shown that for bacterial enzyme production SSF is more capable 
than SmF. The most important explanation can be given by metabolic 
differences. In SmF system, lowering of enzyme activity and production 
efficiency is done by gathering of different intermediate metabolites.

1.3.2  Fungal Enzymes

Numerous genus of fungus, Aspergillus, has been isolated from this pro-
cess which is industrially important for the production of enzyme. This 
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fungus has been a well-known model of microorganism for the production 
of fungus enzyme [17]. Aspergillus is one of the largest sources of fungal 
enzyme. The common difference between SSF and SmF are straight lying 
on the productivity of the fungus [17]. Using SmF, phytase is extracted 
from Thermoascusauranticus [18].

1.4  Antibiotics

The most important extract from microorganism using fermentation 
technology is antibiotics. It is a bioactive compound. Penicillin from 
Penicillium notatum is the first antibiotic produced from fermentation. 
It was completed in 1940s using SSF and SmF but today P. chrysogenum 
isolates are higher yielding producers [19]. Aminocillins, Carbapencins, 
Monobactams, Cephalosporins and Penicillins together they are known 
as β-lactam antibiotics [19]. Some other antibiotics like Tetracyclin, 
Streptomycin, Cyclosporin, Cephalosporin and Surfactin are manufac-
tured from this process. Streptomyces clavuligerus, Nocardialactamdurans, 
and Streptomyces cattleya produces Cephamycin C from sunflower cake 
and cotton-de-oiled cake in which wheat raw is supplemented in SSF sys-
tem as substrates for manufacturing Cephamycin C. In SSF, penicillin was 
produced by actinomycetes and fungi in mixed cultures.

In current time, the growth of proper substrates has led to the wide-
spread use of SSF more than SmF. On the other hand, some results show 
that several microbial stains are extra suitable to SSF and others are more 
suitable for SmF. Thus, this technology is determined on the bases of micro-
organism that is being used for production. Recently, it has been studied 
that several antibiotics produced through SSF are more constant and high 
in quantity than SmF.

This is associated to minor production of bioactive substance that 
are intermediary compounds in SSF. However, the characteristics of the 
substrate material and their quality make SSF implementation limited. 
Due to this property, it is compulsory to check the production ability 
of  different substrates earlier than optimization of the fermentation 
process.

Typically, in the beginning of batch cultivation, the bioreactors are filled 
with sterilized medium and the quantity of viable cell is known which is 
inoculated in the bioreactor. It is beneficial for the construction of biomass 
(Baker’s yeasts) and primary metabolites (lactic acid, citric acid, acetic acid 
or ethanol production).
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In food industries, organic acids used as preservatives or acidifiers(lactic 
acids, citric acids, and acetic acids), alcoholic beverages (wine, beer, 
and distilled spirits i.e. brandy, whisky, and rum) and sweeteners (e.g., 
aspartate) or amino acids used as flavoring agents (e.g., monosodium 
glutamate)are the various product manufactured by submerged batch 
cultivation.

Fermentation of whisky is taken as a good example, the manufacturing 
of distilled spirits are made from wood or stainless steel and it is made in 
simple cylindrical vessels known as wash backs.

Even it is very difficult to clean it but they used it, mainly in malt whisky 
distilleries. In this process, wort is pumped and cooled to 20 °C and inocu-
lated with the yeast cells.

It has been found that manufacturingof citric acid has reached 
1.8 × 106 tons in 2010 and about 90% of this is synthesized by the fun-
gus Aspergillus niger from sugar containing material like sugarcane, corn, 
and sugar beet and food industry consumed 60% of it. We can follow 
surface liquid fermentation, SSF, and submerged liquid fermentation for 
the production of citric acid in industrial scale, however, the end pre-
dominates [24].

1.5  Fed-Batch Cultivation

In fed batch cultivation, one or more nutrients are added aseptically, it is 
a semi-open system and the culture is supplemented step-by-step into the 
bioreactor at the same time the volume of the liquid culture in the bioreac-
tor increase within this time.

The increase in productivity, enhanced yield by controlled sequential 
addition of nutrients, ability to achieve higher cell densities, and pro-
longed product synthesis are the main advantages of fed-batch over batch 
cultures.

Immobilized Cell Technology Active Biocatalyst also known as enzyme 
or microbial cell has increased the productivity of bioprocesses and it is 
managed through controlled contact with high concentration. Through 
cell immobilization or recycling by feeding strategies in high density cul-
tures [20]. Cell immobilization mostly studied in the food and gas-liquid 
mass. It is done in three phase bioreactor; it requires all three phases in 
competent mass transfer. These bioreactor aims in the region where main 
process amplification can be managed through the improvement of gas-
liquid mass transfer [21].
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Fundamental difference between SmF and SSF

Submerged fermentation Solid-state (substrate) fermentation

Water cultivation medium (~95%). Water cultivation medium is low 

(40–80%).

Liquid–gas are the two phase of the 

system.

Solid–liquid–gas are three phase of 

system.

Homogeneous. Heterogeneous.

Low nutrient content, water soluble. High nutrient content, water 

insoluble.

Oxygen transfer: gas–liquid. Oxygen transfer: liquid–solid and 

gas–liquid.

Microorganism growth: liquid 

medium.

Microorganism growth: medium 

surface.

Only oxygen is transfer, process is not 

limited.

Oxygen, heat, and nutrient transfer is 

limited.

Product: soluble in the liquid phase. Product: high concentration.

1.6  Application of SSF

1.6.1  Enzyme Production

In SSF, agriculture industrial substrates are considered the most excellent 
for enzyme production.

The expenditure of enzyme production by SmF is high as compared to 
SSF.

Approximately, all well-known microbial enzymes are produced 
through this process. According to research study, large amount of work 
has been done on the enzyme production of industrial importance like 
cellulases, lipase, proteases, glucoamylases, amylases, ligninases, xylanases, 
pectinases, and peroxidases. Thermostable enzyme xylanase by thermo-
philic Bacillus licheniformis has been produced from this process. Enzymes 
produced from this process are more thermo-stable than SmF process. 
It has 22- folds higher in SSF system than in SmF system.

The bacterial strain extracted from open xylan agar plate are character-
ized as xylanase produced from Bacillus pumilus from both the processes 
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(submerged and SSF fermentation) [22]. Rhizopus oligosporus is used to 
produce acid protease from rice bran and during its production no toxin 
effect occurred in SSF.

1.6.2  Organic Acids

Gallic acid, citric acid, fumaric acid, kojic acid, and lactic acid are various 
acid produced by SSF. Wheat bran, de-oiled rice bran, sugarcane, carob 
pods, coffee husk, kiwi fruit peels, pineapple wastes, grape pomace, and 
apple are some agro-industrial wastes which are very resourceful sub-
strates for production of citric acid in SSF. For the production of citric acid 
from Aspergillus, pine apple waste was used as substrate [23]. Sugarcane 
bagasse impregnated with glucose and CaCO

3
 for the production of lactic 

acid from Rhizopus oryzaeis used.

1.6.3  Secondary Metabolites

Fungus produce secondary metabolite, gibberellic acid, in its stationary 
phase. Gibberellic acid production increases in SSF system. Gathering 
of gibberellic acid was 1.626 times greater in SSF than SmF using 
Gibberellafujikuroi in the production of gibberellic acid in which wheat 
bran is used as substrate.

1.6.4  Antibiotic

Cephamycin C, Cyclosporin A, Penicillin, Neomycin, Iturin, and 
Cephalosporins are some common antibiotics produced from SSF. 
Penicillin is produced from Penicillum chrysogenum in which wheat bran 
and sugarcane bagasse are used as substrate under high moisture content 
(70%). Nocardia lactamdurans, Streptomycesclavuligerus, and Streptomyces 
cattleya produces Cephamycin C. In SSF, antibiotic penicillin is produced 
from Actinomycetes and fungi through mixed cultures.

1.6.5  Biofuel

Today, ethanol is the most extensively used biofuel. Even though it is very 
easier to produce ethanol using SmF, it is preferred because of low water 
requirement, little volumes of fermentation mash, end product protection 
is inhibited and less liquid water disposal, it decreases pollution problem 
and it is most commonly used for ethanol production because of abun-
dant availability. Saccharomyces cerevisiae is used for ethanol production in 
SSF of apple pomace supplemented with ammonium sulfate in controlled 
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fermentation. Sweet potato, rice starch, wheat flour, potato starch, and sweet 
sorghum are commonly used substrate.

1.6.6  Biocontrol Agents

On the bases of different mode of action, fungal agent has greater potential 
to act as biocontrol agents. To control mosquitoes Liagenidium giganteum 
is used as fungal agent. It works by encysting on their larvae. Here they use 
larvae as a substrate for growth.

1.6.7  Vitamin

Nicotinic acid, vitamin B12, thiamine, riboflavin, and vitamins B6 are 
the water soluble enzyme produced on SSF with the help of different 
species of Rhizophus and Klebsiella, which is well-known producer of 
vitamin B12.

1.7  Future Perspectives

In food industries, processing microbial enzymes are extensively used as 
gift to fermentation technology. Yet, it is essential to make this kind of 
enzyme for the future development. In recent years, various new industrial 
and analytical applications have been drawn out for the manufacture of 
new products.

Fermentation technology needs evolution and enhancement for the 
food and beverage industries. It aim is to humanizing higher yield and pro-
duction amount by means of construction, new models, bacterial strain, 
and process monitoring. In these areas, they have developed some modern 
ideas that could show the mode of cost-effectively attractive solutions.

In SSF, the area of modern instrumentation and sensor development is 
commendation of process monitoring is very important.

The modern technology characterized so far include different sensor 
of technologies like infrared spectrometry, magnetic resonance imag-
ing, x-rays, image analysis, and respirometry. The chief drawback is high 
cost, so for large-scale applications this technique is unsuitable. Algae 
and micro/macro algae derived food production is one of the best bio-
reactor design for development of large-scale photo-bioreactors and 
phytocultures (seaweed). The use of properly controlled ultra-sonication 
in bioprocesses is another potential approach to enhance the metabolic 
productivity.
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Sono-bioreactor performance (mass transfer enhancement), their 
function (e.g., cross-membrane ion fluxes, stimulated sterol synthesis, 
altered cell morphology, and increased enzyme activity) and biocatalysts 
(cells and enzymes) are advantageous effects of ultrasound which can be 
exploited.

Its prospective in the field of food fermentation for genetic engineering is 
indisputable. On the basis of understanding of their diet and human gastro-
intestinal microbiota, food fermentation has improved the nutritional status 
by the balanced choice of food-fermenting microbes. In this respect, food 
fermentation has attributed beneficial towards health and regarded as an 
extension of the food digestion.
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Abstract
Fermentation is a biochemical process of microorganism for the production of dif-

ferent valuable products such as enzymes, hormones, biofuels, etc. Fermentation 

process generally includes batch fermentation, feb-batch fermentation, and con-

tinuous culture. For enzyme production submerged and solid state fermentation 

process is involved. Microorganisms utilize the nutrients present in the substrates 

for their growth and product synthesis. Change in chemical or physical environ-

ment highly effects the product formation and its quality and yield. These changes 

effect the growth and product synthesis kinetics leading to different quality and 

yield of products. Thus, to ensure that the product formation is high quality and 

high yield, fermentation process has to be monitored properly. Mathematical cal-

culation and statistical analysis is needed to track the fermentation process and 

monitor this process for best results. This enhances the product quality as well as 

leads to high yield. Many researchers has also developed strategies for the produc-

tion of zero waste or to reuse the waste produced from one system to produce 

value added products of other system and leads to no waste technology. But all 

these strategies depend on the mathematical calculation, observation and statisti-

cal analysis, kinetics of product formation and monitoring. Different microorgan-

isms have different growth kinetics and needs different modeling for high yield. 

It also enhances the economic value of product and economic status of the coun-

try. Thus this chapter focuses on the modeling and kinetics involved in high yield 

and high quality product formation from fermentation system.

Keywords: Modeling, kinetics, statistical analysis, mathematical calculations
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2.1  Introduction

Fermentation is a biochemical process of microorganism for the produc-
tion of variable products. Different organisms need different conditions 
to produce some specific products. Some of the variables such as biomass 
resource, type of microorganism, growth rate, agitation speed, substrate 
composition, reaction time and pH of the culture medium, simultaneous 
sacharification, and fermentation (SSF) are factors needed to be optimized 
for efficient production of product. Thus, optimization with modeling and 
kinetics solves the problem [1]. Kinetics is the analysis of the interpre-
tation of observations and factors influencing the fermentation process. 
Such analysis can be explained by mainly three approaches: phenomeno-
logical, thermodynamic, and kinetic [2]. Though modeling and kinetics 
are differentially explained by different authors but the main interpreta-
tion remains same. Modeling and kinetics of the system is best interpreted 
by mathematical representations. Mathematical modeling is the represen-
tation of the essential aspects of reality with the help of function, symbols, 
and numbers. Manipulations and conversion of mathematical expression 
according to the need of the system help to create an optimized model of 
fermentation system for a particular product formation. It helps to estimate 
the convenience and cost of product formation in reality before perform-
ing the experiment in reality [1]. Modeling the kinetics of fermentation 
process helps to process-control and research efforts and thus, is consid-
ered as one of the most important aspect in fermentation process study. 
It effectively reduces the cost of production and increases quantity and 
quality of product formation. Modeling of the fermentation process not 
only includes kinetics of the cell system but also includes the condition of 
the bioreactor’s performance [3]. Thus, modeling has two parts microbial 
kinetics and bioreactor’s performance [3]. Now, as fermentation process 
involves many factors such as temperature, aeration, substrate, biomass, 
etc. on which products formation depends. Absence of perfects sensors 
for quantification of product formation and substrate and biomass leads 
to low productivity and manually optimizing the system is a tedious job. 
Thus, to increase the productivity, other factors affecting fermentation 
process needs to be controlled which leads to need of more man power 
and increase the cost of production [4]. Thus, to minimize the cost, the 
fermentation systems need to be automated. Thus, modeling and kinetics 
of the fermentation process using computerization is also an interesting 
topic discussed in this chapter. Fundamental aspects and need of model-
ing are explained in this chapter. This chapter helps to better understand 
the generalized notion of the application of modeling and use of kinetics 
for increasing productivity of fermentation process in recent days.
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2.2  Modeling

Models consist of relationship between the system and the variables 
that affects the system. A system can be any equipment of unit opera-
tion such as bioreactors, a single cell, a microbial culture, an immobi-
lized cell, HPLC etc. A system is affected by different variable of interest 
such as time, temperature, rate of reaction etc. Changing the variables, 
effects, the system or the surrounding environment. Thus, modeling of 
a system optimizes the conditions for better performance of the system. 
In case of fermentation there are many variables such as feed rate, pH, 
the rate and mode of agitation, inoculum quality, temperature, costs of 
production system, etc. which affects the system and surrounding envi-
ronment [5]. Modeling can be done by using mathematical expression or 
non-mathematical by experimental methods. Mathematical modeling is 
best as it estimates the outcome of the system without actually perform-
ing the experiment. Whereas, in case of non-mathematical experimental 
methods is tedious as it takes long time and recurring of experimental 
methods and are also non-predictable [6]. Mathematical modeling is cost 
effective as it predicts the outcome before-hand thus, decrease the cost of 
system’s modeling. Modeling of a system is a cyclic process which involves 
many aspects which needs to monitored. Some of the aspects are biologi-
cal, physicochemical, technological constrains, literature study, database 
together forms data from which assumptions are derived. Further combi-
nation of experiment with these assumptions leads to model formation. 
More analysis is done to improve the model and produce an optimized 
model for the specific system [5].

As modeling is cyclic process consisting many steps of optimization 
thus, to start a model formation we can consider any simple compo-
nents such as set of results from a batch culture (Figure 2.1). Changing 
the components of culture media and observing the rate of cell growth 
and extracellular component production with respect to times is also a 
small example of modeling the culture system [6]. Changing the param-
eter which is involved in the system leads to modeling the system. 
Mathematical modeling is the best method of modeling as discussed ear-
lier in this chapter. Now, this mathematical expression when combined 
with the power of automatization form dynamic model of system. In this 
21st century automatization is achieved with the help of computer sys-
tem. Nowadays, many software has developed which can easily analyze 
data and interpret it. Many more sophisticated sensors have developed 
which can precisely sense the production of required components in the 
system. Modeling of fermentation system using computers has enhanced 
the productivity [4, 6].
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2.2.1  Importance of Modeling

Fermentation is biochemical process which involves conversion of differ-
ent compound into industrially valuable compounds. Fermentation system 
is an innovative piece of instrument which makes the fermentation process 
simpler and easier to produce complex compounds in a simple process. 

Literature study Databases

DataBiological constrains

Construction of model

Stimulation

In silico experiments, stim-

ulations and predictions

Hypothesis

generation

Questions
Answers

New knowledge

Design: Equipment and pro-

cess

Hypothesis testing

Design experiments

Comparison of model results

with experiments

The improved model of the

system

Model refinement and 

verification

Estimation of system parameters

Assumption

Experiment

Figure 2.1 A flowchart describing the cyclic nature of modeling process.



Modeling and Kinetics of Fermentation Technology 19

Fermentation process is affected by many parameters such as composition 
of media, pH, temperature, aeration, feed rate, mode of agitation, inocu-
lation quantity etc. Change in these parameters affects the fermentation 
process. Thus, optimization and monitoring of the system increases the 
production rate [6].

With the advancement of technology, such as improved measurement, 
instrumentation, information technology, molecular biology and high-
throughput techniques enormous data of quantitative and qualitative in fer-
mentation processing, and biotechnology engineering is produced. These 
data are analyzed, looked for relations and connectivity among them using 
various software. Once the relation and connectivity is found a model is 
developed [4]. As modeling is a cyclic process, construction of hypothesis 
as a first step towards construction of model is the best method. Modeling 
thus, provides predictive information regarding the action of fermenta-
tion system. It prior to perform an experiment predicts the outcomes or 
results. In this ways we can choose a perfect model or construct a new 
model with the existing model according to our needs regarding the prod-
uct formation. It also reduces the labor or manpower cost and automation 
of the system provides error less analysis leading to minimum loss [7]. In 
this way, a cost effect but high yielding fermentation system is generated. 
By using model based terminologies, it also acts as a communicating lan-
guage among scientist and engineers of different backgrounds. It acts as a 
universal language for communication regarding a fermentation system. It 
helps to predict and decide the next experiment precisely without hassle of 
repeating experiments. Model automatically measure and monitors factors 
and sometimes highlights factors which are consider as less importance 
but are actually highly important to the fermentation system. These appli-
cations of model signifies the importance of modeling a system [8].

For constructing a model, the components of modeling need to be 
understood. The knowledge of the parameters of modeling helps to pre-
dict the system. Constructing a model is precise when it is tested by its 
ability to predict the outcome of the system reaction by a set of indepen-
dent experiments which consist of different forms of experiment includ-
ing parameters involved in the fermentation system [9]. In constructing 
a model, experimental error and physical constrain should also be taken 
care of. Experimental errors may include omitting data with high degree of 
error. Thus, the model should consist of replicate of experiments, sampling 
and analysis. Physical constrains includes technical, biological, chemical 
and physical, upper and lower limits of the range of values of the system 
variables and parameters which needs to be taken care of [5].
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2.2.2  Components of Modeling

Components of modeling include control volume, variables, parameters, 
and the equations (Figure 2.2). Other than this, assumption and hypothesis 
are also indispensable part of the fermentation modeling system [10].

2.2.2.1  Control Volume

Control region or volume is one of the most important components of 
modeling. Control regions is the space in the system where all the variable 
(concentration, pH, temperature, pressure etc.) chosen for the system are 
kept uniform. It is need not to be necessary that the concentration in the 
control region to be constant with time. Rather, concentration may vary or 
may remain constant with time but, any change occurring in the control 
region remains uniforms with time [5]. This means that the concentration 
of the compounds for example in the system remains uniform with time in 
the control region. As in most real system is heterogeneous thus, control 
region is mostly considered as an imaginary space of the system by the 
modelers. In case of a heterogeneous system more than one control region 
is considered depending on the bulk of homogeneity. Control region can 
be best with an example such as in bioreactor where the concentration of 

Intermediate variable

State variable

The model

Stoichiometric parametersOperating variable

Kinetic parameters

Figure 2.2 The components of modeling.
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a compound in uniform in the whole system than the bulk liquid is the 
control region and has single control region. But if in a bioreactor, the con-
centration of compounds is divided by the impeller in two or more than 
two halves, but the concentration of compounds in each region remains 
uniform than the system consist of more than two control region. The bulk 
liquid is the control region (Figure 2.3). There may be exchange of matter, 
energy or momentum with the control regions. The volume of the con-
trol region may vary or remain constant. The control regions can be finite 
or infinitesimal. Control regions has some boundaries that can be defined 
as: phase boundaries across which no exchange occurs, phase boundaries 
across which an exchange of mass and energy takes place and geometri-
cally defined boundaries in a single phase within which the exchange takes 
place by bulk flow or molecular diffusion [5]. Choosing of control volume 
is a crucial step in modeling process for the success of the model. Though 
the process seems to be easy, but many factors and variable are needs to 
be considered which make the process complicated. Thus, it can be inter-
preted that to construct a model first the system to be designed should be 
assumed and then the consideration of what should be the mode of opera-
tion or activity which further help to decide whether the system will be 
steady or unsteady that is whether the system properties should change or 
not. This heterogeneity of the system further decides whether the control 
region will be finite or infinitesimal.

Control region

Figure 2.3 The schematic diagram explaining the control region in two types of 

bioreactor system.
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2.2.2.2  Variables

Variables are the component of the system whose change in the system 
affects the system. Variable are of three types: state, operating, and inter-
mediate variables [7].

1. State variables – It defines the state of the process and for 
every extensive property of the system one variable is pres-
ent. For example, viable cell concentration (X

v
), non-viable 

cell concentration (X
d
) etc. [5].

2. Operating variables – These are the variable whose values 
can be set by the operator of the process. For example, dilu-
tion rate (D), volumetric feed flow rate (F) etc. [5].

3. Intermediate variables – It is defined as volumetric rate vari-
ables which can also be defined under state variable [5].

2.2.2.3  Parameters

Parameter are a set of constrains or measurable factors which limits or 
boundaries the scope of a particular process [2].

1. Kinetic parameter – The kinetic rate expression constants 
for the system is defined as kinetic parameters. Such as 

max
 

is maximum specific growth rate per hour, K
S
 is the satura-

tion constant kg per m3 etc. [2, 11]
2. Stoichiometric parameters – These are the stoichiometric 

relationship in biological system or reaction. Such as Y
P/S

 is 
the yield coefficient of product with respect to substrate [12].

2.2.2.4  Mathematical Model

Mathematical model consists of a set of equations for each control model 
which can predict the system outcome. A novel mathematical model is 
derived from the combination of previously established mathematical 
expressions [1]. The mathematical model consists of balance equations 
for each extensive property of the system, thermodynamic equations, rate 
equations. Rate equations can be divided into rate of reaction which defines 
the rate of generation or consumption of an individual species within the 
control region and rate of transfer of mass, energy, momentum across the 
boundaries of the control region [13].
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2.2.2.4.1  Mass Balance Equation
Balance equations are needed for every extensive property of interest in every 
control region. Extensive properties are those that are additive over the whole 
system such as mass and energy whereas concentration and temperature are 
intrusive properties of the system [14]. Other than this each and every bal-
ance equation are linearly independent that means no balance equation is 
formed by the addition or combination other equations [5]. Such as:

Rate of accumulation or rate of deletion = (rate of input 
to control region) − (rate of output to control region) (Eq. 2.1)

Input and output can be defined by the rate of mass transfer and reac-
tion phenomenon as:

Generation (input) and consumption (output) due to reac-
tion within the control region.
Transfer occurs across the phase boundaries
Bulk flow across the boundaries of control region
Diffusion across the boundaries of control region

Extensive properties of the control region can accumulate or deplete 
which can be measured by numeric value or magnitude of input and out-
put of the control region [15]. Here input is considered as positive and 
output as negative term. Accumulations and depletions are the rate of 
extensive properties change in the control region with respect to time [16]. 
If the total of input term is larger than those of the output term, then the 
extensive properties are accumulating in the control region and if the total 
of output term is larger than the input then the depletion of extensive prop-
erties occurs the control region (Eq. 2.1) [5].

2.2.2.5  Automatization

From 18th century with the invention of computers, steady increase in 
the use of computers in different sectors has occurred. Automatization 
using computers has crept into every sectors of industries replacing the 
power of manpower. It has also lead to more error free and precise pro-
cess. Automatization has already well prospered in industries such as oil 
industries, metallurgy, chemical industries etc. whereas it took long time 
to prosper in fermentation industries [8]. The reason behind this are: lack 
of proper sensor for product, substrate and biomass; absence of reliable 
process model for process control analysis; investment for computers in 
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case of fermentation field were costlier with respect to other industries 
as fermentation were small scale production earlier. But now fermenta-
tion industries are growing rapidly and are large scale industry as well as 
now better sensors and fermentation models are present to facilitate the 
fermentation process (Figure 2.4) [8].

2.2.2.5.1  Some Fundamental Component of Computer-Control 
Fermentation

1. Fermentor – Fermentor is vessel with controlled condition 
of aeration, agitation, temperature, pH in which microbes 
are grown for fermentation process. It consists of an input 
and output port. A sensor could be attached with the output 
port for controlling the input of the substrates with respec-
tive to the output of the product. In this way other factor of 
a fermentor which is controlled manually could be automa-
tized and the whole process could be tracked and sensed in 
the computer system [4].

2. Computer – Computers are the digital machines which could 
performs the task given to them automatically by perform-
ing a set of operation in accordance with predetermined set 

Figure 2.4 The type of sensors.
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of variables and programs assigned to them. In case of fer-
mentation system, a computer should consist of programs 
and software which could analyze the generated data and 
reproduce it as an understandable format (Table 2.1). Thus, 
a powerful computer with more storage capacity and high 
speed of performance could be best suited for automatiza-
tion of fermentation system [4].

2.2.2.5.2  Interphase Between Computer and Fermentor
A computer system is accompanied with input and output port which is 
used to transfer data and control signals to and fro between computer and 
fermentor. There are mainly two types of ports that are parallel port and 
serial port. A parallel port transfer bits of data simultaneously whereas 
serial port transfers bits of data one at a time. Serial port is used to com-
municate between process operator console and process computer. Serial 
port is useful in managing data traffic that exists between the computer 
and terminal [23]. As in case of serial port single link is enough to transfer 

Table 2.1 Some fermentation control software in recent days.

Sl.no. Software Description Reference

1 Matlab analyzing data, developing algorithms, 

or creating models

[17]

2 Minifor includes all the electronics for visual-

izing and regulation of 6 parameters 

(temperature, pH, DO, air flow rate, 

agitation and parameter ‘X’)

[18]

4 Process control 

software 

(PCS)

for completely automatic control, data 

acquisition and real-time visualiza-

tion of parameters

[19]

5 FNet ready to use software for MINIFOR 

fermentor and bioreactor

[20]

6 SIAM industrial fermentation software with 

unlimited possibilities (e.g.: redox 

potential, CARBOMETER and other 

instruments

[21]

7 MINI-4-GAS 

software

an extension of SIAM for automatic 

gas-mixing

[22]
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all data bits even in long distance connection but in parallel ports as many 
links are needed as many bits of data are to be transferred. Parallel lines 
are mainly used for conjunction between computer and process system. 
They are used as input and output port for data transfer and for senses and 
control lines. Parallel port can be used to introduce switch in connection 
with computer without using expensive interface. But a buffering is needed 
in case the system doesn’t crash due to overload. As well as some control 
valves are needed to handle the high voltage or current. In case of analogue 
signal, analogue digital converter is needed to convert the singles in digi-
tal. On the other hand, a digital to analogue converter is also needed to 
send signals from computer to the control process. Now, when computer 
is connected to the whole fermentation system then, a question arises that 
when and how should the input and output port work and how much bits 
of data should pass through input and output port. Here, software is need 
which could analyze the collected data in the memory and logically decide 
depending on the set programs and control the input output port and take 
care of the proper addressing of the data transmission [23]. Other than 
this some floating sensors such as pH meter, spectrometer etc. need to be 
attached with the system and should be connected with computer so the 
data generated could be analyzed and compared by the computer in the 
memory disk and the system become completely automatized [4].

2.2.2.5.3  Set Point Control and Direct Digital Control
Analogue controller controls the process actions in fermentation plants 
that are not computerized. Thus, this process system is equipped with 
analogous regulatory mechanism which keeps the variables controlled 
at a set point. As this control points are set manually, thus if the con-
trol points are not constant then they have to be changed repeatedly by 
manually. This procedure of manual setting is called set point control. As 
discussed in earlier section computers can also perform controlling func-
tions, thus, by comparing the data produced by sensors with the rated 
value point inside the memory of the computer, it can decide a combi-
nation or differential action for the fermentation system. This procedure 
of direct interaction of fermentation system with the computers is called 
direct digital control [4].

2.3  Kinetics of Modeling

Study of fermentation system includes growth of the microorgan-
ism, substrate utilization, product formation with respect to time. Thus, 
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kinetic analysis approaches are: thermodynamic, phenomenological, and 
kinetic [2].

2.3.1  Thermodynamic

Thermodynamic approach was first used by Calam et al. (1951). It is the 
measurement of fermentation rate by calculating the activation energy of 
rate determining step in the reactions involved including all the metabolite 
functions [2].

2.3.2  Phenomenological

Phenomenological approach is the measurement related to phenomenon 
such as growth rate, rate of product formations etc. Gaden (1955) first 
classified it on the basis of specific reaction rate as a comparison between 
rate per unit weight of cellular tissue and utilization of substrate. Further 
Maxon (1955) classified it as comparison between growth rate and rate of 
product formation. This was fist approach toward kinetic study of fermen-
tation. Later Gaden (1958) further classified it into cell propagation, direct 
metabolic product and indirect metabolic product [2].

2.3.3  Kinetic

Kinetic approach was first approached by Luedeking (1958) in a homofer-
mentative lactic acid production by Lactobacillus delbrueclcii. He found the 
formation of lactic acid depends both on growth and non-growth phase by 
a mathematical expression

 dC/dt = x dM/dt + y M (Eq. 2.2)

where C is product concentration, M is concentration of cell mass, t is 
time and x and y are parameters which are functions of pH in this system. 
Deindoerfer and Humphrey (1959) further modified the above reaction as:

 x = 0 (non-growth)

 dC/dt = y M = −z dN/dt (Eq. 2.3)

 y = 0 (growth)

 dC/dt = x dM/dt = −z dN/dt (Eq. 2.4)
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where N is the concentration of substrate or limiting nutrient concentra-
tion. Thus, lactic acid fermentation can be defined by two simple math-
ematical expressions [2].

With the increasing knowledge in the recent days, immense knowl-
edge regarding the metabolic reactions, product formations, cell growth, 
cell death, the changes in their morphology, etc. are generated. These also 
has effect on the fermentation system. Thus, illustration with the help of 
mathematical modeling can be done in the biological system. Hence, each 
biological reaction is considered as a single reaction system. Here, cell 
maintenance or endogenous respiration is considered as basic cell activi-
ties. Other assumption includes all microbial cells are of same physiology 
(shape, size, etc.) and treat the whole living cells in the microbial culture 
as one uniform biomass. Collection of dead cells are also considered as 
another one uniform biomass [24].

2.3.3.1  Volumetric Rate and Specific Rate

Volumetric rate is defined by the following equation:

 
volumetric rate

Amount of a compound produced or consumed

(uunit volume unit time)( )
 (Eq. 2.5)

Where the amount of a compound produced per unit volume is the con-
centration [5]. Any microbial activity encompasses, which is expressed as 
volumetric rates, depends on the viable biomass x

v
 of the control region. 

But in certain unusual cases where the product formed is found in the 
media after the cell’s death, then the volumetric rate depends on the 
dead biomass of the control region [25]. Though volumetric rates help 
to approximate the process or design experiment, but it doesn’t allow 
any inferences regarding comparison of the performance between same 
or different microorganisms. For this type of inferences specific rates 
are used.

Specific rates depend on growth of microorganism, product formation, 
and substrate consumption [5]. It is defined by the following mathematical 
expression:

 specific rate
volumetric rate

biomass concentration
 (Eq. 2.6)
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Thus, combining Equations 2.5 and 2.6 we can rewrite specific rate as:

 
specific rate

amount of compounds produced or consumed

uni( tt volume unit time biomass concentration)( )( )
 (Eq. 2.7)

Thus, volumetric growth rate can be expressed as:

 

rx volumetric growth rate

amount of biomass formed

unit vo( llume unit time)( )
 (Eq. 2.8)

the unit of volumetric growth rate is kg m−3 h−1.
Thus, specific growth rate can be written as:

 

specific growth rate

volumetric growth rate ( )

concenta

rx

ttion of viable biomass ( )xv

 (Eq. 2.9)

the unit of specific growth rate is h−1.
Similarly, in case of volumetric death rate can be defined as:

 rd volumetric death rate
amount of dead cells

unit volume( )(( )unit time
 (Eq. 2.10)

the unit of volumetric death rate is kg m−3 h−1.
Thus, the specific death rate can be written as:

 

k

r

d

d

specific death rate

volumetric death rate ( )

concentrattion of viable biomass ( )xv

 (Eq. 2.11)

The unit of specific death rate is h−1. In case of specific death rate con-
centration of viable biomass is again used as living cell contributes to 
dead cells but once a cell is dead it doesn’t die again to contribute to the  
process [5].
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Now, in case of product formation,

    

rp volumetric product formation rate

amount of product formmed

unit volume unit time( )( )
 (Eq. 2.12)

The unit of volumetric product formation rate can be written as 
kg m−3 h−1.

Thus, specific product formation rate can be written as:

   

qp specific product formation rate

volumetric product formaation rate ( )

concentation of viable cells ( )

r

x

p

v

 (Eq. 2.13)

The unit of specific product formation rate is h−1. Here, as formation of 
product is generally done by live cells thus, specific product formation rate 
is found with respect to concentration of viable cells. Though, in very few 
cases concentration of live cells is replaced by dead cells such as, in case of 
product formation from autolysis of cells [5].

Now, in case of substrate consumption,

   

rs volumetric substrate consumption rate

amount of substratte consumed

unit volume unit time( )( )
 (Eq. 2.14)

The unit of volumetric substrate consumption rate is kg m−3 h−1.
Thus, specific substrate consumption rate can be written as:

  

qs specific substrate consumption rate

volumetric substrat

   

 ee consumption rate

concentration of viable cells ( )

   ( )r

x
s

v

 (Eq. 2.15)

The unit of specific substrate consumption rate is h−1. In this case as only 
living has the ability to use substrate thus specific substrate consumption 
rate is defined with respect to concentration of living cells [5].
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2.3.3.2  Rate Expression for Microbial Culture

The knowledge of these basic forms of kinetic rate expression is needed to 
understand the kinetic expression in the balance equations of batch, fed-
batch, continuous culture, and solid state in bioreactor [13, 26, 27].

The basic need for the growth of the microorganism includes: a viable 
inoculum, carbon source, energy source, essential nutrient, and physico-
chemical conditions. When all these requirements for growth are provided 
the rate of increasing viable cells will be proportional to viable biomass 
concentration. The specific growth rate can be divided into two ways: sub-
strate dependant and substrate independent [3].

2.3.3.2.1  Monod Kinetic for Growth of Microbial Cell
As in a cell’s metabolism multiple biochemical reactions are occurring 
which includes enzymes and even production of these enzymes are also 
included in cell’s metabolism. Thus, growth is assumed as result of hun-
dreds of enzyme-catalyzed reactions [12]. Michaelis–Menten expression 
is the simplest form expression relating enzymatic reaction rate to the rate 
limiting substrate concentration which is written as follows [5]:

 v
kES

K SM

 (Eq. 2.16)

where v = the reaction velocity; k = the rate contant; E = the total amount 
of enzyme;

K
M 

= the Michaelis–Menten constant; S = the substrate concentration. 
kE is maximum when S >> K

M
 and the enzyme reaction proceeds. It is 

written as v
m

.

If an enzyme reaction following Michaelis–Menten type with a rate con-
trolling step for growth and it is assumed that the concentration of the 
rate controlling enzyme is proportional to the viable cells concentra-
tion, whereas the concentration of substrate of the rate controlling step is 
proportional to the limiting substrate concentration in the nutrient media 
then, the expression can be written as:

From Equation 2.9.

 r xx v  (Eq. 2.17)
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Thus, the relationship between the specific growth rate and limiting 
substrate concentration as proposed by Monod is:

 max

S

S

K S( )
 (Eq. 2.18)

where, r
x
 is the volumetric rate of cell growth, kg m−3 h−1;

max
 is the maximum specific growth rate, h−1;

S is limiting substrate concentration, kg m−3;
K

S
 is the saturation constant, kg m−3;

x
v
 is the viable cell concentration, kg m−3

when S >> K
S
 then, K

S
 can be ignored then,

  = 
max

 (Eq. 2.19)

which is a Monod’s zero order asymptote for specific growth rate with 
respect to substrate concentration.

Similarly, when S << K
S
 then, S can be ignored the reaction become first 

order reaction as follows:

 
max

SK
S  (Eq. 2.20)

Thus, according to Monod’s expression the specific rate is a function of 
the substrate concentration. In transition from zero order to Monod equa-
tion specific growth rate can be defined as critical substrate concentration. 
Now, a critical substrate concentration (S

crit
) using Monod’s expression can 

be defined as:

 0 99.  max  (Eq. 2.21)

Now, combining Equations 2.18 and 2.20 we get,

 S Kcrit S99  (Eq. 2.22)

Here, Equation 2.22 depends on the arbitrary definition of critical sub-
strate concentration. Now, if the Equation 2.21 is defined as 90% instead of 
99% then, S

crit
 = 90 K

S
.
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When substrate concentration (S) will be equal to K
S
 then the Monod’s 

expression for specific growth rate can be rewritten from Equation 2.18 as:

 
max

2
 (Eq. 2.23)

Thus, Monod saturation constant K
S
 is also called as the critical sub-

strate concentration. It is used to design medium concentration when a 
particular substrate becomes growth limiting.

Though Monod’s equations are simple and easy to understand and work, 
but it still has some disadvantages. The equation doesn’t work for compli-
cated situations such as when the intracellular substrate concentration is 
reduced due to fast cellular growth even though enough amount of nutri-
ents is still present in the media, then, the correlation of specific growth rate 
and substrate concentration does not occur according to Monod’s equa-
tion. To solve such problems logistic equations are alternative solution.

In case of logistic equation, the expression for specific growth rate is 
written as:

 max
v

vm

x

x
1  (Eq. 2.24)

and for microbial cell growth rate:

 r
x

x
x max

v

vm

1  (Eq. 2.25)

where, 
max

 is the maximum specific growth rate h−1 and x
vm

 is the maxi-
mum viable biomass concentration.

Some other growth rate expression such as:

Tessier model: 

 max

s Ke S( )/1  (Eq. 2.26)

Moser model:

 max SK S( )1 1
 (Eq. 2.27)
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where λ is constant

Contois model: 

 max

S

Bx S
 (Eq. 2.28)

where B is a constant and Bx is apparent Monod constant which is propor-
tional to biomass concentration x.

2.3.3.2.2  Growth Inhibition
In the above section microbial growth rate is discussed but inhibition fac-
tors of microbial growth are also an important factor in fermentation sys-
tem. Some of the reasons for growth inhibition of microbial growth are 
substrate inhibition, antibiotics, poisons, accumulation of product which is 
poisonous above a particle threshold concentration. Some of the expression 
used for growth inhibition estimations are [5]:

For substrate inhibition: 

 
max

S

i

S

K S
S

k

2  (Eq. 2.29)

where, k
i
 = inhibition coefficient

Other inhibition substance:

 
max

S

i

S

K S
k I( )1  (Eq. 2.30)

 
max

S

i

i

S

K S

k

k I
 (Eq. 2.31)

 
max

S

i

S

K S
exp k I( )  (Eq. 2.32)

where I = inhibitor concentration and k
i
 = inhibition constant.

2.3.3.2.3  Autolysis
Autolysis or natural cell death is a phenomenon which occurs in the fer-
mentation system when some cells become non-viable. In such cases, cells 
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loose its cell wall’s integrity and autolysis of cell occurs. The cell death rate 
with respect to viable cells as first order expression can be expressed as [5]:

 r k xd d v  (Eq. 2.33)

where, r
d
 = volumetric rate of conversion to non-viable form (kg m−3 h−1)

x
v
 = concentration of viable cells (kg m−3)

k
d
 = rate constant (h−1).

The Equation 2.33 can be defined as the rate of conversion of viable cells 
to non-viable cells is assumed to be directly proportional to the concentra-
tion of viable cells. It should be noted that only the viable cells contribute 
to the death rate because once the cell is dead it cannot contribute to death 
rate. But dead cell does contribute to volumetric rate of autolysis if the cell 
membrane integrity is lost. Cell lysis means death of cell due to external 
factors such as poison or change in external osmotic pressure etc. and loss 
of cell integrity but autolysis means self-disruption of cell due to starvation 
or death. As autolysis is the function of cell’s self-integrity but lysis occurs 
due external effects thus lysis includes both dead and viable cells which 
cannot be considered as function for concentration of dead cells. Thus lysis 
should be distinguished and can be represented as [5]:

 r k xl l d  (Eq. 2.34)

where, r
l
 = volumetric rate of cell lysis (kg m−3 h−1)

x
d 
= concentration of dead cells (kg m−3)

k
l 
= rate constant (h−1).

2.3.3.2.4  Formation of Products
In this section of chapter, the estimation of products formed by the micro-
bial cells extracellularly or intracellularly are studied. To continue the cel-
lular process microbial cell needs energy which is generated by the cell in 
the form of chemical energy that is Adenosine triphosphate (ATP). ATP can 
be produced by the cell anaerobically and aerobically using carbon sources 
as substrate. Aerobic process of ATP generation is done by breakdown of 
carbohydrates into CO

2
 and water in presence of oxygen whereas, anaerobic 

process, ATP is generated by breaking down of carbon sources into simple 
sources such as ethanol, lactic acid, CO

2
, water, etc. but in absence of oxygen. 

The resulted products formed are excreted out by the cell in the medium. 
Other than alcohols and acids microbial cells also secretes many exoenzymes, 
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polysaccharides and antibiotics depending on the specific media and other 
external conditions. For example, in carbon source enriched media and with 
few metal ions lipids and glycogens are produced as storage energy.

Thus, some of the expression of product formation kinetics by microbial 
cells [5] can be expressed as follows:

Growth-associated: 

 r rp x  (Eq. 2.35)

Non-growth associated: 

 r xp v  (Eq. 2.36)

Mixed kinetics:

 r r xp x v  (Eq. 2.37)

Equation 2.37 is called Luedeking–Piret expression for product forma-
tion and  and  are constants. Combination of Luedeking–Piret expression 
[28] with Monod’s equation gives the following expression:

 r
S

K S
xp

max

S

v  (Eq. 2.38)

2.3.3.2.5  Degradation and Inhibition of Product Formation
Degradation or inhibition of product formation can occur by external 
inhibitors or by the production concentration itself. Such as in case of etha-
nol production, after a threshold concentration of ethanol, it itself inhibits 
the production of ethanol [29]. Following is the equation [5] used to esti-
mate product formation rate in case of inhibition by product concentration 
itself:

 r
P

P
r xp

m

x v1 ( )  (Eq. 2.39)

Where, P
m

 = maximum achievable product concentration under inhibition 
conditions.
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2.3.3.2.6  Maintenance Energy and Endogenous Respiration
Maintenance energy is the total energy required by the cells to maintain 
the concentration gradient required between the interior and exterior of 
the cell and to initiative turnover reactions involved in continuous resyn-
thesize of cell liable components [30]. This energy is used to maintain via-
bility of cell and in cell motility and is not responsible for the production of 
any product or energy storage components [31]. The kinetic expression for 
maintenance energy [5] is written as:

 r m xSm S v  (Eq. 2.40)

Where r
Sm

 = volumetric rate of consumption of substrate (kg m−3 h−1); m
S 
= 

rate constant (kg substrate kg cells−1 h−1).
Now, when the external source of energy is exhausted, then the cells 

starts using its internal stored energy which are in the form of lipids and 
glycolipids leading to loss of biomass of the cells due to starvation. This 
is called endogenous respiration and the volumetric rate of endogenous 
respiration can be written as:

 r k xe e v  (Eq. 2.41)

Where, r
e
 = volumetric rate of endogenous respiration (kg cell m−3 h−1);

k
e
 = rate constant (kg cell matter kg cells−1 h−1).

Even though r
Sm

 represents substrate balance and r
e
 represents cell mass bal-

ance but they don’t have any difference in practical. Thus, it can be written as:

 k m Ye S x S/  (Eq. 2.42)

Where, Y
x/S

 = yield of biomass on substrate.

2.3.3.2.7  Stoichiometric Aspects
Though cell composition may vary due to different cell type and the differ-
ence in their physiological/environmental conditions, but protein, RNA, 
DNA, lipids, lipopolysaccharides, peptidoglycan, and glycogen are known 
to present in all ideal cells [32]. These are also involved in cell metabolism 
mechanism. These are all stoichiometric aspects.

2.3.3.2.8  Elemental Balance
Cellular biomass consists of some macromolecules such as RNA, DNA, 
proteins etc. The average element composition can be estimated from the 
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average content of the individual building block of the cell [33]. Some of 
the estimations of elementary compositions [5] of building blocks are: pro-
tein CH

1.58 
O

0.31 
N

0.27 
S

0.004
; DNA CH

1.15 
O

0.62
 N

0.39 
P

0.10
; RNA CH

1.23
 O

0.75 
N

0.38 

P
0.11

; carbohydrates CH
1.67

 O
0.83

; phospholipids CH
1.91 

O
0.23 

N
0.02 

P
0.02

; neutral 
fat CH

1.84
 O

0.12
, and Biomass CH

1.81
 O

0.52
 N

0.21
.

To explain the relation of elementary balance and the use stoichiom-
etry in the mathematical modeling of biological activities, production of 
single cell protein (SCP) from methane source can be used as an example. 
The metabolic products formed can be assumed to be CO

2
 and water and 

ammonia can be considered as nitrogen sources. Experimental oxygen 
consumption is assumed to be 1.35 mol oxygen per mol methane con-
sumed. Then, the expression for the reaction system can be written as:

 CH
4
 + aO

2
 + bNH

3
  cCH

1.81 
O

0.52 
N

0.21
 + dCO

2
 + eH

2
O

Where, a, b, c, d, e is stoichiometric coefficient indicating number of 
mole of the molecules involved to balance the reaction. Thus, the stoichio-
metric balance equation of the above reaction can be written as:

 Carbon: 1 = c + d (Eq. 2.43)

 Hydrogen: 4 + 3b = 1.81c + 2e (Eq. 2.44)

 Nitrogen: b = 0.21c (Eq. 2.45)

 Oxygen: 2a = 0.52c + 2d + e (Eq. 2.46)

Here, number of unknown stoichiometric coefficient = a, b, c, d, e = 5

Number equation formed = carbon, hydrogen, nitrogen, 
oxygen = 4

Degree of freedom = 1

Here, mole of oxygen (a) = 1.35 mol oxygen used per mol methane used 
is provided.

Thus, Equation 2.43, 2.44, 2.45, and 2.46 can be solved using the value 
of ‘a’ are as below:

a = 1.35 (given)
b = 0.13
c = 0.63
d = 0.37
e = 1.63
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Thus, in this way other reaction system can be solved and the stoichio-
metric balance can be estimated.

2.3.3.2.9  Yield Coefficient and Factors in Rate Expressions
Yield coefficient and factors are related to substrate utilization. Substrate is 
utilized for cell’s own maintenance, energy production as well as metabo-
lite synthesis. Thus, rate of substrate utilization is stoichiometric related 
to metabolite production [33]. This process can be explained by using an 
example of ethanol production [5]. The reaction equation of ethanol pro-
duction from glucose is as follows:

 C
6
H

12
O

6
  2C

2
H

5
OH + 2CO

2

Thus, if 1 kg of glucose is used for the reaction then, 0.5 kg of ethanol is 
produced according to the calculation. Thus rate of product formation (r

P
) 

and rate of substrate utilization or uptake (r
SP

) for product formation can 
be written as:

 r
r

SP
P

0 5.

or more generally

 r
r

Y
SP

P

P S/

 (Eq. 2.47)

Where, Y
P/S 

= coefficient of yield for product on substrate and its unit is kg 
product/kg substrate converted to product.

Now, in case of an anaerobic cell growth an example of the generalized 
equation can be written as:

 CH
2
O + 0.2NH

4
+ + e−  CH

1.8
O

0.5
N

0.2
 + 0.5H

2
O

Where, CH
2
O is the carbon source and NH

4
+ is the ammonia source. 

CH
1.8

O
0.5

N
0.2

 is approximated as the formula of many cells. Thus, from the 
calculations we can found 0.82 kg of cells are produced per kg of carbon 
source and 8.8 kg of cells are produced from per kg of nitrogen source. 
Thus, the equations can be written as:

 r
r

Sx
x

0 82.
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or

 r
r

Y
Sx

x

x S/

 (Eq. 2.48)

 r
r

Nx
x

8 8.
 or r

r

Y
Nx

x

x N/

 (Eq. 2.49)

where, r
Sx 

= volumetric rate of carbohydrate utilization for cell growth,
r

Nx 
= volumetric rate of nitrogen utilization for cell growth,

r
x 
= volumetric rate of cell growth,

Y
x/S 

= yield coefficient for cells on carbohydrate,
Y

x/N 
= yield coefficient for cells on nitrogen

Thus, the balance equation of carbon source as substrate and nitrogen 
source as nitrogen supply can be written as:

 r r r rS Sx Sp So  (Eq. 2.50)

 r r rN Nx Np  (Eq. 2.51)

Yield factors and yield coefficient are not same which is generally con-
fused. Yield coefficient the stoichiometric constant that relates the prod-
ucts and the reactants whereas, yield is the ratio between one product with 
one reactant that enters into other reactions and produce final products 
[33]. As in fermentation process, the substrate is consumed by cell for its 
maintenance as well as for product formation, thus, yield is calculated over 
total amount of substrate consumed. Thus, in complex reaction where yield 
coefficients are unknown yield factors are preferred. In the above explained 
ethanol reaction system the yield coefficient of carbon source has been dis-
cussed but the use of oxygen for the maintenance of cell is not explicated. 
Thus the common expression for volumetric rate of substrate utilization 
[5] from Equation 2.40 and 2.50 can be written as:

 r r r rS Sx Sp Sm  (Eq. 2.52)

 r
r

Y

r

Y
rS

x

x S

P

P S

Sm

/ /

 (Eq. 2.53)

Where, Y
x/S

 and Y
P/S

 are yield factors.
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2.4  Conclusion

Modeling the kinetics of the system is best explained with mathematical 
expressions. Modeling includes lots of factors and variables which needs 
to be taken care of while optimizing a system. There are some basic math-
ematical expressions which are explained in this chapter, depending on 
which a particular system can be modeled. The basics of the possible kinet-
ics, parameters are explained in this chapter on which or combination of 
which is needed to generate novel model with respect to the system. The 
use of computer with fermentation system and concept of its use has been 
discussed which will to under better and design novel model for particu-
lar system. The main application and use of modeling is to increase the 
productivity and to predict the results of the system before hands.

References

1. Olaoye O.S, Kolawole O.S., Modeling of the kinetics of ethanol formation 

from glucose biomass in batch culture with a non structured model. IJERA, 3 

(4), 562–565, 2013.

2. Deindoerfer, F.H., Fermentation kinetics and model processes. In Advances 

in applied microbiology, W.W. Umbreit, (ed.), Academic Press, 321–334, 1960.

3. Nielsen, J., Villadsen, J., Modelling of microbial kinetics. Chem. Eng. Sci., 47 

(17), 4225–4270, 1992.

4. De Buyser, D.R., Spriet, J.A., Vansteenkiste, G.C., Computer-control of fer-

mentation processes. In Industrial aspects of biochemistry and genetics, N.G. 

Alaeddinoğlu, A.L. Demain, G. Lancini, (eds.), Springer US, Boston, MA, 

189–236, 1985.

5. Mavituna, F. Sinclair, C.G., Modelling the kinetics of biological activity in fer-

mentation systems. In Practical fermentation technology, John Wiley & Sons, 

Ltd., 167–230, 2008.

6. Morales-Rodriguez, R., et al., Dynamic model-based evaluation of process 

configurations for integrated operation of hydrolysis and co-fermentation 

for bioethanol production from lignocellulose. Bioresour. Technol., 102 (2), 

1174–1184, 2011.

7. Mitchell, D.A., et al., A review of recent developments in modeling of micro-

bial growth kinetics and intraparticle phenomena in solid-state fermentation. 

Biochem. Eng. J., 17 (1), 15–26, 2004.

8. Nielsen, J., Nikolajsen, K., Villadsen, J., Computer controlled system for on-

line monitoring of a fermentation process. In Computer applications in fer-

mentation technology: modelling and control of biotechnological processes, N.M. 

Fish, R.I. Fox, N.F. Thornhill, (eds.), Springer Netherlands, Dordrecht, 53–57, 

1989.



42 Principles and Applications of Fermentation Technology

9. Fox, R., Introduction. In Computer applications in fermentation technology: 

modelling and control of biotechnological processes, N.M. Fish, R.I. Fox, N.F. 

Thornhill, (eds.), Springer Netherlands, Dordrecht, 1–2, 1989.

10. Beck, M.B., Young, P.C., An introduction to system identification, parameter 

and state estimation. In Computer applications in fermentation technology: 

modelling and control of biotechnological processes, N.M. Fish, R.I. Fox, N.F. 

Thornhill, (eds.), Springer Netherlands: Dordrecht, 129–158, 1989.

11. Zyl, J.M., et al., A kinetic model for simultaneous saccharification and fermen-

tation of Avicel with Saccharomyces cerevisiae. Biotechnol. Bioeng., 108, 2011.

12. Unrean, P., Bioprocess modelling for the design and optimization of lignocel-

lulosic biomass fermentation. Bioresour. Bioprocess., 3 (1), 1, 2016.

13. Oliveira, S.C., Oliveira, R.C., Tacin, M.V., Gattás, E.A.L., Kinetic modeling and 

optimization of a batch ethanol fermentation process. J. Bioprocess. Biotech., 

6 (266), 2016.

14. Morales-Rodriguez, R., et al., Dynamic model-based evaluation of process 

configurations for integrated operation of hydrolysis and co-fermentation for 

bioethanol production from lignocellulose. Bioresour. Technol., 102, 2011.

15. Heinzle, E., Kaufmann, T., Griot, M., Modelling of kinetics, mass transfer and 

mixing phenomena in 45, 450 and 4500 L tank fermenters. In Computer appli-

cations in fermentation technology: modelling and control of biotechnological 

processes, N.M. Fish, R.I. Fox, N.F. Thornhill, (eds.), Springer Netherlands: 

Dordrecht, 105–109, 1989.

16. Kumara Behera, B., Varma, A., Material-balance calculation of fermenta-

tion processes. In Microbial biomass process technologies and management, 

Springer International Publishing: Cham, 257–298, 2017.

17. Nagy, Z.K., Model based control of a fermentation bioreactor using optimally 

designed artificial neural networks. Chem. Eng. J., 127, 95–109, 2007.

18. Dana Cervinkova, V.B., Marosevic, D., Kubikova, I., Jaglic, Z., The role of the 

qacA gene in mediating resistance to quaternary ammonium compounds. 

Microb. Drug Resist., 19 (3), 160–167, 2013.

19. Lorenzo Pasotti, S.Z., Casanova, M., Micoli, G., De Angelis, M.G.C., Magni, P., 

Fermentation of lactose to ethanol in cheese whey permeate and concentrated 

permeate by engineered Escherichia coli. BMC Biotechnol., 17, 2017.

20. Ménoret, S., et al., Homology-directed repair in rodent zygotes using Cas9 

and TALEN engineered proteins. Sci. Rep., 5, 14410, 2015.

21. Chaignon, P., et al., Photochemical reactivity of trifluoromethyl aromatic 

amines: the example of 3,5-diamino-trifluoromethyl-benzene (3,5-DABTF). 

Photochem. Photobiol., 81 (6), 1539–1543, 2005.

22. Slavov, N., et al., Constant growth rate can be supported by decreasing energy 

flux and increasing aerobic glycolysis. Cell Rep., 7 (3), 705–714, 2014.

23. Pardo, D., Bovee, J.P., A software tool for fermentation modelling. In Computer 

applications in fermentation technology: modelling and control of biotechnologi-

cal processes, N.M. Fish, R.I. Fox, N.F. Thornhill, (eds.), Springer Netherlands: 

Dordrecht, 111–114, 1989.



Modeling and Kinetics of Fermentation Technology 43

24. Humphrey, A.E., Fermentation process modeling: an overview. Ann. N. Y. 

Acad. Sci., 326 (1), 17–33, 1979.

25. Oliveira, S.C., et al., Kinetic modeling of 1-G ethanol fermentations. In 

Fermentation processes, A.F. Jozala, (ed.), InTech: Rijeka, chap. 6, 2017.

26. Hadiyanto, et al., Optimization of ethanol production from whey through 

fed-batch fermentation using kluyveromyces marxianus. Energy Proce., 47 

(Supplement C), 108–112, 2014.

27. Srimachai, T., et al., Optimization and kinetic modeling of ethanol pro-

duction from oil palm frond juice in batch fermentation. Energy Proce., 79 

(Supplement C), 111–118, 2015.

28. Garnier, A., Gaillet, B., Analytical solution of Luedeking-Piret equation for a 

batch fermentation obeying Monod growth kinetics. Biotechnol. Bioeng.,. 112 

(12), 2468–274, 2015.

29. Zhang, Q., et al., Substrate and product inhibition on yeast performance in 

ethanol fermentation. Energy Fuels, 29 (2), 1019–1027, 2015.

30. Van Hoek, P., Van Dijken, J.P., Pronk, J.T., Effect of specific growth rate on fer-

mentative capacity of baker’s yeast. Appl. Environ. Microbiol., 64 (11), 4226–

4233, 1998.

31. Roslev, P., King, G.M., Aerobic and anaerobic starvation metabolism in meth-

anotrophic bacteria. Appl. Environ. Microbiol., 61 (4), 1563–1570, 1995.

32. Tsai, S.P., Lee, Y.H., A criterion for selecting fermentation stoichiometry 

methods. Biotechnol. Bioeng., 33 (10), 1347–1349, 1989.

33. Farges Bérangère, P.L., Agnès, P., Claude-Gilles, D., Methodology for bioprocess 

analysis: mass balances, yields and stoichiometries, stoichiometry and research – 

The importance of quantity in biomedicine, D.A. Innocenti, (ed.). InTech, 2012.



45

Arindam Kuila and Vinay Sharma (eds.) Principles and Applications of Fermentation Technology, 

(45–52) © 2018 Scrivener Publishing LLC

3

Sterilization Techniques used 
in Fermentation Processes
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Abstract
Fermentation is a microbial process that must be perfectly sterilised. Apart from 

the normal sterilization sometimes this process is being operated on a large scale 

that employs large fermenting vessels that need to be sterilised. Media that are 

being used also requires sterilization. Major problem in the process of fermenta-

tion is contamination, in this chapter we will be reviewing some of the processes 

of sterilization that includes sterilization of the reactor vessel, media, air, and pipes 

through which the media passes.

Keywords: Fermentation, sterilization, microbial death

3.1  Introduction

Fermentation comes from a Latin word ‘fermentare’ that means to boil, 
that can be seen as a boiling appearance of the most common fermenting 
microorganism Yeast on the fruits, grains and other materials that undergo 
fermentation. The carbon dioxide produced during the anaerobic process 
that degrades the sugars in the fruits and grains forming bubbles that give 
boiling appearance. Fermentation is done by the inoculation of desirable 
organism or a group of organisms in the suitable media. But if this fer-
menting media comes in contact with any foreign microorganism it may 
lead to a loss in productivity of the actual fermenting microorganism due 
to a couple of reasons that are listed below.
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1. The foreign microorganism can outgrow the actual ferment-
ing microorganism

2. The final product can be contaminated
3. The extraction of final product can become difficult due to 

the formation of some complex compound by the help of 
foreign microorganisms.

This can be avoided by the following methods.

1. Inoculation in a pure culture
2. Sterilization of the media used
3. Sterilizing the equipments and containers used
4. Aseptic conditions should be maintained during the whole 

process of fermentation.
5. In order to obtain proper fermentation first the media used 

is to be sterilised. Sterilization of media can be done by use 
of radiation, chemical treatment, filtration, ultrasonic treat-
ment or heat. The sterilizing treatment given is referred to 
as sterilant. Heating is the most commonly used form of 
sterilization as it kills most of the endospores present in the 
media. Little amount of heat is given in the form of com-
mercial sterilization that kills most of the microorganisms 
present in the media. Mostly sterilization with the help of 
steam is recommended for fermentation and all the other 
work best for animal or plant cultures.

3.2  Rate of Microbial Death

Death at constant rate occurs when the media is contaminated by some 
microorganism and heat or any other sterilizing treatment is being given. 
For example, when heat treatment is given for one minute then 90% of the 
population dies. To kill the remaining population again the same treatment 
is given then again 90% of the population dies. To kill the whole population 
we have to repeat the treatment and for this process if a graph is plotted 
then we get a constant curve for the death rate of microorganism.

Some factors listed below are responsible for the way a sterilizing treat-
ment works.

Total microbes: if the number of microbes present is large then 
too much time would be required to kill them.
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Environment required: warm environment is best suited for 
most of the sterilizing actions.

Nature of the media: if the media is rich in proteins and fats then 
the microbes will not be easily killed; mostly heating treat-
ment helps in these cases.

Duration of treatment: different sterilizing treatments need dif-
ferent time of exposure as chemical sterilizing treatments 
require more time compared to normal heating methods.

Characteristics of the contaminant present: the type of microor-
ganism present in the contaminant also affects the choice of 
the treatment that would require to eradicate it.

3.3  How do Sterilants Work?

Most of the sterilizing treatments used are aimed at killing the contami-
nants present in the media used. There are different ways in which the con-
taminants can be killed.

Changing the permeability of cell membrane: The plasma mem-
brane present inside the cell membrane of the contaminant 
is the target of sterilizing agents, as it is responsible for the 
exchange of nutrients in the cell and removal of wastes. 
The sterilizing agents used, cause disturbance to the plasma 
membrane that leads to improper exchange of nutrients 
and leakage of the cell components leading to death of the 
contaminant.

Destroying the proteins and nucleic acids present: The microbes 
that act as contaminants are mostly bacteria. Bacteria are 
rich source of enzymes and enzymes are proteins that are 
very fragile to heat treatment as they easily denature. DNA 
and RNA that carries the genetic information of the microbe 
can also be easily destroyed by any kind of sterilizing treat-
ment, like heating, radiation or chemical treatment.

3.4  Types of Sterilization

During the early Stone Age, humans used several methods of sterilization 
like salting and drying. Heating is one of the most favourable methods of 
sterilization since early days. But time introduced some microbes that are 
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heat resistant, so various other methods are required. Heat, pressure and 
radiation all play their role in different types of physical sterilization.

3.4.1  Heat

Heat is preferred because it kills the microorganisms by denaturing the 
enzymes present in them, hence changing the three dimensional structure 
of proteins which therefore inactivates them. Three factors that decides the 
action of heat sterilization are as follows.

Thermal death point: minimum temperature required to kill 
microbes present in a suspension in 10 minute.

Thermal death time: minimum time required to kill microbes 
present in a suspension at a given temperature.

Decimal reduction time: time, in minutes that is required to kill 
microbes at a given temperature.

Heat treatment can be given using moist heat or dry heat sterilization. 
Dry heat sterilization involves killing of the oxidation effects by flaming 
or incineration. Moist heat sterilization works by coagulating the proteins 
present in the microbes thereby killing them. Autoclaving is the most 
common method of moist heat sterilization in which steam is used to kill 
microbes at high temperature and under appropriate pressure. This helps 
in sterilizing glassware, culture media, equipments, solutions etc.

3.4.2  Pressure

At high pressure molecular structure of proteins and carbohydrates are 
altered leading to inactivation of cells.

3.4.3  Radiation

Depending on the intensity, wave-length and duration radiation has vari-
ous effects on the microbes. Two types of radiations kill microbes, they are 
Nonionizing and Ionizing radiations.

Nonionizing radiation: They have wavelength greater than 
1 nm. Ultraviolet light is a form of nonionizing radiation, it 
kills the microbes by degrading their DNA by making thy-
mine dimers. These dimmers prevent the replication of DNA 
during cell reproduction. UV wavelength of 260 nm is very 
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effective in killing the microbes. These radiations are effec-
tive in sterilizing glassware, air, culture media etc.

Ionizing radiation: They have wavelength less than 1 nm, like 
the X rays, gamma rays, electron beams of high energy. These 
radiations work by ionising the water and forming highly 
reactive hydroxyl radicals. These radicals kill microbes by 
causing some damage to DNA or RNA by a series of reactions.

3.4.4  Filtration

It helps in removal of microbes by making any liquid or gas pass through 
a membrane with pores. Pressure is applied to make the liquid or gas pass 
through the filter kept on a container in which vacuum is being created.

3.4.5  Steam Sterilization

Sterilization by steam can be done by the use of normal steam created by 
preventing evaporation of the medium or with the help of steam under 
pressure used in autoclaves. Koch or Arnold steamer is used that contains a 
copper cabinet with lagged walls and conical lid that helps in the drainage of 
steam generated and a perforated tray is placed above water level that helps 
in proper distribution of steam. Temperature 100 °C for 20 minutes for three 
days is required and the process is known as intermittent sterilization. This 
method efficiently kills bacteria but is inefficient in killing anaerobic spores.

Another type of steamer used is autoclave that generates steam under 
pressure where water boils when its pressure is equal to the atmospheric 
pressure in the vessel and with the increase in pressure, temperature of 
water increases.

3.5  Sterilization of the Culture Media

This can be done by heating treatment, that is, autoclaving or by the fol-
lowing two ways.

3.5.1  Batch Sterilization

This can be done in a fermentation vessel or separated cooker. When the 
fermenters are being cleaned and prepared for fermentation the media 
used can be sterilized in cookers. One cooker can be used for several fer-
menters. Concentrated form of media can be used for sterilization and 
that can be diluted when placed within the fermenter, this helps in saving 
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time. As one cooker is mostly used in this type of sterilization so a complex 
pipeline network is required that connects all the fermenters delivering the 
sterilized media. This type of sterilization makes sure that there is minimal 
loss of nutrients as it is operated at 121 °C that is almost feasible for all 
nutrients present in the media.

3.5.2  Continuous Sterilization

In this type of sterilization the medium is heated to a particular tempera-
ture, it is kept at the same temperature for some time and then cooled. The 
time at which media is kept at a certain temperature is known as holding 
time. A continuous heat exchanger is used to heat the media and then insu-
lated serpentine coiled tube is used to keep it at that temperature for the 
holding period. Sequential heat exchangers are used to cool the media to 
suitable fermentation temperature. Two types of continuous sterilizers are 
used, one that uses direct heat by steam injection and the other uses indirect 
heat. Small increments of media are done continuously at certain time inter-
vals and the heating and cooling times are properly managed. Spiral heat 
exchangers are used in cooling the heated media with the help of unsterile 
media that come for sterilization. This unsterile media gets heat from the 
sterile hot media thus preserving the heat before reaching the sterilizer.

Continuous steam injectors are used to directly inject the heat into the 
media, but it has certain pros and cons [2]: this is very affordable and man-
ageable procedure with very short heating time but it produces foam on 
heating that can cause contamination. Sometimes this steam injector is 
combined with flash cooling, in which a vacuum chamber is made hav-
ing an expansion valve through which the media is passed, this causes 
instant cooling of the media. Sometimes a combination of direct and indi-
rect heat exchangers is being used mainly for starch rich media [3]. Spiral 
heat exchangers are the best choice for continuous sterilization. A plant 
of interconnected spiral heat exchangers and holding tube is made. Hot 
water is used to sterilize this plant in a closed circuit before unsterilized 
media comes in. The fermenter and holding tube are steam sterilized. Heat 
is conserved in this procedure by cooling the sterilized heated media with 
the help of cool unsterilized media.

3.6  Sterilization of the Additives

During the course of fermentation some additives are being introduced 
in order to increase the efficiency of the process. Continuous and batch 
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sterilization methods are used for the sterilization of additives but the 
process depends on the biochemical nature and the volume to be intro-
duced. Continuous sterilization is preferred when large volume of addi-
tive are used [1]. Batch sterilization uses steam injection into the additive 
liquid used.

3.7  Sterilization of the Fermenter Vessel

The fermenter vessel is to be sterilized before the fermentation begins as 
the media used is sterilized in separate cookers. The coils or jackets of the 
fermentation vessel are heated with the help of steam that is introduced into 
it from various entries and one valve is opened through which the steam 
goes out of the vessel very slowly. Steam is introduces at 15 psi pressure for 
20–25 minutes. Sterile air is removed out of the vessel by sparing and a posi-
tive pressure is maintained that prevents formation of vacuum in the vessel.

3.8  Filter Sterilization

Suspended fluids that are present in the media can be sterilized with the 
help of filter sterilization by the following methods.

3.8.1  Diffusion

Brownian motion is introduced for the separation of very small particles 
present in the fluid by collision with each other. Small particles deviate 
from the normal flow of fluid and get caught in the filter fibres. This pro-
cess is more effective in the filtration of gases.

3.8.2  Inertial Impaction

The suspended particles present in the fluid have some kind of momentum 
based on which they are separated with the help of this method. A route of 
less resistance is created in which the fluid flows through the filter and the 
suspended particles, due to their momentum flow in a straight line and get 
trapped in the filter.

3.8.3  Electrostatic Attraction

The filtration membrane has charge that attracts the opposite charged sus-
pended particles.
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3.8.4  Interception

Interwoven fibres make the filter with openings of different sizes. Particles 
that are larger than the pore size are excluded and sometime smaller par-
ticles are also unable to cross the filter membrane as their passage gets 
blocked by other particles and they are removed.

3.9  Sterilization of Air

Anaerobic fermentation needs continuous addition of sterile air that can 
either be sterilized by heat or filtration. Filters with fixed pores are mostly 
used for the sterilization of air. Hygroscopic materials like PTFE are used in 
theses filters for this purpose. Other filters used to purify air are as follows.

Depth filters: they consist of glass wool in which the microbes 
present in the air gets trapped. These filters work by inertia, 
gravitation, diffusion, electrostatic attraction etc. These glass 
wool filters can be easily reused after sterilization. But after 
sometime due to the action of steam theses glass wool filters 
get damaged, so now glass fibre cartridges are used.

Membrane cartridge filters: these filters are made of nylon, cel-
lulose or polysulfone and are pleated. They can be easily used 
and operated.
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Abstract
Fermentation is a chemical procedure by which molecules such as glucose are 

broken down anaerobicaly. This process begins with an appropriate microorgan-

ism and in particular conditions, cautious modification of nutrient concentration 

which results in the fabrication of energy occurs in the cells of the body, in plants 

and some bacteria. Fermentation has emerged as a prospective technology for the 

manufacture of microbial foodstuffs feed, food, industrial chemicals, and pharma-

ceutical products. Fermentation is the progression in which numerous microor-

ganisms have altered pyruvic acid into carbon dioxide and ethanol in the absence 

of oxygen, in order to replenish NAD+ expedition during glycolysis. Production of 

several metabolites has been relevant for the food dispensation industry centered 

on flavors, enzymes, organic acids, and xanthum gum.

Keywords: Fermentation, glycolysis, microorganism, aerobic, anaerobic

4.1  Introduction

In the mid-1970s, term “biotechnology” came into common use, in par-
ticularly fermenter control, design, purification, and product recovery to 
define chemical engineering processes with the help of microorganisms 
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and their products [1]. Technology has been defined in a very simple form 
as applied science to the complex form of scientific study of the practical or 
industrial arts [1]. Fermentation is the area of biotechnology, technology 
which is very pulsating and fast growing, absorbing an ever-growing pro-
cesses and products. Fermentation technology has a brighter future and 
longer history than biological sciences by covering significant areas of food 
and medicine in the mankind services [2].

Fermentation technology has been widely used in the industry of food, 
pharmaceuticals, and alcoholic beverages on huge scale. Term fermenta-
tion has been derived from the Latin, meaning boil, because bubbling and 
forming of fermenting beverages appear as boiling. Zymology is identified 
as the science of fermentation (Figure 4.1).

Modern industries have supplemented with a more favored biological 
development due to high specificity, easiness of reaction, low cost, and 
application adaptability of fermentation. The basic fermentation principle 
with advanced techniques of genetic engineering has been applicable in the 
biochemical, biomolecules, and biofuels production [3].

Some microbiologists used the term fermentation to depict the mass 
culture production process with the help of microorganism. The product 
referred to as biomass production (can either be the cell itself) and referred 
as a product from a natural or genetically enhanced strain [4].

4.2  Basic Principle of Fermentation

The basic principle of fermentation is also based on the microbial compat-
ibility along with the medium constituents. As soon as microbes uptake 
the medium nutrients, they started to produce primary metabolites for 
their growth maxima (log phage). Primary metabolites further acts for the 

Organic

substances

Microbial

enzymes

Simpler

compounds

Fermenatation process

Figure 4.1 Fermentation process.
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production of their secondary metabolites (stationary phase). So fermen-
tation process is reflected by microbial growth kinetics.

Fermentation is the progression of rising microorganisms in a nutrient 
media by maintaining the physiochemical situation and thereby convert-
ing feed into desired products.

The end products of a metabolic form could be further oxidized for 
example, yeast cell evolved two molecules of ATP during metabolic pro-
cess of ethanol production. According to Pasteur “life without air” means 
in organism an anaerobe redox process. This process is the simple chemical 
conversion of bioorganic compounds into simpler products with the help 
of bacteria, yeast or fungi either alone or together. This type of organism’s 
action (bioconversion) can be seen throughout their expansion, develop-
ment, imitation even senescence, and demise. A smaller number of genera, 
that is, more or less five of yeasts, six of bacteria, and eight genera of molds 
participate for the vast greater division of these microbes [5].

High demand products (wine, beer, cider, vinegar, ethanol, cheese, hor-
mones, antibiotics, complete proteins, enzymes, and other useful goods) 
are released into the media throughout growth/non-growth metabolic 
period of the microbes and these end products of their life cycles are of 
use of human being. The basis of the fermentation is that organism grows 
in the media suspended with all the important necessities under suitable 
condition [6]. During this process complex organic molecules are converts 
into smaller compounds or nutrients. For example, the role of three most 
important enzymes, that is, protease breaks down enormous protein mol-
ecule first into polypeptides, peptides, followed by numerous amino acid, 
similarly amylase coverts carbohydrates, reducing starches and complex 
sugars into simple sugars, and lipase hydrolyzes complex fat molecules into 
simpler free fatty acids. There are more than thousand examples of such 
activities of more enzymes (both internal and external part of our bodies). 
Some other important by-products are also released during the fermenta-
tion process [5].

Fermentation is an extensive pathway, but it is not the only way to get 
energy in the absence of oxygen (from fuels anaerobically). Aerobic means 
“with air”. This type of fermentation needs oxygen for it to arise so it is 
called aerobic fermentation. Their life duration is released into the media 
and the end product formed as a outcome of their metabolism that have 
a high industrial value which are extracted for utilize by human being 
(Figure 4.2).

For the fermentation technique, it has been essential to make sure that 
only desirable microorganism should start to grow on the substrate. This 
process has ensured the other microorganisms suppression that can cause 
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either food poisoning or pathogenic and can destroy the fermentation 
process, resulting in undesirable and unexpected end product. The best 
example to determine this difference has been seen in between the pasteur-
ized and unpasteurized milk spoilage. The unpasteurized milk has been 
destroyed naturally and produces a sour tasting product that has been used 
in the baking industry to improve the breads texture. However, pasteur-
ized milk has been destroyed and produces an unpleasant product that has 
been disposed off. The main reason for this difference has been described 
as pasteurization has changed the microbial environment and if pasteur-
ized milk has been kept unrefrigerated, the undesirable microbes grow and 
multiply and desirable microbes died. While in unpasteurized milk, lactic 
acid, non-pathogenic bacteria grow and multiply with greater rate than any 
other pathogenic bacteria [7].

4.3  Biochemical Process

Glycolysis is a complement process which makes it possible for production 
of ATP continuously even when oxygen is absent. Fermentation regener-
ates NAD+ by NADH oxidization, which can take part in glycolysis to pro-
duce more ATP. At the end of glycolysis, pyruvic acid is formed which has 
the property of reacting eagerly with hydrogen. Pyruvic acid ceases to be a 
fuel and if the normal path of hydrogen to oxygen is blocked it becomes a 
hydrogen acceptor. By the use of pyruvic acid as hydrogen acceptor most 
microorganisms and ethyl alcohol in plants produces, and forms lactic acid 
in certain bacteria and animals. In alcoholic beverages the active ingredient 
is ethyl alcohol. Fermentation yields only about 5% of the energy obtained 
by aerobic respiration. This small amount of energy is adequate to maintain 
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the life of organisms such as bacteria, yeasts, and other anaerobes (organ-
isms that normally live or can live in the absence of oxygen). Enormous 
majority of organisms are, however, aerobes, that is, need oxygen for respi-
ration. To maintain the life of these organisms, fermentation energy is too 
little. In the absence of oxygen they die within minutes. Fermentation can 
add-on the aerobic energy in them (Figure 4.3).

Result of the enzymes activity is the changes that take place during 
the fermentation. Biochemical reactions have been precised by enzymes 
(compounds of proteins created by living cells). Rather than being used 
in a reaction, enzymes have been recognized as catalysts because they 
organize the reactions. In nature, they are proteinaceous and fluctuated by 
moisture content, temperature, pH, concentrations of substrate and inhibi-
tors, and ionic strength. Each enzyme has required optimum conditions 
at which it can function most resourcefully. Edges of pH and temperature 
will knock down enzyme activity and denature the protein. They are so 
sensitive and their enzymatic reactions can be simply controlled by minor 
adjustments to moisture content, pH, temperature, or extra reaction con-
ditions. Enzymes have several roles in the food industry as the conversion 
of sugars, the modification of proteins, and the liquefaction and sacchari-
fication of starch. In the fermentation of fruits and vegetables microbial 
enzymes play an important role.

With any fermentation it is essential to make sure that only the desired 
yeasts, moulds, or bacteria start to multiply and grow on the substrate.

Substrate (Glucose,

Xylose)

NAD

NADH+H

2e+2H

Products (Hydogen,

Carbon dioxide,

Acetate, Lactate)

Microorgansims

Figure 4.3 Detailed biochemical process of fermentstion.
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4.4  Fermentation Methodology

Fermentation process is carried out in a container which is known as 
the fermenter or bioreactor. Depending upon the type of fermentation 
carried out the design and nature of the fermenter varies. Invariably all 
the fermenters have services to measure various fermentation param-
eters such as beyond fermentation time, liquid, temperature, pressure, 
pH, level, mass, etc. (Figure 4.4). The different types of fermenters are 
as follows.

External recycles airlift fermenter—methanol as substrate, for produc-
ing bacterial biomass.

Abundant fermented products are devoted around the humankind. 
Each homeland has its own types of fermented food, representing the 
staple diet and the raw ingredients available in that exacting place. They 
may not be associated with fermentation, while the products are well 
known to the individual. Certainly, it is to be expected that the methods 
of  producing abundant of the worlds fermented foods are unidentified and 
came concerning through possibility. Several more vegetable products and 
fermented fruit arise from lactic acid fermentation. The more obvious fer-
mented products are the alcoholic beverages, wines and beers (Figure 4.5). 
However, they are enormously important in meeting the dietary require-
ments of a large proportion of the world’s population.

Organisms which are responsible for fermentation are as follows.

Prokaryotic: cyanobacteria and bacteria
Eukaryotic: Algae, yeasts, and fungi

Figure 4.4 Process of fermentation in laboratory.
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Microorganisms are the important part of process in fer-
mentation. For commercial production of lactic acid and 
citric acid, Lactobacillus delbrueckii and Aspergillus niger 
are used.

4.5  Biochemical Mechanism

When there is no oxidative phosphorylation to keep the production 
of ATP (Adenosine triphosphate) by glycolysis then the development 
that involved in the fermentation technology is significant in anaerobic 
conditions.

Homolactic fermentation is the production of lactic acid 
from pyruvate.
The conversion of pyruvate into ethanol and carbon dioxide 
is alcoholic fermentation.
Production of lactic acid as well as other acids and alcohols 
is known as heterolactic fermentation. During fermentation 
pyruvate is metabolized to various different compounds.
By fermentation more exotic compounds like butyric acid 
and acetone can be produced. There are some examples of 
fermentation products such as lactic acid and ethanol.
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The assortment of fermentation process is in five major groups of com-
mercially very important fermentations. They are as follows.

Individuals that produce microbial metabolites.
Those that produce microbial cells (or biomass) as the 
product.
Those that produce microbial enzymes.
Those that produce recombinant products.
Those that transform a compound which is supplementary 
to the fermentation is known as the transformation [8].

4.6  Fermentation and its Industrial Applications

Fermentation is a metabolic process in which energy is resultant from 
partial oxidation of an organic compound using immediate as electron 
donors or electron acceptors. In which the substrate is oxidized and ATP 
is formed directly from the reaction and it takes place by substrate level 
phosphorylation.

It is accompanied with the production of two mole of ATP Glucose  2 
pyruvate  2 lactate (resultant 2ATP is produced), typical example is the 
conversion of glucose to two molecules of lactate.

Note that plentiful and renewable sources of fermentable carbohydrate 
are plant cellulose, starch, from agricultural wastes; molasses from sugar 
and whey from cheese manufacturing industries. A fermentor or bioreac-
tor in which process of fermentation takes place. A fermentor is described 
as a vessel designed to carry out fermentation processes under biological 
controlled conditions.

Fermented products are of huge importance like fermented food prod-
ucts as they make available and conserve enormous quantities of healthy 
foods in a large variety of textures, flavors, and aromas which improve the 
food quality for human diet (Figure 4.6). On earth, fermented foods have 
been arrived with the human beings. They have been the source of vinegar, 
alcoholic foods, beverages, sausages, pickled vegetables, cheeses, yogurts, 
sauces and pastes with meat-like flavors, leavened and sour-dough breads 
and goes far with us in the near future. Developing countries have been rely-
ing on the biological system enriched with vitamins and essential amino 
acids, while the developed countries have used the synthetic food enriched 
with vitamins [9].



Advances in Fermentation Technology 61

4.7  Relevance of Fermentation

The applications of fermentation have been rapidly breaching in the food 
stuff as cheese, wine, beer, and bread to high-value products, food chemi-
cals and pharmaceutical ingredients (Figure 4.7). Due to high cost of petrol 
and reduction in fossil fuel has been the robust case of cost efficient and 
easy fermentation processes. According to some research analysts, a burst 
has there in academic and corporate field, determined by fermentation 
applications in the field of pharmaceutical industries, energy, utilities, and 
special chemicals.

Biofuels or commonly energy has gained more significant attention 
with the help of fermentative techniques by producing cost effective 
bioethanol [1, 3].

The main relevance of the fermentation techniques have been in the field 
of fermented food. Iru, Ogi, Fufu, and Gari are such examples of fermented 
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Figure 4.6 Various uses of fermented probiotics.
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foods. Irú has been a type of processed fermented food made from the 
locust beans (Parkia biglobosa) and has been used as a condiment in cook-
ing. Fufu has been used as a staple food in countries like Africa, Ghana, 
and Nigeria. It has been made from the equal portions of cassava and green 
plantain flour thoroughly with water. Gari is the fine granular flour made 
from the cassava tubers by fermentation procedure and it serves as a major 
staple food [10].

4.8  Conclusion

Principle of fermentation techniques, their theory of control, processes, 
and analysis has been studied in this chapter. The fermentation principle 
has been described as an equational system model with consumption of 
substrate and their microbial growth under ideal mixing conditions with 
and without culture broth reuse. This specifically identifies the special 
characteristics of fermentation techniques, uses, and suitable modes of 
regulation.
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Abstract
The basic requirement for the fermentation process is the bioreactor or fermenter. 

A fermenter or bioreactor may refer to an engineered device or system to support 

a biologically active environment. They have been the necessary and basic thing 

to enable the scientific assistance in the biotechnological research to produce the 

desirable products. In this chapter, the comprehensive design of fermenter has 

been elaborated from inside and outside with different fermenter type to differen-

tiate the fermentation processes.

Keywords: Fermentation, bioreactor, fermenter design

5.1  Introduction

Among oldest techniques, fermentation technology has been the popular 
technique used in the biotechnology field. In fermentation technology, 
fermentation process has been the heart of it [1] and used for prepara-
tion of vine, bread, idli, cheese, sausages, and other food products tradi-
tionally. In other words, fermentation is the biological process caused by 
microorganisms as a result of which heat and carbon dioxide is produced. 
Fermentation has been carried out in small or large size fermenters or 
bioreactors depending upon the quantity of product (Figure 5.1).

*Corresponding author: nidhiscientist@gmail.com
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Fermenters and bioreactors are two similar terms with different pur-
poses. Fermenters are type of closed-vessel bioreactors with a controlled 
and sterile environment for the growth of the microorganisms in a liquid 
medium for the production of various compounds.

Fermenters are a type of closed system to carry out biological processes 
under controlled environmental conditions. In another words, fermen-
ters are considered as a vessel to carry out chemical practices involving 
microorganisms and/or substances produced from those microorganisms 
(Figure 5.2). Fermenters usually control the metabolic products from the 
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cells by transfer of oxygen and nutrients to cells and maintain a biome-
chanical as well as biochemical environment [3–5]. Fermenters can also 
be used for the recombinant products (such as vaccines and hormones); 
biotransformation of the products (L-sorbitol, steroid biotransformation), 
and production of enzymes (lipase, amylase, and cellulase). The reactions 
inside these fermenters may be aerobic or anaerobic. These fermenters are 
made up of stainless steel and cylindrical in shape, ranging from liters to 
cubic meters in size. Varied bioreactor designs have been developed to 
cater a wide array of substrate products and biocatalysts [6].

Microorganisms developed in these fermenters can be submerged 
(suspended or immobilized) or attached to the surface of a solid medium 
according to their nature. A wide variety of microorganisms can be used in 
suspension fermenters since all microorganisms do not need special attach-
ment surfaces and because of that these fermenters can be handled at much 
greater level than immobilized fermenters. Immobilization is known as a 
process to entrap or attachment of wide variety of cell or particle with some 
immobilizable matter. In contrast, the microorganism will be removed 
from the fermenter in a continuously operated process with the effluent [7].

Bioreactors differ from conventional chemical reactors to the extent 
that they support and control biological entities. The bioreactor condi-
tions should be favorable for the living microorganisms to exhibit their 
activity under defined conditions [8]. The term bioreactor is often used 
synonymously with fermenter, which is a type of bioreactor using a liv-
ing cell as the biocatalyst. The sizes of the bioreactor can vary from the 
microbial cell (few mm3) to pilot level fermenters (0.3–10 m3), plant scale 
fermenters (2–500  m3), shaking flask (100–1000  ml), and fermenters of 
laboratory scale (1–50  l) for applications in production of large volume 
industrial products [9].The conditions of bioreactors including flow rates, 
gases level (air, oxygen, nitrogen, and carbon dioxide), pH, temperature, 
foam production, agitation speed or circulation rate etc. needs to be closely 
monitored [10].

5.2  Bioreactor and Fermenter

The fermentation process has been known for thousands of years but its 
first scientific study was conducted by a French scientist Louis Pasteur 
in 1850s through lactic acid formation. The development of fermenters 
and bioreactors has been led by the advances in fermentation techniques. 
Although they are similar in terms of working principle. they also have 
differences.
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The fermentation process has been mostly used for brewing and pro-
duction of alcoholic beverages earlier but with our increasing knowledge 
about fungi and bacteria, more productive fermenters have been devel-
oped. In terms of design and construction, bioreactors are one step ahead. 
Fermenters have been used for the growth of bacterial and fungal cells with 
maintenance in controlled manner while bioreactors have been used for 
the growth of mammalian and insect cells and their maintenance. It has 
been clear, that fermenters and bioreactors are naturally different [11]. 
Table 5.1 shows some differences between the two.

5.3  Types of Fermenter and Bioreactor

There are basically three different kind of fermenters available.

5.3.1  Laboratory Scale Fermenters

It has been the smallest type of fermenter and it has limited capacity, that 
is, 1 to 15  l. Mainly these types of fermenters are used for the research 
and development purposes. Laboratory scale fermenters are used for 

Table 5.1 Differences between fermenter and bioreactor [11].

Differences Fermenter Bioreactor

Size Small, upto 2 liters Large, range from few liters 

to cubic meters

Nature Fermenters are not sensi-

tive in nature as bacterial 

cells are robust and have 

strong cell walls

Bioreactors are sensitive 

in nature as mamma-

lian cells are fragile and 

have shear sensitive cell 

membrane

Production rate Fast as microbes are fast 

growing.

Slow as mammalian cells 

double in 24 hours

Oxygen demand High Low

Contamination No viral threat in microbial 

cells, so no need of inac-

tivation or removal

Threat is present, need 

inactivation or removal

Sterilization Full sterilization Empty sterilization



Fermentation Technology Prospecting on Bioreactors/Fermenters 69

determination of optimum condition of growth and biosynthesis of 
microorganism (Figure 5.3).

5.3.2  Pilot Scale Fermenters

These fermenters are of intermediate size and used for large scale studies 
in fermentation process. They have minimum capacity of 94  liters and 
maximum capacity of 7570 liters (Figure 5.4).

5.3.3  Industrial Scale Fermenter

These fermenters are used for large scale production in industries for fer-
mentation of important products.Their capacity ranges from 37854.12–
378541.18 l (Figure 5.5).

5.4  Design and Operation

A good bioreactor design should address improved productivity, valida-
tion of desired parameters towards obtaining consistent and higher quality 
products in a cost effective manner [15]. Designing of bioreactors have been 
comparatively complex engineering task and have studies in biochemical 

Figure 5.3 Laboratory scale fermenter [12].
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engineering. In bioreactors, microorganisms have performed their func-
tion under optimum conditions with insignificant impurities. However, 
the growth and production of microorganisms have been typically affected 
by the environmental conditions including nutrient concentrations, tem-
perature, concentration of dissolved gases (especially oxygen for aerobic 
fermentations), and pH inside the bioreactor. Cooling jackets, coils or both 
are used to maintain the temperature for fermentation medium and exter-
nal heat exchangers may also be used in case of exothermic fermentations. 
The bioreactor design and operation mode depends on the optimal con-
ditions required for chosen product, microorganism production, product 
quality, and its production scale. An effective bioreactor must influence 
and control the biological reaction and prevent the contamination [15].

In a fed-batch fermenter, nutrients have been continuously added or 
may be charged at the beginning of fermentation. Depending on fermen-
tation, pH of the medium has been adjusted and maintained with small 
amounts of acid or base. Reactant gases especially oxygen must be added in 
the aerobic fermenters, hence oxygen is comparatively insoluble in water, 
air or purified oxygen must be added continuously. The rising bubbles in 
the fermenter helps in mixing of fermentation medium and strip out waste 
gases as carbon dioxide. In aerobic fermentation, the rate limiting step is 
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the transfer of optimal oxygen level. Sometimes, agitation helps in oxygen 
transfer to mix the nutrients and keep the fermentation homogeneous. The 
bioreactor attributes such as sterilization, process control devices, simple 
construction and measuring, scale-up, regulating techniques, flexibility 
and compatibility with upstream and downstream processes, antifoaming 
measures, etc. are essential factors to fulfill the design requirements [3].

The design of a fermentor should be in such a way that it should provide 
proper sterilized conditions that can be built within it, proper aeration and 
agitation, proper harvesting of the products and proper drainage. There are 
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other factors that should be kept in mind before designing a fermentor as 
described below and demonstrated in Figure 5.6.

5.4.1  Fermenter Vessel

The vessel is design in such a way that it utilizes least labor action and main-
tenance and the work can be carried out aseptically under controlled condi-
tions. Internal surface of the fermentor is smooth and is made up of cheap 
materials with best results. There are two types of fermentor vessels used, for 
small scale glass is preferred and for industrial purpose stainless steel is used.

Glass is nontoxic and corrosion proof. It is easy to examine the interior 
reaction in the vessel. Sterilization is done with the process of autoclave. 
These are very small fermentor with the diameter of around 60 cm.

Stainless steel is mostly used for large scale fermentations. These vessels 
have the potential to resist pressure and corrosion. The sterilization is 
achieved in-situ [16].

5.4.2  Heating and Cooling Apparatus

Heat in the fermentor vessel is produced due to microbial activity and agi-
tation. Temperature in vessel is maintained by either adding or removing 
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heat from the system. Thermostatically controlled bath or internal coils are 
generally used to provide heat while silicone jackets are used to remove 
excess heat. It has double silicone mat with heating wires sandwiched 
between the mats. If the size is exceeded, resulting in covering the surface 
by the jacket, heat removal is tedious then in the internal coils, cold water 
has to be circulated to maintain the exact temperature [16].

5.4.3  Sealing Assembly

Sealing assembly is used for the sealing of stirrer shaft to offer proper agi-
tation and it can function for a longer period aseptically. There are three 
types of sealing assembly in the fermenter.

Packed gland seal: In this, shaft has been sealed with several pack-
ing rings of asbestos, pushed by gland against the shaft. To prevent insuf-
ficient heat penetration, packing rings have been regularly checked and 
replaced.

Mechanical seal: This type of seal consists of two portions, stationary 
portion in the bearing and rotating portion on the shaft. Two parts are 
pushed together with the help of springs. During operation, stem conden-
sate are used to lubricate and cool the seals.

Magnetic drives: These drives involve two types of magnets, that is, driv-
ing and driven magnet. The driving magnet will be seized on the external 
part of head plate in bearing and associated to the drive shaft. Another, the 
driven magnet will be located at the end of the impeller shaft and seized in 
bearings on the head plate’s inner surface [16].

5.4.4  Baffles

Baffles prevent vortex to expand aeration capacity and consist of metal 
strips attached radially to the wall. Baffles have minimized the microbial 
growth on the sides of the fermenter [16].

5.4.5  Impeller

Impellers are used to offer uniform microbial cells suspension in homo-
geneous nutrient medium by agitation. Impellers mix the bulk fluid, solid 
particles, and gas phases in the suspension culture. Variable impellers are 
used in the fermenters and are classified as follows.

Disc turbines: They contain disc with a series of rectangular vanes. They 
provide air from the sparger to hit underside of the disc and displace the air 
towards the vanes to break large air bubbles into smaller ones.
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Variable pitch open turbine: They also consist of vanned disc attached 
with the marine propeller blades on the agitator shaft. Air bubbles in this 
turbine do not hit any surface before dispersion [16].

5.4.6  Sparger

Sparger provides proper aeration in the vessel so that sufficient oxygen 
is supplied to the microorganisms for metabolic process. Three types of 
sparger are used.

Porous sparger: These are made up of ceramic or sintered glass and used 
in non-agitated vessel on the laboratory scale.

Nozzle sparger: It has open or partially open single pipe. This type of 
sparger is generally used because they do not get blocked and provide 
lower pressure.

Combined sparger–agitator: They introduce air by hollow agitator shaft 
and release it from the holes of the drilled disc to connect to the base of the 
main shaft. When the agitator is operated at a range of rpm, they deliver 
good aeration in a baffled vessel [16].

5.4.7  Feed Ports

Feed ports are tubes made up of silicone. They are used to add nutrients 
and acid/alkali in the fermenter. In-situ sterilization is performed before 
removal or addition of the products [16].

5.4.8  Foam Control

This is one of the important parts of the fermenter as the level of foam in 
the vessel has to be reduced to avoid contamination. Foam is controlled 
by two units, foam sensing and control unit. In the fermenter, a probe has 
been inserted through the top and set at a distinct level above the broth 
surface. When the foam level rises and touches the probe tip, a current 
will be passed through the circuit. This current will activat the pump and 
antifoam will immediately be released to combat the situation [16].

5.4.9  Valves

Valves are used in the fermentor to control the movement of liquid in the 
vessel. There are around five types of valves are used, that is, globe valve, 
butterfly valve, ball valve, and diaphragm valve. Globe valves are suitable 
for general purposes but they do not regulate flow. Butterfly valves are not 
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suitable for aseptic conditions and are used for large diameter pipes which 
operate under low pressure. Ball valves are suitable for aseptic condition. 
They handle mycelial broths and are operated under high temperature. 
Diaphragm valves help in flow adjustments [16].

5.4.10  Safety Valves

Safety valve is built-in in air and pipe layout to operate under pressure. With 
the help of these valves the pressure is maintained within safe limits [16].

5.5  Classification of Bioreactor

In fermenters and bioreactors, various biochemical processes take place to 
produce different biological products with the help of microbes such as bac-
teria, fungus, mammalian cell, and plant cells systems in the form of initial 
product. They provide promising environment for the metabolite production.

Mainly fermenter and bioreactor are divided into four main groups 
on the basis of oxygen and stirring requirement, operation mechanism, 
microbial growth, and process requirement as shown in Figure 5.7. The 
nonstirred non aerated bioreactors are used to manufacture traditional 
products such as wine, cheese, and beer. While stirred aerated reactors are 
based on modern technology.

5.6  Types of Fermenter/Bioreactor

The fermentor types used are the continuous stirred tank, airlift, fluid-
ized bed, packed bed, photobioreactor, membrane fermenter, and bubble 
column fermenter.

5.6.1  Stirred Tank Fermentor

In this fermenter, difference in concentration of the components of the 
medium and microorganisms of the fermentor is not with respect to time. 
A fixed state can be achieved either by chemostatic or turbidostatic prin-
ciples. An appropriate and constant value can be accomplished by modify-
ing flow rate of the fermentor so that the microorganisms, substrates, and 
product(s) amount remains at their optimum levels. One which uses yeasts 
and bacteria’s, is the most successful continuous system which helps to 
obtain desired products.The most widely used continuous process is based 
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on Continuous Stirred Tank Fermentor (CSTF) is the activated sludge pro-
cess used in waste water treatment industry (Figure 5.8).

Stirred tank bioreactor has various benefits as continuous operation can 
be performed in the fermentor, temperature control can be easily done, 
construction cost is cheap, easily operated so labor cost is reduced, and 
cleaning can be easily done [1].

5.6.2  Airlift Fermentor

Airlift reactor is generally for gas–liquid or gas–liquid–solid contacting 
devices. They have different fluid circulation, which is a definite cyclic 
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Figure 5.7 Classification of fermenter and bioreactor.
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pattern via built channels. Stream of air or other gases provides agitation 
to the content in side channels. The gas stream help swap over of material 
between the gas phase and the medium, oxygen is usually transferred to 
the liquid. Products formed after reactions are excreted when the gas phase 
is inserted (Figure 5.9).

Airlift reactors consists of two main types of reactors, that is, exter-
nal-loop vessels that provides circulation through separate and distinct 
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channels and internal-loop vessels, in which baffles are placed in a single 
vessel which provides circulation.

Variations in the fluid dynamics can be achieved by modifying the pat-
tern of both types of vessels. External- and internal-loop vessel include four 
distinct parts with diverse flow characteristics such as riser, downcomer, base, 
and gas separator. Base of riser allows gas to be injected and gas and liquid 
flow in upward direction. Downcomer is attached to the riser from top and 
bottom. Direction of flow of gas and liquid is downwards in this. Recirculation 
of the gas and liquid between the downcomer and the riser is due to the mean 
density between them which creates the pressure gradient required for recir-
culation. Base effects only gas holdup, liquid velocity, and solid phase flow. 
Basic design of base of riser and downcomer is very simple. While gas separa-
tor located on top of the reactor which connects the riser to the downcomer, 
enabling proper liquid recirculation and gas disengagement [19].

Airlift fermenter has different benefits as it is very easy to design as it 
doesn’t have any moving part or agitator, sterilization can be easily done as 
it do not have agitator, energy requirement is very less, and it is very low 
cost [1].

5.6.3  Bubble Column Fermentor

Bubble column reactors are used in many chemical, petrochemical, and 
biochemical industries. These reactors are simple in construction, easy 
maintenance, and low operating cost [20].

They are cylindrical in shape with ratio of 4:6 (height:diameter ratio) 
and at base of the column air or gas is introduced via perforated pipes or 
plates, or metal micro porous sparger (Figure 5.10). Flow rate of air or gas is 
maintained accuratelyso that the proper O

2 
transfer or mixing is achieved. 

Perforated plates are attached in the fermentor to improve performance of 
the reactor [21].

5.6.4  Packed Bed Reactors

Packed bed reactor is also called as fixed bed reactor which are used in 
many chemical processing applications like absorption, distillation, strip-
ping, separation processes, and catalytic reactions. It consists of partition 
like tube or channel which has catalyst particles or pellets on to which 
liquid flows through the catalyst (Figure 5.11). Chemical composition of 
the substance gets altered when the liquid reacts with the catalyst [22].

This reactor has many advantages as its conversion rate is high for the 
catalyst, easy to manage and build, more efficient contact between reactant 
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and catalyst is made compared to other types of reactors, product forma-
tion is more due to increased contact of reactant/catalyst, low construc-
tion, operation, and maintenance cost, and it work effectively even on high 
temperatures and pressures [23].
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(D. Hc)

Gas inlet
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Figure 5.10 A bubble column fermentor [18].
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Figure 5.11 Packed bed reactor [22].
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5.6.5  Fluidized Bed Bioreactor

They are very large reactor ranging in size from 10–300 microns. Design 
of this reactor must be proper so that the fluid flow rate is sufficient to sus-
pend the catalyst particles (Figure 5.12).

Catalyst is laid on the bottom of the reactor and the reactants are pumped 
into reactor via distributor pump to make the bed fluidized. If the reactant 
is liquid then bed expands uniformly and make homogeneous fluidiza-
tion and if its gas, the bed expands non-uniformly to make aggregative 
fluidization. During this whole process the reaction between the reactant 
and catalysts leds to the formation of new products which are retrieved 
continuously during the course of time.

The main advantages of this reactor is as its distribution of the tempera-
ture is even, regeneration and replacement of the catalyst can be easily done, 
the operations can be performed continuously and automatically, and con-
tact between gas and solid is made suitable than other catalytic reactors [25].

5.6.6  Photobioreactor

Although some models of photobioreactors are planned, only few of them 
can utilize biomass from algae. The main applications of photobioreac-
tors are in photosynthetic processes, involving vegetable biomass growth 
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or microalgae growth under restricted conditions. The photobioreactors 
array from laboratory to industrial scale models and more over they are 
classified into closed photobioreactor, open ponds, flat-plate, horizon-
tal/serpentine tubular airlift, and inclined tubular photobioreactors [26]. 
The introduction of more complicated cultivating methods of microalgae 
with higher production value and capable of providing sterile conditions, 
which is accessible by different types of closed photobioreactors, applied 
outdoors. In general, laboratory-scale photobioreactors are artificially illu-
minated using fluorescent or other light lamp distributors. Some of these 
reactors include open ponds, flat-plate, tubular, bubble column, airlift 
column, helical tubular, conical, torus, stirred-tank, seaweed type photo-
bioreactors. According to Ugwu et al. [26], the only disadvantage which 
limits their practical application in algal mass cultures is mass transfer 
that is required for proper processing of mass algal cultures. The algal bio-
mass is mainly used in water treatment, in aquaculture, production of fine 
chemicals and useful supplements in humans and animals, for biosorption 
of heavy metals and CO

2
 fixation.

5.6.7  Membrane Bioreactor

Membrane bioreactors (MBR) are been used since 90s. It basically com-
bines traditional treatment system with filtration via membranes resulting 
in removal of organic and suspended solid matters that also removes high 
level of nutrients as shown in Figure 5.13.

Membranes in the MBR system are submerged in an aerated biologi-
cal reactor. The pore size of the membrane ranges from 0.035 microns to 
0.4 microns [28]. After mid-90s, with the development of submerged MBR 
system the use has widely extended [29] and is rapidly growing both in 
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Figure 5.13 Membrane bioreactor method diagram [27].
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research and commercial applications. Several variations of MBR systems 
have evolved and presently, an MBR system is widely used in treatment of 
waste water from several sources. Therfore in coming years, MBR systems 
will increase its capacity size and will broaden its application area [29–31]. 
However, membrane fouling is a chief obstacle to the extensive application 
of MBRs. Moreover large-scale use of MBRs in waste water treatment will 
involve a notable worthy decrease in price of the membranes [29].

5.7  Conclusion

Bioreactors have been used for decades to produce a range of therapeutic 
biomolecules and other high-value products. They provide the opportunity 
to monitor and control environmental conditions continuously through-
out the culture/reaction period along with the added benefits of maintain-
ing a closed system. They are critical and integral part of the development 
of many new processes.
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cal platform because of several advantages, such as low substrate costs, produc-

tion temperature, and energy consumption. Current global bio-based chemical 
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lion tons. In 2010, the US Department of Energy issued a report which listed 

the lactic acid and ethanol as potential building blocks chemicals for the future. 

This work will summarize information about the lactic acid and ethanol proper-
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6.1  Introduction

An increasing interest for discovering new environment-friendly sources 
of chemicals has been observed due to the current concerns related to the 
cost and environmental impact of using traditional petrochemical pro-
cesses [1]. One important technological platform is the production of bio-
based chemicals by fermentation that potentially offers several advantages: 
low substrate costs, production temperature, and energy consumption [2]. 
Based on current growth, the market for bio-based chemicals is projected 
to reach $19.7 billion in 2016 [3]. In 2010, the US Department of Energy 
issued a report which listed the chemicals building blocks which is consid-
ered as potential building blocks for the future [4]. Lactic acid (LA) and 
ethanol are among promising bio-based chemicals.

LA or 2-hydroxypropionic acid (CAS 50-21-5), the simplest hydroxyl car-
boxylic acid, is a bulk chemical with two optically active enantiomers (L(+) 
or D(−) LA) [5]. In recent years, the demand for L-LA has been increasing 
considerably owing to its use as a monomer in the preparation of polylactic 
acid (PLA) [6, 7], biodegradable and biocompatible polymer which is used 
in food packaging, disposable tableware, shrink wrap, 3-D printers, and else-
where [3]. The environmental performance of PLA-based polymers is better 
than that of petrochemical polymers in terms of global warming, depen-
dency on fossil energy, and human toxicity [8].

LA can be produced by fermentative or chemical synthesis. Most com-
mercial production of LA is by microbial fermentation of carbohydrates. 
However, a relatively small amount is produced by chemical synthesis, 
using acetaldehyde as a starting material [3].

Raw materials used as substrates in microbial fermentation for LA pro-
duction are varied: starch (wheat, maize, cassava, potato, rice, rye, and 
barley), lignocellulose, whey, sugar beet or sugarcane molasses. The use of 
inexpensive, non-food substrates, including lignocellulosic biomass, food-
waste materials, or algal substrates, is highly recommended to aid develop-
ment of a cost-effective LA production process [9].

Alcohols are oxygenated fuels with one or more oxygen in the mole-
cule, decreasing its combustion heat. Practically any organic molecules in 
alcohol`s family can be used as fuel to engines, the most common being 
methanol (CH

3
OH), bioethanol (C

2
H

5
OH), propanol (C

3
H

7
OH), and buta-

nol (C
4
H

9
OH). However, only bioethanol and methanol are economically 

and technically suitable to intern combustion engines [10].
Bioethanol or ethyl alcohol has high octane index (108) [11], allow-

ing high compression rate and lower emission of greenhouse gases [12]. 
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Thereby, bioethanol is used as a modern biofuel, both in gasoline addictive 
or gasoline replacement functions. It can also be used as ETBE (ethyl tert-
butyl ether) currently added in synthetically produced octanes as enhanc-
ers and in gasoline bioethanol mixtures in order to reduce scape gases 
emissions [13, 14].

Bioethanol is, by far, the most widely used biofuel in transportation 
all around the world and can be produced from different feedstock types. 
These feedstocks are classified in three agricultural categories: simple sug-
ars, starch, and lignocellulose. The feedstock price is highly volatile, which 
directly affect bioethanol production costs. One of the major problems in 
bioethanol production is feedstock availability. Lignocellulosic biomass 
is the most promising feedstock considering its wide availability and low 
cost, and it does not compete with food production, however, large scale 
commercial production of ethanol from lignocellulosic materials has not 
yet been implemented [14].

Bearing the importance of LA and ethanol in mind, this chapter will 
summarize information about the LA and ethanol properties and appli-
cations, and raw materials used for its biotechnological production. 
Fermentation process and challenges in LA and ethanol production will 
also be pointed out. Integrated ethanol and LA production, and future 
potentials will also be discussed.

6.2  Generalities about LA and Ethanol

LA, also known as milk acid, is the most widely occurring carboxylic acid 
in nature. It was first isolated in 1780 by a Swedish chemist, Carl Wilhelm 
Scheele, but it was first produced commercially by Charles E. Avery at 
Littleton, MA, USA in 1881 [15].

LA is a simple chiral molecule that exists as two enantiomers, L- and 
D-LA (Figure 6.1), which differ in their effect on polarized light [16]. LA 
can be produced either by chemical synthesis or by fermentation. The 
chemical synthesis pathway produces an optically inactive racemic mixture 
of the L and D isomers, while the fermentation pathway generally yields 
optically pure L or D isomer, depending on the microorganism used [5]. 
L-(+)-LA is also naturally produced from pyruvate in the normal metabo-
lism of microorganisms, animals, and humans [3].

Optically pure LA (L- or D-isomer) is more valuable than racemic 
DL-LA [9, 17], and each form has specific applications such as production 
of poly-L-LA and poly-D-LA.
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Chemical and physical properties of LA are summarized in Table 6.1. 
LA is a colorless or yellowish syrupy liquid, odorless, and hygroscopic. It 
is miscible with water, alcohol, glycerol, and furfural; insoluble in chlo-
roform, petroleum ether, carbon disulfide. Cannot be distilled at atmo-
spheric pressure without decomposition; when concentrated above 50% it 
is partially converted to lactic anhydride [18]. LA commercially occurs in 
aqueous solutions of 20–90 wt% [19].

LA has a wide range of applications in chemicals, pharmaceuticals, and 
food, and it is a precursor to several products [20]. The many uses of LA 
are shown in Figure 6.2.

The major parts of LA (39%) are used for the synthesis of the PLA. 
Another large application of LA (35%) is in the food industry. They are 
found in beverages, candy, meat, sauces, and others, for their mildly acidic 
taste [19]. LA is also used as an emulsifying agent in bakery goods and as 
inhibitors of bacterial spoilage. Other uses are found in pharmaceutical 
industry and cosmetics (13%) as well as in chemical industry (13%). LA 
is a molecule which can be converted to different products (Figure 6.2) 
showing its flexibility as a feedstock. Moreover, different industries use LA 
on a small scale for specific tasks. LA is for instance used as a pH adjuster, 
terminating agent, in adhesive formulation and lithographic printing [19].

HO
OH

D(-)

O

HO
OH

L(+)

O

Figure 6.1 LA enantiomers.

Table 6.1 Properties of LA [15].

CAS number D/L: 50-21-5

L: 79-33-4

D: 10326-41-7

Molar mass (g/mol) 90.08

Melting point (°C) L: 53

D: 53

D/L: 16.8

Boing point (°C) 122 (12 mmHg)

Specific gravity (g/mL) 1.2
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Global LA demand was estimated to be 714.2 kilo tons in 2013, and it 
is expected to grow annually by 15.5% to reach 1,960.1 kilo tons by 2020 
[9]. The three largest consumer market in the world are the United States 
(31% of total LA consumption in 2013), followed by China and Western 
Europe. China surpassed Western Europe due to export demand as well 
as consumption in the food and beverage industry [20]. PURAC, Cargill, 
and Henan Jindan Lactic Acid Technology Co., Ltd. as the world’s top three 
LA manufacturers boasted a combined capacity of 505,000 tons in 2013. 
Cargill mainly supplies LA products to its subsidiary—NatureWorks for 
production of PLA [22].

The most commonly used renewable fuel in the transportation sector 
is ethanol and has a long history as alternative fuels [23]. Ethanol produc-
tion worldwide has strongly increased since the oil crises in 1970 [24]. 
Global ethanol production increased from 13.12 billions of gallons in 2007 
to 25.68  billions of gallons in 2015 with a slight decreased in 2012 and 
2013 [25].
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Ethanol is a liquid substance that is volatile, colorless and has a slight 
odor. It apparently burns with smokeless blue flames that are not always 
visible in normal light. It can be produced either by chemical or microbio-
logical processes: fermentation of ethanol, indirect hydration (esterifica-
tion-hydrolysis) process, and direct hydration of ethylene [26, 27].

It presents widely in nature and has many applications in the indus-
trial and pharmaceutical sectors as a solvent of substances intended for 
human contact consumption, including scents, flavorings, colorings, and 
medicines [28].

Currently, the main industrial route used for ethanol production world-
wide is the microbiological process, also referred as alcoholic or ethanolic 
fermentation with yeast, for example Saccharomyces cerevisiae [29].

A variety of feedstocks from the first, second, and third (Figure 6.3) 
generation has been used in bioethanol production. The first-generation 
bioethanol involves feedstocks rich in sucrose (sugar cane, sugar beet, 
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Figure 6.3 Feedstock’s for ethanol production [30].
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sweet sorghum, and fruits) and starch (corn, wheat, rice, potato, cassava, 
sweet potato, and barley). Second-generation bioethanol comes from lig-
nocellulosic biomass such as wood, straw, and grasses. Third-generation 
bioethanol has been derived from algal biomass including microalgae and 
macroalgae [31].

Lignocellulosic biomass is more preferred than starch or sugar-based 
crops for production of ethanol, since it does not compete with food and 
takes care of agricultural and plant residues in an environmentally sus-
tainable process [32, 33]. Lignocellulosic biomass ethanol production 
demands good knowledge of the material structure used in the biotechno-
logical transformation [34].

6.3  Fermentation Methods to LA and Ethanol 
Production

Over 90% of the current commercial production of LA is performed via 
fermentation [19, 35]. The fermentation process is characterized by the 
biological degradation of the substrate (glucose) by a population of micro-
organisms (biomass) into metabolites, such as ethanol, citric acid, and LA 
[20, 36].

Several microorganisms have been isolated and used in the production 
of LA from the genera Lactobacillus, Streptococcus, and Pediococcus [37], 
which are LA bacteria (LAB). Although the majority of LA processes are 
carried out with LAB, LA is also produced by filamentous fungi, particu-
larly Rhizopus sp. [38].

LAB can be classified into two groups according to fermentation end-
product: homo- and hetero-fermentative strains. Homo-fermentative LAB 
converts glucose almost exclusively to LA, while hetero-fermentative LAB 
catabolize glucose into ethanol, CO

2
, and LA [20]. Homo-fermentative 

strains that produce optically pure L (+) or D (-) LA are industrially attrac-
tive compared to hetero-fermentative strains due to the higher LA yield 
and easier downstream processing [38]. The temperature range for optimal 
growth of mesophilic LAB is from 28 to 45 °C and that of thermophilic 
LAB is from 45 to 62 °C [37]. In addition, LAB is strongly inhibited at pH 
5 and ceases at pH values below 4.5 [37]. So, fermentation temperature 
and pH affects LA concentration, yield and productivity. In most studies, 
LA productivity have been conducted at temperatures ranging from 30 to 
43 °C [39] while the optimal pH for LA production varies between 5.0 and 
7.0 [35].
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Other than temperature and pH, some parameters may affect the fer-
mentation efficiency such as fermentation operation, nitrogen and vita-
mins sources, and by-products formation.

The fermentation is mainly a batch process and takes around 2–4 days 
to complete, providing a lactate yield of up to 90% with dextrose. However, 
fed-batch, repeated batch, and continuous systems are also reported [19].

Nitrogen sources and vitamins are important primarily because of the 
limited ability of LAB to synthesize B vitamins [20]. The main sources of 
nitrogen are yeast extract and peptone. Yeast extract is rich in vitamin B 
and is known to enhance LA production. An economic analysis of LA pro-
duction at the industrial scale shows that yeast extract accounts for 38% 
of the medium cost [38]. Inexpensive nitrogen sources supplements have 
been studied to replace yeast extract and peptone, such as flour of pigeon 
pea, red lentil gram, black gram, bengal gram, green gram, soya bean, bak-
er’s yeast, and corn steep liquor [40, 41].

Production of other organic acids (e.g., acetic acid and formic acid), 
carbon dioxide, ethanol, during LA fermentation depends on the purity 
and quality of the inoculum, metabolic route used, and process conditions, 
which should prevent external contamination [20]. For efficient industrial 
production of LA, by-product formation should be avoided, or kept to a 
minimum [35].

Nowadays, the USA and Brazil are the world’s largest ethanol producers. 
Together, both countries account for more than 94 billion liters of ethanol 
produced per year, accounting for around 85% of worldwide with huge dif-
ferences in the fermentation processes [42].

There are three processes that are commonly used in ethanol produc-
tion which are separate hydrolysis and fermentation (SHF), simultaneous 
saccharification and fermentation (SSF) and simultaneous saccharification 
and co-fermentation (SSCF) [43].

Microorganisms such as yeasts play an essential role in ethanol pro-
duction by fermenting a wide range of sugars to ethanol. They are used 
in industrial plants due to valuable properties in ethanol yield (>90.0% 
theoretical yield), ethanol tolerance (>40.0  g/L), ethanol productivity 
(>1.0 g/L/h), growth in simple, inexpensive media and undiluted fermen-
tation broth with resistance to inhibitors and retard contaminants from 
growth condition [44].

Temperature, pH, oxygen, initial sugar concentrations, organic acids, 
dissolved solids, and immobilization of the yeast are greatly essential 
parameters that influence the specific rate of yeast growth and ethanol pro-
duction. Medium conditions direct the viability of yeasts, specific rate of 
fermentation, and nutrient uptake [45].
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6.4  Potential Raw Materials for 
Biotechnology Production

6.4.1  Potential Raw Materials for LA Production

Raw material cost is one of the major factors in the economic production 
of LA. Since substrate cost cannot be reduced by process scale-up, exten-
sive studies currently are underway to search for novel substrates for LA 
production [7].

Starchy materials, such as wheat, corn, maize, cassava, potato, rice, rye, 
barley, and others [20, 46–48] are typical substrates for LA production. 
Among them, cassava starch is the most commonly used substrate [38]. 
Although starchy materials can avoid glucose repression [49], they are 
unfavourable because of the high price, their alternative applicability in 
the food industry [50], and cannot be directly utilized by most microbes 
for metabolism [38].

Lignocellulose biomass is one of the most abundant renewable feedstock 
and has recently attracted substantial interest for biofuel and biochemical 
production [51] due to its advantages of inexpensiveness, abundance, and 
renewable resource [52]. In addition, lignocellulose does not compete with 
other food sources [51]. Several studies have recently reported LA produc-
tion using lignocellulose biomass including corn stover [51–55], sugarcane 
bagasse [56, 57], rice straw [58], wood [58], paper sludge [59], sweet sor-
ghum [60], and others.

Lignocellulose is a complex structure which consists primarily of cel-
lulose (~35–45%), hemicellulose (~20–25%), and lignin (~15–20%). 
Pretreatment and hydrolysis of this complex lignocellulosic structure 
is necessary for high LA production by fermentation. Pretreatments are 
employed to remove lignin, separate cellulose and hemicellulose, increase 
the accessible surface area, partially depolymerize cellulose, and increase 
the porosity of the materials to aid in the subsequent access of the hydro-
lytic enzymes [39].

Traditional lignocellulosic biomass pretreatments include physical pre-
treatments (size reduction), physicochemical pretreatments (liquid hot 
water, steam explosion, and ammonia fiber explosion), chemical pretreat-
ments (acid, alkaline, alkaline/oxidative, wet oxidation, and ozonolysis), 
and biological pretreatments [51]. Such pretreatment processes could 
further lead to production of inhibitors (sugar degradation products). 
These inhibitors are weak acids, furans and phenolic compounds which 
are considered as potential fermentation inhibitors for LA producers [55]. 
Acetic acid is formed by the deacetylation of hemicellulose. Furfural and 
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5-hydroxymethylfurfural (HMF) (furans) are from pentose and hexose 
dehydration, respectively. Subsequent degradation of furfural and HMF 
generates formic acid and levulinic acid, respectively. Various phenolic 
compounds are formed from lignin breakdown [61].

Besides the production of inhibitors, if pretreatment is not sufficiently 
efficient, the resultant residue is not easily saccharified by hydrolytic 
enzymes [39]. In addition, pretreatment can influence the downstream 
costs.

After pretreatment, enzymatic hydrolysis are used to depolymerizing 
lignocellulose to fermentative sugars, such as glucose and xylose, by means 
of hydrolytic enzymes [39]. A multi-enzyme mixture increases the effi-
ciency of the hydrolysis process, but this represents more cost.

Although the lignocellulosic biomass has many drawbacks to be over-
come, numerous investigations with the objective of making the LA pro-
duction process more economical have been developed. Pretreatment of 
biomass using enzymatic routes instead chemical routes is advantageous 
because is conducted under milder conditions and does not generate 
degradation products [38]. Another pretreatment is the wet explosion, 
which is a combination of wet oxidation with oxygen and steam explo-
sion. It a method developed to pretreat any lignocellulosic biomass mate-
rial demanding no addition of harmful chemicals and resulting in minimal 
production of sugar degradation products [55]. Other approach is to 
remove or neutralize the inhibitors produced by pretreatment. Many stud-
ies have been devoted to the development of different detoxification pro-
cesses [62] or strains resistant to these inhibitors [58]. Solid acid, which is 
safe powder acid composed mainly by sulfamic acid, sodium chloride, and 
metal oxide, can replace conventional acids in acid pickling [54].

Food-waste is also a potential material for LA production, because it has 
high carbohydrate content and effective method of environmental waste 
management [9]. Several attempts have been made to produce LA from 
food waste [63–67]. Mixtures of acids are often produced from food-waste, 
for example, acetic and butyric acid, which have to be separated before 
utilization of LA [63].

Glycerol is a very versatile raw material for producing various chemi-
cals, polymers, and fuels [68]. It is a by-product in a biodiesel production 
process that discharges 1 kg crude glycerol for every 10 kg of biodiesel pro-
duced [69]. So, it is available in abundant quantities and is inedible [69]. 
The conversion of glycerol to LA can be categorized into hydrothermal and 
heterogeneous catalysis methods [20]. Recently, LA production by glycerol 
have been studied by many researches [68–71].
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Recently, the manufacturing of cheese has been reported to produce 
large volumes of whey as a byproduct [72] and its disposal is currently a 
major pollution problem for the dairy industry [7]. Whey is a rich source 
of lactose, nitrogenous substances including vitamins and other essential 
nutrients for the growth of certain bacteria. Availability of the lactose and 
other nutrients make whey a potent raw material for the production of LA 
[73] as reported by published works [73, 74].

Another approach for production of LA is from algal biomass, which is 
rich in carbohydrates and proteins. Algal biomass does not contain lignin, 
which simplifies its conversion into fermentable sugars [7]. In addition, 
microalgae grow almost anywhere, have an extremely short harvesting 
cycle of approximately 1 to 10 days, and have high fermentable sugar con-
tents [7, 20]. Prior to LA fermentation, the microalgae biomass needs to be 
processed in order to extract lipid and release sugar using methods such as 
chloroform-methanol, chloroform-methanol-water, and hexane [75].

Sugarcane molasses is an agro-industrial by-product generated from 
sugar industry, which can be converted to LA by the use of microorgan-
isms [76]. It contains 40–60% of sucrose available to fermentation and 
other nutrients. Moreover, sugar manufacturing process of cane molasses 
will inevitably generate some hazardous substances such as 5-hydroxy-
methylfurfural and bring in excessive metallic ions, all of which are toxic 
to cells [77].

The potential raw materials used for LA production are summarized in 
Table 6.2.

6.4.2  Potential Raw Materials for Bioethanol Production

Bioethanol is considered one of the most promising renewable fuels in 
the world as it can replace fossil fuels. It is most commonly produced by 
microbial fermentations (most often yeast) catalyzed using plant biomass as 
feedstock. Starch raw materials (i.e., corn, wheat, and sorghum) are still the 
most common raw materials for the production of ethanol fuel in temperate 
regions of the world (Europe, North America, and Central Asia). However, 
their use as fuel production resources can affect prices and compete with 
the food products manufactured from them. The use of non-edible parts of 
plants (straw and stalks) or lignocellulosic biomass as the raw material at 
the distillery is now considered the most promising opportunity for ethanol 
production that does not affect food prices [78].

A wide variety of biomasses can be used to produce bioethanol because 
they have a high sugar content or materials that can be converted to sugars 
such as starch or cellulose. The most commonly used today are based on 
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sucrose, among these raw materials times sugarcane, sugar beet, sweet sor-
ghum, and also starch raw materials such as corn, cassava, wheat, rye, etc. 
being corn, sugar beet, and sugar cane among the most productive crops in 
the world, either in terms of ethanol production or in terms of productivity 
per area. Corn is the most ubiquitous crop with the third largest extension 
in the world [79, 80].

One of the most well-established raw materials for the production of 
bioethanol is sugarcane, which fits into biorefinery concepts involving 
multi-production facilities, which include the production of fuel (etha-
nol), food (sugar), energy (electricity), and other useful by-products. 
By-products include sugarcane bagasse used as fuel after pre-treatment and 
hydrolysis, the bagasse can also be used as feed for cattle and as fertilizer. 
First-generation (1G) sugarcane biorefineries are common in Brazil also in 
other countries such as India and Thailand. In these facilities, ethanol can 
be produced by fermentation of sucrose-rich sugarcane juice in “autono-
mous” distilleries, which produce only ethanol from sugarcane juice or 
by fermentation of molasses in attached plants, which produce sugar and 
ethanol from sugarcane [81].

Another raw material approach for the production of bioethanol is corn, 
a grain plant of the C4 group of the Poaceae family (gram family) and the 
genus Zea, originating in Mexico, but widespread in all continents. Corn 
crops currently occupy about 147  million hectares worldwide and are 
widely used as human or animal food because of their nutritional proper-
ties. Based on the world’s largest corn ethanol producer in the US, the har-
vesting process is performed mechanically, where the corn ear is separated 
from the culm so that the grains are extracted while the tang with the straw 
is left in the fields to improve the soil fertility. The grains are transported 
to the corn mills by truck or rail and can be stored in silos before process-
ing. There are two processes of ethanol production from maize: dry mill-
ing and wet milling. The initial treatment of the grain is that it will defer 
processes, however, both involve prior hydrolysis to break down the starch 
chains ( -glucose polymer) to obtain glucose syrup (d-glucose isomer), 
which can be converted into bioethanol by yeast according to Eq. (6.1) 
below [80].

 (C
6
H

10
O

5
) n + nH

2
O  n C

6
H

12
O

6
 (Eq. 6.1)

In the past, most of the raw materials used to produce cellulosic by-
products were from wood species. Non-timber resources were consoli-
dating somewhat further in mid-2013 due to the crucial need to replace 
timber, as this led to economic and environmental problems, which led to 
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a shift from timber sources to non-timber sources as a source pulp fiber in 
some part of the world. These materials are the lignocellulosic, already dis-
cussed above: as bagasse, wheat straw, etc. Lignocellulosic biomass is not 
only promising for LA production but also for the production of second-
generation ethanol [82].

Second-generation ethanol is obtained through the fermentation of lig-
nocellulosic materials, the most classic example being sugarcane bagasse, 
which has a composition of 50% cellulose, 25% hemicelluloses, and 25% 
lignin, where such compounds can be hydrolyzed after pretreatment 
of the recalcitrant biomass. In addition to sugar production, inhibitory 
compounds such as furfural and hydroxymethylfurfural (HMF), the deg-
radation of pentoses and hexoses, respectively, and acetic acid from the 
hydrolysis of the acetyl radical present in the hemicelluloses are formed 
in the pre-treatment phase. Thus, the use of yeasts such as Saccharomyces 
cerevisiae may show reduced yields with respect to the fermentation of 
ethanol due to the presence of inhibitors such as acetic acid, so the pre-
treatment step should not be too severe [83].

The production of ethanol from lignocellulosic feedstocks can generate 
multiple streams since only a part of the material is converted to sugars 
and subsequently fermented into ethanol. This requires a “polygeneration” 
approach, in which by-products must also be of high value (e.g., lignin and 
hemicellulose sugars). To achieve the large scale required for profitabil-
ity, it is proposed that the best way is to integrate the new processes with 
existing industries, preferably those that already operate biomass plants for 
materials or biomass for fuels. One of the largest agencies in the industry 
in this regard is the pulp and paper industry. The production of second-
generation ethanol (or other products) through sugars of lignocellulosic 
materials includes a relatively expensive pretreatment of the feedstock to 
separate the lignin from the cellulose according to [84].

Currently, lignocellulosic ethanol costs approximately US $1.00/lge on 
the pilot scale, assuming a base price of US $3.60/GJ for biomass supply. 
The cost is expected to decline by half over the next ten years with the 
development of the method, co-production of other by-products, low-cost 
raw materials, and even plant expansion [82, 85].

Coffee cut-stems (CCS) is a promising raw material for the production 
of fuel ethanol in tropical countries due to its high availability and high bio-
mass yield per hectare. Triana et al. [86] evaluated the pre-treatment of this 
agricultural residue with diluted sulfuric acid and liquid hot water (LHW) 
and an integration and simulation, also evaluating the economic part of the 
second-generation ethanol production process. The high concentration of 
reducing sugars and ethanol yields were obtained with LHW pretreatment 
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with high-energy costs. Acid pretreatment is still one of the most applied 
technologies for lignocellulosic materials because of its efficiency and lower 
energy consumption. For the determination of the environmental impact 
index of the process pollution with and without cogeneration system, the 
waste reduction algorithm (WAR) was used. Thus, the high lignin and low 
water contents of coffee stalks meant a high potential for cogeneration of 
energy. Coffee cut-stems are an interesting material for the production of 
bioethanol.

Soy is a plant that has shown potential for a biorefinery. Besides the use 
of conventional products from its seeds, stem, and foliage, soy can also be 
used as raw material for the production of different products, mainly for 
the production of ethanol. The soybean plant contains substantial amounts 
of biopolymers such as carbohydrates, proteins, lipids, and lignin. So, it 
can be considered as a unique feedstock that could be used in a complete 
biorefinery for a variety of biochemicals, biomaterials, and valuable biofu-
els. This approach may increase the benefit margin of currently available 
soybean processing plants [82].

One of the most promising food wastes that can be processed into etha-
nol is bread residue. These bread residues contain a significant amount of 
starch which can be easily hydrolyzed into monomeric sugars with the aid 
of amylases, so the amount of starch and simple sugars in the bread loaves 
are 500–750 and 3–50  g kg 1, respectively. In addition, bread contains 
interesting nutrients such as protein that, after hydrolysis releases peptides 
and amino acids that may be essential for the growth of the fermentative 
microorganism. Waste bread is also highly accessible raw material for 
the processing of ethanol. The estimated waste for bakery products can 
range from 7 to 10% of their total output. The main factor for the forma-
tion of bread residues is that part of the product produced remains in the 
stores because it is not sold and then returned. Due to the significant level 
of storage and large amount of assortment available from bakery prod-
ucts that are overproduced to meet the demands of consumers. There are 
few possibilities of reprocessing bread residues in bakeries. Some waste 
can be processed into bread crumbs, such as a replacement of flour in the 
preparation of needles or as feed. However, due to microbial deterioration, 
its use for human and animal nutrition can be hazardous to the health of 
consumers. These problems are the reason why the loaves are most often 
left in landfills or used as fuel for combustion. Residual bread is a high yield 
material for ethanol fermentation [78].

The typical pretreatment method for the enzymatic hydrolysis of 
starches to fermentable sugars is based on a two step method. In the first 
step, the starch is liquefied by thermostabilized α-amylase (EC 3.2.1.1) to 



102 Principles and Applications of Fermentation Technology

reduce the viscosity of the gelatinized starch solution and to produce short 
chain dextrins by breaking the α-1,4-glycosidic linkages in the chains of 
amylose and amylopectin. During the second step of the hydrolysis of 
the starch (saccharification), the dextrins are saccharified by glucoamy-
lase (amyloglucosidase, EC 3.2.1.3) to obtain monomeric sugars (glucose). 
Many support enzymes, such as proteases, cellulases, pullulnases, and oth-
ers, are used to increase the amount of fermentable sugars, decrease the 
viscosity of the mass, and produce free amino nitrogen which is used as a 
nutrient for yeast [78].

Most of first and second-generation energy crops can affect the food 
chain as well as having to use more arable land for cultivation. These 
issues have led to the failure of commercial bioethanol production. For 
example, due to the increased demand for palm for food and biodiesel 
production, more land for the cultivation of oil palm plantations in 
Malaysia has led to rapid deforestation and destruction of the habitat of 
many animals and birds [87, 88]. Hence, researchers are now focusing on 
creating new potential alternative food sources for the large-scale pro-
duction of biofuels without disrupting the environment.

Algae are considered as the only alternative to food crops for the pro-
duction of renewable fuel because they contain lipids and energy-rich car-
bohydrates. In addition, some cell walls of the microalgae are composed 
of cellulose, mannans, xylans, and sulfated glycans. These polysaccha-
rides can be chemically or enzymatically broken into simple sugars and 
then converted into ethanol. Algae are the fastest growing plants in the 
world and are generally divided into macroalgae and microalgae based 
on morphology. Macroalgae or “sea algae” are larger, multicellular oceanic 
plants that grow up to 60 m in length. Microalgae are microscopic, mostly 
existing as small cells of about 2–200 μm and inhabitants of fresh, marine 
wastewater systems. The algae are able to efficiently convert solar energy 
into biomass by photosynthetic process, using sunlight, CO

2
, and water 

nutrients [88].
Dinoflagellates, green algae (chlorophytes), golden algae (chryosophy-

ceae), and diatoms (bacillariophyceae) are several types of microalgae that 
have protein, carbohydrate, and lipid contents that can vary in different 
species. Most microalgae can store highly concentrated lipids that can 
exceed 70% by weight of the dry biomass. And the carbohydrate content 
in some species can correspond in up to 50% of dry weight, as example we 
have: Scenedesmus, Chlorella, and Chlamydomona. Some factors such as 
light, temperature, nutrient content, pH, O

2
, and CO

2
, salinity and toxic 

chemical parameters may influence the composition of microalgae. The 
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most common components in the cell wall of microalgae are cellulose, 
protein, lignin, pectin, hemicelluloses, and other carbohydrates that can 
be converted into monomers through acid or enzymatic hydrolysis to pro-
duce third-generation bioethanol [89].

Table 6.3 shows the ethanol production from different feedstocks.

6.5  Challenges in LA and Ethanol Production

Several limitation and drawbacks of LA and Bioethanol production have 
been reported. This includes the fermentative LA and Bioethanol produc-
tion and the downstream processes. To fermentative LA and Bioethanol 
production, the challenges are as follows.

Utilization of cheap raw materials for LA and Bioethanol 
production that non-compete with food resources;
Direct LA and Bioethanol production from cellulose 
or xylan by LA producers (wild strain or genetically 
engineered);
Pretreatment steps and enzymatic hydrolysis for saccharifi-
cation optimized for the production of second generation 
ethanol and operating at high solids loading;

Table 6.3 Ethanol production from various feedstocks.

Source Ethanol yield (gal/acre) Ethanol yield (L/ha)

Corn stover 112–150 1050–1400

Wheat 277 2590

Cassava 354 3310

Sweet sorghum 326–435 3050–4070

Corn 370–430 3460–4020

Sugar beet 536–714 5010–6680

Sugarcane 662–802 6190–7500

Switch grass 1150 10,760

Microalgae 5000–15,000. 46,760–1,402,900

Adapted from [90]
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Modification of pre-treatment strategies, isolation of new 
inhibitor-tolerant strains, and modification of existing LA 
and Bioethanol production strains for inhibitor-tolerance/
detoxification for LA and Bioethanol production from lig-
nocellulosic biomass [9];
Isolation and development of powerful strains with high 
substrate tolerance;
Reduce the generation of by-product, such as ethanol, acetic 
acid, and carbon dioxide, during LA fermentation;
In the case of Bioethanol, reduce the generation of by-prod-
uct, such as LA, acetic acid, carbon dioxide, and glycerol 
during ethanol fermentation;
Development of strains able to utilize xylose or mixed sugars 
in lignocellulosic biomass;
LA fermentation at acidic pH (at or below the pKa of LA, 
3.78) without the use of neutralizing agents [9];
Production of optically pure LA.

Abdel-Rahman and Sonomoto [9] discussed in their review the many 
efforts that have been done by researches to overcome these LA fermenta-
tion challenges.

Another technology barrier in cost-effective production of high-purity 
LA is its downstream processing (DSP) [91]. To DSP, and it can be applied 
as well also in the ethanol processing [92] the challenges are as follows.

Production of LA and Bioethanol with high levels of 
purification;
Production of LA and Bioethanol with high levels of 
efficiency;
Production of LA and Bioethanol with high levels of yields;
More efficient and cheaper pre-treatment steps for biomass 
deconstruction for better enzymatic hydrolysis efficiency for 
saccharification and subsequent bioethanol fermentation 
[92];
Reduced number of separation units;
DSP with simple operation;
No generation of waste (gypsum);
Lower energy consumption;
Great flexibility in scale of production;
Reduction of LA thermal decomposition;
No use of hazardous solvents.
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The literature reported many LA separation and purification technolo-
gies, such as liquid–liquid extraction, membrane process, molecular distil-
lation, reactive distillation, and others, but there are some drawbacks that 
limit the application of these technologies at industrial level [91]. However, 
it is necessary to develop more efficient and viable separation technologies 
to bring out the potential of LA [91].

6.6  Integrated Ethanol and LA Production

A biorefinery is a facility that integrates biomass conversion processes and 
equipment to produce fuels, power, materials and/or chemicals from bio-
mass [93]. The product streams include ethanol, bio-diesel, hydrocarbon-
like oils, agricultural chemicals, food ingredients, and bio-commodities 
that are identical or functionally similar to those produced by the petro-
chemical industry [94]. By producing multiple products, a biorefinery can 
take advantage of the differences in biomass components and intermedi-
ates and maximise the value derived from the biomass feedstock, and opti-
mise the cost effectiveness of its products [93].

The integration of different biorefinery concepts into existing bioetha-
nol and sugar plants represents economic benefit. Co-production of LA 
and ethanol in biorefineries was investigated in some works [5, 93, 95–97).

The European project BIOREF-INTEG investigated the feasibility and 
economic impact of production of LA from sugars obtained from the main 
process of ethanol production. After liquefaction, part of the stream which 
contains mainly C6-sugars was sent to the LA process and the rest of the 
stream was directed to the sugars fermentation unit to produce ethanol [93]. 
The block diagram of this process is shown in Figure 6.4. The techno–eco-
nomic assessment showed that integration of LA production into an existing 
grain-to-ethanol leads to much lower production costs of main product bio-
ethanol in comparison with the conventional grain-to-ethanol process via 
fermentation of sugars, which makes this concept very interesting from the 
economic point of view [93].

Daful et al. [5] studied the LA production by annexing a biorefinery to 
an existing sugar industry using lignocellulosic residues, sugarcane bagasse, 
and leaves. This studied was carried out using the Aspen Plus® process sim-
ulator. Economic analysis and environmental impact assessment was con-
ducted in SimaPro®. Six process scenarios for LA production from both the 
hemicellulose liquid fraction and cellu-lignin solid fractions of leaves after 
steam explosion pretreatment were studied. It is found that production of 
LA from cellulose fraction instead of the hemicellulose fraction leads to 
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7–10% increment in total capital investment, 58–86% increment in operat-
ing cost, and 12–18% increment in revenue [5].

Daful et al. [93] evaluated the environmental performance of LA pro-
duced from lignocellulosic biomass and petrochemical sources using a life 
cycle approach. The results showed that biobased LA production has sig-
nificantly reduced the impact on the environment, giving 80–99% environ-
mental savings compared to fossil-derived LA.

Parajuli et al. [96] compared three biorefinery systems: a standalone sys-
tem producing bioethanol from winter wheat-straw, a standalone system 
producing biobased LA from alfalfa, and an integrated biorefinery system 
combining the two standalone systems and producing both bioethanol and 
LA. The studies highlights the benefits of the system integration for bioeth-
anol and biobased LA productions were in terms of higher net savings of 
greenhouse gas emissions, non-renewable energy use, and eutrophication 
potential compared to the standalone systems.

Farzad et al. [97] have been investigated six potential biochemical/ther-
mochemical pathways for product diversification in the sugarcane indus-
try by means of biorefineries (bioethanol, bioethanol and LA, bioethanol 
and furfural, butanol, methanol and Fischer–Tropsch synthesis). The study 
showed that production of ethanol, LA and electricity pathway, and metha-
nol and electricity pathway had the highest profitability.

Among the materials covered, sugarcane is currently one of the most 
efficient crops for the production of first-generation bioethanol (sug-
arcane juice) and second (sugar-cane bagasse and straw) generation. 
Lignocellulosic (bagasse and straw) materials were formerly sold or used 
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Figure 6.4 Integrated ethanol and LA production [93].
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for electricity generation in Brazil, but as discussed in previous topics, the 
lignocellulosic material is excellent for the production of second genera-
tion bioethanol; thus, some commercial units of lignocellulosic bioethanol 
production are starting to operate. The efficient processes of conversion of 
lignocellulosic materials to bioethanol, however, remain to be developed, 
with the pretreatment stage being one of the major bottlenecks in this 
process. Second-generation ethanol production may be more competitive 
when considering its integration into a first-generation distillery [98, 99].

As sugarcane is currently used as a fuel for steam and electricity pro-
duction, second-generation ethanol production from this material is able 
to compete with its current use as fuel, so that the configuration of the 
conventional production process can be adapted to include the production 
of second generation bioethanol, ensuring self-sufficiency in energy and 
steam production [99].

Therefore, the unitary operations of the ethanol production process of 
the first generation of sugarcane should be redesigned to increase the feasi-
bility of integrating a second generation ethanol production from a simpli-
fied scheme of the integrated ethanol production process of the first and 
second generation of sugarcane is shown in Figure 6.5 adapted from Dias 
et al. [99].
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Figure 6.5 Scheme of the integrated first (1G) and second (2G) ethanol production 

process from sugarcane and sugarcane bagasse [99].
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A review of literature suggests that very limited research has been conducted 
on the combined LA and ethanol production. But, in the near future, the 
 biorefinery concept of complete utilisation of sugarcane biomass will become 
a pivotal element for a sustainable sugarcane industry [94]. The industry that 
produces liquid fuels, electricity, and commodity chemicals from a renewable 
source will contribute with environmental and economic aspects.

6.7  Concluding Remarks

LA and ethanol are promising bio-based chemicals with an exponential grow 
over the last years because of their widespread use and its applications. LA 
has many applications, such as chemistry, food, cosmetics, and pharmaceu-
tical products and more recently in the medical area. Production of LA by 
fermentation is an important technological biomass-based platform, which 
has attracted much attention from the researches. However, LA produc-
tion is still limited by the downstream process that requires many steps and 
makes the process expensive. To address this problem, efficient and viable 
separation of technologies is needed. Bioethanol is the most widely used 
biofuel in transport around the world and can be produced from different 
types of feedstock. These raw materials are classified into three agricultural 
categories: simple sugars, starch, and lignocellulose. The price of the raw 
material is highly volatile, which directly affects the costs of producing bio-
ethanol. One of the main problems in the production of bioethanol is the 
availability of raw material. The production of ethanol from lignocellulosic 
feedstocks can generate multiple streams, since only a part of the material is 
converted to sugars and subsequently fermented into ethanol; in addition, 
with the arrival of third-generation ethanol from the algae it has become 
the range of raw materials for the production of bioethanol is much wider. 
The production of second generation ethanol requires a “polygeneration” 
approach, where by-products must also be of high added value. To achieve 
the large scale required for profitability, it is proposed that the best way is to 
integrate the new processes with existing industries, preferably those that 
already operate biomass plants for materials or biomass for fuels.
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Abstract
Laccases are a group of blue multi copper containing enzymes, which have received 

much attention of researchers in the last decades due to their ability to oxidize both 

phenolic and non-phenolic lignin related compounds as well as highly recalcitrant 

environmental pollutants. For this reason these biocatalysts are also known as “Green 

Catalysts”. Recently laccases are increasingly being used in the field of textile, pulp 

and paper, food industry, biosensors, as bioremediation agent to clean up waste of 

industries, herbicides, pesticides, and certain explosives in soil, etc. Owing to sustain 

these biotechnological applications widespread, studies on laccase producing organ-

isms have been intensified and different fermentation strategies have been devel-

oped for the improvement of laccase production to meet the industrial demands. 

Present chapter delineate the recent advances that have taken place in efforts in over 

expression of laccase in heterologous systems, and various fermentation techniques 

that have been developed to efficiently produce laccase at the industrial scale.

Keywords: Lignin, polyphenol oxidase, submerged fermentation, solid state 

fermentation, bioremediation

7.1  Introduction

Lignocelluloses biomass is the single renewable resource on earth, repro-
duced at 60 billion tons as organically bound carbon per year, which has 
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the potential to create a sustainable energy future. Globally 50–60  mil-
lion tons of lignin is produced from different pulp and paper industry 
[1]. Removal of this high amount of lignin from lignocellulosic biomass is 
essential for the production of cellulosic pulp as a raw material for paper 
manufacture, and also to enhance the efficiency of cellulose and hemicel-
lulose hydrolysis, as a feedstock for chemical synthesis, including biofuel 
[2]. However, the commercial use of lignin is limited to only 2% of its 
availability [3] with the rest usually burned to provide steam and pro-
cess heat for the pulp and paper mills. Therefore, new methods for lignin 
deconstruction and utilization for value-added products, other than just 
simply burning it as a solid fuel, are needed. Bio-degradation of lignocel-
lulose is a multi-enzyme process involving both hydrolytic and oxidative 
transformations, due to complex cross-linked three-dimensional network 
structure of lignified plant material. Lignin is most abundant naturally 
occurring aromatic complex oxyphenyl propanoid polymer found in all 
vascular plants including herbaceous species, and following cellulose, the 
second most abundant organic polymer on earth. Majority of lignin are 
generally present in the middle lamella and primary cell wall. Crosslinks 
between cellulose–hemicellulose matrix through lignin–carbohydrate 
network structures provide stiffness and glue the cells together thereby 
protecting the cell wall against microbial degradation. Lignin is synthe-
sized by one-electron oxidation of the precursors; p-coumaryl alcohol, 
coniferyl alcohol, and sinapyl alcohol, generating phenoxy radicals which 
then undergo nonenzymatic polymerization. Lignin precursors are linked 
together through carbon–carbon and carbon–oxygen bonds with a vary-
ing degree of methoxylation [4, 5]. In nature, efficient and selective lignin 
biodegradation is mediated mainly by laccase enzymes produced from 
different fungi, bacteria, plants as well as insects. Laccases are multicopper 
containing extracellular and metalloenzymes, characterized by their abil-
ity to catalyze one-electron oxidation of four reducing-substrate molecules 
concomitant with four-electron reduction of molecular oxygen to water. 
Currently the broad substrate specificity as well as catalytic properties of 
laccases are being exploited and they have become industrially important 
enzymes because of their diverse applications: in pulp delignification and 
bleaching, as a stabilizer in wine production, detergents, adhesives, fibre 
functionalization, detoxification of wastewaters and organic pollutants, 
denim bleaching, textile dye decolourization, baking, biosensors, and in 
biofuel cells etc. [6, 7]. The cost of laccases production is one of the main 
factors determining the economy of the process. Due to the usefulness 
of laccase, much effort has been spent in optimization of fermentation 
process parameters in both submerged and solid state fermentation (SSF) 
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processes trying to reduce production cost and boost yield of laccase from 
wild-type strains of filamentous fungi.

7.1.1  What is Laccase?

Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) are glycosyl-
ated polyphenol oxidase containing four copper ions per molecule and 
catalyze single-electron oxidation of a wide range of organic and inor-
ganic substrates with a concomitant four-electron reduction of oxygen 
to water [7]. Laccases are basically monomeric, dimeric or tetrameric 
glycoproteins which catalyze monoelectronic oxidation of substrate mol-
ecules to corresponding reactive radicals with the assistance of four cop-
per atoms (belonging to three types: 1, 2 or 3) that form catalytic core of 
the enzyme, accompanied with the reduction of one molecule of oxygen 
to two molecules of water and the concomitant oxidation of a variety of 
aromatic (like ortho- and para-diphenols, aromatic amines, methoxy-
substituted phenols, etc.) and non-aromatic substrates via a mechanism 
involving radicals that can undergo further laccase-catalyzed reactions 
and/or non-catalytic reactions such as polymerization, hydration or 
hydrogen abstraction. Laccases contain four copper atoms termed Cu T1 
(binding site for reducing substrate) and trinuclear copper cluster T2/
T3 (electron transfer from type I Cu to the type II Cu and type III Cu 
trinuclear cluster/reduction of oxygen to water at the trinuclear cluster) 
[1].These four copper ions are classified into three categories: Type 1 (T1), 
Type 2 (T2), and Type 3 (T3). At oxidizing state, the Type 1 Cu gives blue 
colour to the protein at an absorbance of 610 nm. The Type 2 copper and 
Type 3 copper form a trinuclear centre which is involved in the enzyme 
catalytic mechanism. The O

2
 molecule binds to the trinuclear cluster for 

asymmetric activation, and it is postulated that the O
2
 binding compart-

ment appears to restrict the access of oxidizing agents. During steady 
state, laccase catalysis indicates that O

2
 reduction takes place. Laccase 

operates as a battery and stores electrons from individual oxidation reac-
tions to reduce molecular oxygen. Hence, the oxidation of four reducing 
substrate molecules is necessary for the complete reduction of molecular 
oxygen to water.

Substrate oxidization by laccases can be further increased through a 
mediator-involved reaction mechanism. The low-molecular weight redox 
mediators are in some cases, very unstable and reactive cationic radicals, 
which can oxidize more complex substrates before returning to their origi-
nal state. The electrons taken by laccases are finally transferred back to 
oxygen to form water (Figure 7.1).
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Laccase was first detected in exudates of Japanese lacquer tree 
Rhus vernicifera [8]. Among fungi, Ascomycetes, Basidiomycetes, and 
Deuteromycetes can produce laccase and white-rot fungi have been found 
to be the most efficient laccase producers. The better degradative efficiency 
of fungi is due to their hyphal organization, which imparts them penetra-
tion capacity. A number of brown-rot fungi like Postia placenta, Antrodia 
vaillantii, Fomitopsis pinicola, and Coniophora puteana have also been 
known to produce laccase [9, 10]. Beside white-rot fungi, several actino-
mycetes and bacterial species can also degrade lignin. Examples of some 
laccase producers are shown in Table 7.1.

Intracellular laccase in bacteria like Azospirillum lipoferum, Bordetella 
compestris, Bacillus subtilis, Escherichia coli, Caulobacter crescentus, 
Mycobacterium tuberculosum, Pseudomonas aeruginosa, Yersinia pestis, and 
Stenotrophomonas maltophilia strain was found to be potent laccase pro-
ducer [11, 12]. The plants in which the laccase enzyme has been detected 
include lacquer, mango, mung bean, peach, pine, prune, and sycamore, cab-
bage, turnip, beet, apple, asparagus, potato, pear, sycamore maple, poplar, 
tobacco, peach, etc. The laccase enzyme has also been detected in different 
insects, for example, Bombyx, Diploptera, Calliphora, Lucilia, Drosophila, 
Manduca, Papilio, Orycetes, Phormia, Musca, etc. [16].

7.2  Major Factors Influencing Fermentation 
Processes for Laccase Production

7.2.1  Influence of Carbon Source

Laccase production depends on the nature of the carbon source, which 
in some cases may come from different agro-industrial lignocellulosic 
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Figure 7.1 Proposed mechanism of substrate oxidation in the absence (a) or in the 

presence (b) of redox mediators.
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residues. So, selection of an appropriate carbon source in the medium is 
important in growth and metabolism of fungi, hence it plays an important 
role in enzyme yield. Examples of microbial utilization of different carbon 
sources during laccase production are shown in Table 7.2.

Hatvani et al., [27] showed that fructose induced 100-fold increase in 
laccase production of Basidiomycete sp. I-62. Johnsy and Kaviyarasan [28] 
also reported fructose as the best co-substrate for laccase production by 
Lentinus kauffmanii. Aspergillus fumigatus was found to be an excellent 
producer of laccase in fermentation of banana peels [29]. Glucose and cel-
lobiose were efficiently and rapidly utilized by Trametes pubescens with 
high laccase activity [30]. Glucose has been reported as an effective co-sub-
strate for laccase production using Ganoderma lucidum by Ding et al., [31]. 
Patel and Gupte [32] also reported glucose as suitable carbon source for 
maximum laccase production from Tricholoma giganteum AGHP under 
SSF. However, the excessive concentrations of glucose are also inhibitory 
to laccase production in various fungal strains [33]. An excess of sucrose 
also reduced the production of laccase by blocking its induction and only 
allowed constitutive production of enzyme. Use of polymeric substrates 
like cellulose and starch was able to alleviate this problem [21].

7.2.2  Influence of Nitrogen Source

Variety of organic nitrogen sources (yeast extract, peptone, tryptone, 
etc.) and inorganic nitrogen sources (urea, ammonium sulphate, ammo-
nium chloride, ammonium nitrate, potassium nitrate, etc.) are utilized by 

Table 7.2 Example of different carbon sources used by microorganisms during 

laccase production.

Microorganisms Carbon source used References

Streptomyces chartreusis Dextrose [20]

Ganoderma sp. Starch [21]

Pleurotus sp. Mannitol [22]

Lentinus sp. Glycerol [23]

Pleurotus sajor-caju PS-2001 Sucrose [24]

Pleurotus ostreatus DSM 1833 and Phoma 

sp. UHH 5-1-03

Banana peels [25]

Coriolus versicolor MTCC 138 Glucose+Starch [26]
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microorganisms for laccase production (examples are shown in Table 7.3). 
The effect of nitrogen source on laccase production by different organisms 
appears to be greatly controversial [40]. In some fungi, the C and N deple-
tion helps laccase production, but this is not a general statement. Also, the 
initial C:N ratio influences laccase production in different ways by vari-
ous basidiomycetes [41]. Monteiro and De Carvalho reported high lac-
case activity with semi-continuous production in shake-flasks using a low 
carbon to nitrogen ratio (7.8 g/g). Cerrena unicolors also produced laccase 
in the low nitrogen medium [43]. Buswell et al., found that laccases were 
produced at high nitrogen concentrations. Dong et al. [45] have reported 
improved laccase production using tryptone and peptone. Revankar and 
Lele [26] reported yeast extract as a suitable nitrogen source for laccase 
production.

7.2.3  Influence of Temperature

The temperature is an important factor in the development of a biological 
process is such that it could determine effects such important as protein 
denaturization, enzymatic inhibition, promotion, or inhibition on the pro-
duction of a particular metabolite, cells death, etc. [46]. Therefore, tempera-
ture in its optimum condition is necessary for enzyme production through 
both submerged and solid state fermentation process. The optimal temper-
ature of laccase differs greatly from one strain to another. Many researchers 
have reported an optimum temperature between 25 and 30 °C for laccase 
production using various white-rot fungi [47–49]. Patel and Gupte [32] 

Table 7.3 Example of different nitrogen sources used by microorganisms during 

laccase production.

Microorganisms Nitrogen source used Reference

Ganoderma lucidum yeast extract [31]

Pleurotus sajorcaju Ammonium tartrate [34]

Pleurotus ostreatus HP-1 L-aspargine and NH
4
NO

3
[35]

Dictyoarthrinium Synnematicum 

Somrith

Sodium nitrate [36]

Trametes trogii Glutamic acid [37]

Pycnoporus sanguineus Asparagine [38]

Coriolopsis gallica Peptone [39]
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found 30 °C as an optimum temperature during laccase production by 
T. giganteum AGHP through SSF. Similar result was found by Nandal et al., 
[50] during statistical optimization of laccase production through Taguchi 
design by Coriolopsis caperata RCK2011 under SSF. Higher temperature 
for laccase production also has been reported by Nasreen et al. [51]. The 
optimization studies showed that the laccase yield by Coriolus versicolor 
was maximum at 37 °C during SSF on rice bran. Similarly Vantamuri 
and Kaliwal [52] reported 40 °C as an optimum temperature for laccase 
production by Marasmius sp. BBKAV79 during submerged fermentation 
(SmF). Generally higher temperatures lead to adverse effect on the micro-
bial metabolism, thereby leading to the denaturation of the key enzymes. 
However, lower temperature of 10 and 20 °C did not support the growth 
of fungi, thus leading to lower enzyme production. Xin and Geng [53] 
have also reported that the lower temperature retards the metabolic rate of 
Trametes versicolor resulting decrease in laccase production.

7.2.4  Influence of pH

The pH of the culture medium is an important physical regulatory factor 
affecting the fermentation process because both cell growth and the pro-
duction of enzymes can be affected by it. The optimum value of fermenta-
tion pH varies according to the substrate because different substrate causes 
different reaction for laccases. Sun et al., [54] found the optimum pH for 
laccase production by Coriolus hirsutus was ~4.5 during its growth in 
molasses distillery wastewater. Similar results were reported by Youshuang 
et al., [55] where laccase production by Trametes versicolor was statistically 
optimized at pH 4.5 during SmF. Besides acidic pH ranges, alkaline opti-
mum pH for laccase production also has been reported by Ding et al., [56]. 
They found that an initial alkaline pH was beneficial for laccase production 
by Pleurotus ferulae and 6,832.86 U/L was obtained using an initial pH of 
9.0. Most studies show that pH between 4.5 and 6.0 is suitable for laccase 
production. Further increasing the pH of the culture media may be adverse 
for enzyme activation and responsible for the decrease of laccase produc-
tion. This finding might be attributed to the accumulation of microbial 
metabolic products in the growing culture, which inactivates laccase or 
inhibits its biosynthesis, or due to the action of proteolytic enzymes [55].

7.2.5  Influence of Inducer

Laccase production has been seen to be highly dependent on fun-
gus cultivation. Laccases are generally produced in low concentrations 
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by laccase-producing microbes, but enhanced concentrations were 
obtained with the addition of various inducer supplements to media [57]. 
Supplementation of an appropriate inducer can greatly enhance the laccase 
production. Different compounds such as phenolic and non-phenolic sub-
strates can act as inducers. The most reported effective inducers used for 
laccase production are copper, guaiacol, ethanol, Gallic acid, 2,5-xylidine, 
ferulic acid, Catechol, Veratryl alcohol, Pyrogallol, anisidine, Vanilic acid, 
tannic acid, etc. (Table 7.4). Manavalan et al. [63] and Mann et al. [64] 
reported that the addition of copper is significant to induce laccase pro-
duction in Cerrena consors and Ganoderma lucidum, respectively. Galhaup 
and Haltrich [30] showed that extracellular laccase formation could be 
greatly stimulated by the addition of Cu2+ to the growth medium. Many 
other authors have found copper as a suitable inducer for laccase produc-
tion. The addition of xenobiotic compounds such as 2,5xylidine, lignin, 
and veratryl alcohol increased and induced laccase activity [59, 62]. A 
similar observation has been reported by several researchers [32, 65, 66]. 
It was demonstrated that cultures of Fomes annosus, Pholiota mutabilis, 
Pleurotus ostreatus, and Trametes versicolor were stimulated for laccase 
production by addition of low concentration of 2,5-xylidine [67]. At higher 
concentrations the 2,5-xylidine had a reducing effect due to toxicity. The 
promoter regions of the genes encoding for laccase contains several sites of 
recognition that are specific for xenobiotics and heavy metals; they bind to 
the recognition sites and induce laccase production [68].

Table 7.4 Example of different inducers used by microorganisms during laccase 

production.

Microorganisms Inducer used Reference

Streptomyces psammoticus Pyrogallol [57]

Fusarium incarnatum LD-3 ortho-di-anisidine [48]

Pycnoporus cinnabarinus ethanol vapours [58]

Trametes pubescens MB89 2, 5-xylidine [59]

Trametes versicolor ATCC 

200801

ABTS [60]

Agaricus blazei Ethanol and guaiacol, [61]

Botryosphaeria sp. 3,4-dimethoxybenzyl (vera-

tryl) alcohol

[62]
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7.3  Type of Cultivation

Laccases are the enzymes which are secreted out in the medium by several 
fungi [25] during the secondary metabolism. Laccases have been produced 
vividly in both submerged and solid state modes of fermentation.

7.3.1  Submerged Fermentation

SmF involves the cultivation of microorganisms in liquid medium with 
appropriate nutrients and high oxygen concentrations when operated in 
aerobic conditions. Production of laccase through this method requires 
relatively short time and the physiological regulation of laccase production 
using SmF is also comparatively simpler than in SSF. Viscosity of broth is 
the major problem associated with the fungal SmFs. Fungal SmF is also 
challenging as the mycelial growth hinders impeller action, which in turn 
limits oxygen and mass transfer in the fermenter. Different strategies have 
been employed to deal with viscosity, oxygen and mass transfer limitations. 
Cell immobilization has been proven as a good alternative technique in 
this regard. A continuous and successful laccase production for a period 
of 4 months using immobilized Neurospora crassa on membrane has been 
reported by Luke and Burton [69]. Sedarati et al. [70] reported that immo-
bilization of Trametes hirsute on stainless steel showed the highest laccase 
activity in fixed bed bioreactors. Schliephake et al. [65] used nylon sponge 
cube immobilized Pycnoporus cinnabarinus to produce laccase in batch 
culture by in packed bed bioreactor. Park et al. [71] found that Funalia 
trogii immobilized in Na-alginate beads was efficient in decolourizing Acid 
Black 52. Similarly microbial immobilization on plastic net also has been 
reported for laccase production [72]. Utilization of different agro-indus-
trial lignocellulosic residues in SmF instead of synthetic carbon source was 
also carried out for laccase production by fungi, which showed promising 
results to reduce the cost of production of the enzyme and to allow large-
scale industrial applications [73]. Examples of successful laccase produc-
tion through SmF are shown in Table 7.5.

7.3.2  Solid-State Fermentation

SSF is defined as fermentation process occurring in absence or near absence 
of free liquid, employing an inert substrate (synthetic materials) or a nat-
ural substrate (organic materials) as a solid support [76]. SSF processes 
have shown to be particularly suitable for the production of enzymes by 
filamentous fungi, since they reproduce the natural living conditions of 
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such fungi due to which they may be more capable of producing certain 
enzymes with high productivity in comparison to SmF. Porosity and par-
ticle size of the substrate affect the surface area accessible to the organism. 
Small substrate particles provide a large surface area for microbial attach-
ment while larger particles provide better aeration but a limited surface 
for microbial attachment. Recently, there has been an increasing trend 
towards the utilisation of different agrowastes (Table 7.6) as raw materi-
als to produce value-added products by SSF technique as they mimic the 

Table 7.5 Example of microbial laccase productions through SmF.

Microorganisms

Optimized fermentation 

condition Enzyme yield References

Pycnoporu 

ssanguineus

C source: glucose

N
2
 source: yeast extract and 

peptone

Inducer: CuSO
4

1.6 U/mL [74]

Neolentinus 

kauffmanii

C source: Xylan

N
2
 source: Peptone

Inducer: copper

Temperature: 25 °C

pH: 6.0

70.51 U/mL [75]

Pleurotus ferulae 

JM30X

Metal ions: CuSO 4

inhibitors: DTTand NaN3

Inducer: ABTS

Temperature: 50 °C–70 °C

pH: 3

6,832.86 U/L [56]

Streptomyces 

chartreusis

N
2
source: yeast extact

Metal: Cupric sulfate

Inducer: Pyrogallol

330.00 U/gm [20]

Ganoderma 

lucidum

C source: Pomelo peelN
2

source: yeast extract

Temperature: 60 °C

pH: 3

11842.13 U/L [31]

Aspergillus flavus 

PUF5

C source: Ribbedgourd peel

N
2
 source: yeast extract 

Temperature: 25 °C

pH: 4

Metal source: NaCl

15.96 U/ml [73]
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conditions under which the fungi grow naturally [29]. Furthermore, the 
presence of lignin and cellulose/hemicellulose in these substrates act as 
inducers of the ligninolytic activities. Moreover, most of them are rich in 
sugars, promoting better fungal growth and thus making the process more 
economical. Furthermore, SSF processes have several potential economic 
and environmental advantages: different agro industrial by-products and 
residues may be used as solid substrates, lowering the production costs, and 
avoiding pollution issues related to waste disposal; the effluent generation 
and the demands on energy and sterile water are lower; the enzymes are 
obtained at higher concentrations, reducing downstream processing [51]. 
As shown in Table 7.6, many agricultural wastes such as pulse husk waste, 
grape seeds, grape stalks, barley bran, cotton stalk, coffee husk, banana 
peel, corncobs, and wheat bran are also used as substrate for laccase pro-
duction. Zilly et al. [81] successfully utilized passion fruit waste for laccase 
production by white-rot fungi. Sun et al. [82] reported that the white-rot 
fungus Trametes sp. AH28-2 grown on agro-byproducts produced laccase 
with high ability to decolourize textile reactive dyes. Couto [83] also found 
that laccase produced by T. hirsuta grown on paper cuttings successfully 
decolourized synthetic dyes at alkaline pH. Despite the numerous advan-
tages of SSF offers over SmF, the major disadvantage with SSF is lack of any 

Table 7.6 Example of microbial laccase productions through SSF using different 

agro wastes as substrate.

Microorganisms Substrate Enzyme yield References

Pleurotus ostreatus 1804 Pulse husk waste 2200 U/g [76]

Trichoderma 

longibracheatum

Rice bran 45.24 U/gds [77]

Trametes hirsuta Banana skin 4010 U/l [78]

Coriolus versicolor Rice bran 0.98 U/ml [51]

Pleurotus ostreatus 

PVCRSP-7

Black gram husk 

(BGH)

3186 U/gds [79]

Aspergillus fumigatus 

VkJ2.4.5

Banana peel 6281.4 

± 63.60 U/ l

[29]

Streptomyces psammoticus Rice straw 55.4 U/g [80]

Streptomyces chartreusis Rice bran 72 U/g [20]
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established bioreactor designs. This is principally due to several problems 
encountered in the robust control mechanisms for different parameters 
such as pH, temperature, aeration and oxygen transfer, moisture, and agi-
tation. Recently different bioreactor configurations have been studied for 
laccase production such as immersion configuration, expanded bed, tray, 
inert (nylon), and non-inert support (barley bran), but lot of progress is 
still to be made for a better controlled SSF operation.

7.4  Biotechnological Application of Laccases

Laccases have enormous applications due to their oxidizing ability 
towards a broad range of phenolic and non-phenolic compounds. With 
their broad substrate specificity, the enzymes can be used for degradation 
of various industrial wastes such as textiles, paper, pulp, petrochemical, 
oil-refining, pharmaceutical, pesticides, resin products, coking plants, and 
leather [84–86]. Laccases are also used in medical diagnostics, biolinkers, 
biofuels, synthetic detergents, antimicrobial materials, and for clearing 
herbicides, pesticides, and some explosives in soil [87, 88]. Currently, 
researchers are working on enzymatic synthesis of organic compounds, 
laccase based bio-oxidation, biotransformation, and biosensor develop-
ment [88]. Examples of different industrial applications of laccase are 
shown in Table 7.7.

7.4.1  Food Industry

In the food industry, wine stabilization is the main application of laccase. 
Phenolic compounds are responsible for the color and taste of the wine 
while the organic acids are responsible for the aroma. Polyphenols have 
undesirable effects on wine production and on its organoleptic character-
istics. Due to oxidation reactions it can help in color intensification, tur-
bidity, aroma, and flavor changes in the wine. Hence, their removal from 
the wine is really necessary. Laccase from Trametes versicolor have shown 
phenol removal efficiency to stabilize wine/must [101]. The degradation of 
phenols by laccase was very fast for catechins, and slowly for stilbenes (cis- 
and trans- resveratrol) and derivatives of cinnamic (ferulic and caffeic) 
and benzoic (syringic, vanillic, and gallic) acids [102]. Laccase has been 
successfully applied in bakery to increase strength, stability, and reduced 
stickiness and thereby improved the dough consistency, increase in vol-
ume, improvisation in crumb structure, and softness in the baked product. 
Besides these, laccase has been used in fruit juice clarification, stabilization 
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Table 7.7 Biotechnological applications of microbial laccases.

Sources of laccase 

enzyme Applications References

Paraconiothyrium 

variabile

Biosynthesis of gold nanoparticles [89]

Trametes versicolor Paper biosensor for the detection of phe-

nolic compounds

[86]

Yarrowia lipolytica Removal of phenolic compounds [90]

Trametes sp. Development of bioactive hydrogel 

dressing

[91]

Trametes versicolor Wine stabilization [92]

Coriolopsis gallica Beer factory waste water treatment [84]

Trametes versicolor Development of microbial fuel cells (MFC) 

cathode

[93]

Trametes versicolor 

(ATCC 32745)

Development of biosensors [94]

Lentinula edodes Polyaromatic hydrocarbon biodegradation [95]

Pleurotus eryngii Lignin and organopollutant degradation [96]

Aspergillus oryzae Biosensor and gold nanoparticle [88]

Pleurotus florida 

NCIM 1243

Nanofiber preparation [97]

Myceliophthora 

thermophila

Dough conditioner [85]

Trametes pubescens Bioremediation of a mixture of pentachlo-

rophenol (PCP),2-chlorophenol (2-CP), 

2,4-dichlorophenol (2,4-DCP)and 

2,4,6-trichlorophenol (2,4,6-TCP)

[98]

Fusarium incarna-

tum UC-14

Bioremediation of bisphenol A [48]

Aspergillus flavus Decolorization of Malachite green dye [87]

Streptomyces 

cyaneus

Decolorize and detoxify azo dyes [99]

Coriolus versicolor Degradation of textile dyes [100]
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of beer through inhibition of haze formation, production of thermo-irre-
versible gels through gelation of sugar beet pectin etc. [92, 103].

7.4.2  Textile Industries

Textile industry effluents are of great threat to the environment due 
to the presence of different residual dyes and xenobiotic compounds. 
Decolourization of dye wastewaters using the laccase of white-rot fungi 
has found to have an enormous potential for wastewater treatment [100]. 
Fungal laccase was used for degradation of triarylmethane, indigo, azo, 
and anthraquinone dyes, which resulted in very effective reduction of these 
dyes [99, 104]. Vijaykumar [105] isolated a new fungus from coal sample 
which decolourized five different azo and triphenylmethane dyes like acid 
blue 193, acid black 210, crystal violet, reactive black, and reactive black 
BL/LPR. Laccase from Cerrena unicolor is also capable of decolorization 
of different industrial dyes like acid blue 62, acid blue 40, reactive blue 81, 
direct Black 22, and acid red 27 [57]. Kirby et al. [106] reported that lac-
case from Phlebia tremellosa decolorized eight synthetic textile dyes added 
to culture under stationary conditions. Beside degradation of dyes, it has 
profound application in the removal of indigos during denim finishing in 
the denim industry, rove scouring of garments, biobleaching of cottons, 
etc. [107, 108].

7.4.3  Paper Industry

In the manufacture of paper, separation of lignin from cellulose fibers 
is required. A mild strategy of delignification using laccase has replaced 
conventional and polluting chlorine, sulphite and oxygen based methods 
without affecting the integrity of cellulose. Laccases from white-rot fungi 
has been applied as biopulping agents to wood chips which can improve 
strength of the paper and save energy consumption. Laccases also has 
been used for reduction of resins, binding fiber, particle and paper-board, 
deinking, and decolorization of printed paper [14].

7.4.4  Bioremediation

Different aromatic xenobiotics and pollutants in the effluents generated by 
pulp and paper, petrochemical, coal conversion, alcohol distilleries, dyeing, 
and textile industries are responsible for toxicity to mammals and fishes. 
Treatment of these wastes by different physico–chemical processes includ-
ing ultrafiltration, ion exchange, and lime precipitation, are expensive, so 
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alternative biotreatment processes are now being considered. White-rot 
fungi that produce lignin-degrading enzymes are reported to be the most 
efficient in detoxification and decolorization of such effluents [96]. The 
organism usually obtains its carbon, nitrogen or energy from the pollut-
ant and reduces it to undetectable, nontoxic or acceptable levels. Laccase 
mediated degradation of a wide variety of aromatic xenobiotics, including 
polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls, pentachlo-
rophenol, and various groups of pesticides has been reported [90]. Laccases 
were able to mediate the coupling of reduced 2,4,6-trinitrotoulene metabo-
lites to an organic soil matrix, which resulted in detoxification of munition 
residue [109]. Moreover, PAHs, which arise from natural oil deposits and 
utilization of fossil fuels, were also found to be degraded by laccases [86].

7.4.5  Pharmaceutical Industry

Laccases have been used for synthesis of several products with pharmaceu-
tical importance because of their high oxidation potential. Hence laccases 
are used for preparation of some important drugs like anticancer drugs, 
medical diagnosis, synthesis of antioxidants, hormone derivatives, and 
antiviral derivatives and they are also added in cosmetics to reduce their 
toxicity [94]. Laccase is used in oxidization of iodide to produce iodine, 
preparation of less irritant hair dyes replacing hydrogen peroxide as an oxi-
dizing agent in the dye formulation [84]. Recently, proteins for skin light-
ening have also been developed. Laccase from Aspergillus oryzae, in the 
immobilized form, is used to synthesize and characterize gold nanopar-
ticles on PEI coatings to prepare a biosensor [88]. The electrode was tested 
for detection of phenolic compounds in streams, and the biosensor dem-
onstrated high sensitivity, good repeatability and reproducibility, and long-
term stability.

7.5  Conclusion

Laccases are promising enzymes that are widespread in nature and can 
replace different conventional chemical processes involved in various 
industrial, agricultural, and medicinal applications due to their high 
reduction potential that makes them potential candidate to catalyze the 
oxidation of a broad range of phenolic and non-phenolic compounds. 
Emerging research areas include the laccase-based enzymatic synthesis, 
bio-oxidation, bioremediation and detoxification, biosensor development, 
etc., which have been successfully carried out in either laboratory or pilot 
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plant scale. However, the major drawbacks in large-scale applications are 
lack of sufficient enzyme stocks and their high price. To overcome this 
drawback, overexpression of laccases in heterologous systems has been 
actively pursued to enhance their titers and to improve their catalytic activ-
ity. Proper optimization of various vital fermentation process parameters, 
use of appropriate inducers and the usage of inexpensive sources like agro-
wastes could bring additional benefits of higher production with expen-
diture of minimum resources. Both submerged and solid state cultivation 
techniques have been employed by the researchers and most of them found 
SSF as better than the other for industrial production of laccase. In spite of 
that, SSF have some limitations of control mechanisms for different param-
eters such as pH, temperature, aeration and oxygen transfer, moisture, and 
agitation, so future efforts should be involved in improving the SSF biore-
actor designs to make SSF more potent and competitive. Therefore, it is not 
surprising that this enzyme has been studied intensively and yet remains a 
topic of the intense research today.
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Abstract
Fermentation is a biochemical process of microorganism for the production of dif-

ferent enzymes, antibiotics, etc. which are used in different industry for the energy 

production, food processing industries, antibiotic production, protein synthesis, 

hormone synthesis, and many more industrially important enzymatic produc-

tions. It is also used for waste management such as biofuels production from lig-

nocellulosic biomass that includes mainly agricultural wastes, which are produced 

in high amount from household, industries and agricultural fields. Other than this 

is also used to produce bio-surfactant, polymers production such as bacterial cel-

lulose production. There are different types of fermentation process for enzyme 

production which are submerged and solid state production system. Except this 

generalized fermentation process includes batch fermentation, fed-batch fermen-

tation and continuous culture. In submerged fermentation microorganisms are 

grown in liquid medium where as in solid state fermentation microorganism are 

grown on solid substrate. The microorganism used the nutrients present in the 

substrate such as carbon, nitrogen, essential salts, amino acids, etc. to synthe-

size compounds which are needed for their survival. Change in the fermentation 

condition leads to different compound production which can be economically 

important or useless. Thus, for the production of precise and faultless production, 

fermentation condition should be perfect which will enhance the production rate 

of fermentation product and increase its economic value. In this chapter, differ-

ent type of microorganisms, their application, and their recent developments are 

discussed. Beside this, industries depending on fermentation of plant based pro-

cessing substrate has lots of unwanted wastes due to easy decay of the substrates. 
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Thus many researcher has suggested different strategies for zero waste or to reuse 

waste for different other product formation. This leads to waste management as 

well as it is eco-friendly and also prevents loss of valuable products. This chapter 

thus also put some light on different enhancement of fermentation technology for 

the production of zero waste and value added products.

Keywords: Fermentation, value added products, zero waste

8.1  Introduction

Fermentation is a biochemical process which converts sugar molecules 
into different components such as acid, alcohol, gases and more com-
pounds using different types of microorganisms. It is used for the produc-
tion of many value added products such as enzymes, biofuels as renewable 
energy source, food products, medicines etc. Fermentation of lignocel-
lulosic biomass such as agricultural waste leads to waste management by 
the conversion of these waste into biofuels or important chemical prod-
ucts such as lactic acid succinic acid etc. and many more chemical such 
as 1,3-Propanediol, Polyhydroxyalkanoates (PHA), Exopolysaccharides, 
Vanillin etc. Other than this many more valuable products such as biofuels 
like biodiesel, ethanol, biogas, biohydrogen, etc. are produced from lig-
nocellulosic waste. These chemical has high economic importance. Singh 
et al. (2011) has already discussed about the zero waste management of 
lignocellulosic wastes by using fermentation technology and synthesiz-
ing important products such as enzymes, biofuels, biogas, organic acids, 
and polyhydroxybutyrate (PHB) and the left over can be converted to 
biomanure. Erickson et al. (2012) has also discussed about many indus-
trially important chemicals which are used for many other synthesis pur-
pose such as bioplastics, pharmaceuticals use, surfactants, biopolymers, 
etc. Lactic acid and vanillin are highly used for milk product formation 
and flavor respectively. In recent days, food additives have become very 
popular due to different reasons such as food colors, flavors, acid regula-
tors, essence, preservatives, etc. Other than this, many chemical used in 
cosmetic products such as scents are also synthesized by fermentation pro-
cess. This help to reduce the load of synthetic products over nature and 
leads to eco-friendlier process for the production of needful things. These 
products have high value in market and are unavoidable needs of this cen-
tury. However, the production cost of these valuable products is costly and 
researches are already done to lower the cost of production and optimize 
the fermentation system to zero waste. Thus, this chapter focuses on the 
production of different valuable products using fermentation technology 
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on different waste sources or renewable sources for the economically 
important high yield products.

8.2  Fermentation

Fermentation process is a biochemical activity of microorganism during 
their life process such as growth and development, senescence and death. 
Fermentation process mainly converts sugar molecules into industrially 
valuable compounds. In this process the microorganisms are grown under 
suitable condition on suitable substrate and the end product formed by the 
microorganism are extracted from the media. The container in which the fer-
mentation is done is called bioreactor or fermenter. There are different types 
of bioreactors which are used to control fermentation condition and produce 
different end products. Some of the types of bioreactors are as follows.

External recycle airlift bioreactor
Internal recycle airlift bioreactor
Tubular tower bioreactor
Nathan bioreactor
Stirred bioreactor

Depending on the bioreactor different type of fermentation process are 
involved. There are mainly three types of fermentation process.

1. Batch fermentation
In bath fermentation, sterile nutrient broth is inoculated with microorgan-
ism and cultured in a closed bioreactor for specified time and in specific 
conditions. Nothing is added in the mid of the fermentation process.

2. Fed batch fermentation
In fed batch fermentation, initially small concentration of substances are 
added and then these substances are added in small quantities continu-
ously throughout the whole process of fermentation.

3. Continuous fermentation
In continuous fermentation process, equal amount of sterile nutrient broth 
is added to the open bioreactor and simultaneously equal amount of cul-
tured broth with the products is taken out for purification of products.

Depending on the type of fermentation different products such as pro-
teins, enzymes, alcohol, acids, etc. are produced. Some of the industrially 
valuable fermentation products are discussed below.
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8.3  Biofuel Production

In recent years increase in need for biofuels in replace of fossil fuels are in 
high demands. Fermentation is one of the most important step followed 
to generate fossil fuels from lignocellulosic waste or other biodegradable 
sources such as microalgae etc. Biofuels such as biodiesels, bioethanol, 
butanol, biohydrogen etc. are one of the most important value added prod-
ucts which are produced from biodegradable and waste materials leading 
to zero waste concept.

8.3.1  Biohydrogen

Since, hydrogen has unique qualities such as high gravimetric based energy 
combustion and absence of oxidation or greenhouse gases production, 
is considered as green energy source. Since decades, production of bio-
hydrogen from natural biodegradable sources has been studied. Present 
scenario of global need for green energy in replacement of fossil fuels has 
gained focus on biohydrogen production from different natural sources. 
Biohydrogen production was first reported by fermentation process during 
1970s [1]. Though during fermentation process different by-products are 
formed which reduces the yield of biohydrogen production but still contin-
uous fermentation using simple sugars as substrates dominates the industry 
for biohydrogen formation [2]. One of the simple polysaccharide, glycerol 
has high potential to produce high yield of biohydrogen by fermentation 
process. Glycerol itself is produces as waste during pretreatment and pro-
duction of organic alcohols and organic acids from lignocellulose wastes. 
Other than this, it is cheaper to be produced and on fermentation of glycerol, 
only 10% is converted to biodiesel as by-product [2]. Thus, it is most suit-
able substrate for biohydrogen formation and leads to zero waste strategy. 
Different studied on rate of biohydrogen generation depending on glycerol 
concentration are studied in recent years [2]. The maximum biohydrogen 
produced by fermentation of glycerol was estimated as 0.8 mol/mol glycerol 
by using T. maritima in batch chemostat fermenter [3]. Dark fermentation 
of glycerol produces hydrogen acetate, butyrate, ethanol, and 1,3-propane-
diol as by-products along with biohydrogen production. These are used for 
Nicotinamide adenine dinucleotide (NADH) production and adversely 
affect the yield of hydrogen formation. Other than this direct fermentation 
of lignocellulosic biomass after pretreatment also produces biohydrogen [2]. 
Pretreatment of lignocellulose yields reducing sugar and polysaccharides 
which on fermentation produces biohydrogen. Plant resources itself acts as 
a storage of biohydrogen. Photosynthesis is another process through which 
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biohydrogen is produced. Photosynthetic process occurs in two stages, that 
is, light dependent and light independent [4]. In light dependent pathways, 
the light energy is directly absorbed by the chlorophyll and converted to 
Adenosine Triphosphate (ATP) and Nicotinamide adenine dinucleotide 
phosphate with hydrogen (NADPH). During this process electron trans-
port chain is activated by the electron carriers present in thylakoids such 
as Ferredoxin, Plastoquinone, Plastocyanin, Cytochrome C. Ferredoxin 
Nicotinamide adenine dinucleotide phosphate (NADP) oxidoreductase 
reduces NADP+ to NADPH in presence of water. In oxygenic condition of 
photosynthesis water molecules are broken in electrons and protons. These 
protons are sometimes converted to molecular hydrogen by hydrogenase 
rather than accepted by Ferredoxin. Thus, oxygenic condition of photosyn-
thesis produces bio-hydrogen biofuel. On the other hand, light independent 
photosynthesis produces ATP and NADPH, which further converts to sugar 
molecules which help to synthesize bio-alcohol, biodiesel and on further 
fermentation produce bio-hydrogen as biofuels [4, 5]. Thus, production of 
biohydrogen from optimizing the photosynthesis pathway as well as reus-
ing the glycerol rich waste make this process clean and zero waste process. 
In this way, even the waste can be converted to valuable industrial product.

8.3.2  Biodiesel

Vegetable oil or animal fats or any natural form of oil after transesteri-
fication produces biodiesel. Transesterification is a process of exchang-
ing organic group of an ester with the organic group of an alcohol under 
catalysis of acid or base. Fatty acids, triglycerides or oils are found from 
many plant animal or microbial resources [6]. Many process are involved 
to extract oils from lignocellulosic biomass which on further trans-ester-
ified to form biodiesel. Though till now plant based oils are most abun-
dantly used for biodiesel production but it has some limitation. Plant 
based oils are also used as edible sources thus, raising conflict on provid-
ing priority on production of biofuels or used as foods. Other than this 
some non-edible oil rich crops are present but less abundance of lands for 
non-edible crops raise the problem [7, 8]. Microalgae in such case is the 
solution. Many researches are done on microalgae for the production of 
biodiesel. Depending on species 70% of the cell consist of triglyceride in 
case of microalgae [8]. Microalgae can be easily cultured and maintained 
even in hash condition and in large quantity. Fermentation of microalgae 
produces bio-oil which on further transesterification produces biodiesel. 
As microalgae grows very fast thus cultivating microalgae in fermenter 
solve the problem of space as well as conflict on food crop. Heterotrophic 
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fermentation of Chlorella protothecoides on glycerol as carbon source using 
semi continuous fermentation process produced more bio-oil than fed-
batch fermentation thus, yielding high bio-oil for biodiesel production [9]. 
Being scarcity of fossil fuel and its high need, production of biodiesel from 
these renewable sources is a relief for the world, leading to rapidly growing 
industries in this sector.

8.3.3  Bioethanol

Another biofuel widely used in worldwide is ethanol. Ethanol is produced by 
scarification and fermentation of reducing sugars. Lignocellulosic wastes are 
the best source for generating reducing sugars. Different pretreatments are 
performed to hydrolyze lignocellulose into simple sugar moieties. Bioethanol 
from secondary waste can be produced by fermentation process. Yeast are 
generally used to produce bioethanol [10]. Saccharomyces cerevisiae are the 
most commonly used yeast for production of ethanol. But Saccharomyces 
cerevisiae has some limitation such as, it only ferments hexose into ethanol 
but is inefficient to grow on pentose sugar [11]. Some other yeasts such as 
Candida shehatae, Candida tropicalis, and Pichia stipitis can synthesize etha-
nol from both pentose and hexose sugar but have low tolerance towards eth-
anol [10]. Thus, genetically modified bacteria are produced to combat this 
problem. Some of the genetically modified bacteria synthesizing ethanol 
are Escherichia coli KO11, Klebsiellaoxytoca P2, and Erwiniachrysanthemi 
EC16 [12]. Berlowska et al. (2016) has used two different strains of yeast for 
synthesis of ethanol by fermentation. They are Saccharomyces cerevisiae for 
hexose fermentation and Pichia stipites for pentose fermentation from sugar 
beet pulp. Among them Saccharomyces cerevisiae has higher yields (1 g/L) 
than Pichia stipitis (0.5 g/L) [10]. Thus, researches are still needed to gener-
ate robust ethanogenic bacteria whose tolerance level is high for ethanol as 
well as for inhibitors and has high productive yield [13].

8.4  1,3-Propanediol

1,3-Propanediol is an important monomer produce by fermentation of 
glycerol. It is used in the production of polyethers, polyesters, polyure-
thanes by polycondensation of this monomer. Most of the fermentation 
process leading to alcohol production such as bioethanol production leads 
to glycerol production as by-products along with other products. Glycerol 
on further fermentation produces 1,3-propanediol. Some of the bacterium 
responsible for fermentation of glycerol to 1,3-propanediol are Klebsiella 
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pneumoniae, Citrobacter freundii, and Clostridium pastwureunum [14]. 
During fermentation first 3-hydroxypropionaldehyde is produced then 
further reduced by NADH

2
 to 1,3-propanediol. This NADH

2
 is the result 

of oxidative pathway of glycolysis reaction of glycerol and produces many 
by-products other than 1,3-Propanediol such as acetate, lactate, succinate, 
butyrate, ethanol, butanol, and 2,3-butanediol. Production 1,3-propane-
diol is high as 67% mol/mol with acetic acid as maximum by-product of 
oxidative pathway [14]. As the yield of 1,3-propanediol depends on the 
reductive and oxidative reaction pathway during fermentation; fermenta-
tion process needs to be monitored. Most of the loss of yield of 1,3-pro-
panediol production is due to the conversion of glycerol into cell mass by 
microbes. Thus, a variety of fermentation process and their optimization 
are done to maximize the 1,3-propanediol yield. Even product tolerant 
mutant species of microbes such as C. butyricum and K. pneummoniae 
are known to produce 70 g/L and 78 g/L of 1,3-propanediol in fed-batch 
fermentation system with controlled pH [13]. Another approach of con-
version of glucose to 1,3-propanediol was done by two step fermentation. 
Firstly, conversion of glucose to glycerol by fermentation and then again 
ferment the glycerol to 1,3-propanediol [15]. S. cerevisiae produces glyc-
erol from glycolytic intermediate that is dihydroxyacetone 3-phosphate 
by using two enzymes-dihydroxyacetone 3-phosphate dehydrogenase and 
glycerol-3-phosphate phosphatase. On the other hand, K. pneumonia con-
verts 1,3-propanediol from glycerol by using two enzymes that are glyc-
erol dehydratase and 1,3-propanediol dehydrogenase [16]. Thus, an E. coli 
strain was created by inserting genes for glycerol synthesis and genes for 
conversion of glycerol to 1,3-propanediol from S. cerevisiae and K. pneu-
monia, respectively. This mutated strain of E. coli can synthesize glycerol 
from sugar molecules as well as can convert glycerol to 1,3-propanediol as 
efficiently as in their native forms [16]. Thus, this not only reduces cost of 
production but also can be used to treatment of leftover waste biomass of 
lignocellulose with mixture of sugar monomers and by-products such as 
glycerol for 1,3-propanediol production and leads to zero waste technology.

8.5  Lactic Acid

Lactic acid (2-hydroxypropionic acid) is one of the most important organic 
acid used abundantly by industries [13]. It has many applications in food, 
pharmaceutical, and textile industries. It is used as preservative, acidulant, 
and flavoring in food industries and in chemical industries it is used as raw 
material for synthesis of lactate ester, propylene glycol, 2,3-pentanedione, 
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propanoic acid, acrylic acid, acetaldehyde, and dilactide [17, 18]. In recent 
days, its demand has increased globally due to its ability to form poly lactic 
acid (PLA) which is used in formation of different biodegradable bioplastics 
or polymers with modifications. Lactic acid has two optical isomers L(+)-
lactic acid and D(–)-lactic acid [19]. For high quality PLA production opti-
cal quality of lactic acid is crucial [17]. Lactic acid production can be done 
by chemical process or by fermentation process [20]. Fermentation process 
is more favorable than chemical due to many reasons such as fermentation 
process produces optically pure form of lactic acid whereas, chemical pro-
cess produces racemic mixture of DL-lactic acid [21]. Chemical process uses 
petrochemical resources as substrate for lactic acid production whereas, in 
biological process microorganism ferment sugar molecules present in lig-
nocellulosic biomass or other biodegradable material into lactic acid [22]. 
As in fermentation process all substrates are renewable and biodegradable 
thus this process is eco-friendlier. In this process waste products such as 
agricultural waste [23], food industries waste [24], Cassava starch wastewa-
ter [25], and many more lignocellulose waste biomass can be used for lactic 
acid synthesis. Lactic acid producing bacteria can be classified into two 
groups, homofermentative and heterofermentative [17]. Homofermentor 
bacteria convert sugar completely into lactic acid whereas heterofermentor 
bacteria catabolize glucose into ethanol and carbon dioxide as by-products 
and lactic acid as main product. Homofermentor bacteria synthesize lactic 
acid by Embden-Meyerhof pathway or also known as glycolysis pathway 
[26]. Some of the microorganism well known for lactic acid production are 
Rhizopus oryzae ATCC 52311, Rhizopus oryzae NRRL 395, Enterococcus 
faecalis RKY1, Lactobacillus rhamnosus ATCC 10863, Lactobacillus helveti-
cus ATCC 15009, Lactobacillus bulgaricus NRRL B-548, Lactobacillus casei 
NRRL B-441, Lactobacillus plantarum ATCC 21028, Lactobacillus pento-
sus ATCC 8041, Lactobacillus amylophilus GV6, Lactobacillus delbrueckii 
NCIMB 8130, Lactococcus lactis sp. IFO 12007 [17]. Chaisu et al. (2014) has 
optimized the lactic acid production from Sugarcane molasses, which is an 
agricultural waste by using Lactobacillus casei M-15 [23]. The optimized 
the maximum yield of lactic acid by response surface methodology (RSM) 
by culturing the bacteria under 3.82% of molasses and 8.02% of inoculum 
level within 24  hours and at 37 °C. This process relatively increased the 
lactic acid production and follows sustainable development. It also reuses 
the agricultural waste and help in waste management. This process is a 
pollution free method for lactic acid production [23]. Tosungnoen et al.  
(2014) treated synthetic cassava starch wastewater (SCW) with amylo-
lytic Lactobacillus plantarum MSUL 702 bacteria by repeated-batch and 
simultaneous saccharification and fermentation for lactic acid production 
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[25]. In this process, not only 28.71 g/L of lactic acid was produced in first 
batch of culture but also 98% of chemical oxygen demand (COD) and 85% 
of total kjeldahl nitrogen (TKN) was removed in second batch of culture. 
This bacterium not only retains high lactic acid production but also retains 
treatment efficiency for consecutive four batches. Thus, waste is also reused 
for value added product formation [25]. Pleissner et al. (2016) used mixed 
restaurant food waste as raw material for lactic acid fermentation [24]. 
Food contains lots of sugar and nitrogen sources which on simultaneous 
saccharification and fermentation by Lactobacillus sp. or Streptococcus sp. 
strains produces L(+)-lactic acid. In laboratory under technical scale and 
sterile condition 702 g L−1 of L(+)-lactic acid is produced after purification 
[24]. Thus, even the restaurant waste with other household or industrial 
waste can be used to produce valuable industrial products.

8.6  Polyhydroxyalkanoates

PHA are natural homo and hetero polysaccharides such as poly 3-hydroxy-
butyric acid (PHB) and poly 3-hydroxybutyric-co-3-hydroxyvaleric acid 
(PHB-V) [13]. These are produced by many microorganism such as Ralstonia 
eutropha, Alcaligenes latus, Azotobacter vinelandii, Chromobacteruium vio-
laceum, methylotrophs, and pseudomonads in limited nutrient condition 
[27]. These microorganisms when grown in media containing limitation in 
one of the nutrient element N, P, S, 0

2
, or Mg and excess of carbon sources 

synthesizes PHA intracellularly as stored carbon and energy source. PHA 
readily breakdown to carbon dioxide and water by microorganism [27]. It 
is a green polymer for bioplastic formation like PLA. PLA is a polymer of 
lactic acid and produced by microorganisms. PHA synthesized by bacteria 
are of two types short-chain-length PHAs (scl-PHAs) consist of 3–5 car-
bon atoms and medium-chain-length PHAs (mcl-PHAs) consist of 6–14 
carbon atoms. PHB is a type of scl-PHA which is stiff and brittle whereas, 
PHB-V which is a combination of PHB and 3-hydroxyvalerate (HV) is 
tougher, flexible, and has more thermal stability [28]. Sci-PHB is generally 
used in disposable food packaging whereas mcl-PHA is used as elastomers. 
As biodegradable plastics and polymers is in high demand, thus, PHA has 
become one of the most wanted product of industries. But due to its high 
cost of production wide commercialization and industrialization of PHA is 
struggling [29]. Most of the bacteria synthesizing PHA are known to survive 
in stress conditions. Bacterial strains such as genus of Sphingobacterium, 
Bacillus, Pseudomonas, and Rhodococcus are known to produce PHA and 
degrade environmental pollutants [29]. Most of the environment pollution 
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includes volatiles aromatic hydrocarbon that causes mutagenic, carcino-
genic, allergic, and cytotoxic threats to life. Due to extensive use of petro-
chemical products these environmental pollution has increased. As PHA 
synthesizing bacteria has the ability to degrade these hydrocarbon and 
produce PHA which is a biodegradable valuable polymer is a great relief 
to the society [30]. Some of the Pseudomonas species: P. putida F1, mt-2, 
and CA-3 together are known to synthesize PHA from toluene, benzene, 
ethylbenzene, xylene, and styrene mixture [31]. Another example of sub-
strate for PHA synthesis are vegetable oils. Vegetable oils are rich in carbon 
sources and can act as good substrate for PHA synthesis. Hwan et al. (2008) 
has also discussed the synthesis of PHA on vegetable oils by Pseudomonas 
sp. strain DR2. This bacterium has successfully synthesized PHA on waste 
vegetable oils [32]. Rhu et al. (2003) has discussed about waste treatment of 
sewage waste and PHA production. As discussed earlier PHA synthesizing 
bacteria are stress tolerant thus, it can be used to treat sewage waste, which 
are rich in carbon and hydrocarbon sources [33]. Colombo et al. (2017) 
has discussed about PHA synthesis from municipality waste using mixture 
of PHA producing microbes in Europe [34]. PHA synthesized by bacteria 
is done by an enzyme called PHA synthase. P. pseudoflava and P. palleronii 
are known to degrade synthetic waste and synthesis of PHA. PHA synthase 
enzyme was isolated by Reddy et al. (2017) from these bacteria and can 
be used for waste treatment and PHA synthesis in a cost effective manner 
[35]. Thus, production of PHA from waste sources lowers the cost of pro-
duction which is major problem and help in bioremediation. In this way, 
waste is also converted to value added industrial products.

8.7  Exopolysaccharides

Exopolysaccharides (EPS) are synthesized by different bacteria from 
sugar molecules. They are of two types, homopolysaccharides and het-
eropolysaccharides. Homopolysaccharides such as dextran, alternan, pul-
lulan, levan, β-D-glucansare synthesized by bacteria Leu. mesenteroides 
subsp. mesenteroides, Leu. mesenteroides, Aureobasidium pullulons, levan, 
Z. mobilis, Streptococcus sp. respectively. Hetropolysaccharides such as algi-
nate, gellan, xanthan are synthesized by bacteria Pseudomonas aeruginosa, 
Sphingomonas paucimobilis, Xanthomonas campe respectively. Other than 
these EPS are also synthesized by lactic acid bacteria of different chemi-
cal structures [13]. EPS synthesized by lactic acid bacteria provides con-
sistency, texture, and rheology of the fermented milk products. Synthesis 
of microbial EPS is very complex process and involves lots of genes. 
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Generally, synthesis of EPS involved four major steps which are: import 
of sugar into the cytoplasm, synthesis of sugar-1-phosphates, activation 
and coupling of sugar molecules, export of EPS from cytoplasm to media. 
EPS has numerous application in food industries, medical, and pharma-
ceuticals [36]. EPS producing bacteria are also known to grow on waste 
water and acts as waste treatment. Some of the incidences are discussed 
here. Taskin et al. (2011) has reported about synthesis of EPS by Morchella 
esculenta on extract of waste loquat (Eriobotrya japonica l.) kernels. EPS 
production on an average of 5 g/L was recovered [37]. Shochu is popu-
lar beverage in Japan which is produced from rice, sweet potatoes, barley, 
buckwheat, or sugar beets, shochukasu which is the distillery waste of sho-
chu production is prohibited to dump in river or fields. Thus, it is dumped 
in ocean which is costlier as well as causes marine pollution. As this waste 
is rich in sugar contained, thus, Yuliani et al. (2011) used this wastewater 
to culture Lactobacillus sakei CY1 and produced EPS of 25.5% glucose and 
13.2% galactose along with other sugars [38]. Morillo et al. (2007) isolated 
a bacterial strain Paenibacillus jamilae from olive mill wastewater which 
produces EPS. This bacterium produces 5.1 g/L of EPS from this waste-
water using batch culture fermentation method [39]. Sellami et al. (2015) 
synthesized EPS by cultivating Rhizobium leguminosarum on waste water 
of oil company and wastewater of fish processing company. The highest 
EPS production of 42.4 g/L, after 96 h of culture was found when both oil 
and fish processing company wastewater was mixed. Thus, the discussion 
emphasizes that EPS which is one of the valuable industrial product can be 
synthesized efficiently from waste biomass and also help in bioremediation 
of wastes [40].

8.8  Succinic Acid

Succinic acid or butanedioic acid is an aliphatic C4 dicarboxylic acid. It is a 
very important value added product for industrial purpose. It is a co-prod-
uct of biorefineries as it displaces petroleum based chemical and polymers 
for different product formation [41–43]. Succinic acid can be converted 
to many industrially important chemicals such as 1,4-butanediol, tetra-
hydrofuran, and γ-butyrolactone etc. [44]. The salt form of succinic acid 
that is succinate is a primary constituent of tricarboxylic acid cycle, thus, it 
can be produced from lignocellulosic sugar at high carbon efficiency [45, 
46]. A. succinogenes and Mannheimia succiniciproducens are some of the 
well-known microorganism used for the production succinic acid. A. suc-
cinogenes is well-known for the production succinic acid from soft wood 
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lignocellulosic biomass such as corn stalk and sugarcane hydrolysate where 
as Mannheimia succiniciproducens is known to produce succinic acid from 
wood hydrolysate. A. succinogenes is partly high acid tolerant and also fix 
CO

2
 and consume broad range of sugar substrates such as C6 and C5 sugar 

molecules [47]. Thus, Anaerobiospirillum succiniciproducens is an engi-
neered strain of A. succinogenes and Mannheimia succiniciproducens with 
E. coli which produces high yield and productivity of succinic acid [48, 49]. 
Production of succinic acid from other waste sources are also discussed 
such as Zhang et al. (2013) has used pre-treated bakery waste for the pro-
duction of succinic acid by Actinobacillus succinogenes and yield 24.8 and 
31.7 g L−1 of succinic acid from cake and pastry respectively [50]. Leung 
et al. (2012) used another common food waste that is bread as substrate 
for the production of succinic acid by Actinobacillus succinogenes. It yields 
47.3 g/L of succinic acid [51]. Some other lignocellulosic waste sources for 
succinic acid production are crop stalk wastes [52], corncob hydrolysate 
[53], fruit, and vegetable wastes [54] by Actinobacillus succinogenes. Thus, 
succinic acid production can be done from different sugar rich waste bio-
mass, which also reduces the cost of production.

8.9  Flavoring and Fragrance Substances

There are varieties of flavoring and fragrance substances produced by 
chemical process and are important for industrial use especially in food 
and cosmetic industries. Flavoring substances are generally volatile and 
non-volatile chemicals which are extracted from plant sources or synthe-
sized chemically [55]. Volatile chemical only contribute to the aroma but 
non-volatile chemicals contribute both to the aroma and taste [56]. Flavors 
are generally extracted from plant sources and then their chemical struc-
ture is studied and chemical flavors are synthesized. The aroma of the food 
is responsible for some compounds such as alcohols, aldehydes, esters, 
dicarbonyls, short to medium- chain free fatty acids, methyl ketones, lac-
tones, phenolic compounds, and sulphur compounds [56]. Though flavors 
can be extracted from plant sources but the downstream process for such 
extraction are very costly and also very small quantities of compound can 
be extracted from a large biomass. Thus, flavors and fragrances are chemi-
cally mimicked. But this chemical process of flavoring substance causes 
environmentally unhealthy production and lacks substrate selectivity 
which causes undesirable racemic mixtures, thus increasing the cost of 
processing [55]. As natural fragrances and flavoring substances are in high 
demand thus, microbial technology are used for the production of safe and 
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natural fragrance and flavoring substances. Microorganism can synthesize 
these compounds as secondary metabolites on nutrients such as sugars and 
amino acids. This can be done by two process, one by in situ production of 
aroma and flavor as integral part of food and beverage production process 
and another is by synthesizing aroma or flavors from specifically designed 
microbial system [55]. Some of the example of flavors and fragrance syn-
thesis from waste biomass as substrate are discussed. Phenylethyl alcohol 
which is aroma of rose can be synthesized by Kluyveromyces marxianus 
from cheese waste [57]. Terpenoid flavor and fragrance compounds are 
one of the most industrial valuable compounds which could be synthe-
sized by microorganism fermentation of house- hold vegetable wastes 
[58]. Rhizopus oryzae and Candida tropicalis has the ability to synthesize 
D-limonene a flavoring substance from olive oil mill waste [59]. Some of 
the flavoring and fragrance substance are listed in the Table 8.1.

8.10  Hormones and Enzymes

Hormones, enzymes, and antibiotics are of one most important indus-
trial products. Different hormones such as plant hormones and human 
hormones are produced by fermentation process. Plant hormones such 
as auxins, cytokinins, ethylene, gibberellins (GAs), abscisic acid (ABA), 
brassinosteroid, and salicylates are produced by fermentation process [68]. 
Recombinant human growth hormones (rHGH) are produced by geneti-
cally engineered E. coli through fermentation process [69]. Other than this, 
economically important enzymes such as ligninolytic, protease, lipase, chi-
tinolytic, cellulase, amylase, etc. are produced by fermentation process by 
various microorganisms. They are used in various industrial process such 
as in paper industry, textile industries, pharmaceutical industries, food 
industries, chemical industries, cosmetic industries, etc. These enzymes 
have multiple function such as hydrolysis, degradation of polysaccharides, 
used in biofuels cells and many more. Ligninolytic enzymes such as lac-
case, manganese peroxidase, lignin peroxidase, and aryl alcohol oxidase 
are produced by Pleurotus ostreatus on potato peel waste by solid state fer-
mentation process. Pleurotus ostreatus also secreted amylase and protease 
enzyme under same condition [70]. These enzymes are significant for their 
efficiency in bioconversion of plant waste and they have promising bio-
technological applications in pulp and paper, food, textile and dye indus-
tries, bioremediation, cosmetics, and many others industrial applications 
[70]. Another example of environment pollution are municipality wastes 
dumped in land pits, which contaminate soil as well as spreads pathogens 
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in the surrounding areas. Municipality wastes mainly consist of lignocel-
lulose biomass. And lignocellulose biomass has high opportunities to be 
converted into different value added products. But the robust nature of 
lignocellulose requires a cocktail of enzymes for pretreatment and hydro-
lysis into simple sugar. Cellulase is one of the most important enzymes 
involved in this cocktail of enzymes. Abdullah et al. (2016) has optimized 
cellulase production from municipality solid waste by Trichoderma reesei 
and Aspergillus niger using solid state fermentation with a yield of 24.7% 
of cellulose [71]. Another example of cellulase production by Aspergillus 
niger is using coir waste [72]. Fishery processing industries produces a 
large number of by-products or waste whose disposal is a big issue. These 
waste leads to environment and health problems. The by-products include 
mostly heads, viscera, chitinous material, wastewater that are a good sub-
strate for microorganism to grow for enzymes production. Though to avoid 
wasting the by-products various disposal methods are used such as includ-
ing, ensilation, fermentation, hydrolysate, and fish oil production etc. But, 
using fermentation technology for enzymes production using these wastes 
as substrate is an interesting issue. Rebah and Miled (2012) has discussed 
in a review the possibility of production of various microbial enzymes such 
as protease, lipase, chitinolytic, and ligninolytic enzymes. Thus, even these 
wastes can be converted to such as valuable products. It not only decreases 
the cost of production of enzymes but also clean the environment.

8.11  Conclusion

Fermentation technology is use of microbes for the production of various 
industrially valuable products. Optimization of fermentation technology 
provide green route for production of various chemicals, enzymes, pro-
teins, biofuels, polymers, etc. with low cost of production and no pollution. 
Now day, many synthetic products are used derived from petrochemical 
industries in our day to lives which are harmful for human health and 
environment. But these products are need of day to day life. Therefore, 
to replace petrochemical products fermentation technology is the best 
option. Through fermentation technology, we can produce many chemi-
cals which mimics the chemical produced by petrochemical process. But, 
the by-products formed and hazard to the environment are not done by 
fermentation technology. Even with fermentation technology waste prod-
ucts of the industries can be converted to valuable products leading to zero 
waste technology. Biofuels can be easily produced from different indus-
trial waste and similarly different chemicals, polymers, enzymes, flavoring 
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substance are produced by fermentation process and using waste materials 
as substrate. This not only reduces the cost of production but also help in 
bioremediation. Some of the polymers such as PHA and PLA are used for 
the production of bioplastics and replace the petrochemical-based plastics. 
Other than this hormones and enzymes production were costlier earlier, 
but with the help of recombinant DNA technology, genetically modified 
microorganism are capable of producing those enzymes and hormones 
by fermentation technology. Some of the plant hormones, ligninolytic 
enzymes, cellulase, amylase, etc. can be produce by fermentation technol-
ogy using waste products as substrate. Exopolysaccharides are secreted by 
bacteria which are highly valuable for pharmaceutical industries. Whereas 
ligninolytic enzymes like laccase and cellulase are valuable for paper, tex-
tile, and biofuel industries. This biofuel itself is a big relief to the envi-
ronment as it is supplement to fossil fuels. Thus, industrially value added 
product formation and converting waste as valuable raw material has been 
discussed in this chapter. More research is furnishing with this enormous 
microbial diversity for green technology development and producing every 
possible product naturally and safe for the environment.
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Abstract
The depletion of fossil fuel reserves coupled with the increase in demands for fuels 

across the globe has raised concerns for improved utilization of renewable energy 

resources. Among three main components of the lignocellulosic biomass, lignin 

holds approximately 15–40% of the organic carbon sequestered in the biosphere. 

Being rich in aromatic carbons, lignin has the potential to act as a raw material for the 

production of valuable materials, chemicals, polymers, and bio-fuels through bio-

engineering routes. Efficient utilization of lignocellulosic biomass is a pre-requisite 

for reduction of pre-treatment cost due to recalcitrant matrix of cell wall-associated 

polysaccharides. Structural modification and/or alteration in lignin structure have 

shown promising result for optimal recovery and chemical transformation of lig-

nin in a biorefinery. In addition, bioengineering approaches reduce recalcitrance 

in crops with desired physico–chemical properties which may help to overcome 

the limitations. However, valorization of lignin-based value-added products poses 

challenges for its depolymerization using a cost-effective sustainable technology. 

Realization of biorefinery approaches with fully integrated bioprocesses technology 

requires appropriate fractionation of biomass to reduce our reliance on petroleum-

based products. This chapter highlights recent developments and their limitations 

in lignin biosynthesis, lignin genetic engineering, and depolymerization strategies 

used for the production of lignin-based bio-fuels and bio-products.
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9.1  Introduction

The depleting fossil fuel reserves and their serious effect on the environ-
mental have generated a strong will for finding alternative renewable and 
clean sources of energy. The abundance of the lignocellulosic biomass pro-
vides the most suitable alternative for cleaner fuel and other value-added 
product development. Several technologies have either been developed or 
are in their advanced stages of development for efficiently converting lig-
nocellulosic biomass into a variety of fuels and other products. However, 
the research and technological development in efficient utilization of the 
lignocellulosic biomass have taken a new turn in the direction of lignin 
utilization, which was earlier primarily focused on the cellulosic compo-
nent. Lignin being abundant and making up 15–40% of the lignocellulosic 
component indeed acts as an important substrate for various industrial 
applications [1]. Lignin, despite being a complex aromatic polymer, has 
been successfully converted into various value-added products. A vari-
ety of polymeric foams, thermoplastics, membranes, and fuels have been 
developed from the lignin, which can be a vital alternative to the similar 
products currently produced from the petroleum [2].

Since lignin assists the cementing of cellulose and hemicelluloses in the 
cell wall and is not easily separable. Yet the separation of the lignin from 
the other components of a cell wall, that is, cellulose is essential in various 
industries, mainly the paper and pulp industry. Therefore, lignin is primary 
waste product in the paper and pulp industry, and a significant amount 
of it remains unutilized. Therefore, its use for commercial production can 
give rise to a range of chemicals and value-added products. Hence, lignin 
valorization has become the need of the hour for its effective commer-
cial exploitation. It is estimated that the demand for various plant-based 
chemical and food resources will increase by 50% in next three decades 
[3]. Lignin, being organic polymers reasonably abundant in oxygen com-
pared to carbon and hydrogen of the petroleum-based hydrocarbons. A 
wide variety of products can be obtained from such chemical composi-
tions based on different C5 and C6 sugar production [4]. Syngas products 
(methanol, DME, ethanol, etc.), hydrocarbons (benzene, toluene, xylene, 
etc.), phenols (cresols, eugenols, etc.), and oxidized products(vanillin, 
vanillic acid, etc.) are amongst the major categories of the chemicals which 
can be produced using lignin as a raw material [5].

There are arrays of chemical, biological, and engineering developments 
underway to convert understand, and modify the structure of lignin for 
effective technological development for its industrial applications and 
producing value-added products. Also, the commercial production of 
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bio-fuels from the lignocellulosic biomass will further enhance the usage 
of unutilized lignocellulosic biomass waste or industrial lignin which oth-
erwise remains unutilized. In this chapter, we shall explain the structural, 
biological, and engineering advances in lignin valorization.

9.2  Lignocellulosic Material: Focus on 
Second Generation Biofuel

The production of bio-ethanol from carbohydrate substrate is a well-estab-
lished process. Mainly first generation bio-fuels, which are produced from 
fruits, vegetables, and cereal crops, is a well-established technology. Since 
the use of primary food materials for fuel production can pose serious 
threats to the food security worldwide, the use of food crops for fuel pro-
duction has been criticized [3]. Therefore, use of lignocellulosic biomass 
is a viable option for producing biofuel, that is, second generation biofuel. 
At the same time growing bio-fuel crops on marginal agricultural land can 
also further fulfill the demand of raw materials for the second generation 
biofuel production without posing any serious threats to conventional cul-
tivation and food security [6]. Hence, dedicated raw material resources 
can be available for the uninterrupted supply in the years to come. The 
lignocellulosic biomass is mainly composed of 30–55% cellulose, 20–35% 
hemicellulose, and 15–40% lignin [7]. However, the distribution of these 
component’s chemical and molecular characteristics may vary amongst 
different plant species, tissues, and ages of the biomass [4, 8]. Currently, 
in available technology, cellulose is the main component of lignocellulosic 
biomass which is widely exploited for the bio-fuel production. This mainly 
consists of glucose units linearly linked by β-1,4 glycosidic bonds [9] fur-
ther organized into microfibrils via weak interactions [7]. Since the micro-
fibrils are tightly packed with hemicelluloses and lignin [10], it requires 
a pre-treatment prior to its subjection to hydrolysis, that is, the removal 
of lignin from the substrate to make it available for enzymatic digestion 
[11]. There are various different pre-treatment technologies like physical, 
microwave, acid, ionic liquid, ultrasonication, and alkaline hydrolysis for 
lignin removal from biomass [12]. However, the commercial applications 
of them are not very common except for physical and acid hydrolysis, 
which is the most widely, used pre-treatment methods. The pre-treatment 
of lignocellulosic biomass separates the lignin from the cellulosic micro-
fibers and hemicelluloses fibres. As result of which cellulose is available 
for their breakdown into fermentable sugars from cellulose, that is, glu-
cose, and then into bio-ethanol. Also, hemicellulose can give rise to other 
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pentose sugars such as xylose, arabinose, hexoses like mannose, galactose, 
and rhamnose, which can be subjected to fermentation for the production 
of bio-ethanol and other value added products [13]. Second generation 
bio-fuel production is more acceptable compared to first generation bio-
fuel production. However, the byproduct lignin, which is often produced 
in abundance during the pre-treatment process, carries huge potential for 
its conversion into biodegradable chemical products.

9.3  Composition and Biosynthesis of Lignin

Lignin is among the most abundant polymer after cellulose, and like 
cellulose, it is readily available for commercial usage. Lignin is a poly-
mer mainly made of its monomeric units called monolignols, which 
make lignin H-, G- and S-units [14]. It is a complex molecular structure 
made from the polymerization of substituted phenyl propylene units 
[2]. It is the most important component of the plant cell wall system 
for providing rigidity to the plant. It also helps in the plant’s defence 
system [15] and seed dispersal mechanisms [16]. The three mono-
meric units mainly involved in lignin synthesis are p-coumaryl (H), 
coniferyl (G), and sinapyl (S), which are produced via the phenylpro-
panoid pathway [17]. However, the monomeric units may vary in the 
degree of methoxylation on the aromatic rings depending upon the type 
of lignin and plant species [2]. Phenylalanine is the main precursor for 
lignin biosynthesis derived from the shikimate pathway, which is con-
verted into cinnamic acid through the action of the enzyme phenyl-
alanine ammonia lyase (PAL). Subsequently, various different enzymes 
such asp-coumarate-3-hydroxylase (C3H), cinnamate-4-hydroxylase 
(C4H), ferulate-5-hydroxylase (F5H), caffeic acid-O-methyltransferase 
(COMT), caffeoyl-CoA-O-methyltransferase (CCoAOMT), cinnamoyl-
CoA-reductase (CCR),cinnamyl alcohol dehydrogenase (CAD), and 
sinapyl alcohol dehydrogenase (SAD) produce different alcohols (mono-
lignols), acids, and aldehydes which are used for the lignin biosynthesis 
and for the production of other aromatic compounds [17]. As soon as 
the monomeric units of lignin (monolignols) are formed they are trans-
ported into the apoplastic space where they are converted into free radi-
cals and undergo the polymerization process. As a result, the middle 
lamella of the plant cell wall is lignified, while the composition and 
structural integrity will depend upon the type of bond formed between 
the monomeric units [18]. Slight modifications in the biosynthetic path-
ways can result in varied compositions of lignin and structural integrity. 
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This can be exploited for generation of plant species with different lignin 
content for industrial applications.

9.3.1  Structure Analysis of Lignin

As discussed above, lignin composition varies amongst different plant spe-
cies, which depends on the enzymes, polymerization, and availability of 
monolignol. Therefore, the exact lignin composition will vary among dif-
ferent cell types and will require detailed gene study to deduce the com-
position and structural variations. For instance, the lignin content in the 
coconut shell is different from the coconut wood [3].

In order to find the structural components of lignin, it can be broken 
down into its monomeric units and then subjected to degradative tech-
niques such as oxidation, reduction, hydrolysis, and acidolysis. Also, 
derivatization techniques like thioglycolic acid (TGA) and acetyl bromide 
(ACBR) can be employed for analyzing the structural features. In degra-
dation techniques, the end product obtained is based on the monomeric 
subunits of the lignin degraded. These end products can be further studied 
by applying high throughput techniques like nuclear magnetic resonance 
(NMR), gas chromatography (GC), and mass spectroscopy [3]. On the 
other hand, neutron scattering is also one of the emerging techniques that 
can be employed for the structural analysis of lignin. Particularly, small-
angle neutron scattering (SANS) techniques have a precision that ranges 
from nm to μm. Therefore it can give a deeper structural analysis and pro-
vide atomic level predictions [19]. The integration of these sophisticated 
techniques with computer programs can further enhance the insights to 
structural integrity. On the other hand, microscopic techniques like scan-
ning electron and confocal Raman microscopies can also be employed for 
the structural and morphological analysis of the lignins [20].

9.3.2  Degradative Analytical Techniques (Oxidation, 
Reduction, Hydrolysis, and Acidolysis)

There are various oxidizing agents like nitrobenzene, cupric oxide, and 
potassium permanganate used for the lignin oxidation, which break down 
the side chain of lignin, liberating the aromatic rings for analysis. The aro-
matic rings released as a result of oxidation can be further analyzed for the 
presence of available aromatic species. For instance, the oxidation with 
nitrobenzene results in guaiacol, vanillic acid, and 5-carboxyvanillin [21]. 
Since the oxidation method does not give any information about the side 
chain, other methods can be employed for side chain analysis. For example, 
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the when the lignin is subjected to ozonolysis, it will target the unsaturated 
bonds in the ring structure liberating the side chain as carboxylic acid prod-
ucts, like formic and oxalic acids [22]. Therefore, the two techniques can 
be collectively employed for the complete lignin structure deduction [23]. 
Similarly, derivatization followed by reductive cleavage (DFRC) of lignin is 
another important structure deduction technique widely employed, where 
lignin is subjected to ACBR which forms the benzyl bromide, which on 
treatment with zinc dust gives cinnamyl alcohol derivatives [23]. As dis-
cussed, there are multiple methods for the lignin structure deduction but 
the selective targeting of these methods still has some drawbacks for com-
plete structural analysis.

9.3.3  Non-Degradative Analytical Techniques

In addition to the degradative methods, non-degradative techniques are 
used for complete structural analysis. Non-degradative analysis provides a 
good method for the analysis of size, structure, and degree of polymeriza-
tion in the lignin molecule. The most widely used non-degradative tech-
niques are the TGA and ACBR techniques [24, 25]. In these techniques 
the functional group is added on a lignin molecule and on solubilizing 
in a suitable solvent it is subjected to size exclusion chromatography for 
determining the size of the lignin polymer. However, the native structure 
of the lignin molecule remains intact. On the other hand, the dynamic light 
scattering method can be used for molecular mass and shape determina-
tion [26].

9.4  Bioengineering of Lignin

It has been discussed in earlier segments that the alteration of lignin con-
tent is important in various chemical processes. A reduction or increase 
in the lignin content or altering the lignin structure may be needed for 
various industrial applications. Therefore, engineering a lignin source for 
multiple purposes could be a great approach in future lignin biorefinery. 
In this segment bioengineering approach for the improving lignin charac-
teristics will be discussed.

9.4.1  Reducing the Recalcitrance Nature of Biomass

The recalcitrance nature of biomass is contributed to by various fac-
tors, that is, tissue cuticle, inhibitory molecules, and complex cell wall 
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structure. The nature of lignin content, cell type, cell wall, and other 
chemical components makes it difficult for commercial applications. 
Since lignin is the main component of cell walls that contribute in recal-
citration, there are several genes encoding these enzymes are involved 
in its biosynthesis. These genes can be altered for reduced lignin polym-
erization. Using T-DNA for the knockout and knockdown of genes can 
result in reduced expression of genes associated with lignin biosynthesis 
[27]. However, it affects plant health as reduced lignin content disables 
the plant against various biotic and abiotic stresses. Other than altering 
the lignin biosynthesis genes, phenol oxidase genes can also be manipu-
lated for reduced lignin content. Since the lignin polymerizing enzymes 
reside in the apoplast and generate free radicals for the polymerization 
process, a slight change can have a significant effect on the lignin con-
tent [28]. At the same time reduced laccase content can also cause a 
significant reduction in the lignin content [29]. It has also been found 
that brown midrib lines in chemically mutated maize and sorgum were 
due to a mutation in the catechol-o-methyltransferase (COMT)gene, 
a lignin biosynthetic pathway gene which resulted in a significant lig-
nin reduction and brown midribs [30]. Therefore, it is evident that a 
reduction in lignin content is very much possible with the help of the 
genetic engineering where a simple gene knockout or mutation can 
profoundly reduce the lignin content and thereby reducing the recal-
citrance. However, the genetics described above can reduce the recal-
citrance along with the serious effect on plant heath. To overcome this 
problem, tissue-specific promoters can be used instead of constitutive 
gene promoters, so that a selective reduction in the lignin content can 
be achieved and deleterious effects on the plant can be reduced [31]. The 
tissue specific expression of lignin synthesis genes can also be regulated 
by using different TF factors which can regulate the lignin content in dif-
ferent tissues [32]. The usage of new bioengineering techniques like gene 
editing with point mutations can also edit lignin biosynthesis in specific 
cells, thereby increasing the digestibility of the biomass and reducing the 
recalcitrance [33].

9.4.2  Improving Lignin Content for Production 
of High Energy Feedstock

Lignin, being a highly polymerized and reduced polymer, carries a great 
calorific value [34]. Lignin biomass can be used for high energy fuels, bio-
fuels, and fuel electricity generation [35]. Therefore, an increased lignin 
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deposition on the other hand may be desired for the conversion of lignins 
directly into bio-fuels, as pre-treatment methods in bio-ethanol produc-
tion are still not economically viable. Likewise, the genetic manipulations 
for decreasing the lignin content can also be employed for increasing the 
same. Mutations in the genes can trigger increased lignin content [36]. 
Ectopic lignin depositions in plants that otherwise do not have any lignin 
in them appear to be a scientifically promising alternative for producing 
high lignin plants, which can be achieved by inducing genetic mutations 
[36]. A mutation in the ELI 1 gene (ectopic lignin gene 1) and the cellulose 
synthase 3 gene resulted in reduced ectopic lignin deposition and cellu-
lose content in mutant plants [37]. In the mutant plants with an increased 
lignin content, their defence responses were enhanced and their growth 
reduced [38], which is a common phenomenon in plants growing under 
stressful conditions.

At the same time, by controlling the regulatory factors associated with 
the lignin biosynthesis, like negative micro RNA regulator of lignin bio-
synthesis gene, can elevate the lignin content [39]. Several biotic and abi-
otic factors can also trigger the higher lignin biosynthesis by up-regulating 
the transcription factors, for example, MYB58 and MYB63I,in Arabidopsis 
sp. [40]. Also, elevated production of plant hormones such as auxin and 
indole-3-acetic acid (IAA) can result in increased lignin content [41].

Therefore, it can be inferred from the above discussion that up-reg-
ulation and down-regulation of lignin biosynthesis is advantageous for 
industrial applications. On the one hand, where reduced lignin content 
can enhance cellulose utilization for bio-ethanol production, and on the 
other hand an increased content can result in more lignin based fuels. 
Innovation in these sectors can not only provide clean and green energy 
but also an efficient management of biomass produced from genetically 
modified crops.

9.5  Lignin Separation and Recovery

Proper access and availability of substrate is the key to any chemical and 
biological reaction. Therefore, an efficient lignin conversion requires an 
efficient separation of lignin from the cell wall materials so that they can be 
made available for their proper conversion into valuable products. There 
are different chemical and biological methods that can be employed for 
this separation. In this segment, we will discuss these methods in detail 
and various implications associated with them.
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9.5.1  Chemical- and Physical-Based Lignin Separations

There have been several studies pertaining to the successful isolation of 
lignin from the lignocellulosic biomass. However, the chemical treatment 
usually leads an alteration in lignin structure thereby reducing its value for 
the conversion into valuable products [42]. There are many different tech-
niques developed for lignin isolation and conversion from lignocellulosic 
biomass, such aspyrolysis, steam explosion, and organosolv-based lignin 
separation [43].

The most common method for lignin separation is kraft process, where 
lignin is precipitated at a low pH in the presence of minerals. The lignin 
produced out of this process is called kraft’s lignin, and is of low quality and 
impure. This method is commonly employed in the pulping process in the 
paper industry [44]. However, other processes like organosolv, ionic liq-
uids, and membrane-based separation may be employed yet are relatively 
expensive processes compared tokraft’s process [11].

Pyrolysis, that is, thermal destruction of biomass in the absence of oxy-
gen usually results in three main components: oil, char, and gas. The com-
ponent yield in lignin pyrolysis often differs from other pyrolysed biomass 
due to its structural complexity. Usually, the production of bio-oils is less 
in lignin pyrolysis while the process conditions may hugely affect the com-
ponent yield. For instance, corn stalk yields G, H phenols and oils when 
pyrolysed at different temperatures for a specific time duration. Therefore, 
a variety of products may be produced via lignin pyrolysis depending upon 
the process and the type of raw material [45].

The isolation, polymerization, depolymerization, and chemical conver-
sion of lignin require well defined chemical reactions. Therefore, effective 
chemical reactions with suitable catalysts have been widely explored for their 
adequate use on the commercial scale. Various catalysts have been studied 
for catalytic lignin transformations. Oxidation, polymerization, depolymer-
ization, gasification, and pyrolysisin the presence of organometallics, acids, 
bases, noble mineral salts, and zeolites have been studied for their catalytic 
property and feasibility in suitable commercial processes [46].

Lignin polymers usually depolymerize before they can be converted 
into any valuable chemical products. The depolymerization can be carried 
out via combustion, pyrolysis, or oxidation depending upon the solubi-
lization process [47]. Since all these processes are carried out at a higher 
temperature, sometimes many aromatic byproducts are formed as a result, 
which makes their recovery difficult.

Thermal depolymeraization of lignin has been practiced for a long time 
and is one of the most widely used techniques. Thermal cracking of lignin 
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at a higher temperature (400–1100 °C), thermal treatment of lignocel-
lulosic biomass with organosolv, salts and acids has been used for lignin 
depolymerization and separation for further commercial utilization of lig-
nin in a biorefinery [48].

9.5.2  Biological Degradation of Lignin

The biological recovery of lignin is a more eco-friendly method for delignifi-
cation of lignocellulosic biomass. A variety of fungal and bacterial strains are 
used for delignification purposes. Usually, thermotolerant mould are used 
for the delignification of lignocellulosic biomass [49]. A Saccharomyces cere-
visiaestrain with a transgene for laccase from Trametes versicolor has been 
found to be efficient in the delignification of lignocellulosic biomass [50]. 
Other than genetically modified organisms, some naturally occurring bacte-
ria also have a higher delignification activity. Thermo-tolerant laccases from 
Thermus thermophilus have been isolated with enhanced activity and half-life 
[51]. Although many microorganisms have been isolated for their commer-
cial advantages in lignin isolation, not much success has been obtained in 
this sector. Still, not many of the microbes are available for the commercial 
applications. When it comes to the delignification of lignocellulosic biomass, 
chemical processes are still more economic and commercially applicable 
when compared to the biological process. However, significant progress is 
being made in the biological delignification process which may bring some 
more efficient outcomes in the near future.

9.6  Lignin-Based Materials and Polymers

A higher degree of aromatic polymerization in lignin makes it one of the 
most desired precursors for biodegradable polymers and chemicals hydro 
gels. There are many approaches to develop the technology for harness-
ing the full potential of lignin for producing commercially viable products 
[13]. Vanillin, dimethyl sulphate, and dimethyl sulfoxide are amongst the 
few successfully commercialized lignin derived products [52].

There are a variety of polymerization techniques for the production of a 
variety of lignin based polymers, that is, reversible addition fragmentation 
chain transfer (RAFT) polymerization, nitroxide mediated polymerization 
(NMP), metal-mediated living radical polymerization, cobalt catalyzed 
chain transfer polymerization (CCCTP), and ring opening polymer-
ization (ROP), with selected click reactions including copper catalyzed 
azide-alkyne cycloaddition (CuAAC), p-fluorothiol click, thiol-ene click, 
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thio-halogen click, and thiol-yne click. A glycopolymer is synthesized and 
further modified via a click reaction by adding functional moieties on 
them. The above mentioned polymeric techniques can give rise to better 
biodegradable polymers for medical and food packaging applications [53].

Similarly, alkaline oxidation is used to make vanillin from lignin, which 
is used as a flavouring agent in various foods as well as in pharmaceutical 
preparation [54]. Likewise, vanillin based resins are made using polymer-
ization of methacrylate and glycerol dimethacrylate, having high thermo-
stable properties, and which can be used as a substitute for styrene [54]. 
Similarly, cyanide-based resin [55], epoxide resin [56], and benaoxazine 
resins [57] can be produced from lignin with excellent polymeric prop-
erties, and can serve as a vital alternative to petroleum-based polymers. 
Another important usage of lignin is the production of polyester, where 
lignin condensation with sebacoyl chloride yielded highly thermostable 
polyester [58]. Similarly, the production of polyurethanes from a lignin 
has been investigated and resulted in a high strength polymer with greater 
biodegradability [59].

9.7  Lignin-Based Fuels and Chemicals

Lignin, being one of the most abundant available substrates for different 
chemical conversions carries huge untapped applications (Table 9.1). It 
is one of the most important byproducts of the paper and pulp industry 
which remains unused. A high calorific value of the lignin (27 KJ/g) can 
therefore act as a potential source of energy [60], and also lignin-based 
oils can be of great value for their application as fuel [3]. Other than as an 
energy source, lignin is an antimicrobial agent and an antioxidant source 
[67]. As explained above, lignin is an important contributor for generation 
of various bio-based polymers, but at the same time it acts as a chelat-
ing agent, absorbent, emulsifier, and dispersant reagent in cement manu-
facturing gypsum blend [3]. Also, lignin is used for the manufacturing of 
energy storage devices [68] and slow release fertilizers [3].

Polymers based on C5 and C6 sugars from biomass have been success-
fully produced via fermentation of sugars, which produces 1,4-diacids (suc-
cinic acid, fumaric acid, malic acid). These are further used for a variety 
of chemical conversions for polymer synthesis, for instance, polyamides, 
polyesters and polyester amides, polybutylene terephthalate polyamides, 
polyesters, and polyester amides are made using the 1,4-diacids as synthesis 
platforms [69]. Similarly,2,5-furan dicarboxylic acid (2,5-FDCA), 5-HMF, 
3- hydroxy propionic acid (3-HPA), aspartic acid, glucaric acid, glutamic 
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acid, itaconic acid, levulinic acid, 3-hydroxybutyrolactone (3-HBL), glyc-
erol, sorbitol, and xylitol/arabinitol are used as the basis for conversion into 
a variety of valuable chemicals and polymers [4].

9.8  Concluding Remarks and Future Prospects

A very small fraction of the lignin produced annually is properly  channelled 
for various commercial applications. There is a huge potential for further 
research for producing newer chemicals and improving the existing tech-
nologies which are otherwise not very practical commercially. There is a 
huge untapped potential for lignin-based chemicals like thermo-stable 
polymers, natural flavors, and fuels. A race for developing the chemical or 

Table 9.1 Lignin-based polymers/products and their economic importance.

Product(s) Economic importance Reference

Polyurethanes Polymeric backbone with enhanced 

thermo-stable properties and 

biodegradability.

[61]

Epoxide resins Important material used in coatings, 

adhesives, composites, and electronic 

materials.

[62]

Phenolic Resins Used as plywood adhesive for providing 

high shear strength.

[63]

Hydrogels Used as delivery systems for proteins or 

drugs, tissue engineering scaffolds, or 

absorbents.

[64]

Vinyl-based graft 

copolymers

Enhances the mechanical properties 

of composites and reduces their 

flammability.

[65]

Vanillin Used as a flavoring agent in various 

foods and pharmaceutical products.

[66]

Vanillin-based 

Resins

Possesses high thermal stability over 

styrene, and therefore can be used as 

a replacement for styrene.

[54]

Polyesters Thermoplastic synthesis. [58]
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biological process for the successful conversion of lignin into value added 
chemicals has already started. Using lignin fermented products for chemi-
cal modification, subjecting the same directly to different chemical pro-
cesses (e.g., pyrolysis), gives different valuable products and precursors. 
Also, the advanced separation techniques, effective catalytic processes, and 
purification techniques can further be advantageous assets for creating 
an economically viable technology for bringing in a new era of bio-based 
polymers which is currently far from reality. A sustainable biorefinery 
approach for lignin-based products is already being developed, which can 
provide an alternative to more environmentally friendly biodegradable 
products. It is appropriate to say that in future we may see many bio-based 
products, fuels, and chemicals in the market where a significant share will 
be lignocellulosic-based, and a greater part of which will be derived from 
lignin.
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Abstract
Investigating enzymes to degrade complex compounds constitute to a sustainable 

tool for depolymerization of organic matter and xenobiotic compounds. In this 

sense, microorganisms are the main sources of enzyme production with recog-

nized capacity for application in various market segments. By considering the 

enzyme production, submerged and solid state bioprocesses have gained great 

popularity in the scientific world and have been extensively exploited. Using the 

fermentation technology, the metabolic potential of microorganisms, especially 

bacteria and fungi, has been exploited for many biotechnological studies. These 

microorganisms can serve as promising candidates for enzymes production, par-

ticularly oxidative and hydrolytic enzymes, with applications in many industrial 

sectors, such as food processing, pharmaceuticals, leather treatment, cosmetics, 

fine chemicals, among others.

Keywords: Bioprocess, enzyme technology, fermentation, microorganisms

10.1  Introduction

Microbiology is an invaluable resource for enzyme technology. Since long 
time, microorganisms are used to produce biocatalysts gaining position 
in the industrial scenario [12, 13, 15]. Some characteristics justify the 
interest in microorganisms for the production of enzymes, such as ease of 
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handling, possibility of genetic manipulation, diversity in production and 
secretion, and great profitability in industrial production.

Enzymes are biocatalysts involved in chemical reactions in all living 
organisms. They exhibit specificity to the substrate, in which it accelerates the 
chemical reaction for its conversion into product. Each enzyme has particu-
lar functional and structural biochemical properties, thus being interesting 
tools for in vitro reactions and, therefore, targets of constant biotechnologi-
cal studies for application in several commercial sectors [12, 13, 15, 17, 18].

The literature reports the importance of enzymes in the transformation 
of matter from ancient times [5, 13]. For a long time, microorganisms have 
been used to obtain products of human interest, such as beverages (fer-
mented) and foods (bakery and cheeses) [13]. With the increase in the 
demand for these products, the improvement of cultivation techniques 
that propitiated greater profitability became necessary. The exploitation of 
microbial bioprocesses allowed the production of specific and large-scale 
metabolites, ensuring the use of enzymes as a commercial product in sev-
eral industrial sectors [13].

In this context, investigating into new enzymes and their biochemical 
properties have been the object of many studies in the enzymatic technology. 
For the commercial demand in the use of biocatalysts, thermostability and 
thermoactivity of the enzyme are factors that gain prominence in industrial 
processes due to greater stability in the use and storage of these molecules [5].

To understand better the production of enzymes, we need to deepen our 
discussion about microbial bioprocesses.

10.2  Biotechnology Fermentation

Industrial fermentation is understood as the process of microbial growth 
in an aerobic or anaerobic condition under determined physical–chemical 
parameters. Several products of industrial interest are generated as, amino 
acids, vitamins, organic acids, alcohol, antibiotics, and enzymes [3]. The 
production of enzymes is basically carried out by two fermentation sys-
tems: submerged fermentation (SmF) and solid state fermentation (SSF), 
whose differences in bioprocesses and composition of the medium are 
determinant in the production of enzymes [3, 14].

10.2.1  Submerged Fermentation

In this process, the microorganism is grown in liquid culture medium 
under agitation. This method, in an industrial fermenter, allows the control 
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of physicochemical factors such as pH, temperature, and oxygenation, 
besides guaranteeing the homogenization of nutrients [13, 21]. It presents 
advantages such as control of fermentative parameters and greater effi-
ciency of nutrient absorption and metabolic excretion by the microbial cell 
[21] and disadvantages such as higher energy and water requirement, with 
high aeration and agitation costs [13].

10.2.2  Solid State Fermentation

Many definitions have been proposed to define this type of microbial 
growth. However, it is a consensus that in this bioprocess the microbial 
growth, in solid medium, occurs in the absence or little presence of free 
water. In this bioprocess it is necessary that the substrate is sufficiently 
moistened to allow microbial metabolism [9].

SSF is characterized by advantages such as low energy requirements, 
lower water consumption and simplicity of the culture medium, allowing 
the use of agro-industrial residues as raw material in the production of 
enzymes [9]; and disadvantages such as lower accessibility to the substrate, 
difficulty in controlling physicochemical variables (pH, temperature, oxy-
genation), difficulty in nutrient transfer, and separation of metabolites by 
chromatographic processes [13].

10.3  Production of Enzymes

The production of enzymes varies according to the source of prospection 
(animal, vegetable, microorganisms) and according to culture conditions. 
Many studies have corroborated this assertion and thus, the fermentative 
parameters are still widely studied in order to improve yield and variety in 
the production of biocatalysts [13].

By exploiting microbial biodiversity, enzymatic technology has enabled 
the substitution of many chemical reactions that have a complicating effect 
on the environment or that are more costly for commercialization. An 
overview of chemical reactions substituted by the use of enzymes is shown 
in Table 10.1.

The success of filamentous fungi in the generation of products of indus-
trial application is guaranteed by the wide metabolic versatility of these 
microorganisms. Some filamentous fungi are known to produce organic 
acids, polysaccharides, enzymes, alkaloids, and antibiotics [4]. The larg-
est industrial exploitation fungi to-date include species of Aspergillus, 
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such as A. awamori, A. niger, A. oryzae, and A. nidulans, Rhizomucor and 
Penicillium species, and Trichoderma reesei [1, 13, 22].

White-rot fungi are also highly exploited because of their large capac-
ity for oxidoreductases production, especially to degrade lignocellulolytic 
biomass and bioremediation processes [12].

Bacteria and yeasts are also extensively exploited for the production of 
metabolites, such as enzymes, antibiotics, and ethanol. In general, these 
microorganisms present a better enzyme production in submerged bio-
processes [13]. The production of enzymes by bacteria has been much 
evidenced in species of the genera Bacillus and Streptomyces [13] and for 
yeasts, species such as Aureobasidium pullulans, Aureobasidium leuco-
spermi, and Yarrowia lipolytica [7, 8].

Many commercial sectors have been contemplated with the use of 
enzymes, such as the pharmaceutical industry (production of biopharma-
ceuticals, e.g., L-Asparaginase and collagenases), leather industry (pepti-
dases) degradation of plant biomass (cellulases, esterases, xylanases, and 
ligninases) bioremediation (oxidoreductases) [2, 16, 17, 18, 19].

Bioprospecting of microorganisms for the production of enzymes 
extends to a wide spectrum of biocatalysts contemplating the different 
classes of enzymes: Oxidoreductases (e.g., Catalases, Glucose oxidases, 

Table 10.1 Examples of enzyme application.

Enzyme

Chemical process previ-

ously employed

Enzyme 

application References

Aspartic 

peptidase

Calf chymosin Cheese 

manufacturing

[15, 18]

Peptidases Sodium sulfide and 

Chromium salts

Leather 

treatment

[11, 13, 20]

Chitinolytic 

enzymes

Pesticides Agriculture [10]

Amylases, 

peptidases

Manual scrubbing using 

chemicals

Biofilm removal [20]

Amylases, 

lipases, 

peptidases

Detergent formulation 

without enzymes

Detergent [20]

Xylanases Chlorinated compounds Paper 

biobleaching

[23]
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Laccases), Transferases (e.g., Fructosyltransferases, Glucosyltransferases), 
Hydrolases (e.g., Proteases, Glycoside hydrolases, Lipases, Esterases), 
Lyases (Pectate lyases, Alpha-acetolactate, Decarboxylases), Isomerases 
(e.g., Glucose isomerases, Epimerases, Mutases), and Ligases (e.g., 
Argininosuccinate, Glutathione synthase) [5, 12, 17].

To date, the hydrolases correspond to the main class of enzymes com-
mercialized, with emphasis on proteolytic enzymes, glycosidases, and 
lipases. Applications such as detergents, leather, textiles, and food are 
examples of commercial segments that employ these biocatalysts in the 
processing of macromolecules.

Proteases or peptidases are hydrolases that catalyze the cleavage of 
peptide bonds in proteins and peptides. These enzymes are widely pros-
pected from microbial sources and used in industrial sectors such as food 
industry (cheese production, protein hydrolysates), detergents [6], leather 
treatment, basic research (trypsin and proteinase K) and pharmaceuticals 
(collagenases) [13, 14].

By considering the production of proteolytic enzymes, the catalytic spec-
ificity study is a valuable information to determine the potential application 
of these enzymes [13, 19]. According to the catalytic properties of proteolytic 
enzymes, it is possible to evaluate the application scenario, such as applica-
tion in detergents, whose action of proteases with broad spectrum of action 
on different proteins and stability at alkaline pH are very required [6]; high 
specificity, such as trypsin, for studies in basic research among others [13].

The glycoside hydrolases are enzymes that catalyze the cleavage of gly-
cosidic bonds in disaccharides, oligosaccharides, and polysaccharides. 
In this group of enzymes, the most important are amylases, cellulolytic, 
and hemicellulolytic enzymes, with a large number of published articles 
and many segments for industrial application, such as food, textile, and 
paper industries, among others [17].

It is important to emphasize that the microbial source for enzyme 
production is an invaluable natural resource for biotechnology, either by 
investigating the biochemical potential for expression and secretion of 
enzymes by microorganisms that are already well studied or by exploiting 
the microbial diversity in the discovery of new unknown enzymes. 
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Abstract
Selective C-H bond activation at inactivated carbon by Cytochrome P450 mono-

oxygenase (CYP450) mediated oxidation under mild condition always remains 

challenging to the scientific community. CYPs are heme-containing enzymes that 

use molecular oxygen and the hydride donor Nicotinamide adenine dinucleo-

tide phosphate (NAD[P]H) (coupled via redox partners) to insert atomic oxygen 

into the organic substrate. Oxidation is manifested as hydroxylation, epoxidation, 

dealkylation, and other transformations and is carried out in a regio- and stereo-

selective manner. Distributed within various species, microbial CYP450 plays a 

significant role in environment bioremediation or particular medicinal applica-

tions. Requisite supply of reductant during biotransformation hinders its cell-free 

application and thus engineering this protein for its use as whole cell biocatalyst 

is a major question in this area. The present chapter deals with the development 

of understanding the role of microbial CYP450, and its structure, function, active 

sites, and mode of action. Production strategies by submerged culturing with 

various cultivation aspects, strain engineering for improved catalytic activity and 

*Corresponding authors: saugata.iitk@gmail.com; ddgupta@iip.res.in



190 Principles and Applications of Fermentation Technology

down-streaming of the enzyme have been highlighted. The chapter concludes with 

various applications of CYP450s in environmental bioremediation or medicinal 

biotransformations.

Keywords: Cytochrome P450, microbial genome, catalytic cycle, CYPBM3

11.1  Introduction

Cytochrome P450 enzymes (P450s or CYPs) are membrane-bound hemo-
proteins with diverse oxygenation functions and widely distributed in liv-
ing organisms like archaea, bacteria as well as human beings [37]. They 
are a part of multienzymatic systems called the monooxygenases and 
catalyze a variety of oxidation reactions such as hydroxylation, N and 
O-dealkylation reactions, oxidation of thiols, and epoxidation of double 
bonds [73]. During catalysis, P450 carries out the oxidation of non-acti-
vated C–H bonds through the transfer of a singlet oxygen atom in a regio-
and/or stereospecific manner [27], by utilizing electrons provided through 
one NAD(P)H molecule. P450-dependent metabolism requires two spe-
cific protein components, an active P450 catalytic domain which catalyzes 
the oxidation reaction assisted by an oxidoreductase domain which shut-
tles electrons from NADPH to P450 for its functional catalytic sphere [76]. 
The enzyme complex is anchored to the membrane of endoplasmic reticu-
lum (ER) by a transmembrane linker with the catalytic domain directed 
towards the cytosol [26].

The first experimental evidence connecting CYP450 was discovered 
as early as in the fifties by Brodie and Axelrod (1955). They identified the 
enzyme system in the ER of rat liver cells that were capable of oxidizing xeno-
biotic compounds. CYP450 derives its name from the characteristic absorp-
tion peak at 450 nm wavelength with their carbon monoxide bound form. 
Electron spin resonance spectroscopy suggested that P450 is a low spin fer-
ric hemoprotein [46, 81] with a thiol residue as an axial haem ligand [8, 9]. 
The absorption peak at 450 nm corresponds to the Soret π-π* band of the 
(Iron)-CO chromophore. During catalysis, P450 undergoes a conforma-
tional change regarding charge transfer upon substrate binding that is modu-
lated by a covalently bonded Cysteine residue linked with the Fe ligand [18].

CYP450 plays a pivotal role in detoxification of xenobiotics, cellular 
metabolism, and homeostasis [114]. CYP enzymes can be transcriptionally 
activated by various chemicals and endogenous substrates which include 
fatty acids, steroids, lipids hydroperoxides, retinoids, etc. through recep-
tor-dependent mechanisms [91, 115]. Many chemotherapeutic agents can 
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cause drug interactions with P450 due to their ability to either inhibit or 
induce the CYP enzyme system [74, 94]. Nucleotide polymorphisms and 
epigenetic changes in CYP genes may be responsible for the variation in 
therapeutic efficacy of drugs between individuals and belonging to differ-
ent origins [113]. Careful knowledge about the substrates, inducers, and 
inhibitors of CYP isoforms and its polymorphic varieties may be used as a 
clinical tool to either determine a precise therapeutic strategy or more spe-
cifically treatment doses for drugs that are metabolized by these enzymes 
[80]. One of the few examples of the industrial application of a P450 is the 
6β-hydroxylation of Compactin to produce a compound Mevastatin, used 
as an active precursor in the synthesis of drug pravastatin to regulate high 
lipid levels in the blood [110]. A further example of a commercially used 
CYP450 includes the production of 1α, 25-dihydroxyvitamin D

3
 from vita-

min D
3 

used in the treatment of both hyperthyroidism and osteoporosis 
[116]. Apart from their plausible role in the pharmaceutical sector, CYPs 
are of great interest to the chemical industry owing to their potential as cat-
alysts for synthetic transformations such as the hydroxylation of aliphatic 
and aromatic hydrocarbons, epoxidation of carbon-carbon double bonds 
and heteroatom oxygenation [40].

Despite several advantages, a few crucial limitations associated with 
these enzymes have hindered their application on a large scale. The 
enzymes have a relatively low turnover number, less stable, and being 
intracellular trans-membrane protein requires expensive purification for 
recovery [59, 88]. Protein engineering studies guided by structural insight 
have been envisaged to improve the catalytic efficiency and expand the 
inventory of substrates, and recombinant expression systems are being 
designed for heterologous expression of soluble microbial P450s in a suit-
able host to alleviate the issues associated with protein recovery [36, 49].

The present chapter focuses on a specific class of CYP450, the microbial 
system and discusses the enzymatic properties in light of their structure, 
function, active sites, and mode of action. The different production strate-
gies of P450 with cultivation aspects, possible strategies for the catalytic 
improvement, and methods for enzyme recovery have been covered. The 
chapter concludes with the plausible scope of applications of CYP450s in 
environmental bioremediation or medicinal biotransformation.

11.2  Microbial Cytochrome P450

Nearly 250 CYP450s across different species have been identified, purified, 
and characterized in detail to infer the structural-functional properties 
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[87]. Each CYP450 gene is named with CYP, to signify it as a part of the 
CYP450 gene family. The gene is also given a number associated with a 
specific group within the gene family, a letter representing the gene’s sub-
family, and a number assigned to the specific gene within the subfamily. 
For example, the CYP450 gene that is in group 102, subfamily A, gene 1 is 
written as CYP102A1. Based on the electron transfer partner during cataly-
sis, P450 varieties have primarily been classified into two major categories. 
First group comprises of P450s with a single flavoprotein reductase con-
taining both flavin adenine dinucleotide (FAD) and flavin mononucleotide 
(FMN). Examples include P450s of the ER of higher organisms. Only one 
member of this group which has been carefully studied in a prokaryote and 
that is the soluble, catalytically self-sufficient, belongs to Bacillus megate-
rium, P450BM-3. The second group comprises of P450s which have two 
electron transfer partners: (1) a FAD-containing reduced pyridine nucleo-
tide dehydrogenase and (2) an iron-sulfur protein. The members of this 
group are typically localized in mitochondria.

The very first P450 discovered as a fusion to its redox partner was 
CYP102A1, a mammalian-like diflavin reductase. This fusion of the two 
enzymatic units makes soluble CYP102A1 an ideal model for their mamma-
lian counterpart, particularly human, P450 enzymes to study. CYP102A1 is 
called to be a versatile monooxygenase with a recognized, diverse applica-
bility and an established biotechnological relevance. Wild-type CYP102A1 
catalyzes the hydroxylation of long-chain fatty acids at subterminal posi-
tions (ω-1 to ω-3). Based on the crystal structure of CYP102A1 available, 
20 amino acid residues of CYP102A1 have been suggested to be involved 
in a ‘substrate channel’ or ‘active site’. These recommended amino acids 
have been targeted in studies characterizing the structure and enzymatic 
mechanism of CYP102A1. Bacterial CYP are soluble and metabolize only 
a partial number of natural substrates, such as fatty acids, vitamins, sty-
rene, erythromycin, and terpenes, and mammalian CYP are membrane-
bound and metabolize group of substrates, such as steroids, fatty acids, 
drugs, prodrugs, carcinogens, pesticides, and herbicides [25]. Mammalian 
P450s, show a low turnover rate and stability and requires additional redox 
partners, such as CYP450 reductase (CPR) and often cytochrome b

5
, an 

expensive cofactor NADPH, and lipids. In contrast to the bacterial sys-
tem, mammalian CYP enzymes have large and flexible active sites, which 
are capable of adapting their conformation based on the size, shape, and 
geometry of substrates [55, 98]. Bacterial P450

BM3
 (CYP102) is catalytically 

self-sufficient, that is, the electron transfer from NADPH to FMN/FAD 
reductase domain and the P450 monooxygenase domain are in a single 
peptide [54, 77]. Moreover, bacterial CYP shows a much higher turnover, 
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expression in  E. coli, and coupling efficiency (utilization of NADPH in 
substrate metabolism vs formation of superoxide, peroxide, and water 
molecules) compared to that of their mammalian counterparts [2, 47]. 
Furthermore, bacterial CYP biocatalysts can function or can be tailored 
to operate under extreme conditions of temperature, pH, buffer system, 
or solvent. Bacterial CYP enzymes have been recently engineered for the 
metabolism of several non-natural substrates, such as smaller alkanes and 
drugs [59]. However, it remains to be seen whether bacterial enzymes can 
be tailored for the regio- or stereoselective synthesis of drugs and drug 
metabolites of variable size, shape, and geometry [71, 94]. These con-
trasting features of bacterial and mammalian CYP suggest that bacterial 
CYP are easy to use as biocatalysts, whereas mammalian CYP has much 
broader applications in pharmaceuticals/biotechnological industries and 
green chemistry. Across nature, CYP450 enzymes have an extraordinarily 
diverse substrate range. To expand the inventory of substrates, mutagen-
esis strategies play a crucial role in the case of soluble microbial P450s for 
which structural data help to guide protein engineering and thus replace 
synthetic chemistry for production of specialty chemicals. P450s can 
catalyse the  specific addition of oxygen atoms at positions on chemical 
scaffolds, while this remains very challenging through traditional synthetic 
methods [59].

11.3  Extent of P450s in Microbial Genome

CYP genes present in microbial organisms differ broadly, even between 
species of the same genus. The novel P450s genes can be revealed by 
genome sequencing to identify unique classes of these enzymes from the 
bacteria and archaea and for the fungal kingdom of the Eukarya domain. 
Archaea and bacteria, however, contain fairly few P450s (in comparison 
to the most eukaryotes) with few organisms like E. coli [13], Helicobacter 
pylori [106] having no CYP genes. Moderate numbers of P450 (2–8 P450s/
genome) and extents of genetic diversity are observed in Bacillus species 
genomes across a limited number of CYP gene families (CYP102, CYP106, 
CYP107, CYP109, CYP134, CYP152, and CYP197), with 51 genes identified 
[70]. Most of the Bacillus P450s have undefined or unclear physiological 
roles, although numerous studies have been done on particular Bacillus sp 
P450s, including intensive characterization of the CYP102A1 (P450 BM3) 
P450-cytochrome, CPR fusion enzyme. P450 BM3 which is found in some 
Bacillus sp as well as in other bacteria is a highly efficient fatty acid mono-
oxygenase, whose definitive physiological function remains elusive to date 
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[70]. Other characterised Bacillus P450s include isoforms that possess fatty 
acid or steroid hydroxylating activities. In contrast to Bacillus and many 
other bacteria, actinobacteria often contain large numbers of P450 genes. 
For example, there are 17, 20, 21, 39, and 47 CYP genes in Mycobacterium 
bovis AF2122/97, M. tuberculosis H37Rv, M. ulcerans Agy99, M. smegmatis 
MC2155, and M. marinum, respectively [60].

11.4  Structure, Function and Catalytic Cycle

Knowledge of the 3D structure has been imperative to understand the 
functional properties featuring the catalytic mechanism of CYP450. The 
first report elucidating structural information was reported by [89] for 
a class I Pseudomonas putida CYP. Subsequently, the crystal structure of 
other class varieties of CYP450 was reported. P450s comprise of nearly 400 
and 500 amino acids containing a single heme prosthetic group. The struc-
tural fold is conserved throughout different P450 classes despite less than 
20% sequence homology across the gene superfamily [27] (Figure 11.1). 
There are regions of variability across primary, secondary, and tertiary 
sequences which is attributed to the recognition and binding of diverse 
substrates, cofactors and their location within the cell [90].

The heme binding region essentially conserved in all microbial CYP450 
is the core of the catalytic reaction process. The Fe atom (in the heme moi-
ety) in the Fe3+ state is covalently bonded to a cysteine residue (Figure 11.2) 
in co-ordination with two water molecules. The residues adjacent to this 
Cys are highly conserved and regulate the hydrophobicity of the environ-
ment which helps to maintain the redox potential of the heme. A reaction 
is triggered when a substrate binds to the active site cavity within the heme 
protein in a region close to the Fe center resulting in excretion of water. 
Substrate binding lowers the redox potential by approximately 100mV 
resulting in a conformation that facilitates interaction of active P450 with 
its redox counterpart. This alteration allows Fe3+ to be reduced to Fe2+ by 
accepting an electron transferred from NAD(P)H via an electron transfer 
chain. An O

2
 molecule binds rapidly to the Fe2+ ion forming ferrous dioxy 

complex Fe2+‒O
2
 (Figure 11.3). This complex then slowly undergoes a tran-

sition to a more stable complex Fe3+‒O
2

- [37]. A second electron is then 
accepted by the complex whereby Fe3+-O

2
- is reduced to Fe3+‒O

2
2- [41]. 

This is the rate-determining step of the overall reaction process. O
2

2- then 
reacts with two protons from the surrounding solvent, cleaving the O‒O 
bond, forming water and leaving the complex (Fe-O)3+. The O atom ligated 
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to Fe is subsequently transferred to the bound substrate converting it to its 
hydroxylated form. The product is then released from the active site of the 
enzyme while the Fe+3 atom returns to its initial state by co-ordinating back 
with a water molecule. The overall reaction is depicted as below.
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diversity in other bacteria.
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Figure 11.2 Active site of CYP450. Amino acid residues have been represented by their 

three letter codes. Dotted lines indicate H-bonding.
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Figure 11.3 Catalytic cycle of CYP450.

11.5  Strain Engineering for Improved Activity

Apart from unique capabilities of CYP450 catalysing important chemi-
cal reactions, very few of these have been utilized in either preparative 
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chemical reactions or industrial processes. The major limitations of these 
biocatalysts are primarily due to their low expression levels within the cell, 
insufficient enzymatic activity, and limited substrate specificity. To enhance 
their practical scope of application, it is necessary to improve the catalytic 
efficiencies, broaden the substrate scope with better regio and/or stereo 
selectivities and ameliorate other physical attributes such as solvent toler-
ance, thermal and oxidative stability of the enzymes. Protein engineering 
through rational design, semi-rational approach and directed evolution 
has played a major role in endeavours to engineer CYP with enhanced 
biophysical properties.

The regioselectivity of CYP450 by protein engineering has been estab-
lished to hydroxylate substrates in different subterminal positions as well 
as terminal carbon. [34] reported random mutagenesis of a particular 
P450 BM3 that on hydroxylation of n-octane rapidly produced branched 
octanols instead n-octanols compared to native variety. 4-octanone and 
3-octanone have also obtained a by-product of the reaction mixture. The 
conversion results demonstrated that rate of n-octane hydroxylation in the 
wild type was significantly overcome by altering the enzyme architecture. 
Similarly, a CYP102 F87A mutant obtained by site-directed mutagenesis 
(SDM) allowed hydroxylation of fatty acids lauric and myristic selectively 
at ω-4 rather than at ω-1, ω-2, and ω-3 positions compared to the wild 
variety [59, 61]. Alternatively, a combination of SDM and high through-
put screening could be used to alter the specificity of CYP450 to substrates 
with either little or no structural similarity to the natural substrate [3, 63, 
66]. In general, mutagenesis of enzymes directed towards non-natural sub-
strates result in low activity due to the more unfavorable geometry of the 
substrate binding site often leading to unproductive NADPH consumption. 
However, [64] successfully demonstrated incorporation of an alanine resi-
due in the enzyme’s active site which yielded mutants capable of accepting 
different varieties of alkaloids, and alkylated monosaccharide. Similarly, a 
double mutation of polar amino acids F87 and A328 in the P450 active 
site to a set of non-polar amino acids A, V, F, L and I in P450 BM3 favored 
hydroxylation of a variety of linear terpenes and cycloalkanes.

Engineering of P450 to improve conversion of aromatic and polyaro-
matic hydrocarbons (PAH) are extensively reported in the literature. Table 
11.1 and Figure 11.4 illustrate the different amino acid substitutions that 
have been selectively targeted to better the rate kinetics of the reaction 
above. [33] reported oxidation of naphthalene and pyrene by an engi-
neered P. putida CYP450, which was initially involved in camphor oxida-
tion. Replacement of a tyrosine residue at 96th position with either residue 
Ala or Phe improved the oxidation rate by ~10 to 20 fold. The results 
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Figure 11.4 Active site analysis of CYP450 mutants with selective amino acid 

substitutions.



Microbial CYP450 203

indicated that this particular tyrosine residue played a crucial role in con-
trolling the substrate range of the P450 variant. In another report, a P450 
option with F to G amino acid substitution at 87th position was reported 
to oxidise styrene to enantiomeric R-styrene oxide with 64% enantiomeric 
excess. Hydroxylation of PAHs pyrene and chrysene in different positions 
by actively modifying the active site thereby altering the substrate position 
within the catalytic domain have also been reported [52, 102]. A detailed 
analysis of the structures of mutant and wild-type enzyme illustrated that 
a single amino acid substitution at the 267th position from Glu to Arg was 
primarily responsible for the different catalytic properties shown by the 
modified enzyme towards chrysene and pyrene. The activities of another 
P450 BM3 towards PAH molecules naphthalene, fluorine, acenaphthene 
were improved by up to 4 orders of magnitude by a combination of three 
successive mutations A74G/F87V/L188Q. The authors concluded that the 
mutations largely enhanced PAH-induced heme spin-state shift and cou-
pling efficiencies of NADPH utilization.

P450s require a cofactor to supply the single electron needed for the oxy-
genation of its substrates. The high cost of nicotinamide cofactors NAD(P)
H, the most common source of reducing equivalents used by CYPs, has 
proven to be a significant barrier in technical implementation [21]. This 
constraint has triggered the search for both low-cost surrogate and con-
venient cofactor regeneration processes which have been contributory to 
overcome this limitation. Cofactor recycling systems have either relied on 
enzymatic, chemical or electrochemical means to achieve the in-situ recy-
cling of NAD(P)+ back to NAD(P)H. There has been some focus on the use 
of glucose-6-phosphate dehydrogenase or formate dehydrogenase for the 
regeneration of NADPH and NADH, respectively, while others have con-
centrated on engineering the enzyme so that it can utilise NADH rather 
than the more expensive NAD(P)H [108]. The idea is based on develop-
ing a cheap synthetic source with increased stability and at least similar 
activity to the natural cofactor. A rhodium complex has been successfully 
employed for the chemically mediated regeneration of both NADH and 
NADPH [51].

11.6  Producion Strategies of CYP450

11.6.1  Bioreactor Consideration

Being an intracellular protein, the yield and productivity of CYP450 
depend on the amount of cell biomass produced during cultivation. 
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Hence, bioreactor setup shows several advantages over shake flask cul-
tures regarding high-yield recombinant protein production. E. coli system 
is a well-studied host for any target protein production by recombinant 
DNA technology [6]. However, due to its low cell density, use of E. coli 
at industrial level is not encouraged [105]. Rather, Bacillus sp. are con-
sidered as better option for any industrial use due to its high cell density 
and permeability of membrane for the target protein expression. Besides 
this, the growth rate of Bacillus has been noticed to be much higher than 
that of E. coli on glucose. It had been found that expression of CYP450 
under the influence of glycerol was better than the glucose as a carbon-
source, as earlier reported in E. coli [67]. The specific growth rate of both 
wild-type and the mutant strain was more or less same having different 
potential for protein expression. There was hardly 5% difference in partic-
ular enzyme production in between shake flask and fermenter. However, 
CYPBM3 enzyme value was about 20% more higher in case of scale-up 
process under optimum fed-batch fermentation conditions, carried out 
by monitoring the impeller tip velocity, dissolved oxygen, mass-flow, 
and agitation speed [82]. About 15–20% increase in the production of 
CYPBM3 was achieved in a 50L fed-batch fermenter. This showed that 
the efficiency of expression of the target protein is better in the second 
phase of fermentation where glycerol was used as secondary carbon 
source [101].

11.6.2  Protein Recovery

A downstream protein recovery is designed based on its final application. 
Intracellular protein recovery is not cost effective and not favourable for 
large-scale application in bulk quantity. In such cases, use of such protein 
within vivo application as a whole cell biocatalyst may give the desired 
result. Crude lysate of the protein may also be tuned for desired applica-
tions. In case of complete purification, the quantitative yield of protein will 
be very less with the highest activity and they are used for high-value prod-
uct formation through biocatalytic transformation. Intracellular protein 
purification constitutes up to 80% of overall production costs [95]. Various 
strategies and reports are available for downstream recovery of microbial 
CYP. However, their applications are limited to laboratory scale R&D. In 
most cases, understanding the protein structure and function relationship 
was targeted and thus CYP was purified from recombinant E. coli.

Depending on the expression plasmid, different purification strate-
gies were reported (Table 11.2). Nitrilotriacetic acid (Ni-NTA) His-tag 
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purification was largely adapted the technique for protein recovery through 
single-step purification. Another purification option may be of anion 
exchange chromatography using DEAE Hitrap columns. The crude extract 
was the starting material for this column, using a linear NaCl concentra-
tion gradient to elute CYP recombinant protein. By gradient elution, a step 
gradient was established. With the first step, E. coli proteins were eluted 
while the target protein remained on the column to avoid the interference 
of these two proteins during purification.

11.7  Applications

CYP450s find its limited application for its instability, low activity, narrow 
substrate specificity, high cofactor requirements, and electron transfer. As in 
case of many complex enzyme systems, which are not widely commercially 
available, the generation of active protein following cell transformation 
and gene expression remain major barrier. Close association with molecu-
lar biologists and multidisciplinary research groups play a vital role in the 
improved production and exploitation of such synthetically useful catalysts. 
In recent years, there has been an increasing recognition of CYPs for indus-
trial synthesis of bulk chemicals, pharmaceuticals, agrochemicals, and food 
ingredients, due to its specific regio- and stereoselective hydroxylation char-
acteristics [42, 43, 107]. Also, there is an increasing demand for CYP bio-
catalysts in the detoxification of environmental contaminants such as PAH 
and gene-directed enzyme prodrug therapy for cancer treatment [19].

Table 11.2 Different strategies for CYP450 purification.

Organism

Expression 

vector Purification system

Molecular 

weight 

(kda) Reference

E. coli pET28a+ Nickel NTA 118 [78]

E. coli pGLW11 DEAE fast flow 

Sepharose column

118 [16]

E. coli pET22Hb+ DEAE 650M/ Source Q 

column

118 [15]

E. coli pET20b+ DEAE 650M/ Source Q 

column

118 [15]
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11.7.1  Environmental Application

In this petroleum and petrochemical dominated world, our environment is 
facing a massive challenge regarding soil contamination by recalcitrant com-
pounds. Many such compounds are potentially governing various sites like 
refineries, oil pits, storage sites. Such compounds namely PAHs, polychlori-
nated dibenzo-p-dioxin (PCDDs), PCDFs remain in soil due to their hydro-
phobic nature. To remediate such recalcitrant’s, the introduction of oxygen 
through C-H activation to make hydrophilic is one of the primary options. 
Some of the major classes of industrial pollutants present in the environ-
ment are PAHs, PCDDs, polychlorinated biphenyls (PCBs), dibenzofurans, 
nitroaromatic compounds, pesticides, and heavy metals. Their presence cre-
ates problems because consuming products obtained from these sources 
could be deleterious to human health since several of these compounds 
(benzo(a)anthracene, benzo(a)pyrene, chrysene etc.) have been implicated 
in causing tumors in animals and cancer in humans. Relevant human expo-
sure pathways include inhalation [79], skin contact [30, 103] or ingestion.

Biocatalytic hydroxylation is possible with specific enzymes like CYP450 
and use of whole cell biocatalyst with engineered protein system has been 
conceptualized for bioremediation for a long time. However, most of the 
work has been performed with model compounds and projected towards 
bioremediation. CYP101, CYP102, CYP1A1, CYP1A2, and CYP1B1 are 
identified to metabolize PAHs. PCBs are metabolised by numerous CYP 
enzymes, and the significant factors that conclude the degree of metabo-
lism are the extent of chlorination and position of chlorine atoms on the 
biphenyl nucleus. In contrast, CYP1A1 is also known to bioactivate these 
pollutants into genotoxic and carcinogens leading to high risk for lung 
cancer [10]. Hence, it is essential to have a thorough understanding of the 
mechanism of the various degradation processes. The present study thus 
notes that in-as-much-as each of these protocols in their merit are effec-
tive in depolluting PAHs from contaminated waste streams, the combined 
chemical and phytodegradation approach appears to be the most efficient 
and cost-effective environmental friendly method to decontaminate PAHs 
from substrates. Firstly, it is a green degradation method that is mindful 
of the environment, and secondly, no dead-end products are produced to 
initiate further contamination of the environment.

11.7.2  Medical Application

For any pharmaceutical industry, it is necessary to know how a putative 
drug will be processed in the human liver to prevent health risks during 
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the lonesome and expensive trial phase or to avoid recourse expanses. Two 
critical steps are required during drug discovery: the first is the identifica-
tion of all the metabolites produced for a given drug [7, 109], and the sec-
ond is the synthesis of these compounds for toxicity tests.

CYP enzymes have a tremendous potential for the drug development 
and synthesis. From an industrial point of view, they are interesting 
targets for the production of peptide- antibiotics as well as fine chemi-
cals. Several microorganisms have been employed historically for the 
synthesis of drugs using a hydroxylation reaction, the well-established 
commercial application of CYP in the biotransformation of steroids. 
Human CYP is anchored to the ER via N-terminal sequence [11, 96] 
and they require a redox partner, CPR to perform their function. CPR 
is also anchored to the ER membrane, and its part is to transfer the 
electrons from NADPH to the heme cofactor of the P450. In human 
liver, CYP plays a predominant role in phase-I drug metabolism and 
clearance since they turn over the vast majority of the known com-
mercially available drugs into metabolites. The exploitation of bacterial 
enzyme as a biocatalyst to produce drug metabolites requires a multi-
step approach. This approach aimed at the optimisation of enzyme per-
formance by protein engineering and development of platform allowing 
the avoidance of the NADPH cofactor and immobilization of biocatalyst 
to reduce costs. Thus the scientific literature on CYP has been focused 
on improved catalytic performance by protein engineering, substitution 
of the costly cofactor (NADPH), immobilization and scale-up of the 
process for industrial application.

CYP BM3 from B. megaterium can offer a reliable alternative for 
the synthesis of drug metabolites at industrial scale. In fact, the enzyme 
(CYP102A1) is a soluble and self-sufficient with diflavin-containing reduc-
tase fused to a heme-containing P450 domain in a single polypeptide chain 
[28, 75]. The availability of the crystal structure of P450 BM3 heme domain 
in the substrate-free form and complex with the palmitoleic acid offers the 
opportunity to identify critical residues for substrate binding and cataly-
sis and therefore to carry out mutagenesis experiments [20, 62]. Molecular 
docking simulations are also a convenient tool to predict the fitness of a 
drug in the catalytic pocket of enzyme and to understand how the substrate 
should be oriented in the active site for hydroxylation [85, 97].

SDM was also used to create a panel of mutants of P450 BM3, able to 
metabolize probe substrates for human CYP such as 7-ethoxycoumarin and 
testosterone, that is broadly used to quantify the drug metabolizing activity in 
liver and probe the activity of P450 3A4. The P450 BM3 variants were shown 
to perform 3-hydroxylation and O-deethylation, producing the typical 
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metabolites of human enzymes. The rates for the two reactions were enlarged 
by up to 61- and 129-fold concerning wild-type for the O-demethylation and 
3-hydroxylation reactions, respectively [29].

11.8  Conclusion

The P450 enzymes are of significant interest in synthetic organic chem-
istry because of their impressive ability to catalyze the insertion of oxy-
gen into non-activated C–H bonds. Very few chemical methods exist that 
directly hydroxylate aliphatic or aromatic C–H bonds, and most of them 
are not selective or of limited scope. Biocatalysts such as P450s represent 
a promising alternative. However, some limitations have restricted their 
use in synthesis and industrial applications. These include substrate spec-
ificity, the need for a complex system of cofactors, incompatibility with 
organic solvents, low activity and poor stability. From the very first studies 
on recombinant P450s, efforts were directed toward constructing fusions 
between P450s and redox partners in anticipation of generating more effi-
cient enzymes. The final use of engineered P450s will require other aspects 
of their biology to be addressed, such as tolerance to heat, solvents, and 
the high substrate and product concentrations. To fully understand and 
exploit the power of P450s, it will be necessary to have a means by which to 
sample, visualize, and analyze the full range of structures accessed by these 
enzymes in solution, during the catalytic cycle, and in interactions with 
accessory proteins. Only with a truly dynamic picture of P450s, we will be 
able to appreciate the basis to their catalytic versatility fully.
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Abstract
Polyunsaturated fatty acids (PUFAs) are organic compounds with functional char-

acteristics that regulate biological functions in humans. Currently, microorgan-

isms producing microbial oils or single cell oils are the main alternative sources 

for the production of PUFAs. Submerged fermentation and solid state fermenta-

tion (SSF) are the processes used in the production of PUFAs by oleaginous fungi. 

Although lipid production by oleaginous microorganisms through submerged 

fermentation is well defined in literature and has industrial application for approx-

imately two decades, however, it presents several disadvantages in relation to SSF. 

Production of PUFAs by SSF is still a relatively recent industrial process and needs 

to be optimized, presenting challenges such as scale up, extraction and purifica-

tion of final product and monitoring of process parameters. Thus, this chapter 

presents information about PUFAs production by SSF, focusing on microorgan-

isms used, substrates, bioreactors, and main parameters that influence the process.

Keywords: Polyunsaturated fatty acids, single cell oils, oleaginous 

microorganisms, filamentous fungi, solid state fermentation

12.1  Introduction

Polyunsaturated fatty acids (PUFAs) are organic compounds with unique 
structural and functional characteristics, acting as precursors of a wide 
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variety of metabolites, which regulate critical biological functions in mam-
mals [1]. Its deficiency can have negative consequences on the skin and 
kidneys, as well as affecting the nervous, immune, cardiovascular, endo-
crine, respiratory, and reproductive systems [2, 3].

The omega-3 (ω-3) and omega-6 (ω-6) families are fatty acids of major 
importance in terms of occurrence and for the biological and nutritional 
functions related to human health [4]. α-linolenic acid (ALA), eicosa-
pentaenoic acid (EPA), docosahexaenoic acid (DHA), linoleic acid (LA), 
γ-linolenic acid (GLA), and arachidonic acid (ARA) are considered essen-
tial fatty acids [5]. For the production of essential PUFAs, several enzymes 
are required whose mammals are unable to synthesize, which implies the 
complementation of PUFAs to humans through specific diets or medica-
tions [2, 3].

PUFAs could be obtained in the animal and plant kingdom, as marine 
fish oils, pig liver, microorganisms and seeds of oleaginous plants as main 
sources [6, 7]. Currently, most of the industrial PUFAs production are 
obtained from fish by-products and oils and marketed in the form of cap-
sules [8, 9]. However, the production of PUFAs from marine sources pres-
ents several problems, especially the limitation imposed by fishing quotas, 
the possibility of several contaminants in fish oils [7, 10], variation in the 
quality and quantity of the PUFAs [9], as well as the high cost of the pro-
cesses used in the extraction of PUFAs from fish oil [10, 11]. Although 
the seeds of some oleaginous plants are good sources of PUFAs, the lack 
of enzymes precludes the production of long-chain PUFAs with more 
than 18 carbon atoms whose beneficial effects on human health have been 
evidenced [10]. Another problem in the use of plants to obtain PUFAs is 
the need of suitable land for their cultivation [8]. Therefore, the lack of 
adequate, safe and economically viable sources to obtain PUFAs from con-
ventional sources (animals and plants), coupled with their current high 
demand, evidences the need to seek low cost and high efficiency alternative 
sources of PUFAs.

Currently, oil-producing microorganisms, including fungi, bacteria 
and algae, are the main alternative sources for the production of PUFAs 
[9, 12–14], although this route of production has been commercially 
exploited only in the last two decades [15]. It is known that the accumu-
lation of microbial lipids occurs during the periods of metabolic stress, 
being able to reach 60% of their dry mass [16] Although approximately 
60 microbial genera are known for efficiency in oil production, their com-
mercial production is currently restricted to fungi (including yeasts and 
filamentous fungi) and algae grown heterotrophically rather than photo-
synthetically [9, 13, 15]. Short growing periods, continuous production 
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under controlled conditions and greater microbial oil stability in relation 
to PUFAs of animal and vegetable origin, are the main advantages attrib-
uted to PUFAs production by oleaginous microorganisms [7].

Fungi have gained attention as a potential source of PUFAs in recent 
years, because they have high concentrations of essential fatty acids and 
also enable increased production of desired products through manipula-
tion of growth conditions [8]. Furthermore, oleaginous fungi could pro-
duce PUFAs by fermentation in a low-cost medium from agricultural 
residues and industrial by-products [17]. Therefore, one of the current 
challenges regarding the use of oleaginous microorganisms is to seek bio-
technological strategies that guarantee high yields and low cost in the pro-
duction of the desired PUFAs.

Fermentation through filamentous and unicellular (yeast) fungi, for the 
production of PUFA-rich microbial biomass, is a relatively recent indus-
trial process [18]. It is known that the oil accumulated by heterotrophic 
filamentous fungi is more unsaturated than that produced by yeasts, which 
makes them more suitable for the production of lipids rich in PUFAs of 
medical and dietary interest [19], such as GLA, EPA, DHA and ARA [18]. 
Therefore, it is important for optimizing the production of PUFAs from 
oleaginous filamentous fungi, through the adaptation of environmental 
conditions during fermentation.

In this context, Solid state fermentation (SSF) process is presented as a 
viable alternative for the production of PUFAs [6]. The main challenges to 
the development of SSF are scaling up, purification of the final product and 
the monitoring of environmental parameters, mainly the temperature and 
the humidity of the biomass, since the heat generation by the metabolic 
activity can lead to the degradation of the final product, whereas the excess 
or lack of moisture can reduce the oxygenation level of the system and the 
availability of nutrients to the microorganisms, respectively [20–22]. Thus, 
the search for low cost substrates for use in SSF and the establishment of 
environmental conditions necessary to optimize the production of lipids 
by oleaginous fungi through fermentation process are priority aspects to 
scientific research. This chapter discusses the studies related to the main 
parameters that influence the PUFAs production process by SSF.

12.2  PUFAs Production by SSF

All microorganism needs to synthesize lipids to make up its cell membrane. 
However, microorganisms defined as oleaginous are those that can accu-
mulate more than 20% of their dry biomass as lipids (mainly in the form 
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of triglycerides) [16]. Lipids produced by these microorganisms are known 
as single cell oils (SCO) or microbial oils, considered important sources of 
PUFAs and other fatty acids [13]. The term SCO was originally created to 
easily identify the edible fraction of lipids produced by microorganisms. 
However, the term is now used to denote any type of lipid containing fatty 
acids in a microbial cell [15].

The production and accumulation of oil in microbial cells is already 
well established. Although some bacteria, such as Rhodococus opacus, 
can produce triglyceride-rich oils, the commercial production of SCO is 
currently restricted to fungi (including yeasts and filamentous fungi) and 
algae grown heterotrophically rather than photo-synthetically [9, 13, 15]. 
Regardless of the type of microorganism, the production of SCO occurs in 
a similar way. The chosen microorganism is grown in a medium where the 
carbon source, usually glucose, is in excess, but with nitrogen (usually as 
NH

4
+ salts or urea) as a limiting nutrient. After an initial phase in which 

the growth is balanced and all the nutrients are available, the cells become 
depleted of nitrogen and are no longer able to multiply, since the nitrogen 
supply is essential for the formation of new proteins and for the biosyn-
thesis of nucleic acids. Oleaginous microorganisms continue to assimilate 
glucose or other available carbon source, which is then preferably directed 
toward lipid biosynthesis, even stopping the growth. The accumulation of 
lipids after nitrogen depletion in the culture medium depends on the con-
tinuous synthesis of Acetyl-Coenzyme A (Acetyl-CoA) [15]. After their 
synthesis, the lipids are stored in the form of oil droplets in the cell cytosol, 
in order to conserve energy reserves to ensure vital functions in nutrient 
deficiency or stress.

Although plants are one of the main sources of essential fatty acids for 
human consumption, fungi have been attention as potential sources. This is 
because the fungi in the industrial production of essential fatty acids rather 
than plants reduces competition for land needed for cultivation (this only 
occurs with the use of a fungal growth medium that require little cultivable 
land), and it also isn’t affected by the climatic conditions. Another advan-
tage is that the fatty acid profiles produced by the fungi naturally have high 
concentrations of essential fatty acids or can be induced to produce larger 
amounts of the desired product by manipulating the growth conditions. 
This procedure is less invasive and also less time-consuming than genetic 
manipulation, in addition to avoiding negative marketing related to the use 
of Genetically Modified Organisms [8].

Oleaginous filamentous fungi can store up to 80% of their biomass as 
lipids, mainly in the form of GLA and ARA [23]. These microorganisms 
can grow using various carbon sources such as glucose, xylose, arabinose, 
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mannose, glycerol, and agricultural and industrial residues [23]. Two pro-
cesses are used for PUFAs production with fungi: submerged fermentation 
and SSF [3,  24]. Submerged fermentation or liquid fermentation may be 
defined as the fermentative process wherein the culture medium has high 
amount of free water. In the submerged fermentation process, the substrate 
consumption occurs rapidly and the final products are secreted directly into 
the fermenting broth [25]. The lipid production with the use of submerged 
fermentation of oleaginous microorganisms is well defined in the literature 
and has industrial application for approximately two decades[15, 26].

The SSF is defined as the fermentation process involving solid substrates 
in the absence (or near absence) of free water. Due to the low moisture con-
tent, SSF can only be performed by a limited number of microorganisms, 
mainly yeasts and fungi. It should be noted that in SSF the solid substrate 
acts both as a physical support and as a source of nutrients, and must have 
enough moisture to support microbial growth and metabolism [20–22]. 
SSF can be particularly advantageous for the cultivation of filamentous 
fungi, because it simulates the natural habitat of microorganisms, since the 
filamentous fungi develop through hyphae that penetrate the solid sub-
strate, absorbing water and nutrients, favoring productivity of enzymes or 
other products of interest. An important advantage of SSF is the possibility 
of using agro-industrial residues (e.g., sugarcane bagasse, rice bran, soy-
bean meal, among others) as substrates that serve as sources of carbon and 
energy for microbial growth, also contributing to an appropriate destina-
tion of this waste. In addition, the SSF process has several biotechnological 
advantages, such as higher fermentation capacity, greater stability of the 
final product, reduction of substrate inhibition, lower energy consump-
tion, reduction in the amount of effluent generated and lower operating 
cost. Thus, SSF has received more attention in recent decades [20, 27, 28].

12.3  Microorganisms Used for PUFAs 
Production by SSF

According to Ratledge [29], many microorganisms are capable of produc-
ing high amounts of fatty acids, mainly PUFAs. In the case of oils obtained 
from plants and animals, there is the disadvantage of always mixing a large 
variety of saturated and PUFAs, making it difficult to obtain the desired 
product. Most of the studies published on the production of PUFAs by SSF 
involve the application of filamentous fungi, with emphasis on the genus 
Mortierella. The Mortierella fungal genus of the Mortierellaceae family 
belongs to the order Mucorales and to the phylum Zygomycota. According 
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to its morphology, the genus can still be divided into two subgenera known 
as Mortierella (Mortierella alpina, Mortierella hyaline, Mortierella elongate, 
etc.) and Micromucor (Mortierella isabellina, Mortierella ramanniana, 
Mortierella vinacea, etc.) [30, 31]. According to Dyal and Narine [8], the 
main difference between these two subgenera is the way in biosynthesis 
of fatty acids. Studies performed by Amano et al. [32] demonstrated that 
the fungi belonging to the subgenus Mortierella contained C20 PUFAs 
(PUFAs with 20 carbon atoms, e.g., ARA, EPA, etc.) [7, 8] while those of 
the subgenus Micromucor are the best sources of C18 PUFAs (e.g., ALA, 
GLA, etc.). A screening of fungi of the genus Mucorales led to the selection 
of the microorganisms Thamnidium elegans, Cunninghamella echinulata, 
Cunninghamella elegans, Mucor mucedo and Mortierella isabellina as pro-
ducers of GLA and Mortierella alpina as producers of Dihomo γ-Linoleic 
Acid (DGLA), AA, and EPA [33, 34]. Moreover, studies have shown that 
the oils produced by the Mortierella alpina fungus are completely safe for 
human consumption and that this result can be extended to other ole-
aginous species of the genus [8, 35]. Biotechnological processes for the 
enrichment of cereals with GLA, DGLA, AA, and EPA using SSF processes 
with oleaginous fungi (Thamnidium sp., Cunninghamella sp., Mucor sp., 
Mortierella sp.) were reported and these products were successfully tested 
as foods or feed additives [36].

Studies have examined the production of PUFA by Mortierella fungi 
in submerged culture, finding that many species of the genus produce a 
high amount of PUFAs [37–39]. However, the submerged fermentation 
for the production of microbial oils consumes large amounts of energy, 
produce a high amount of effluents and sometimes have a low fermen-
tation capacity. According to Peng and Chen [40] for an economically 
competitive process, the production of microbial oils should preferably 
be performed by SSF. Considering the economic viability of the process, 
the production of PUFAs is predominantly affected by the cost of the sub-
strate, being necessary to select a raw material of low cost and that allows 
the appropriate microbial development. Thus, agro-industrial residues 
such as straw and bran of rice and wheat, cassava husk, fruit residues, 
sugarcane bagasse and corn cob can be considered as suitable substrates 
for SSF with fungi [7].

12.4  Main Process Parameters

Recent research in SSF has focused on maximizing PUFAs yields by opti-
mizing fermentation process conditions [40–45]. The main parameters 



Production of Polyunsaturated Fatty Acids by Solid State FT 223

that influence the efficiency in SSF process for PUFAs production are 
initial moisture, pH, nitrogen source, C/N ratio, temperature, incubation 
time, and aeration level [7, 8]. Table 12.1 presents some results on the pro-
duction of PUFAs by SSF, as well as the main operational parameters used.

12.4.1  Moisture Content of the Substrate

In SSF the microorganism growth and product formation occur on the 
surface of solid substrate particles. According to Pandey et al. [46], opti-
mization of moisture content present in the substrate is essential to main-
tain physical-chemical characteristics of the solid and to guarantee the 
productivity of the process. Similarly, Khosravi-Darani and Zoghi [47] 
indicate that the initial moisture concentration in the substrate have 
importance for the SSF process. Water guarantees the intracellular mass 
transport, for the evaporative cooling of substrate layers, and probably, 
the most important, as a solvent for nutrients. Balanced water availability 
can prevent the growth of undesirable microorganisms in non-sterile fer-
mentations, especially in combination with extreme pH, and thus reduce 
sterilization costs [36].

Zhang and Hu [42] tested four levels of initial moisture in soybean SSF 
using M. isabellina. According to the authors, the initial moisture content 
of the substrate affected the growth of microbial cells and the accumula-
tion of lipids. At all tested levels, there was an increase in moisture over the 
8 weeks of fermentation, ranging from 50.0%, 66.7%, 75.0%, and 78.6% to 
76.2%, 78.5%, 83.6% and 88.1%, respectively. The authors also report that 
the total lipid production increased with the increase of the humidity of 
the process, and the highest lipid production (38.9 mg.g-1 soybean hull) 
was obtained with the initial humidity of 78.6%.

In the study of Jang and Yang [6], it was verified that optimal initial 
moisture for rice bran SSF was 75% for the total production of PUFAs 
(mainly LA and ARA), while a value of 65% caused higher production 
of ALA and EPA. According to the authors, for the production of ω-6 the 
initial moisture content is 70 to 75% and for ω-3 of 60 to 65%. Similarly, 
moisture levels in the range of 60 to 75% are considered optimal for the 
growth and production of GLA by Mucorales fungi in SSF processes in 
grains [33, 51]. According to the authors, this is due to a better assimilation 
of the cereal starch by the fungi when the substrate is more moistened. Low 
moisture contents can reduce the solubility and availability of nutrients 
and increase the surface tension of the water layer, reducing the growth 
of fungi. On the other hand, high moisture levels reduce substrate poros-
ity, impair oxygen diffusion, increase risk of bacterial contamination, and 
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restrict gas exchange, significantly influencing fungal growth and PUFA 
production [7, 36, 56].

12.4.2  Temperature

Incubation temperature is a critical factor that affects production of 
microbial oils by SSF, as it controls the microbial growth rate, the lipid 
synthesis and changes the composition of the fatty acids produced [7]. In 
general, elevated temperatures increase microbial growth, while low tem-
peratures increased the production of PUFAs and their degree of unsatu-
ration [8, 12, 57]. An example of this is the study of SSF with Mortierella 
alpina performed by Jang et al. [50], which obtained an increase in PUFA 
production of 12% reducing the growth temperature from 20 to 12oC on 
the fifth day of cultivation. In a similar study, Jang and Yang [6], when 
optimizing PUFA production in a solid-state column reactor packed with 
rice bran, identified that reducing the temperature (20 to 12 °C) of culti-
vation in the fifth day increased yield in production of EPA around 24%. 
Michinaka et al. [58] performed the growth of M. circinelloides at differ-
ent temperatures and found that Δ6 desaturase enzyme activity was twice 
higher at 15 °C in relation to the activity produced at 28 °C. Thus, the 
authors concluded that the culture grown at a lower temperature had a 
higher amount of unsaturation in the lipids produced.

According to Armenta and Valentine [57], a suitable strategy for PUFA 
production is to first perform the growth at elevated temperatures (25 °C) 
to maximize cell growth during the exponential phase and then switch to a 
lower temperature (i.e., 10 to 15 oC) in order to increase PUFA production. 
However, total yields of biomass and lipids obtained at lower temperatures 
need to be taken into account when selecting the ideal temperature for the 
production of PUFAs. In the case of very low biomass and/or lipid yields, 
the selection of low temperatures may not be suitable for the process [8].

12.4.3  Substrate

Selection of a suitable substrate is critical in SSF in order to assure total 
lipid yield as well as the desired PUFAs. In SSF processes, agro-industrial 
grains or residues are the substrates usually used, such as rice, barley, rice 
bran, wheat and soybean, spent malt grain, pear pomace, dehulled mil-
let, soybean hull, rye meal, sprout wheat, oat flakes, crushed corn, among 
others [7, 36].

Substrate conversion to PUFAs is significantly improved when an inter-
nal support is present on the substrate. The internal support provides better 
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O
2
 diffusion and contributes to microbial respiration due to increased par-

ticle space, which also helps to remove the heat generated during fermenta-
tion [59]. Substrates that do not have an inner support are more likely to 
lead to particle agglomeration which negatively interferes with microbial 
respiration and process efficiency. However, an excess of carrier material 
can greatly reduce substrate surface available for microbial growth [36].

Conti et al. [51] evaluated the Mucorales for the production of GLA by 
SSF and found that Cunninghamella elegans strain produced 14.2 mg of 
GLA per gram of a mixture of barley, spent malt grains, and peanut oil. 
According to the authors, spent malt grains were incorporated into the 
substrate mixture, because these particles serve as an inert carrier, prevent-
ing agglomeration of cereal grains and being an absorbent material, it was 
able to retain moisture and serve as a reserve of water for microorganisms.

Substrate particles size also affects SSF efficiency. Small particles provide 
a larger surface area and nutrient availability, but particles of very small 
size cause agglomeration of the substrate, inhibiting oxygen transfer [7]. 
However, the large particles, the contact surface is limited, although they 
provide a suitable porous solid medium, facilitating the diffusion of oxy-
gen and favoring the development of microorganisms [46, 51]. The results 
of Ghobadi et al. [53] demonstrated that substrate particles (residual cake 
from the extraction of sunflower, soybean, canola, and olive oil) in the 
range of 1 to 1.4 mm were more suitable than 0.2 to 0.6 mm for the pro-
duction of ARA by SSF with Mortierella alpina.

12.4.4  Carbon to Nitrogen (C/N) Ratio

The C/N ratio of the solid substrate in the SSF is one of the main variables 
influencing the microbial growth and lipid production. A very high or low 
C/N ratio alters the metabolic pathway between microbial growth and 
PUFA production, impairing the fermentation efficiency [60].

When evaluating the addition of nitrogen sources (yeast extract and 
nitrates) in different solid substrates (rice and wheat bran, peanut flour, and 
sweet potato residues) in SSF, Jang et al. [50] verified that the production of 
PUFAs depends on the amount of nitrogen supplied, with an addition of 2.3 
to 5% of nitrogen being the most adequate value. According to Asadi et al. [7] 
for oleaginous microorganisms growth, nitrogen supplementation may pro-
vide additional nutrients for microbial growth and increase the production 
of PUFAs in the next stage (stationary phase). However, it is important that 
there is a nitrogen limitation and the presence of a large amount of carbon 
in stationary phase to guarantee the production of PUFAs. It is also worth 
noting that organic nitrogen sources are more suitable for fungal growth and 
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PUFA accumulation than inorganic sources [41]. According to Certik and 
Adamechova [36], the use of cereals as a substrate, such as rice bran, wheat 
bran, oat flakes, peeled or pearled barley provide an adequate source of nutri-
ents for fungi growth and production of lipids, as they have a high carbon 
content in starch and adequate levels of organic nitrogen, resulting in a C/N 
ratio generally of 20 to 60.

12.4.5  pH

The pH is an important parameter to be evaluated in SSF processes, because 
when microbial cells are exposed to fermentative media with a pH outside 
their optimum range, they are forced to use energy to maintain intracel-
lular pH, mainly through proton pumps (e.g., K+ and Na +). This energy 
use for pH maintenance ends up negatively interfering with cell growth 
and process efficiency [57, 61]. According to Dyal and Narine [8], the main 
effect of pH on SSF is on fungus growth and not on PUFA biosynthesis.

For the production of PUFAs by SSF with microorganisms of the genus 
Mortierella, the appropriate pH is slightly acidic to neutral [7]. In the study 
of Jang et al. [50], the optimal initial pH range of rice bran for SSF with 
Mortierella alpina is 6 to 7, with values above 8 and below 5 reducing the 
yield. Li et al. [62] reported that production of PUFAs and total lipids 
reached their maximum values at a pH of 6.0 and decreased sharply when 
pH went from 7.0 to 8.0 in the fermentation of fungus M. recurvus.

12.4.6  Incubation Time

Certik et al. [55] analyzed the GLA production in SSF of a mixture of rye 
meal/spent malt grain (3:1) with the fungus Mucor circinelloides. According 
to the authors, the GLA level gradually increased to almost 21%, reaching 
maximum production (3.4 mg.g-1 of fermented cereals) after 120 hours 
of fermentation. Zhang and Hu [42] studied SSF of soybean peel with 
Mortierella isabellina over a period of 8 weeks and found that cell growth 
and lipid accumulation increased over the first 4 weeks and then remained 
stable for the remainder of the period. However, the authors did not ana-
lyze lipid profile variation produced during the fermentation period.

In the study of Fakas et al. [52], the oil content of a fermented mass of 
pear pomace reached its maximum value of 12% (m/m) after 212 hours of 
inoculation. After 280 hours of cultivation, the oil content began to reduce, 
reaching 9% (m/m) in 330 hours. However, Jang et al. [50] and Ghobadi 
et al. [53] reported that the production of PUFA by SSF remained stable 
during an incubation period of 288 hours (12 days). This difference may 



Production of Polyunsaturated Fatty Acids by Solid State FT 231

have occurred due to the fungus strain, the substrate composition and the 
form of culture used by the authors.

12.5  Bioreactors

The SSF process with the use of fungi still needs to be improved for the 
consolidation of its application in industrial scale. The major challenges 
encountered are process scale up, extraction and purification of the final 
product and the monitoring of biomass [21, 22]. The scale up of SSF pro-
cesses is one of main problems, there are difficulties such as: maintaining 
an adequate transfer of heat and mass throughout the solid layer; monitor 
and control process parameters; and mixing the solid layer without dam-
aging the microorganisms and their carrier medium. Another problem is 
the generation of heat by the metabolic activity of microorganisms, which 
can lead to the degradation of the final product. Moisture can also inter-
fere with the process, since when excess can reduce the porosity of the 
substrate and prevent the entry of oxygen and when deficits can reduce 
the availability of nutrients for microorganisms [20]. In order to avoid or 
minimize these problems, different types of bioreactors have been devel-
oped, depending on the type of aeration and agitation system. One such 
type is tray bioreactors where SSF occurs in shallow trays where humid air 
is blown through the substrate to ensure sufficient water in the medium 
as well as oxygen and heat transfer. Another configuration is that of rotat-
ing drums, where the biomass is continuously mixed in order to provide 
substrate and oxygen to the microorganism, besides maintaining a homo-
geneous temperature and humidity during the fermentation period. It is 
worth mentioning that few of these bioreactors were used in real scale, 
making it necessary to further develop these processes [22].

Conti et al. [51] investigated the feasibility of increasing the scale of 
PUFA production by SSF with the fungus Cunninghamella elegans CCF 
1318. The authors cultivated the microorganism in rotary bottles and plas-
tic bags (through which a stream of moist air was passed), simulating rotat-
ing drums and tray bioreactors, respectively. Cultivation in the rotating 
bottles produced a slightly lower lipid yield than that obtained in static 
culture in Erlenmeyer flasks, while the cultures in plastic bags showed a 
superior lipid yield. According to the authors, the efficiency was higher 
in the culture in plastic bags due to the increase in oxygen availability 
through forced aeration, associated with a lower thickness of the substrate. 
Jang and Yang [6] demonstrated that the decrease in oxygen concentration 
in the lower layer of a column reactor used for SSF is a limiting factor for 
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microbial growth and PUFA production, with optimum O
2
 concentration 

being about 20%, which increased by up to 26% the production of PUFAs.

12.6  Extraction of Microbial Oil

After fermentation, it is necessary to carry out the extraction and purifi-
cation of PUFAs from the microbial biomass. For this, efficient and reli-
able methods and solvents that do not promote the degradation of the 
final product are needed [63]. For a method to be efficient in extracting 
PUFAs and lipids in general, it is necessary that the solvent used be able 
to completely penetrate the cell mass and have a polarity similar to the 
compounds to be extracted [64]. In addition, if extracted PUFAs are used 
in pharmacological, medical or food applications, solvents must possess 
acceptable characteristics and parameters in terms of toxicity, safety and 
cost [65]. Currently, there are several methods available for extracting lip-
ids from biological materials, most of them using organic solvents, gener-
ally in mixtures containing chloroform (apolar) and methanol (polar), as 
in the case of Bligh and Dyer [66] and Folch et al. [67], which produce 
large quantities of toxic waste and are difficult to handle/operate [68]. 
Automated extraction equipment, such as Soxhlet or Goldfisch, are suc-
cessfully used in lipid extraction, but its use requires long extraction times 
and generally demands the use of organic solvents such as hexane [68]. 
These conventional methods of lipid extraction are relatively efficient and 
already understood technology, but have high energy expenditure. In this 
context, Jin et al. [26] and Chuck et al. [69] mention that the high costs 
associated with extracting and recovering PUFAs is one of the major fac-
tors limiting the large-scale production of microbial oils. Thus, increasing 
interest in the extraction of high value-added lipids has led to the search 
for more efficient, fast, easy to use, solvent-free and less toxic extraction 
methods [68, 70]. Among these methods, extraction with supercritical flu-
ids and pressurized fluids (i.e. supercritical carbon dioxide and ethanol; 
pressurized butane and propane) can be highlighted [71].

12.7  Concluding Remarks

The use of genetic and metabolic engineering in order to produce micro-
bial strains with a greater efficiency in the production of PUFAs and the 
discovery of new strains and substrates of low cost capable of being used 
in the process of production of PUFAs by SSF are necessary to feasible the 
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production of microbial oil. In general, the results obtained with SSF con-
firm the potential of this process for the production of PUFAs on a larger 
scale in order to meet the market demands mainly in the food and phar-
maceutical area. However, there is still a need to optimize this biological 
process in order to increase the efficiency and quality of the final product 
and reduce the production costs, thus requiring further studies in this area.
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Abstract
Ethanol, unlike gasoline, is an oxygenated fuel that contains 35% oxygen, which 

reduces particulate and NOx emissions from combustion. It can be made syn-

thetically or by bioconversion of agro-wastes through microbial fermentation. 

Lignocelluloses are often major components of different waste streams from vari-

ous industries, forestry, agriculture, and municipalities. These wastes can be valo-

rized through its simultaneous saccharification and fermentation for production 

of ethanol and other biofuels. Primary benefits of microbial hydrolysis together 

with the fermentation are the reduced end product inhibition of the enzymatic 

hydrolysis and the reduced investment costs. But the major constrain of the pro-

cesses are the need to find suitable agro wastes, microorganisms and favorable 

conditions for both the enzymatic hydrolysis and the fermentation and the diffi-

culty to recycle the enzymes. In this chapter, a brief overview of recent strategies of 

solid state fermentation using lignocellulosic feedstock for bioethanol production 

will be discussed.
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13.1  Introduction

The progressive depletion in global energetic resources based on non-
renewable fuel and energy consumption is rising day by day. Moreover, it 
is widely known that fossil fuel combustion is the primary cause of global 
warming and environmental pollution [1, 2]. In order to get a stable energy 
alternative that will meet world demand and at the same time while mod-
erating climate change, it is necessary to develop renewable clean fuels. 
Bioethanol is an attractive alternative fuel since it can be blended with gas-
oline and used as clean alcohol in engines with higher octane number and 
heat of vaporization [3, 4]. Bioethanol production has increased rapidly 
because many countries targeted toward reducing oil imports, boosting 
rural economies along with improving the quality of air [5]. During the 
last decade, the production of ethanol from corn based biomasses received 
more attention in the United States (U.S.) and worldwide. Although corn-
based and sugar based-ethanol are promising substitutes to gasoline pro-
duction mainly in the transportation sector, they are not sufficient to 
replace a considerable portion of the one trillion gallons of fossil fuel pres-
ently consumed worldwide each year. Furthermore, the ethical concerns 
about the use of food as fuel raw materials have encouraged research efforts 
to be more focused on the potential of inedible feedstock alternatives. 
Millions of tons of agricultural residues are abundantly available since no 
economically viable technologies are available for their conversion. Open-
field burning of lignocellulosic waste is a globally common practice as it 
represents a cheap, fast and practical means of preparing the field for the 
next crop. Air emissions from the burning process of wood, crop residues 
and other lignocellulosic biomass are not only a threat to public health 
but also wasting our natural resources. The burning process reduces the 
local air quality, creating a variety of health concerns from the discharge 
of carcinogenic oxides (NOx, SO2, and COx) into the atmosphere. So the 
conversion of lignocellulosic biomass into biofuels is an important eco-
friendly and sustainable choice for the production and exploitation of 
alternative energy sources. Thus, due to partial substitution of gasoline, 
the development of biofuels, especially bio-ethanol, has gained strategic 
importance [4]. Lignocellulosic biomass derived ethanol is often termed as 
“second generation” as the “first generation” ethanol is derived from sugar 
cane, corn, wheat, and other starchy feedstocks [5]. Studies suggest that 
the net energy return on second generation ethanol is much higher than 
ethanol derived from corn [6, 7]. In addition, second generation ethanol 
has much higher potential for greenhouse gas (GHG) emissions reduction 
than first generation ethanol [8]. However, due to recalcitrant nature of 
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cellulosic biomass, the current processing cost of second generation etha-
nol is still high. The reasons for high processing costs of cellulosic biomass 
to biofuels are several including inherent recalcitrant nature of cellulosic 
biomass than corn, energy and chemical intensive pre-treatment, inef-
ficient and expensive enzymes resulting in low conversion at high solids 
loadings required for commercial application, incomplete conversion of 
all sugars to fuels and chemicals, and distillation [9]. Figure 13.1 shows a 
schematic diagram indicating the process of second generation bioetha-
nol production from lignocellulosic substrates. In this way, the design and 
implementation technologies go from a simple way of sugar conversion by 
fermentation process to the multi-stage conversion of biomass into ethanol 
[10]. Although production of bio-ethanol has been significantly enhanced 
by new technologies, there are still challenges for further improvement and 
investigation. A number of reviews have been published on fuel ethanol 

Lignocellulosic materials

Pre-processing (Separation, sizing etc)

Pretreatment (physical, chemical or both)

Slurry

Detoxification

Solid/Liquid

Enzymatic saccharification Microbial fermentation
and saccharification

(Glucose, xylose)(Glucose, xylose)

Solid waste removal

Filtration and distilation

Waste water

Ethanol

Figure 13.1 Schematic diagram indicating the process of second generation bioethanol 

production from lignocellulosic biomasses
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production, specifically from lignocellulosic biomass. Therefore, the objec-
tive of the current chapter is to present an overview of fuel ethanol produc-
tion from lignocellulosic biomass.

Among renewable fuels, ethanol due to its long history, use, and inher-
ent characteristics, such as low toxicity to microbes and environment, 
low boiling point, high octane number, and comparable energy content, 
is considered to be a primary fuel candidate for near/long term applica-
tions [9]. Although ethanol’s energy content is roughly 2/3rd of gasoline 
and butanol, it has higher research octane number (RON; 107) than buta-
nol and gasoline [11]. Research shows that ethanol can be used up to 85% 
(v/v) in vehicles without major modifications [12]. In the U.S., bioethanol 
is primarily produced from corn starch feedstocks while in Brazil biofuel is 
mainly produced from sugarcane juice and molasses. Together, these coun-
tries account for 89% of the current global bioethanol production [13]. 
Moreover, ethanol can also serve as a precursor for several other chemi-
cals and intermediates that are currently derived from non-renewable 
resources [14, 15].

13.2  Potential of Lignocellulosic Biomass 
for Biofuel Production

Agricultural residues are the widespread lignocellulosic biomass source 
and represent the most abundant biomass on earth. It was estimated that 
the annual production of these materials were to be 1010 Mt. globally, 
accounting for about half of the global biomass yield which corresponds 
to an energy value of 47 EJ [16]. Lignocellulosic biomass includes forestry 
residues (e.g., hard & softwood), agricultural residues (e.g., corn stover, 
wheat straw, rice straw), herbaceous (e.g., switchgrass, miscanthus), and 
plants that grow in arid regions (e.g., Agave) [17]. Lignocellulosic biomass 
is primarily composed of cellulose (35–50 wt. %, dry basis), hemicelluloses 
(15–30%), pectin (2–5%), and lignin (12–35%). Cellulose and hemicellu-
loses that make more than 50% of total mass can be potentially converted 
to sugars for their conversion to ethanol. Lignin can be burned to meet the 
plants energy requirement and/or valorized to make fuels and chemicals 
[18, 19]. However, cellulosic bioethanol has not been produced on large 
scale due to the technical barriers involved such as commercial feasibil-
ity of lignocellulose biodegradation into fermentable sugars. Wheat straw 
and rice straw are by far the most abundant agricultural wastes globally. 
Globally about 200 billion tonnes of plant biomass are produced annually 
and more than 90% of the total production of plant biomass is classified as 
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lignocellulosic waste (LCW) [20]. These waste materials are often available 
at very low cost and as a cheap substrate for commercial biofuel produc-
tion. Different types of lignocellulosic residues could be used for biofuels 
production such as straws, crop residues, wood pellets, wood chips and 
agro-waste [21]. Because of the low price, availability throughout the year 
and wide distribution geographically, LCW is considered not only the 
most feasible option for biofuel production but also for fossil fuel replace-
ment since these raw materials do not compete with food crops and have 
the significant potential of bioethanol productivity compared to edible 
resources. For instance the bioethanol production from wheat straw (ined-
ible) is expected to be 290 L/1000 kg of dry biomass compared to edible 
bioethanol generated from wheat 340 L/1000 kg of dry biomass [22]. LCW 
has the potential capability to produce about 419 GL of bioethanol annu-
ally [23]. An earlier estimate reported that the potential ethanol that could 
be derived from corn stover alone in the US was 15 billion litres per year. 
Lignocellulosic biomass composition plays a very crucial role in the per-
formance and efficiency of both pre-treatment and biodegradation stages. 
Table 13.1 presents the compositions of several suitable lignocellulosic 
biomasses used for bioethanol production. Production of lignocellulosic 
bioethanol delivers several advantages over gasoline: like utilization of 
abundant and inexpensive sources of renewable resources; reduction in 
emission of GHG and toxic substances; economic benefits for rural com-
munity as well as pertaining in national energy security [27].

13.3  Structure of Lignocellulose

The main components of lignocellulosic biomass are cellulose (30–35%), 
hemicellulose (25–30%), lignin (10–20%) lignin and other extractable 
components like protein, lipids, and water [28, 29]. Cellulosic and hemicel-
lulosic polymers constitute approximately 70% of the entire biomass and 
are connected to the lignin component through a variety of covalent bonds 
that give the lignocellulosic biomass significant robustness and resistance 
to (bio-)chemical or physical treatment [30]. The effective utilization of all 
the three components would play a significant role in economic viability of 
the cellulose to ethanol process.

13.3.1  Cellulose

Cellulose (C
6
H

10
O

5
)

x
, the main constituent of lignocellulosic biomass, is a 

linear polysaccharide that consists several thousand of D-glucose linked 
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by β-(1,4)-glycosidic bonds to each other. The cellulose strains are associ-
ated together to make cellulose fibrils. These fibers are linked by a num-
ber of intra- and intermolecular hydrogen bonds and are attached to each 
other by hemicelluloses and amorphous polymers of different sugars as 
well as other polymers such as pectin and covered by lignin. The cellulose 
microfibrils which are present in the hemicellulose-lignin matrix are often 
associated in the form of bundles or macrofibrils. The molecules of indi-
vidual microfibrils in crystalline cellulose are packed so tightly that not 
only enzymes but even small molecules like water cannot enter the com-
plex framework. Some parts of the microfibrils have a less ordered, non-
crystalline structure referred to as amorphous region [31]. High molecular 
weight and ordered tertiary structure make natural cellulose insoluble in 
water and most organic solvents. The crystalline regions of cellulose are 
more resistant to biodegradation than the amorphous parts. Cellulose 

Table 13.1 Compositions of different lignocellulosic biomass (% dry basis).

Raw materials Hemicelluloses Cellulose Lignin

Others 

(i.e., 

ash) References

Hardwood 25–40 45–47 20–25 0.80 [13, 

24–26]
Wheat straw 24–35.5 32.9–50 8.9–17.3 -

Softwood 25–29 40–45 30–60 0.50

Corn stalks 16.8–35 35–39.6 7–18.4

Waste papers 

from 

chemical 

pulps 

12–20 50–70 6–10 2

Newspaper 25–40 40–55 18–30 5–8

Rice straw 19–24 36.2–47 9.9–24 -

Switch grass 30–35 40–45 12 4-5

Barley straw 33.8 21.9 13.8 -

Rye straw 21.5 30.9 22.1 -

Corn cobs 31.9 33.7 6.1 -

Corn stover 25.5 38.3 17.4 -
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with low degree of polymerization (DP) will be more susceptible to cel-
lulolytic enzymes. The isolation and derivatization/dissolution of cellulose 
are crucial steps in determining cellulose DP [30].

13.3.2  Hemicellulose

Hemicelluloses, located in secondary cell walls, have a vague and change-
able structure of branched heteropolymers containing pentoses (β-Dxylose, 
α-L-arabinose), hexoses (β-D-mannose, β-D-glucose, α-D galactose) and/
or uronic acids (α-D-glucuronic, α-D-4-Omethylgalacturonic and a-D-
galacturonic acids). They are relatively easy to hydrolyze because of their 
amorphous and branched structure (with short lateral chain) as well as 
their lower molecular weight [30]. In order to increase the digestibility of 
cellulose, large amounts of hemicelluloses must be removed as they cover 
cellulose fibrils limiting their availability for the enzymatic hydrolysis. 
Xylan is the primary component of hemicellulose and its composition var-
ies in each feedstock. For this reason, hemicellulose stands in need of wide 
variety of enzymes to be completely hydrolyzed into free monomers [32]. 
Hemicelluloses are relatively sensitive to operation condition. Therefore, 
parameters such as temperature and retention time must be controlled to 
avoid the formation of unwanted products such as furfurals and hydroxyl 
methyl furfurals which later inhibit the fermentation process

13.3.3  Lignin

Lignin is a complex hydrophobic polymer coupled via covalent bonds 
to xylans rendering massiveness and stability to the plant cell wall. It is 
composed of three major phenolic components, namely p-coumaryl alco-
hol, coniferyl alcohol, and sinapyl alcohol [33]. Lignin is synthesized by 
polymerization of these components and their ratio varies between differ-
ent plants, wood tissues, and cell wall layers. It is a dominant constituent 
of wood (30–60% for softwoods and 30–55% for hardwoods), while agri-
cultural residues and grasses contain 3–15% and 10–30% respectively [34]. 
Contrarily, crop residues like corn stover, rice and wheat straws contain 
particularly hemicellulose.

13.4  Biomass Recalcitrance

The major impediments toward development of an economically viable 
technology for biodegradation of cellulose are the association with lignin 



246 Principles and Applications of Fermentation Technology

and hemicellulose, crystallinity, DP and surface area which provides an 
inherent resistance of cellulosic biomass to pathogens, enzymes/microbes, 
and/or chemicals. During the biocatalytic valorization of lignocellulosic 
substrate, a residual fraction survives the attack. This fraction absorbs a 
significant amount of the original enzyme and restricts the use of these 
enzymes on added, fresh substrate. Most potential cellulosic substrates for 
bioconversion are heavily lignified. Thus, most of the cellulose in nature 
is unsuitable for bioconversion unless effective and economically viable 
procedures (pre-treatments) are developed to remove or modify lignin. 
Plants are being engineered to make them less resistant to break down, 
consequently requiring less harsher pre-treatments and low enzyme load-
ings for high product yields [35]. Besides lignin, changes in hemicelluloses, 
pectins, and other components in terms of backbone composition, chain 
length, branching, and content have also shown promise for reduction in 
plants recalcitrance [36, 37].

13.5  Pre-Treatment of Lignocellulosic Biomass

Cellulose is coated or sheathed by hemicellulose which acts as a blocking 
seal limiting the access of cellulase and hemicellulase enzymes to the cellu-
lose–hemicellulose complex. In addition, the polysaccharide biopolymers 
(cellulose–hemicellulose complexes) are encapsulated with lignin which 
forms a physical barrier that increases resistance to chemical and micro-
bial attack and hinders polysaccharide polymer hydrolysis into reducing 
sugars [38]. Therefore, a pre-treatment step is required which can disrupt 
the recalcitrant materials and enable the cellulose to undergo hydrolysis 
with higher efficiency and lower energy consumption. Among all the steps, 
it is one of the most costly steps accounting for 33% of the total production 
cost. The main challenge in the bioethanol production lies in pre-treatment 
step as it is very expensive and time consuming. In the process of pre-
treatment, the complex structure of lignocellulosic biomass is distorted so 
that its cellulose component can be free for enzyme action. The enzymatic 
action hydrolyses cellulose into sugars that are further fermented. After 
pre-treatment procedure the cellulose crystallinity also reduced and the 
porosity of the raw substrate improved, increasing the sugars formation 
and improving enzymatic hydrolysis, avoiding formation of any kind of 
inhibitor that create problem in the hydrolysis or fermentation step. The 
main purpose of this step is to make cellulose more accessible to enzy-
matic hydrolysis. There are many ways by which this step is completed like 
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physical pre-treatment, biological pre-treatment, chemical pre-treatment 
and solvent pre-treatment. There are many biological, chemical, physio-
chemical, and physical processes used singly or in combination for the pre-
treatment of lignocellulosic biomass. The pre-treatment process required 
for each feedstock was chosen according to its characteristics. Zhu and Pan 
[39] reported that agricultural biomass treatment differs from woody bio-
mass because of its physical properties and chemical composition. Unlike 
agricultural biomass, woody biomass requires high content of energy to 
reach size reduction for further enzymatic saccharification. Toxic com-
pounds have also to be considered for evaluating the pre-treatment cost. 
Different substances may act as inhibitors of microorganisms that are 
used in the ethanol fermentation. These inhibitors include phenolic com-
pounds, furans (furfurals and 5- hydroxymethylfurfural (HMF)), aliphatic 
acids and inorganics compounds (iron, chromium or nickel). Several 
alternative measures can be taken to avoid problems caused by inhibitors 
[40]. Detoxification process is an important step which can affect the pre-
treatment performance. General feedstock versatility and toxic inhibitors 
produced have to be considered on the pre-treatment efficiency in order to 
reach optimal conditions.

13.5.1  Chemical Pre-Treatment

This is the most studied method and it involves the use of variety of chemi-
cals like acids, alkalis, organic solvents, peroxides, inorganic solvents 
like hydrochloric acid, sulphuric acid. Mostly dilute-acid pre-treatment 
method is used; it is finished in two steps: depolymerisation of hemicel-
luloses at 140 °C for at least 15 min avoiding the formation of carboxylic 
acids or furan. In second step, the treatment with dilute acidis done at 
190 °C for10 min helping better cellulose interaction with enzyme during 
enzymatic hydrolysis [41]. Low temperature, usually 121 °C is often used 
for dilute-acid pre-treatment that avoids breaking of sugars into HMF and 
furfural [42].But dilute-acid pre-treatment has disadvantage as the acid 
used causes corrosion of the instruments; to avoid this expensive coatings 
or use of stainless steel that is acid resistant is recommended. Chemical 
pretreatment is also done with the help of alkalis like NaOH, lime, aque-
ous ammonia that resultin dilute base addition, increase incrystallinity, 
increase in DP and internal surface area and degradation of lignin. Alkali 
pre-treatment method is more reliable asit decreases the degradation of 
sugars that are to be hydrolysed and requires lower temperature and pres-
sure compared to the dilute-acid pre-treatment.
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13.5.2  Physical Pre-Treatment

Its main aim is to reduce the cellulose crystallinity, degradation of lignin and 
hemicelluloses without affecting cellulose. Physical pre-treatment process 
includes steam treatment, grinding, milling, chipping etc. Radiations such 
as microwaves are also being used for this purpose as they can easily pen-
etrate the biomass surface and simultaneously heat the surface. This results 
in an easy access of enzyme to the surface of cellulose during hydrolysis, 
decrease in the crystallinity and increase in the DP. These processes demand 
lot of power supply because of which the cost increases. Physio-chemical 
pre-treatment: It is one of the oldest, most studied processes. Ammonia 
fibre steam explosion is the favourite option always, as it helps in convert-
ing hemicelluloses and lignin into soluble oligomers using auto hydrolysis 
reaction by steam at very high pressure followed by depressurizing to dis-
rupt the structure of lignocellulosic biomass [43]. The main factors that are 
considered during steam explosion include temperature, holding time, chip 
size, and moisture content. This process is recommended for agricultural 
waste and hardwood but it is not good for softwood.

13.5.3  Biological Pre-Treatment

While all the other methods have high energy demands and need proper 
equipments, biological pre-treatment methods need much less energy 
as compared to physical/chemical methods and are eco-friendly. Mainly 
white rot fungi are used in this process as they help in the proper degrada-
tion of lignin [36]. Brown rot fungi are also used as they help in degrading 
lignin by attacking it with the help of enzymatic laccase and peroxides. 
Laccase is a copper containing compound oxidase enzyme, which can eas-
ily remove lignin, increasing the interaction of cellulase enzyme with cel-
lulose [43].

13.5.4  Inhibitors Released During Pre-Treatment

In certain types of pre-treatments, such as steam explosion or acid pre-
treatments inevitably generate higher amounts of degradation compounds 
(e.g., acetic and formic acid, furfural, 5-HMF, and phenolic compounds) 
that are potentially inhibitory to yeast and enzymes [44]. Different 
approaches have been studied in order to produce lower concentrations 
of inhibitors during pre-treatment, such as avoiding the use of chemi-
cals [43], reducing high solids loading, optimizing the temperature and 
retention time, and optimizing the chip size of the raw material before 
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pre-treatment [45]. Alkali pre-treatment, wet oxidation, liquid hot water, 
and ammonia fiber explosion have been identified as methods that release 
low concentrations of inhibitors. Apart from the pre-treatment itself, the 
types and concentrations of degradation compounds also depend on the 
lignocellulosic feedstock. Therefore, each feedstock requires specific pre-
treatment methods and conditions. Reactors should also be optimized for 
different biomass feedstocks in order to limit the amount of undesirable 
products and energy costs.

13.6  Hydrolysis

During this reaction, cellulose and hemicellulose are hydrolysed into sim-
plistic and soluble compounds available for further conversion (fermenta-
tion) to ethanol. The cellulose that is left behind after the pre-treatment 
step is converted into glucose, while majority of hemicellulose is converted 
in to xylose.

 (C5H8O4)n + nH2O → nC5H10O5 (for pentose) (1)

 (C6H10O5)n + nH2O → nC6H12O6 (for hexose) (2)

Saccharification can be done by acids or enzymes among which 
enzymes are mostly preferred due to their low cost of processing, 
requirement of mild operating conditions, high sugar yield, and lack of 
corrosion problem. Eggeman and Elander [46] have demonstrated that 
Trichoderma reesei is a very efficient fungus to produce industrial grade 
cellulolytic enzymes. Cellulases are specific enzymes for celluloses and 
they constitute a mixture of enzymes that help in the hydrolysis of cel-
lulose to glucose. The main 3 three enzymes present in cellulases are: I. 
Endo glucanase which creates free chain ends by attacking regions of low 
crystallinity in celluloses. II. Exo glucanase/Cellobiohydrolase which 
removes cellobiose units from the free chain ends. III. β-glucosidase 
which produces glucose by hydrolyzing cellobiose. The factors affecting 
the rate of enzymatic hydrolysis are mainly the activity of cellulase, pH, 
temperature and concentration of the substrate. Cellulases for hydro-
lysis of celluloses can be produced by a variety of organisms like fungi 
and bacteria; these microorganisms can be either anaerobic or aero-
bic, thermophillic or mesophillic. Bacteria from families of Bacillus, 
Clostridium, Cellulomonas, Thermomonospora, Erwinia, Ruminococcus, 
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Bacteriods, Acetovibrio, Streptomyces are being widely used in indus-
trial purposes [23, 47, 48]. Among fungi Aspergillus, Trichoderma and 
Penicillium families are known as potential producer of cellulases [49, 
50]. Enzymatic pre-treatment can be attained in simultaneous through 
biological saccharification and fermentation process in order to produce 
ethanol from woody biomass [51]. In this process the concentration of 
saccharides is kept low and cellulose inhibition is deterred. In a sepa-
rate hydrolysis and fermentation (SHF) process cellulases (hydrolytic 
enzymes) are inhibited by glucose and cellobiose (saccharide products) 
resulting in a slower process and a lower yield of fermentable sugars.

13.7  Limitations of Enzymatic Hydrolysis

Regardless of the process configuration, enzymatic hydrolysis of cellulose 
and hemicellulose is an important part of most biofuel production from 
lignocellulosic raw materials. For many years, the cost of lignocellulolytic 
enzymes has been one of the main constraints for commercialization. 
Although the cost of enzymes has been significantly reduced over the past 
decade, it is still considerable and importantly contributes to the overall 
cost of the bioconversion process. In addition to the persistent efforts to 
reduce the enzymes costs, enzyme technology has also focused on reduc-
tion of enzyme loadings used for the enzymatic breakdown of biomass 
sugar polymers. This could be done either by improving properties such 
as activity, thermal stability, and pH stability or by optimizing the amounts 
and proportions of the different enzyme activities in commercial prepara-
tions [21]. Low enzymatic hydrolysis yields and rates have a great impact 
on the overall cellulose-to-ethanol conversion efficiency and thus have 
been identified as bottlenecks of bioethanol production processes during 
the past decade. Due to the inefficiency of the enzymatic preparations used, 
one-third of the total sugar product from enzymatic hydrolysis has been 
identified as oligomers or polymers that cannot be used by S. cerevisiae 
[52]. Van Dyk and Pletschke [53] highlighted the fact that a large number 
of enzymes like endoglucanase, exoglucanase, β-glucosidase, xylanase etc 
are required to bioconvert lignocellulose’s carbohydrates into monomeric 
sugars effectively. Furthermore, the hydrolysis activity of multiple enzyme 
combinations working cooperatively together can be higher than adding 
individual enzymes, with the hydrolysis yield depending on the specific 
characteristics of the enzymes involved, their ratios and the characteristics 
of the substrate. A glimpse of enzymatic saccharification of different agro-
wastes is shown in Table 13.2.
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Table 13.2 Enzymatic saccharification of different pretreated feed stocks using 

cellulolytic enzymes.

Enzyme/Organism 

employed 

Lignocellulosic 

biomass Result References

Commercial cel-

lulase (20 IU/

ml), β-glucosidase 

(In-house, 10 IU/

ml) and xyla-

nase (In-house, 

5000 IU/ml) by 

Aspergillus sp.

Sodium hydroxide 

pre-treated rice 

straw

The cocktail 

containing the 

three enzymes 

resulted a

maximum recovery 

of 574.8 mg/g of 

total reducing

sugars

[54]

Commercial enzyme 

Accellerase 1500 

(26 U/g)

0.75% H2SO4 at 100 

°C for 2 h treated 

wheat Straw

Recovery of 45.6 

g/L reducing 

sugars 

[55]

Commercial cel-

lulase (Celluclast 

1.5 L, 15 FPU/g) 

supplemented 

with β-glucosidase 

(Novozym 188, 15 

IU/g)

Sugarcane bagasse 

pre-treated with 

dilute

acid and organosolv

29.1 g glucose/100 

g sugarcane 

bagasse 

[56]

NS22146 enzymes 

(Novozymes) 

1.67%, 3.33% and 

6.66% (genzyme/g 

glucan×100)

Sulphuric acid pre-

treated empty 

fruit

bunches

81.4% xylan and 

74.8% of glucan 

[57] 

Cellulase from 

Aspergillus fumig-

atus ABK9  (30 

FPU/g substrate),

Dilute sulfuric acid 

pretreated Water 

hyacinth

The maximum

sugar yield  

(425.6 mg/g)

[58] 

Cellic® CTec2 and 

Cellic® HTec2 

from novozyme

10% sodium

hydroxide treated 

empty fruit bunch 

at temperature 

150°C during 30 

minutes.

4.74% of ethanol 

in 72 hours 

fermentation

[59] 
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13.8  Fermentation

Fermentation of lignocellulosic hydrolysates involves the conversion of 
sugars to ethanol, mainly performed by bacteria or yeast. The most com-
monly employed technologies in fermentation include SHF, simultaneous 
saccharification and fermentation (SSF), and consolidated bio processing 
(CBP).

13.8.1  Separate Hydrolysis and Fermentation (SHF)

Separate hydrolysis and fermentation is the traditional method for bio-
ethanol production. In SHF, the hydrolysis is completed in one reactor and 
fermented in other reactor. This transfer that is being done after hydro-
lysis increases the cost of reaction and consumes a lot of time. Typically 
S. cerevisiae is a prevalent microorganism used for this purpose, because 
it can grow and vigorously ferment in media containing as much as 40% 
(2.2 M) of glucose with the production of high amount of ethanol [60]. But 
the major weakness of S. cerevisiae is its incapability to ferment other than 
hexose sugars and thus interest for versatile-acting microorganisms are 
increasing. Industrial utilization of lignocelluloses for efficient bio-ethanol 
production is delayed due to lack of ideal microorganisms, which can effi-
ciently ferment both pentose and hexose sugars available from the hemi-
cellulose fraction and sustain under inhibitory conditions [21]. However, 
some attempts have been made recently to overcome this problem. A 
recombinant Escherichia coli strain has been reported which is able to fer-
ment both xylose and glucose produced from wheat straw hydrolysate 
and achieved 0.47 g ethanol g-1 available sugars, but with low volumetric 
productivities, due to the low tolerance to ethanol [61]. Jahnavi et al. [29]
reported that some microorganisms like Pichia stipites and Candida tropi-
calis are also able to ferment pentose mainly xylose into ethanol. Suitability 
of some microbial strains for ethanol production is shown in Table 13.3.

13.8.2  Simultaneous Saccharification and Fermentation (SSF)

Simultaneous saccharification and fermentation (SSF) processes, firstly 
described by Takagi et al. [69], combine enzymatic hydrolysis of cellu-
lose with simultaneous fermentation of the obtained sugars to ethanol and 
are one of the most promising process option for bioethanol production 
from lignocellulosic materials. SSF is more preferred when compared with 
SHF because of low cost, reduced risk of contamination, less sugar deg-
radation to its inhibitory compounds and can be done in a single vessel. 
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Wyman et al. [70] showed that using SSF process could increase yields 
and concentration of ethanol with less capital investment. Enzyme hydro-
lysis is generally carried out at 45–50 °C, therefore to carry out fermenta-
tion simultaneously with hydrolysis there should be a yeast strain that is 
equally capable of tolerating that temperature. Dahnum et al., [59] also 
considered SSF method as a better process than SHF due to rapidly eth-
anol production and the highest concentration of produced ethanol. In 
such cases use of thermotolerant yeast strains would be more suitable and 
generally preferred. Saini et al. [71] reported that some of the thermotol-
erant yeast strains like Kluyveromyces marxianus, Saccharomyces uvarum, 
Candida brassicae, Candida lusitaniae are usually employed for SSF. A 
thermotolerant yeast strain K. marxianus DBTIOC-35 was isolated by 
which SSF was carried out at 42 and 45 °C using wheat straw as substrate. 
Maximum ethanol concentration of 29.0 and 16.1g L-1 were achieved, 
corresponding to the ethanol yields of 73% and 40.5% at 42 and 45 °C 
respectively. SSF was performed using K. marxianus and commercial cel-
lulase on soybean cake and corn cobs. This produced maximum ethanol 
of 5.68g L-1 on corncob and 2.14g L-1 on soybean cake after 48 h of incuba-
tion (Meng et al., 2010). Dahnum et al. (2015) conducted SSF by using 
NaOH pretreated empty fruit bunch and was digested with Cellic® CTec2 
and Cellic® HTec2. When steam exploded, duckweed was subjected to SSF 
using an enzyme blend of Cellic CTec 2 (0.87 FPU g-1 substrate) together 
with Novozyme 188 (2 U g-1 substrate), has resulted in the ethanol pro-
duction of 80% at a substrate concentration of 1%. The ethanol yield has 
reduced with an increase in substrate concentration. Upon fermentation 
of this mixture using S. cerevisiae have resulted in ethanol concentration 
of 97% at 50 °C in 24 h. Chu et al. [72] performed a three stage SSF using 
S. cerevisiae DQ1, a thermotolerant strain with high quantum of substrate 
(corn stover) loading at a rate of 30% that finally resulted in the ethanol 
yield of and 65.6%. Ruiz et al. [73]also performed SSF process for bioetha-
nol production from hydrothermal pretreated wheat straw using a ther-
motolerant strain of Saccharomyces cerevisiae CA11. Results showed that 
the maximum ethanol concentration (14.84 g L-1) were obtained at 45 °C, 
3% substrate and 30 FPU of enzyme loading, corresponding to an ethanol 
yield of 82.4%, demonstrating a low enzyme inhibition and a good yeast 
performance during SSF process.

13.8.3  Consolidated Bioprocessing

Consolidated bioprocessing (CBP) is the most promising and poten-
tial strategy which includes enzyme production, saccharification, and 
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fermentation into a single reactor, for effective production of ethanol from 
lignocellulosic materials. In this process, single or combined consortia of 
microorganisms are commonly used to ferment cellulose directly to eth-
anol [74]. The application of CBP requires no resources investment for 
purchasing enzyme or its production. But, CBP is not an efficient process 
because of poor ethanol yields and long fermentation periods (3–12 days) 
[75]. So, there is a requirement of highly engineered microbial strain that 
is capable of hydrolyzing biomass with enzymes produced on its own and 
producing high ethanol titer within a short period. CBP becomes feasible 
when an engineered CBP microorganism or microbial consortium could 
be developed [76]. CBP is expanding its recognition as a promising leap 
forward to produce bioethanol with low cost, yet its feasibility extraor-
dinarily relies upon ethanol yield, fermentation period and whether a 
suitable microorganism can be found in nature or built by engineering 
strategies in the laboratory [77]. Genetic engineering approaches in this 
area like integration of genes from a cellulase producing strain into the 
ethanol producing strains like S. cerevisiae was found to be inappropri-
ate since transfer of very high number of these genes might influence the 
execution of cell, their co-expression at the transcriptional level is often 
lop-sided causing ER-stress to the host cell [77]. Although the fungi like T. 
reesei are found to be efficient producers of cellulase, they are not broadly 
being proposed as possibility for CBP applications because of low ethanol 
yields obtained, as well as the slow fermentation rates. However, few fungi 
like Mucor have the ability to be fermenting lignocellulosic components 
to ethanol [78]. Fusarium oxysporum is the best contemplated filamen-
tous organism for CBP applications with cellulolytic and hemicellulolytic 
properties to the enhancement of its CBP execution through Genetic engi-
neering methodologies [79, 80]. The ascomycete Paecilomyces variotii 
(ATHUM8891) was evaluated as a candidate species in CBP applications. 
The fungus is capable of fermenting glucose and xylose toethanol, closer 
to the maximum theoretical yields, edifying an unusually powerful pen-
tose metabolic pathway and the fungus possesses the necessary enzyme 
factory for the exploitation of lignocellulosic biomass, as it can grow and 
produce ethanol on commonagro-industrial derivatives. One of the major 
disadvantages of CBP is that the saccharification and fermentation, usu-
ally carriedout at ambient temperatures but the hydrolysis by cellulases is 
usually higher at higher temperature. This drawback could be avoided if 
thermophilic microbes could be utilized as a host for consolidated biopro-
cessing since it allows saccharification and fermentation to be carried out 
at higher temperature.



Solid State Fermentation 257

13.9  Concluding Remarks

In the next decades, biomass will be the most meaningful renewable energy 
source as an alternative to fossil fuels. Agro-residues biomass has been 
proposed to be one of the main renewable resources for cost-effectively 
attractive bioethanol production. Bioethanol production will be probably 
the most successful biofuel because it has plenty of usable forms (heat, 
power and electricity or vehicle fuel). Though technological advances and 
research efforts are still progressing, multiple configurations of systems and 
techniques are developed in order to design efficient, sustainable and eco-
nomically feasible bioethanol production technologies and confront issues 
concerning the feedstocks and operations costs. The processes of pre-
treatment, enzymatic hydrolysis, fermentation and distillation are the four 
major obstacles in bio-ethanol production and are required to overcome 
by efficient technology. Extensive research has been carried out in order to 
increase fermentable carbohydrate recovery, decrease inhibitors produced 
from sugar degradation during pre-treatment process, diminish utilization 
of chemical materials and energy input, produce valuable by-products and 
decrease cost of bioethanol process. Beside effective pre-treatment process, 
recent advances in functional genomics, metagenomics, genetic and meta-
bolic engineering imply that the future of economic bioethanol production 
form biomass will strongly depend on achievements in artificially designed 
plants, containing high levels of cellulose while capable of producing 
hydrolases. In the last, it may be supposed that to solve the technology bot-
tlenecks of the conversion process, novel science and efficient technology 
are to be applied, so that bioethanol production from agro-residues may be 
effectively developed and optimized in the near future.
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Abstract
Increasing demand for biofuels and oleochemicals is largely supported by plant-

based oils. Among biofuels, the transesterification of plant oil yields corresponding 

mono-alkyl esters of long-chain fatty acids (e.g. methyl esters, FAME) as biodiesel. 

It is currently being produced on commercial scale from edible vegetable oils but 

their use as biodiesel feedstock is receiving criticism due to low sustainability, 

conflict with food for the utilization of arable land, with high water and fertilizer 

requirements resulting in high oil price. Moreover, the feedstock price is the prin-

cipal governing factor for the economic viability of biodiesel market and accounts 

for 70–95% of the total biodiesel production cost. Hence, non-edible cost-effective 

feedstocks are now being studied to produce biodiesel in a sustainable and eco-

nomical way to avoid previous drawbacks. The use of nonedible plant oils is also 

not feasible over use of land. Microbial lipids referred to as single cell oils (SCOs) 

accumulated by oleaginous yeasts have emerged as a potential complementary 

feedstock for biodiesel production. The applications of yeast lipids as an input for 

biodiesel would be competitive with other commodity type oils only by the use of 
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low-cost and renewable substrates such as lignocellulosic biomass as carbon and 

energy source for oleaginous yeasts. This chapter describes the bioprocess of SCO 

production from oleaginous yeast with focus on lignocellulosic pretreatment; 

genetic engineering and downstream processing.

Keywords: Oleaginous yeast; single cell oil; lignocellulosic biomass; biodiesel; 

genetic modification

14.1  Introduction

Chemistry has made a vast array of materials, medicines, fertilizers, and 
fuels available at low cost; however, it is based almost entirely on processes 
that convert petroleum derived resources into these highly valued prod-
ucts. During 20th century, cheap and abundant petroleum was readily avail-
able; however, it has become shockingly clear that these feedstocks will be 
priced very differently in the 21st century, as the declining supplies can no 
longer keep pace with an ever growing demand [113]. Furthermore, the 
dramatic climate change brought about by the increase in greenhouse gas 
(GHG) emissions due to uncontrolled fossil fuel combustion may result 
into extreme weather events, food crisis and human conflicts while threat-
ening the world economy [63]. This necessitates the lookout for renewable 
sources for energy and fuels.

In this scenario, liquid biofuels such as bioethanol and biodiesel have 
arisen as an attractive alternative to the fossil fuels. Bioethanol produced 
from sugars derived from corn, sugar cane and biodiesel derived from 
edible oils of oleaginous plants such as soybean, canola, palm are the most 
used “first generation biofuels” worldwide [114]. Due to concerns over use 
of edible feedstocks for production, the first generation biofuels are being 
criticized globally giving rise to Food or Fuel issue [45]. The bioethanol 
obtained from non–food crops and biodiesel originating from non-edi-
ble oils are the so called “Second Generation Biofuels” as these are more 
sustainable because their production does not compete with food, have a 
favourable energetic balance and lead to greater reduction in GHG emis-
sion than in their first generation counterparts [57].

In case of second generation bioethanol, the residues from agro-for-
estry and wood industry are the source of raw material including those 
obtained from forest and agricultural harvest, sawdust, tipping, burdocks 
and smaller fragments from pulping and sawing [41]. However, bioethanol 
do require changes in the distribution chain and it increases the vapour 
pressure when used blended with gasoline at low concentration (i.e. 5%). 
These restrictions are limiting the incorporation of bioethanol blended 
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with gasoline in new markets because of which drop-in biofuel are gaining 
popularity [185].

Biodiesel is an environmentally friendly alternative fuel to petrodiesel 
consisting of mono-alkyl esters of long-chain fatty acids (mostly fatty acid 
methyl esters, FAME) [144]. Today biodiesel can be used without any major 
modifications for the diesel engines in vehicles and it is compatible with 
the current fuel infrastructure. Biodiesel is currently being produced on 
commercial scale from vegetable oils such as rapeseed, soybean, sunflower, 
palm etc [114]. A variety of alternative non-food feedstocks are being 
developed for biodiesel such as animal fats, waste cooking oils, non-edible 
plant oils (e.g. Jatropha) [113]. However, competition of land for growth 
of non-edible plants may not be feasible and hence use of non-edible plant 
oils for biodiesel production still is not a viable proposition. Therefore, to 
meet the demand of the biodiesel industry, alternative sources of oil rich 
biomass have to be explored and developed.

14.2  Oleaginous Yeasts: A Brief Account

Microbial lipids accumulated by oleaginous microalgae, yeasts and 
molds referred to as single cell oils (SCOs), have emerged in the last 
decade as a potential complementary feedstock for biodiesel production 
[82, 92, 114]; Meng et al., 2009; Kosa & Ragauskas, 2011). Oleaginous 
yeasts may provide unique platforms for the sustainable production of 
biodiesel due to some advantages over their plant and algal counterparts 
[1] such as-

No competition with food production.
Ability to grow in conventional microbial bioreactors.
Rapid growth rates.
Growth is unaffected by space, light or climatic variations.
Ability to utilize sugars derived from lignocellulosic biomass 
(LCB).
Easy to scale up.
Amenable to metabolic engineering approaches, which can 
be utilized to enrich specific desired fatty acids within the 
oils.

Using oleaginous yeasts in integrated biorefineries has many advan-
tages. Oleaginous yeast species are robust, can tolerate high sugar load-
ing, and resist pretreatment inhibitors, are viable for multiple generations, 
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versatile being able to utilize a range of different carbon and nitrogen 
sources.

Furthermore, the oleaginous yeast Yarrowia lipolytica has been regarded 
as ‘‘safe to use’’ industrial microorganism; thus, potential exists for other 
oleaginous yeast species to be regarded as safe for industrial manufactur-
ing purposes [46]. Existing infrastructure from first-generation biorefiner-
ies could be used for oleaginous yeast cultivation, and fermentation vessels 
would need to be modified or replaced to include agitation and air sparg-
ing systems.

The oleaginous yeast genera include, but are not limited to, Yarrowia, 
Candida, Rhodotorula, Rhodosporidium, Cryptococcus, Trichosporon, and 
Lipomyces. Oleaginous yeasts can produce SCO heterotrophically from 
a variety of low-cost feedstocks such as agricultural residues, food waste 
streams, and industrial co-products. The maximum calculated theoretical 
yield of lipid from yeast for sugar consumed is for glucose - 320 g/ kg and 
xylose 340 g/ kg, and the practical yield are for glucose 200 to 220 g/ kg for 
xylose 230 g/ kg [121].

Since the accumulation of lipids by oleaginous yeasts is species and 
growth substrate specific, not all isolates can be used as a feedstock for 
biodiesel production. Therefore, careful selection of the strains, growth 
substrates and characterization of lipid composition need to be performed 
to ascertain their suitability for biodiesel production [71].

SCO as a commodity-type oil has been hindered by competition from 
oilseed crops, where costs range from approximately $1.5–3/kg less. 
Although the use of SCO as a feedstock for biodiesel has received interest 
in recent years, high manufacturing costs prevent the stand-alone produc-
tion of biodiesel from SCO [136]. A recent techno-economic analysis by 
[83] determined that the cost of yeast SCO would be $3.4/kg, excluding 
feedstock costs or $5.5/kg including the cost of glucose as a feedstock. As 
more emphasis is placed on advancement of integrated biorefineries, the 
possibility of incorporating a yeast SCO biochemical platform for renew-
able fuels, chemicals, power, and products may become a reality [128].

The following sections describe the yeast SCO biochemistry, challenges 
and approach towards its genetic modification to maximize lipid yield, its 
cultivation, recovery and finally conversion into fuel entity. Throughout 
the chapter, yeast lipid has been highlighted as an alternative feedstock for 
biofuel production.

Before that, a brief account of LCB and its deconstruction strategies 
have been highlighted in the next section, considering various aspects 
of utilizing its fermentable sugars to produce yeast lipid as biofuel 
feedstock.
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14.3  Lignocellulosic Biomass and its Deconstruction

Lignocelluloses refers to vegetal dry matter (biomass), so called LCB, may 
be classified primarily into forest residues such as wood [6]; agricultural 
residues such as rice straw [194], wheat straw [152], cane bagasse [147], 
corn cob [5], corn stover [165]; industrial residues such as pulp and paper 
processing waste, and energy crops such as switchgrass [107]. It is com-
posed of carbohydrate polymers (cellulose, hemicellulose), and an aro-
matic polymer (lignin). Biomass is increasingly recognized as a valuable 
commodity, since it is an alternative to petroleum for the production of 
biofuels and chemicals.

LCB is a carbohydrate polymer that contains different sugar monomers 
(six and five carbon sugars) and they are tightly bound to lignin in a 4:3:3 
[108] ratios wherein the individual composition varies significantly (Table 
14.1) based on climatic conditions, agricultural practices, and other envi-
ronmental considerations [32]. The remainder contains a small amount of 
pectin, nitrogenous materials, ash and other extractives [65, 87, 117]. This 
polymer has evolved to resist degradation and to confer hydrolytic stabil-
ity and structural robustness to the cell walls of the plants. This robustness 
or “recalcitrance” is attributable to the cross-linking between the polysac-
charides (cellulose and hemicellulose) and the lignin via ester and ether 
linkages (USDEOS, 2006). Ester linkages arise between oxidized sugars, 
the uronic acids, and the phenols and phenylpropanols functionalities of 
the lignin. To extract the fermentable sugars, one must first disconnect 
the celluloses from the lignin, and then use acid or enzymatic methods 
to hydrolyze the newly freed celluloses to break them down into simple 
monosaccharides which are called cellobiose units. Lignin is reported 
to constitute of some alcoholic substances such as: p-coumaryl alcohol, 
coniferyl alcohol, snapyl alcohol etc. Another challenge to biomass fer-
mentation is the high percentage of pentoses in the hemicellulose, such 
as xylose, or wood sugar. Other than xylose there are arabinose, galactose, 
mannose, rhamnose etc. also in hemicelluloses. These different types of 
pentose and hexose sugar moieties are linked to form galactomannan and 
gucuronoarabinoxylan like units in hemicelluloses. Unlike hexoses such as 
glucose, pentoses are difficult to ferment (Figure 14.1).

One of the greatest problems that the world is facing today is that of 
environmental pollution, increasing with every passing year and causing 
grave and irreparable damage to the earth [66]. Different international 
unions worldwide are conscious about the impact of environment started 
to increase their initiatives in identifying environment friendly materials 
which are not synthetic and primarily based on natural resources. In this 
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senario, alternative straeties are urgently needed so that sustianable poly-
mers could be developed from renewable natural sources. This would sig-
nificantly reduces our present dependence on petrifacted resources and 
balacing between the consumption and producion rate of carbon dioxide. It 
could be easy to predict that biomass and biomass derived materials would 
be one of the most potential and highly promising alternative [64, 190]. 
Biomasses including agro masses like straw, baggasse etc. are synthesized by 
utilizing atmospheric carbon dioxide, natural water and sunlight through 
the process of photosynthesis.

LCB is considered as one of the most demanding feedstock for energy 
production because it is a renewable and widely-distributed energy 
resource, and can be developed sustainably in the future with net zero 
carbon emission [131, 191]. Worldwide many scientists have believed 
that LCB derived fuel chemicals (second generation cellulosic fuels) are 
the sustainable energy source to satisfy both energy replacement. [99, 159, 
162]. Furthermore, it has positive environmental properties, such as low 
sulfur and nitrogen content (relative to coal) which allows LCB usage more 
eco-friendly than the fossil fuels having higher sulfur and carbon contents. 
With this expectation, over the past few decades, biorefining of lignocel-
lulose feedstock is attracting worldwide interest. This lignocellulose feed-
stock can be utilized to produce biofuels, biomolecules and biomaterials 
[3, 13, 160].

To derive chemicals from LCB based on sugar platform [8, 56], decon-
struction of the feedstock by the pre-treatment methods is essential before it 
can be effectively utilized. These processes alter the bonding characteristics 

Plant Plant cell

Hemicellulose

Cell wall

Microfibryl

CelluloseLignin

Figure 14.1 The main components and structure of LCB from the plant source.
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of the individual LCB components by significantly modifying the supra-
molecular structure of the polymeric matrix [25].

Various methods of biomass fractionation have been extensively inves-
tigated in the last decade by researchers worldwide and have been classi-
fied such as mechanical, chemical, physicochemical, biological treatments 
or different combinations of those. Some of them include milling, steam 
explosion, ammonia fiber explosion (AFEX), supercritical CO

2
 explosion, 

alkaline hydrolysis, liquid hot-water pre-treatment, organosolv processes, 
wet oxidation, ozonolysis, dilute- and concentrated acids hydrolyzes, and 
biological pretreatments (Table 14.2).

LCB hydrolysis generates a mixture of sugars including the hexoses 
such as D-glucose, D-galactose, and D-mannose, and the pentoses such as 
D-xylose and L-arabinose, and uronic acids. The most abundant hexose is 
glucose while xylose is typically the principal pentose. Arabinose fraction 
found in LCB hydrolysates can be significant depending on the materi-
als and the process, e.g., a dilute acid hydrolysate of sugar cane bagasse 
used for fermentation which contain 75.7 g/L xylose, 13.5 g/L arabinose 
(with mannose) and 13.2 g/L glucose [100]. On the other hand, the sulfite 
cooking of spruce resulted in the liquor containing 34.3% arabinose, 25.5% 
xylose and 4.4% glucose [178].

SCO production from oleaginous yeasts has been demonstrated using 
biomass hydrolysates as the feedstock (Table 14.3) but is deficient of high 
lipid coefficient and excessively high costs as well [61, 62, 183].

Y. lipolytica Po1g cultivation was reported on sugarcane bagasse hydro-
lysate that gave lipid titer of 6.68 g/L corresponding to 58.5% lipid content 
[171]. Tsigie and coworkers [170] have also demonstrated that Y. lipolytica 
could produce up to 48.02% lipid on defatted, detoxified rice bran hydro-
lysate. Sorghum bagasse hydrolyzate, another lignocellulosic residue, was 
utilized by Cryptococcus curvatus to produce 0.19 g/g neutral lipid/gram of 
sugars (glucose and xylose) [94]. In another study, C. curvatus was found to 
accumulate 33.5% (w/w) lipid when grown on wheat straw pretreated with 
dilute sulfuric acid [183]. Corn cob hydrolyzate has been used for lipid 
production by Trichosporon cutaneous [26] and Lipomyces starkeyi [60] 
with lipid contents of 36% and 47%, respectively. The lipid coefficient was 
17.4% (w/w) in case of T. cutaneum and 20.9% in case of L. starkeyi. Corn 
cob hydrolyzed by cellulase obtained from Trichoderma reesei was used for 
lipid production using Trichosporon dermatitis which accumulated up to 
40.1% lipid content resulting in 9.8 g/L lipid concentration corresponding 
to 16.7% lipid content on dry weight basis (w/w) [59]. Corn cob residue 
which is the cellulose-rich residue left over after xylan extraction from corn 
cobs for xylitol production has also been used for lipid production [40]. It 
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was hydrolyzed enzymatically by a commercial enzyme preparation and 
used to grow T. cutaneum ACCC 20271 yielding a lipid content of 32.1%. 
The similar substrate after de-lignification was also used for lipid produc-
tion by Cryptococcus curvatus ATCC 96219 with a lipid content of 44.36% 
[97]. In contrast, Rhodotorula graminis was grown on undetoxified corn 
stover hydrolysate and produced 34% lipid content with lipid productivity 
of 0.21 g/L/h [39]. Rhodotorula mucilaginosa TYJ15a was also shown to 
accumulate 52.9% (w/w) of lipid by fed-batch cultivation on cassava starch 
hydrolysate [91].

Not all oleaginous yeasts can utilize all of the lignocellulosic sugars 
efficiently. Particularly, the pentose sugars (e.g., xylose) making up the 
hemicellulosic fraction are not readily metabolized by some yeasts or 
so with weak efficiency. Y. lipolytica model organism for lipid accumu-
lation is unable to naturally grow on xylose as the sole carbon source. 
Consequently, the xylose sugars act as a barrier for efficient conversion 
of whole biomass to lipids by oleaginous yeasts making it crucial factor 
to achieve favorable process economics. The production of yeast SCO 
from hemicellulosic hydrolysates is being explored recently with reports 
on R. mucilaginosa, Rhodosporidium toruloides with sugarcane bagasse as 
source of xylose rich stream [10, 21, 73]. However, most yeasts ferment 
glucose before consuming pentoses because of the glucose repression. 
This preferential utilization of glucose results in delayed fermentation 
time and lower productivity.

Therefore, co-fermentation of lignocellulosic sugars could achieve 
cost-effective conversion of LCB to microbial lipid. Significant effort has 
focused on identifying yeast species which can simultaneously consume 
the multiple sugars and efficiently use them for lipid accumulation. [54] 
reported production of similar biomass yields, lipid contents and fatty 
acids on glucose plus xylose mixed in varying proportions by Candida cur-
vata D in a single stage chemostat culture. Lipomyces starkeyi gave 61.5% 
(w/w) lipid content through co-fermentation of glucose and xylose (2: 1 
wt/wt) in an optimized medium [189]. Trichosporon cutaneum assimilated 
both the glucose and xylose, and simultaneously accumulated intracellular 
lipid up to 59 wt% with a lipid coefficient up to 0.17 g/g sugar. This values 
of assimilation has been recorded upon the cultivation on a 2:1 glucose/
xylose mixture in a 3-liter stirred-tank bioreactor. Simultaneous utilization 
of glucose and xylose by the yeast was also seen during corn-stover hydro-
lysate fermentation with a lipid content and coefficient of 39.2% and 0.15 
g/g sugar, respectively [58]. Yu and team [184] explored the co-utilization 
of glucose, xylose, and cellobiose by C. curvatus wherein the consumption 
of both xylose and cellobiose was repressed by glucose, while xylose and 
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cellobiose could be simultaneously consumed at similar rates. Recently, 
notable simultaneous utilization of a mixture of the sugars – glucose, 
xylose and arabinose was shown by Pseudozyma hubeiensis but it took ten 
days [167].

To integrate biomass hydrolysis and lipid production processes and 
enhance the overall efficiency, [42] evaluated three different processes, 
namely, separated hydrolysis and enhanced lipid production (SHELP), 
simultaneous saccharification and lipid production (SSLP) and simul-
taneous saccharification and enhanced lipid production (SSELP). The 
SSELP process integrates the biomass hydrolysis step and an enhanced 
lipid accumulation step, to effectively convert lignocellulosic materials 
into lipids. Specifically, cells prepared in a nutrient-rich medium were 
inoculated at high dosage for lipid production in biomass suspension 
in the presence of hydrolytic enzymes without auxiliary nutrients [42]. 
In a recent study, ionic liquid-pretreated corn stover was converted into 
lipids by the oleaginous yeast Cryptococcus curvatus according to the 
SSELP process, and the lipid coefficient for the regenerated corn stover 
was 112 mg/g in the presence of adequate amounts of cellulase, xylanase, 
and β -glucosidase. More recently, it was found that C. curvatus had the 
unique feature of converting oligomeric sugars of biomass origin into 
lipids in the absence of exogenous cellulolytic enzymes and that oligo-
meric sugars were transported into C. curvatus cells. The oligomeric 
sugars are hydrolyzed by cytoplasmic enzymes. Special emphases were 
put on reducing enzyme loading as well as enabling enzyme recovery. 
Attempts were also made to use recycled enzymes from the SSELP pro-
cess [43].

14.4  Biochemistry of Lipid Biosynthesis

Yeasts can accumulate lipids by two pathways depending on the carbon 
source. The ex novo pathway occurs in presence of hydrophobic substrates 
like fatty acids, triglycerides, and alkanes. In ex novo pathway, yeasts like 
Yarrowia, Candida, and Torulopsis utilize hydrophobic substrates (HS) by 
active transport and assimilation occurs in an unchanged or modified form 
at different rates for substrate fatty acids [119]. In the case of the ex novo 
pathway, lipid accumulation occurs along with cell growth is independent 
of extracellular nitrogen concentration [2]. When fats are the sole source 
of carbon and energy the principle enzymes (ATP-citrate lyase (ACL) and 
FAS) of the de novo pathway are not expressed, and metabolism of lipids 
does not proceed via acetyl-CoA [121]. Oleaginous yeasts modify the fatty 
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acid composition of the hydrophobic substrate on which they are grown 
resulting in significantly altered fatty acid profile of the stored intracellular 
lipid [120].

The de novo pathway occurs when cultivation is carried out on sugar-
based media with acetyl-CoA as the main intermediate in cellular metabo-
lism [121]. Yeasts are grown in the presence of a high carbon concentration 
and nitrogen-limiting conditions, wherein, they utilize sugars like glucose, 
xylose and different wastes like molasses, crude glycerol, whey, etc. to accu-
mulate intracellular lipid [137]. Under nitrogen-limiting conditions, citrate 
is excreted from the mitochondrial matrix into the cytoplasm where it is bro-
ken down to acetyl-CoA and oxaloacetic acid by the enzyme ACL [27]. The 
presence of ACL is an important marker to determine the oleagenicity of a 
given microorganism with the absence of the enzyme leading to an accu-
mulation of citric acid rather than lipid [28, 121]. The exhaustion of phos-
phorous from the medium resulted in similar biochemical events as during 
nitrogen depletion. There was a decrease in mitochondrial isocitrate dehy-
drogenase activity due to the depletion of the allosteric activator adenosine 
monophosphate (AMP). Phosphate exhaustion induced AMP breakdown to 
release inorganic phosphate for other cellular processes. However, the cell 
number, as well as lipid free biomass, continued to increase until the carbon 
source exhausted [98].

Fatty acid synthesis (FAS) is a step by step addition of acetyl-CoA units 
(mostly as malonyl-CoA) finally resulting elongated fatty acid chain, for 
example, palmitate (C16 saturated). The biosynthesis of fatty acids, there-
fore, requires the constant supply of acetyl-CoA as initial biosynthetic unit, 
malonyl-CoA as the elongation unit and reducing equivalents in the form 
of NADPH [176].

The fatty acids produced by the FAS complex are then esterified in the 
glycerol backbone to form Triacyl Glycerols (TAG s) [27, 49]. The whole 
process is known as the storage lipid pathway, and its end products form 
the neutral lipid fraction of the cell, packed inside the LB [18].

SCO or neutral storage lipid accumulation is the biochemical process of 
storing carbon (often from sugars) as TAG. The theoretical yield of TAG 
synthesized from sugars is dependent on FA chain length and the degree 
of unsaturation. According to [134], the synthesis of one molecule (mol) of 
trioleoylglycerol (C

57
H

104
0

6
) requires 16 mol of glucose or xylose. To char-

acterize the production of lipid or oil, researchers often refer to the yield 
as the mass of oil produced per mass of dry cell weight (Y

P/x
). Because 

oil is produced intracellularly, this “yield” is essentially the oil content of 
the dry yeast cell. Although this can be used to describe a microorgan-
ism’s oil-accumulating ability, it does not reflect the chemical conversion 
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yield derived from the stoichiometric balance described above. The yield 
of product per unit of substrate (Y

P/S
), also known as the lipid coefficient, 

is a more suitable representation. One mole of glucose, when metabolized 
exclusively via glycolysis, generates two moles pyruvate; thus, it can be cal-
culated that approximately15 mole glucose are needed to synthesize 1 mole 
triacylglycerol; i.e., 100 g glucose will provide maximally 32 g lipid, assum-
ing that glucose is not used for the synthesis of any other product-which, 
of course, it is.

This calculation is valid if all the sugar that is taken up by the cell is 
utilized in lipid biosynthesis. The maximum theoretical yield of SCO from 
xylose is 0.34 g/g [98]. Similarly, glycerol which it is considered as the 
best substrate for many oil-producing organisms due to its availability as 
main byproducts of biodiesel has a maximum theoretical yield of 0.30 g/g. 
However, inside the cell, it does not hold true as the carbon flux is diverted 
towards other metabolites as well. Under the best growth condition (i.e., 
in a chemostat) the highest yields of lipid that have been obtained are 22 
g/100 g glucose used [31, 134, 182].

14.5  Genetic Modification for Enhancing Lipid Yield

Genetic exploitation of microbial lipid pathway is being pursued to improve 
lipid production with an ultimate aim of increasing biofuel production. 
Numerous works have been reported in this direction with yeasts, fungi, 
algae as host organisms for modifications. Recently [155] reviewed the 
bottlenecks of yeast metabolic engineering to produce fatty acid derived 
biofuels. They have identified five factors related to yeast metabolic engi-
neering, namely (1) FAB precursors’ supply limitation, (2) cofactor supply 
limitation, (3) tight regulation of FAS pathway, (4) toxicity of fatty acid and 
its derivatives, and (5) lack of genetic information for oleaginous yeasts. 
However, lipid overproduction and qualitative improvement could be 
broadly achieved through two ways as discussed below.

14.5.1  Over-Expression of Key Metabolic Genes

Since the enzyme, acetyl CoA carboxylase encoded by the gene ACC 
catalyzes this first committed step of fatty acid biosynthesis. The ACC1 
enzyme, therefore, seems to be directly responsible for providing the 
malonyl-CoA for cytoplasmic FAS. The over expression of ACC1 from 
fungi, Mucor rouxii in non-oleaginous yeast, Hansenula polymorpha led 
to a 40% increase in total fatty acid content [88, 138]. On the other hand, 
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[163] achieved two folds increase in the lipid content in Y. lipolytica by 
over expression of endogenous ACC1. This two fold increase could be 
resulted in tight regulation of ACC, an assumption further strengthened 
by the observation that accumulation of acyl-CoA in acyl-CoA synthe-
tase mutant decreased the ACC activity by eight folds in Y. lipolytica [15, 
70]. A multiple gene approach involving co-expression of ACC with other 
genes such as FAS1 and FAS2 in the model yeast Saccharomyces cerevisiae 
resulted in a 17% increase the lipid accumulation [18]. The replacement of 
native promoters of the fatty acid biosynthesis genes with strong constitu-
tive promoters, such as TEF1 promoter also increased the lipid production 
in S. cerevisiae. [18]. Studies have also been carried out to know the syner-
gistic effect of ACC and DGA on biosynthesis of fatty acid. Co-expression 
of ACC1 and DGA1 in Y. lipolytica led to a five-fold increase in the overall 
lipid yield compare to non-engineered yeast [53, 163]. The enhanced lipid 
accumulation can be attributed to a better balance between the fatty acid 
and TAG synthesis pathways

ACL is a key enzyme for lipid accumulation in mammals and oleaginous 
yeasts and fungi that catalyzes the conversion of citrate to acetyl-CoA and 
Oxaloacetate [47, 89]. This enzyme is possibly catalyzes the rate-limiting 
step for lipid biosynthesis as the specific activity of ACL enzyme seems 
to correlate with the specific rate of lipid synthesis [22, 124]. A 1.7-fold 
increase in the productivities of fatty acids and 1.9-fold increase of TAG 
relative to the parental strain was observed in the ACL-enhanced expres-
sion in Aspergillus oryzae [130, 164].

DGAT catalyzes the last step of TAG formation to form TAG from 
DAG and fatty acyl CoA [52, 181]. The substrate of DGAT, DAG, could 
be allocated to either phospholipid biosynthesis or TAG formation. 
Overexpression of DGAT would commit more DAG to TAG formation 
rather than phospholipid formation suggesting that the reaction cata-
lyzed by DGAT is an important rate-limiting step in lipid biosynthesis. 
Recently, DGA has been emphasized for its effect on growth and lipid 
synthesis in yeast [48, 50, 163]. Yeast transformed with the Arabidopsis 
DGAT led to a 3–9-fold increase in TAGs accumulation [23, 51]. In Y. 
lipolytica, three acyltransferases (DGA1/DGA2/PDAT) are involved in 
the final step of TAG biosynthesis, in conversion of diacylglycerol (DAG) 
into TAG. Transcriptomics analysis of these acyltransferases revealed 
that only DGA2 is expressed differently during lipid accumulation phase 
[111, 141].

In another strategy involving the GUT2 gene which catalyzes the 
dihydroxyacetone phosphate (DHAP) formation from G3P was deleted 
to boost G3P availability in Y. lipolytica, leading to a 3-fold increase in 
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lipid accumulation compared to the wild-type strain [18, 142]. It was also 
understood from the studies that the overexpression of the Glycerol-3-
phosphate dehydrogenase1 (GPD1) gene, catalyzing the conversion of 
DHAP to G3P, results in a fourfold increase in lipid accumulation. Above 
mentioned modifications combined with deletions of the acyl-CoA oxi-
dase (POX) genes, nullify the effect of β-oxidation, resulting in recombi-
nant yeast strain with a potential of accumulating more than eighty percent 
of its mass as lipids [139].

ME have been reported to be widely distributed in range of eukaryotic 
organisms, from fungi to mammals and participate in diverse metabolic 
pathways such as photosynthesis, energy metabolism and lipogenesis 
[44, 55, 110]. They are localized in range of subcellular locations, includ-
ing the cytosol, mitochondria, and chloroplast. There are three types of 
malic enzymes have been reported according to the coenzyme specific-
ity and ability to catalyze the decarboxylation of oxaloacetate, [174]; (1) 
L-Malate:NAD+ oxidoreductase (oxaloacetate decarboxylating; EC 1.1.1.38, 
uses NAD+ as coenzyme); (2) L-Malate: NAD+ oxidoreductase (decar-
boxylating; EC 1.1.1.39, uses NADP+ as a coenzyme in some cases, but 
prefers NAD+) and (3) L-Malate: NADP+-oxidoreductase (oxaloacetate 
decarboxylating; EC 1.1.1.40, NADP+- dependent) catalyzes the oxidative 
decarboxylation of L-malate to pyruvate with the concomitant reduction 
of NADP+ in presence of divalent cations (Mg2+ or Mn2+) as cofactors. The 
NADP+ dependent cytosolic malic enzyme (ME; EC 1.1.1.4 0) has been 
proposed to be the key supplier of NADPH for lipid biosynthesis in ole-
aginous yeasts. It is suggested that most of the oleaginous microorganisms 
are believed to have a concerted lipogenic metabolon complex between the 
ME, ACL and FAS to create a pathway for the metabolites (NADPH and 
acetyl-CoA) toward the FAS active sites.

Over-expression of this enzyme resulted in increase in lipid accumu-
lation in some yeasts while in others it was found to be absent and did 
not increase lipid content to significant extents. Amongst one of the ear-
lier studies a 2.5-fold increase in lipid accumulation in the oleaginous fun-
gus, M. circinelloides was observed on over-expression of its malic enzyme 
when placed under the control of GPD1 promoter [188]. Similarly, R. glu-
tinis over-expression of malic enzyme from M. circinelloides increased the 
lipid content from 19% of the biomass to 39% [93]. Thus, this has proved to 
be a good strategy of enhancing malic enzyme activity and concomitantly 
increasing lipid yield.

Some other strains were identified in which lipid production took place 
but without occurrence of NADP+ dependent malic enzyme contradict-
ing its role as sole provider of NADPH [166, 186]. This included strain 
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of Yarrowia lipolytica which contained only one ME gene which is the 
mitochondrial form [33, 186]. The homologous over-expression of this 
ME (YALI0E18634g) did not result in any increase in the lipid content of 
wild type Y. lipolytica. This was attributed to ME’s low affinity for NADP+ 
to provide NADPH and secondly its location in the mitochondria. It was 
therefore implied that ME might not play an important role in lipid pro-
duction in Y. Lipolytica [16].

The above observation concluded that although ME plays critical 
part in most of species, it couldn’t supply the required reducing prowess 
[135]. The other observation is that the NADPH provided by the Malate 
Dehydrogenase-Malic Enzyme cycle might not be essential for lipid accu-
mulation, but it might be significant to maintain high lipid productivity 
[116]. Overall malic enzyme (ME) does play a role in the regulation of fatty 
acid biosynthesis. This is further supported from the stoichiometry of FAS 
which predicts that if PPP is the only provider of NADPH in presence of 
ME, predicted yield of TAG from glucose falls to 27.6% w/w from 31.6% 
[135, 140].

Investigation of the regulation of ME on lipid production in oleagi-
nous microorganisms is expected to have good application prospect as it 
will influence the lipid production abilities of the strains. Although malic 
enzyme has been found not to be playing any role in the FAS of some 
yeasts yet it plays an important part in the lipid accumulation process of 
most other oleaginous microorganisms. If it could become possible to 
modulate the activity of malic enzyme in any way either by making bio-
chemical changes or through genetic engineering, this would offer an eco-
nomic advantage to the overall process of yeast lipid production. Malic 
enzyme activities can be influenced by optimization of culture conditions 
like oxygen concentration, carbon, and nitrogen source. On another hand, 
genetic engineering approaches for improved lipid productions have dem-
onstrated ME as one of the most hopeful targets for gene transformation 
[140, 153]. ME over-expression or co-expression with other gene targets 
can increase lipid accumulation in transgenic strains. The aspect of genetic 
modification should be explored to greater extents because of its great 
effectiveness.

14.5.2  Blocking Competing Pathways

Decreasing lipid catabolism can be a complementary strategy to increase 
lipid accumulation for which the genes directly involved in β-oxidation 
of fatty acids can be a target for inactivation. Several reports have shown 
that knocking out genes involved in b-oxidation in S. cerevisiae not only 
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led to increased amounts of intracellular free fatty acids but also results 
in extracellular fatty acid secretion in some instances [106, 150]. Y. lipo-
lytica contains six AOXs, encoded by the POX1 to POX6 genes, which 
catalyze the limiting step of peroxisomal β-oxidation can accumulate 
lipids to levels exceeding 50% of cell dry weight [16]. A modification of 
the POX genotype is useful in preventing lipid degradation and therefore 
leads indirectly to an increase in lipid accumulation [17]. Elimination of 
peroxisomal oxidation pathway and engineering of glycerol metabolism 
showed 40–70% increase in lipid content by ex-novo lipid accumulation in 
Y. lipolytica [163]. Besides carbon flux provision of reducing equivalents is 
another strategy to enhance biofuel production. Over-expression of genes 
involved in this process has led to substantial increase in lipid produc-
tion in some yeast. The Malic enzyme gene is considered the provider of 
NADPH in most oleaginous organisms and plays an important role in lipid 
accumulation.

14.5.3  Challenges in Genetic Engineering of Yeast

Although the biosynthetic biochemical pathways of oleaginous yeast are 
not very different from that of low oil containing yeasts, such as S. cerevisiae, 
only few of the high oil-producing yeast like Y. lipolytica are the model 
organisms for genetic engineering studies. Among the oleaginous fungus 
members of Mortierella, Mucor are the most extensively studied microbes. 
However, several other oleaginous yeasts such as C. curvatus, L. starkeyi, R. 
toruloides, R. glutinis are yet to be explored. Tools for genetic modification 
of these organisms need to developed and more genome information will 
be required to enable them for increased lipid yields. Moreover, although 
several genetic engineering processes to improve biodiesel production 
have yielded satisfactory results at laboratory scale level, commercializa-
tion requires scaling up of these processes to reach very high yields and 
productivities without losing performance, which is the greatest challenge 
in commercialization.

14.6  Fermentative Cultivation, Recovery of Yeast 
Lipids as SCO and Production of Biofuel

The first commercially viable SCO process was the production of an oil-
rich in γ-linolenic acid (GLA) using oleaginous mold Mucor circinelloi-
des [30]. Thus, microbial lipids have only been produced commercially for 
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high-value unsaturated fatty acids so far; process development for bulk 
production is still in infancy.

Unlike filamentous fungi, yeasts can produce limited amounts of PUFA 
and high contents of stearic acid (18:0) can be observed by in SCOs of 
some strains. This fact was utilized for the large-scale (pilot) production of 
a cocoa butter equivalent (CBE) fat using wild-type strain of yeast, Candida 
curvata (now Cryptococcus curvatus). The process was scaled to 250 m3 
and a production process was demonstrated using oleaginous yeast that 
produced palm oil equivalent using lactose as feedstock originating from 
the cheese creamery processes in New Zealand [30]. Recently a successful 
pilot-scale process for yeast oil based biodiesel production was reported by 
[158] using yeast R. toruloides DEBB 5533. It involved fed-batch fermen-
tation at 1000 L working volume and a low-cost medium composed by 
sugarcane juice and urea.

Submerged fermentation has been conducted for de novo lipid accu-
mulation in shake-flask, batch-bioreactor, fed-batch bioreactor, and con-
tinuous culture modes using a large variety of substrates as carbon sources 
e.g. analytical/industrial sugars, cheese whey, molasses, waste glycerol, 
organic acids, lignocellulosic hydrolysates, municipal waste water, food 
waste hydrolysate [121]. The lipid yield and energy input was estimated 
by [103] for large-scale production of SCO for biodiesel from agricultural 
waste using lipid-accumulating yeast. The study evaluated both submerged 
and solid-state fermentation processes. Submerged fermentation a well-
controlled cultivation system is suitable for yeasts while solid-state fer-
mentation is the culture of usually a filamentous fungus, on a (wet) solid 
matrix without free water. A detailed techno-economic process evaluation 
the production of microbial oil or biodiesel was provided in case of the 
glucose-based media fermentation by the yeast strain R. toruloides [84]. 
The study emphasized the importance of the feedstock used and the fer-
mentation stage where higher productivities and final yeast oil concentra-
tions should be achieved.

The intra-cellular lipid synthesis and its storage via de novo lipid accu-
mulation is a non-growth associated process, and thus SCO is a secondary 
fermentation product. A two-stage fermentation process is often employed 
to induce lipid accumulation. The first stage is targeted at biomass for-
mation by promoting cellular growth while, a nutrient stress-response 
is induced during the second stage, mostly nitrogen limitation, caus-
ing metabolic shift to storage lipid synthesis and accumulation. The lipid 
accumulation process has been considered a combination of two different 
mechanisms: The first mechanism is a balanced cell growth phase, in which 
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lipid accumulation is proportional to non-lipid biomass generation. The 
second one involves lipid biosynthesis independent from the production 
of non-lipid cell mass and was performed through the formation of a rate-
controlling lipid intermediate between sugar and storage lipid describing, 
the nitrogen-limited phase (unbalanced growth phase) [121]. However, a 
very limited number of modeling studies of growth and lipid accumulation 
have been conducted so far on oleaginous yeasts using both hydrophilic 
and hydrophobic substrates.

The yeast lipid content is known to be dependent on some factors namely 
the strain and the species, growth phase, type and concentration of carbon 
source, nitrogen type and level, C/N ratio, pH temperature, phosphorus 
level, growth factors, trace metals. This information resource has been uti-
lized for fermentation process parameter optimization aimed at increasing 
cell mass and lipid production from some oleaginous yeast species. Some 
representative studies are summarized in Table 14.4.

Oleaginous yeasts are known to accumulate different amounts of 
microbial oil with varying fatty acid profiles, depending on the substrate 
or growing conditions. Leiva-Candia et al. [90] evaluates the most rel-
evant aspects regarding yeast oil production using agro-industrial waste 
as culture media and the potential of yeast oil as feedstock for biodiesel 
production.

The statistical optimization strategies have been used successfully for 
improving the SCO production in oleaginous yeasts using response sur-
face methodology (RSM) [10, 59, 143]. RSM not only identifies the vari-
ables affecting a process but also specifies the levels of the variables that 
maximize product formation. It can also infer on the interactions that 
exist between the variables that affect the outcome. The mathematical 
process model generated by RSM may be used for prediction purposes, 
and its analysis could suggest ways for obtaining even higher production 
[109].

Recovery of biomass, extraction of lipids and fatty acid profiling are 
the major steps of whole downstream processing of oleaginous yeast-
based bioprocess. Yeast lipids are intracellular and protected by rigid cell 
wall with other membrane systems. Yeast cell is known to possess a quite 
complex set of lipid molecular species (around 150) identified to date and 
includes membrane phospholipids, storage triacylglycerols, and sphingo-
lipids. A total lipid analysis from yeast cells is a difficult task due to major 
differences in chemical nature and abundance, starting with cell break-
age and extraction, and various qualitative and quantitative analysis lev-
els [81]. There has been lack of a single method of choice that results in 
100% lipid recovery. An ideal yeast lipid extraction method should allow 
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comprehensive and quantitative determination of all the diverse molecular 
lipid species. Multiple extraction protocols have been developed over the 
years in the literature, and a great deal has been reported on laboratory 
scale extraction of lipids from yeasts. Jacob [67] provided the state of the 
art of the yeast-lipid extraction methodologies conducted in the labora-
tory, as well as pilot-plant operation. A given solvent system may not be 
able to extract all lipid classes present in yeast cell with the same efficacy, 
and thus, alternative procedures may need to be considered depending on 
the type of lipid under analysis. In other words, the extraction of total lip-
ids or a specific component requires specific procedures. As yeast lipids are 
polar and non-polar, a suitable solvent system is essential for effective lipid 
extraction.

Biomass conditioning, solvent extraction, and lipid extract washing are 
the three general steps of yeast lipid recovery. Conditioning of the yeast 
biomass involves the treatment of the cells to make it accessible to efficient 
solvent contact and extraction by affecting cell wall permeability. These 
include treatment by enzyme, chemical (acid, alkali, and detergent) or any 
physical or mechanical means (ball milling, pressure extrusion, sonica-
tion). These conditioning methods result in breakage of the rigid cell wall 
and thus favor more accessibility to solvents for extraction without affect-
ing the native state of the lipids.

The liquid-liquid extraction of lipids is carried out by one of the three 
methods widely cited in the literature [20, 37, 177]. Chloroform/methanol 
(2:1, v/v) is used as the extracting solvent in all three methods. The labora-
tory protocols based on glass bead disruption in the presence of organic 
solvents have been developed to quantitatively extract lipids from yeast cells 
[76, 151] and have been applied to oleaginous yeasts [71] for SCO recovery. 
Lipid extracts tend to trap water soluble non-lipid material, and such impu-
rities are removed by washing with various aqueous salt solutions such as 
0.88% KCl, 0.0034% MgCl

2
.

Fatty acid composition of the lipid extract is typically performed by gas-
liquid chromatography after transmethylation of lipid fatty acids to their 
respective volatile methyl esters. One of the advantage of using Yeast as 
a production system lies on the fact that, polyunsaturated fatty acids are 
absent in yeast lipids, which are susceptible to (per) oxidation. So, in case 
of yeast during the isolation procedure, no specific precautions need to be 
taken.

The conversion of yeast oil to biodiesel is accomplished through trans-
esterification reaction. It is conducted in the presence of a suitable acid/
base catalyst and alcohol (e.g. methanol/ethanol) yielding corresponding 
alkyl esters (e.g. FAME/ FAEE) along with glycerol as a side product. The 
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glycerol produced alongside has other industrial applications. Acid cata-
lysts are preferred when SCO is with high free fatty acid content. Lipase 
mediated biocatalytic transesterification is efficient and eco-friendly but 
yet commercially non-viable.

The methods investigated for yeast oil transesterification are based on 
either direct transesterification (without extraction of SCO from the yeast 
biomass) or conventional two-step extraction-transesterification where 
SCO is extracted and then transesterified. The techno-economic evalua-
tion of biodiesel production from biomass of oleaginous yeast R. toruloides 
via two transesterification processes was recently investigated [84].

Earlier, [95] demonstrated the production of FAME with acceptable CN 
(56.4–63.5) and reported the SCO to FAME conversion yields higher than 
90% (w/w) via direct acid-catalyzed transesterification of three oleaginous 
microorganisms including yeasts Lipomyces starkeyi and R. toruloides. Zhu 
et al. [193] reported the conversion of Trichosporon fermentans derived 
oil into FAME via base catalysis after removal of free fatty acids at a con-
version yield of 92% (w/w). Recently, [73] reported direct acid catalyzed 
transesterification for estimating the total lipid content of R. mucilaginosa 
IIPL32 and to determine its biofuel potential. The commercialization of 
yeast SCO transesterification for biodiesel production is dependent on the 
development of fermentation processes with high values of lipid yield, pro-
ductivity, and lipid titer.

Other than trans-esterification, selective catalytic deoxygenation of SCO 
can lead to production of renewable hydrocarbon while catalytic cracking 
and isomerization can further yield hydrocarbon of desired fuel range, i.e., 
gasoline, ATF or diesel.

14.7  Characterization of Yeast SCO: Implications 
towards Biodiesel Properties

The biodiesel properties have been included as specifications in different 
biodiesel standards (ASTM D6751; EN14214). Those include a range of 
physical properties such as density, kinematic viscosity, cetane number 
(CN), distillation range, flash point, pour and cloud point and chemical 
properties such as acid number, iodine value, ester content, copper corro-
sion, sulfur, and phosphorus content, total sulfur, oxidative stability.

Biodiesel composition reflects the fatty acid profile of the feedstock used 
and being a mixture of different fatty esters; each ester component contrib-
ute to the properties of the resulting fuel [77, 79].
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Few key fuel properties are known to be directly dependent on the 
structure of its component fatty esters defined by chain length and degree 
of saturation such as ignition quality (CN), oxidative stability, kinematic 
viscosity, cold flow (cloud and pour point).

As composition of SCO varies with the oleaginous yeast strain used, 
with different proportions of saturated and unsaturated fatty acids, 
the resulting biodiesel would have different fuel properties depending 
on the feedstock yeast oil. For example, a higher content of saturated 
FAME results in high CN, better oxidative stability, but poor cold flow 
properties. On the other hand, a higher total polyunsaturated content 
result in better cold flow properties but may lower oxidative stability 
of the fuel.

Moser and Vaughn [112], demonstrated the potential of fatty acid 
composition as an important tool for screening and selection of biodiesel 
feedstock. Monounsaturated fat content is desirable, and a prerequisite for 
good biodiesel quality as such fatty acids impart better characteristics con-
cerning ignition quality (CN), fuel stability, and flow properties. Therefore, 
methyl palmitoleate (16:1) or oleate (18:1) is warranted being liquid at 
room temperature and are desirable for good CN without any adverse 
effect on cold-flow properties.

An ideal biodiesel is made mainly of monounsaturated with balanced 
levels of saturated and polyunsaturated methyl esters [69, 112, 133] Moser 
& Vaughn, 2012; Kakkad et al., 2015). Table 14.5 summarizes the fatty 
acids and their influence on fuel properties followed by specifications of 
physicochemical biodiesel fuel properties and their significance.

14.8  Concluding Remarks

SCOs of oleaginous yeasts, though known since 1940, have not seen the 
commercial process development for biodiesel production because of 
bottlenecks associated with productivity on lignocellulosic, oil recovery 
and its conversion into FAMEs. Biodiesel production from oleaginous 
yeast starting with LCB should be developed as a multiproduct biorefin-
ery allowing complete use of starting material with minimal waste genera-
tion. The coupled production of value-added products and biodiesel may 
lead to its economic success. Authors propose a thorough investigation of 
product profiling through life cycle analysis by data generation from inte-
grated pilot plant with multiproduct biorefinery concept to achieve real-
time analysis.
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Abstract
Lignocellulose, which is produced from plant resources are the most abundant 

and cheap resources available in our earth that can be used for biofuel produc-

tion. It can be produced from all plant related wastes such as agricultural wastes, 

vegetables wastes, terrestrial plants etc. Lignocellulosic biofuels are one of the best 

supplements to fossil fuels for the production of energy. It is eco-friendly, renew-

able and acts as sustainable source of energy. The pre-treatment of lignocellulose 

includes many different processes such as enzymatic and chemical treatment for 

the production of different biofuels such as bioethanol, butanol etc. As lignocel-

lulosic biomass has the capacity to produce different biofuels thus it can be studied 

for the production of more different biofuels which is easy to transport, handle 

and feasible to be used in place of fossil fuels such as coal, petroleum etc. Many 

more studies are also done to enhance the production of biofuels in efficient way 

for more yield and consistence quality. Thus, the chapter of this book deals with 

the different pre-treatment processes of lignocellulose for high yield as well as con-

sistence quality of different biofuels. It also puts light on different possible biofuels 

that can be produced from the lignocellulose biomass.

Keywords: Lignocellulose; biofuels; pre-treatment

15.1  Introduction

As population is increasing, the demand of energy is also increasing. From the 
ancient times, fossil fuel is being used as the energy resource. But combustion 
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of fossil fuel leads to pollution which is a major environmental problem [1]. 
As well as fossil fuel is also not sustainable resource. Thus to fulfil the increas-
ing demand of energy, biofuel is the best supplement of fossil fuels [2].

Biofuels are the biochemical resources which can be used as fuels but 
generated from photosynthetic living biomass such as plant resources, or 
microbial resources such as vegetable wastes, food industry wastes, algae, 
bacterial etc. [2]. Due to the local availability of photosynthetic biomass 
and its renewable nature sustainable development of industry depending 
on renewable resource occurs, which leads to economic development in 
developing countries [3–5]. Biofuels can be categorized into primary and 
secondary biofuels. Primary biofuels are produced directly from unpro-
cessed plant and animal waste whereas secondary biofuels are produced 
from processed biomass. Biofuels are further divided into first generation, 
second generation, and third generation biofuels. First generation biofuels 
are produced from sugar and oil rich crops that are generally edible crops 
whereas second generation biofuels are produced from waste biomass and 
third generation biofuel such as biodiesel is produced from microorganism 
such as algae [6–8]. Photosynthetic plants not only help to produce biofuel 
but also help in fixing carbon dioxide in the nature. Photosynthetic process 
occurs in two stages i.e., light dependent and light independent [4]. In light 
dependent pathways, the light energy is directly absorbed by the chlorophyll 
and converted to Adenosine triphosphate (ATP) and Nicotinamide adenine 
dinucleotide phosphate with hydrogen (NADPH). During this process elec-
tron transport chain is activated by the electron carriers present in thyla-
koids such as Ferredoxin, Plastoquinone, Plastocyanin, and Cytochrome 
C. Ferredoxin Nicotinamide adenine dinucleotide phosphate (NADP) oxi-
doreductase reduces NADP+ to NADPH in presence of water. In oxygenic 
condition of photosynthesis, water molecules are broken into electrons and 
protons. These protons are sometimes converted to molecular hydrogen by 
hydrogenase rather than accepted by Ferredoxin. Thus, oxygenic condition 
of photosynthesis produces bio-hydrogen biofuel. On the other hand, light 
independent photosynthesis produces ATP and NADPH which further 
converts to sugar molecules which help to synthesize bio-alcohol, biodiesel 
and on further fermentation produce bio-hydrogen as biofuels [2, 4].

Thus, photosynthetic biomass is storage of natural energy, which can be 
used to produce sustainable biofuels. As there are lot of agricultural waste, 
nonedible parts of plant, waste biomass in different industries such as food 
industries, textile industries etc. which could be efficiently used to produce 
different biofuels. This process will not only solve the air pollution prob-
lem but also decrease the waste load on the environment [1]. These wastes 
thus can increase the country’s economy without much investment, which 



Pre-Treatment of Lignocellulose for Production of Biofuels 309

is very helpful for developing countries. These plant or photosynthetic 
biomass mainly consists of huge amount of lignocellulose. Lignocellulose 
is very robust in nature, consisting of microcrystalline cellulose covered 
with hemicellulose and lignin. Thus, degradation of lignocellulose to sim-
pler molecules are very tough [9, 10]. Lignin is the most resisting molecule 
toward converting to simpler molecules. Thus, pre-treatment of lignocellu-
lose is needed, depending on the degree of lignification. This pre-treatment 
process includes chemical, mechanical, or biological treatment [11]. As the 
process of converting lignocellulose to simpler molecules is costly, thus its 
use in replace of fossil fuel is still limited. Many modifications and researches 
are done to improve the pre-treatment process, which are discussed in this 
chapter. This chapter also puts light on other biofuels rather than focussing 
only on the traditional one as well as new upcoming sources of biofuels.

15.2  Lignocellulose

Lignocellulose is very robust in nature, consisting of microcrystalline cel-
lulose covered with hemicellulose and lignin and is found in plants and 
photosynthetic organisms [9, 10]. The main sources of lignocelluloses, 
which can be used for biofuel production, are forestland residue, agricul-
tural waste, municipal and industrial waste, marine algae [2, 12–14].

The main composition of lignocellulose consists of cellulose (30–50%), 
hemicellulose (15–35%) and lignin (10–20%), which are linked by covalent 
and hydrogen bonding that makes them rigid and strong [1, 15]. Cellulose 
and hemicellulose present in lignocellulose are fermentable, thus it is used 
to produce biofuels. But their chemical characteristics and interaction 
between the molecules makes them robust and firm rejecting biodegrada-
tion into small molecules by enzymes and chemical alone [13]. Cellulose is 
one of the most abundant components of cell wall. It is composed of linear 
chain of glucose molecules clustery known as cellobiose. These cellobioses 
are linked together by strong -1–4 glycosidic bond [9, 16]. As cellulose 
consist of hydroxyl groups, which provides hydrogen bonding and Van der 
Waals forces between inter and intra molecules, providing it a microfibril-
lar structure [17]. The different orientation of cellulose gives them different 
crystallinity. Cellulose microfibrils further can be divided into amorphous 
(low crystallinity) and crystalline (high crystallinity) regions. The higher 
the crystallinity tougher to degrade in simpler molecules [14, 18]. The crys-
tallinity of cellulose can be measured by crystallinity index. These cellulose 
microfibrils are further wrapped with hemicellulose and then lignin [15]. 
In contrast with cellulose, hemicellulose consists of amorphous regions 
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and heterogeneous polysaccharides such as pentose, hexose, and acids. 
This nature of hemicellulose helps to form network like structure with cel-
lulose forming cellulose- hemicellulose- lignin rigid structure [19, 20]. The 
branched nature of hemicellulose leads to more susceptibility to biological, 
chemical, thermal hydrolysis under certain physical conditions [15, 21].

The second most abundant natural polymer present in lignocellulose is 
lignin. Lignin is a large, complex aromatic, hydrophobic heteropolymer. The 
heteropolymer consist of phenylpropane units such as coniferyl and sinapyl 
alcohol with hydroxyl, methoxyl, carbonyl as functional group [22]. These 
structural properties of lignin make it as a perfect polymer to cross-link 
cellulose and hemicellulose providing it rigidity [23, 24]. Though lignin is 
not soluble in water, but it dissolves in water at high temperature at neutral 
pH [24]. Other than this, lignin may dissolve in acidic or alkaline nature 
depending on precursors of the lignin. These properties of lignin make the 
cellulose –hemicellulose – lignin more robust and hard in nature. As the 
lignin quantities increase in the biomass, recalcitrant nature increases and 
resistance toward biodegradation increases [20, 21]. It is known that soft 
woods has more lignin than hard woods which comprises mostly feedstocks, 
agricultural waste etc. [15]. Thus, as hydrolysis of lignocellulose is tough and 
need pre-treatment to improve and easy the digestibility of lignocellulose 
and increase the efficiency of bioconversion. Improvement in pre-treatment 
will also lower the cost of biofuel generation making it more affordable.

15.3  Parameters Effecting the 
Hydrolysis of Lignocellulose

Lignocelluloses are very robust and recalcitrant in nature. Thus, pre-treat-
ment is done to degrade lignocellulose into simple reducing sugar which 
can be easily hydrolysed by enzymes or can be easily fermented [9]. There 
are many types of pre-treatment such as physical, chemical, physio-chem-
ical, biological pre-treatments [13]. The pre-treatment of the lignocellu-
losic biomass depends on the nature of biomass. The nature of the biomass 
depends on crystallinity of cellulose, degree of polymerization (DP), mois-
ture, and lignin content and available surface area.

15.3.1  Crystallinity of Cellulose

Cellulose microfibrils consist of two regions crystalline component and 
amorphous component. The crystallinity depends on the relative amount 
of these components [9]. As amorphous region of cellulose microfibrils are 
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more accessible, thus enzymes could easily hydrolyse amorphous region 
of cellulose microfibrils whereas crystalline region is not easy accessible. 
The more the crystalline regions in the lignocellulosic biomass the more 
recalcitrant they are [25].

15.3.2  Cellulose Degree of Polymerization

Degree of polymerization (DP) of cellulose depends on the strength of cel-
lulose fibre, accessible surface area, pore size, and encapsulation of cellulose 
by hemicelluloses–lignin matrix but mainly depends on the crystallinity of 
cellulose [26]. The enzymes such as Endoglucanases and cellobiases acts 
upon β,1–4 glycosidic bond at internal site of cellulose chain connecting 
two sugar molecules. Degradation of these β,1–4 glycosidic bond decreases 
the DP cellulose. This also releases the recalcitrant nature of cellulose crys-
tals. Many chemical, physical or biological pre-treatment can be done to 
decrease DP of cellulose [27].

15.3.3  Effect of Accessible Surface Area

Accessible surface area of the biomass decides the yield after enzymatic 
hydrolysis or fermentation. This accessible surface area depends on two 
factors (i) external and (ii) internal [28]. External factors are size and shape 
of the biomass fibers, which can be managed by physical pre-treatment 
such as size reduction by chipping, shredding, grinding, and milling. 
However, internal factors depend upon capillary structure of cellulosic 
fibers. Depending on these factors, pre-treatment must be deigned to get 
better yield [29].

15.3.4  Encapsulation by Lignin

Lignin is the most robust and recalcitrant part of lignocellulosic biomass. 
Lignocellulosic biomass consists of cellulose fibrils covered with hemicel-
lulose and further protected with lignin. Thus, without degradation of lig-
nin digestible part of biomass is not exposed. So to expose the digestive 
part which consist of cellulose and hemicellulose which can be converted 
to simple reducing sugar molecules lignin has to be degraded [30]. It is 
known that enzymes such as cellulases are inhibited by lignin whereas xyl-
anases and glucosidase are less affected. Softwoods are more robust than 
hardwoods because of the fact that soft wood consist of more amount of 
guaiacyl lignin whereas hardwood consist of mix of guaiacyl and syrin-
gyl lignin. Guaiacyl lignin reduces biomass swelling than syringyl lignin 
resulting in more robust nature of soft wood [31]. Delignification causes 
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increase in internal surface area, biomass swelling, disruption of lignin 
structure, and increased accessibility of cellulolytic enzymes, which results 
in better enzymatic saccarification and increased sugar yield [9, 30].

15.3.5  Hemicellulose Content

Hemicellulose when degraded by the pre-treatment produces simple sugar 
molecules such as pentose and hexose and some value added products 
such as (5-hydroxymethylfurfural, xylitol, ethanol, butanediol, butanol) 
and polymers (polyhydroxyalkanoates, polylactates). Some of these such as 
5-hydroxymethylfurfural are inhibitors for enzymatic hydrolysis [30]. Hexose 
and pentose on further treatment such as fermentation produces bioethanol. 
As hemicellulose degrade porosity of the biomass increases and cellulose 
become more accessible for conversion to reducing sugars [32]. Degree of 
acetylation is another factor that effect porosity. Acetyl group of hemicellu-
lose is bonded with lignin, which are very tough to break. Thus, the content 
of acetylated hemicellulose determines the porosity of the biomass[33].

15.3.6  Porosity

Porosity of the biomass mainly effects the enzymatic saccharification. Size 
of the enzyme to the size of the pore effects the enzyme activity. Cellulase 
gets trapped in a pore where the internal pore size is bigger than exter-
nal pore size seen in many lignocellulosic biomasses. Other factors such 
as drying of biomass decreased hydrolysability. All these factors affect the 
enzyme activity over the biomass. Pre-treatment causes increase in pore 
size which increases the efficiency of enzymatic hydrolysis [30, 33].

15.4  Pre-Treatment of Lignocellulose

As discussed above lignocellulose degradation to simpler molecules is very 
tough due to their rigid nature. Pre-treatment is needed to make them more 
feasible for production of different biofuels. Many bio-refinery systems 
have developed for the production of different biofuels and chemicals from 
lignocellulosic biomass. There are mainly two primary type of bio-refinery 
route. They are biological conversion route and thermochemical route. In 
case of thermochemical bio-refinery, through gasification biomass is con-
verted to biogas or through pyrolysis and catalytic hydrothermal treatment 
leads to bio-oil formation or other liquid fuels [34]. Whereas biological 
conversion includes production of sugar molecules by biodegradation 



Pre-Treatment of Lignocellulose for Production of Biofuels 313

of biomass using biological or chemical means. This sugar is further fer-
mented to form biofuels such as bioethanol (Figure 15.1). Pre-treatment 
is one of the most important steps to increase the accessibility of carbo-
hydrate polymer to hydrolytic enzymes which is one of the most impor-
tant steps toward biofuel production [35]. Hydrolysis conversion of sugar 
makes them accessible for fermentation by extracting hemicellulose, dis-
rupting lignin and finally releasing cellulose for fermentation. Depending 
on the type of biofuel to be formed, pre-treatment is divided into biologi-
cal, physical, physiochemical, and chemical treatment (Figure 15.2) [11] .

15.4.1  Physical Pre-Treatment

15.4.1.1  Milling

Mechanical grinding or milling includes chipping, grinding, and/or milling 
techniques for the reduction the crystallinity of cellulose. Chipping reduces 
the size of biomass to 10–30 mm whereas milling or grinding reduces the 
size to 0.2 mm [36]. Due to the shearing force involved in milling and 

Figure 15.1 Schemetic diagram of pretreatment process leading to different biofuel 

formation.
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grinding, it reduces the size and crystallinity of cellulose whereas chipping 
reduces the heat and mass transfer limitation. The type and duration of 
milling of biomass determine the characteristics of cellulose present in it 
[37]. Different types of milling are two-roll milling, hammer milling, col-
loid milling, and vibratory milling. Compared to ordinary milling, vibra-
tory ball milling is better for digestibility of spruce and aspen chips and 
reduces crystallinity of cellulose [38]. Other miller such as wet disk milling 
requires less energy whereas simple disk milling produces fiber which is 
more digestible than fine bundles produced by hammer milling [38]. Wet 
disk milling is more efficient than disk milling as it consumes less energy 
and produce no inhibitors making the biomass high effective for enzyme 
hydrolysis. Know when wet ball milling is combined with alkaline treat-
ment then the efficiency increase as compared to other milling process [9]. 
In case of corn stover, alkaline wet ball milling increases the sugar extrac-
tion efficiency by 110%. The main advantage of any kind of milling proce-
dure is that they do not produce any kind of inhibitors [39].

15.4.1.2  Microwave

Microwave pre-treatment is mainly done for high lignocellulosic feedstock 
because of main advantages such as (i) it is easy to operate as well as con-
sumes low energy (ii) produces high heat at short duration of time (iii) high 

Figure 15.2 Types of pretreatment.
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heat degrades crystalline structure of cellulose into small molecules (iv) pro-
duces negligible inhibitors [40]. Microwave technique is made more efficient 
by combining with mild alkaline treatment which increases its efficiency [41]. 
In recent studies, it is mentioned that mild alkaline treatment combined with 
microwave resulted in 70–90% cellulose extraction from switch grass bio-
mass. In case of microwave pre-treatment combined with alkaline addition, 
the biomass is heated at 150 C for 5 mins where as in case of acid treatment 
combination such as H

2
SO

4
 the biomass is heated at 180 C for 20 min [41].

15.4.1.3  Ultrasound

Ultrasound or sonication is comparatively new but effective pre-treatment 
for lignocellulosic biomass as it has both physical and chemical effect on the 
biomass. Ultrasound changes the morphology of cellulose and hemicellulose 
by formation of small cavitation bubbles. This allows enzymes to easily access 
on the biomass surface and penetrate to convert cellulose and hemicellu-
lose into simple reducing sugars [42]. The major factors affecting this pre-
treatment are ultrasonic frequency, duration, reactor geometry and its type 
and solvent. Other factors are biomass type and reactor configuration and 
kinetics. All these factors play vital role for production of maximum yield. 
Alkali use as a solvent increases the delignification but the main factor that 
effects the delignification is power and duration of sonicate [43]. Maximum 
researchers sonicate at 10–100 kHz for better results. Higher sonication 
than this cause formation of bubbles in front of transducer and the power 
of sonication cannot reach the liquid medium. Other than this, if the power 
is increased to 400 W, oxidation of cellulose is seen. Thus, optimization of 
power and duration is needed for maximum yield of reducing sugar [44].

15.4.1.4  Irradiation

Irradiation includes delignification of biomass using gamma rays and elec-
tron beams to improve enzymatic hydrolysis. However, irradiation with 
high power that is 100 MR may lead to decomposition of oligosaccharides 
and glucose ring. In case of rice straw, it yields 52% reducing sugar and in 
case of wheat straw the yield was 13% after enzyme hydrolysis [45].

15.4.1.5  Mechanical Extrusion

In mechanical extrusion, pre-treatment process both heat (> 300 C) and 
shearing process is used for delignification. This pre-treatment process 
mainly produces gaseous and char as product [46]. Due to the application 
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of high temperature in the reaction barrel and shearing force by the rotat-
ing screw blades, the amorphous and crystalline structures of cellulose are 
disrupted. Mechanical extrusion defibrillate the lignocellulosic biomass as 
well as shorten the fibril size. It also increases the carbohydrate content in 
the mixture, which results in easy accessibility of enzymes for hydrolysis. 
The factors affecting biomass delignification are screw design, compres-
sion ratio, screw speed, and barrel temperature [47]. The maximum yield 
of sugar can be extracted from the lignocellulosic biomass by optimizing 
the system to 75 rpm and 125 °C and with the combination of enzymes 
cellulase and β-glucosidase in the ratio of 1:4. In this process, production 
of inhibitor are very lower than other pre-treatment process [46]. The bio-
mass containing high lignin such as soybean hulls does not produce bet-
ter yield of sugar whereas less lignin content biomass such as wheat bran 
produces high reducing sugar. This may be because cellulose degrading 
enzymes avidly and irreversibly bind to lignin, which make them unavail-
able for cellulose degradation. Though this pre-treatment has high advan-
tage and high yield with low inhibitor production, but is not cost efficient 
as it requires significant amount of high energy making it tough to scale up 
for industries [48].

15.4.1.6  Pyrolysis

Pyrolysis pre-treatment is an endothermic process where lignocellu-
losic biomass is decomposed into simpler molecules by thermochemical 
process. In this process, the temperature is generally raised greater than 
300  C in which the fibrous structure of biomass is disrupted, and H

2
 and 

CO
2
 are released and some residual char are left. After this pre-treatment, 

the caloric value of the biomass is increased as well as it gains hydropho-
bic nature which improves stability of the biomass while storage. In this 
pre-treatment at low temperature low volatile products are produced [49]. 
This residual char contains enough carbon source for microbial growth 
for fermentation [50]. Treatment of residual char with water and mild acid 
converts 80–85% of cellulose into reducing sugar consisting of more than 
50% glucose [51]. Pyrolysis is of two types, slow and fast depending on the 
heating rate. Depending on the type of pyrolysis, biomass characteristic 
and reaction parameters different products are produced. As it produces 
high caloric products and it is adapted by thermal industries. Pyrolysis in 
presence of oxygen is more efficient than in presence of nitrogen. When 
pyrolysis of biomass is done in presence of oxygen at 25 C, 7.8 × 109 
bonds/min/g cellulose is cleaved where as in presence of nitrogen, 1.7 × 
108 bonds are cleaved [52].
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15.4.1.7  Pulse Electric Field (PEF)

In pulse-electric field, pre-treatment of biomass is done by subjecting the 
biomass to a sudden change of high voltage between 5.0–20.0 kV/cm for 
short durations (nano to milliseconds). In this process due to sudden elec-
tric pulse the pores of the cell member increases and allows the agents to 
enter and convert cellulose into reducing sugar. PEF is a simple instrument 
that needs very low energy [53]. It is very efficient for the production of 
biogas such as methane from sludge and manure. About two fold increase 
in methane production from sludge and 80% increase of methane from 
manure was reported [13]. This pre-treatment process is also useful for 
softwood and hardwood biomass.

15.4.2  Chemical Pre-Treatment

15.4.2.1  Alkaline Pre-Treatment

It includes chemical treatment such as sodium hydroxide, lime, ammonium 
fibre expansion, ammonium recycle percolation. It is known that alkaline 
solution improves digestibility of cellulose and also degrades lignin [11].

15.4.2.1.1  Sodium Hydroxide
Among alkaline solution, sodium hydroxide is best for pre-treatment to 
digest lignocellulose because of its high alkalinity than others. Depending 
on the concentration of NaOH cellulose is extracted [54]. It is mentioned 
by Zhang and Shahbazi (2011) that 4% of NaOH can yield 78% of cel-
lulose from raw cattails and increases its fermentation rate. NaOH with 
other chemicals such as H

2
O

2
 and urea also increases lignin degradability. 

5% NaOH and 5% H
2
O

2
 yield 80% sugar at 80 °C and 7 % NaOH and 

12% urea solution yield 70% sugar from wood chips at -15 °C [11]. This 
treatment also increases the enzymatic hydrolysis efficiency of the ligno-
cellulose biomass. NaOH treatment doesnot require high temperature 
and pressure leading to cost effectiveness. NaOH is one of the best pre-
treatment which increases biomass porosity, reduces cellulose crystallinity, 
increases DP and removes lignin and hemicellulose [55]. One example of 
NaOH pre-treatment was done on Ipomoea carnea by Sharma et al. (2015) 
where 1%, 3% and 5% NaOH was used as pre-treatment. Maximum yield 
of fermentable sugar (202.38 μg/μl) was obtained by 3% NaOH treatment 
at 50 °C for 5 days incubation [55]. According to Sambusiti et al. (2012) 
10% NaOH pre-treatment on sorghum forage and wheat straw at 40 °C 
for 24 hrs increased the digestibility of lignocellulose and increased the 
fermentable sugar to 5 times higher [56]. Another example of genetically 
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modified Alamo switchgrass (Panicum virgatum L.) where expression of 
4-coumarate-CoA ligase (4CL) was reduced leading to 5.8% reduction in 
lignin content. When this grass was pre-treated with 0.5%, 1%, and 2% 
(w/v) NaOH for 15, 30, and 60 min at 121 °C glycan and xylan conversion 
was higher as 16% and 18% than other conventional method. Thus lead-
ing to higher sugar yield for fermentation with low alkali treatment[57]. 
Though pre-treatment with NaOH does not require high temperature and 
pressure but it requires long time duration for pre-treatment and moreover 
recovery of NaOH is also very complex [58]. NaOH being costly it a huge 
disadvantage to overcome with different combination of other pre-treat-
ments to reduce the cost effect [11].

15.4.2.1.2  Lime
Lime pre-treatment is similar to NaOH pre-treatment. But it is less expen-
sive and easy to recover rather than NaOH. It is reported in Zhang et al. 
(2011) that when 0.5g/ g biomass Ca(OH)

2
 was used to pre-treat corn sto-

ver at 25- 55 °C lignin and hemicellulose was removed but cellulose remain 
unaffected [11]. Though the degree of crystallinity increases to 43% to 60% 
after delignification. Sierra et al. (2009, 2010, 2011) when combined lime 
pre-treatment with oxygen pressure the delignification and digestibility of 
cellulose to fermentable sugar increase [59–61]. When lime pre-treatment 
was continued with fermentation by microorganism then carboxylic acid 
like acetic, propionic or butyric acids are produced. These were neutralized 
with calcium carbonate, which resulted in carboxylate salts such as calcium 
acetate, propionate and butyrate. These salts were further dried and thermal 
treatment done to convert into ketone such as acetone. Further hydroge-
nation leads to different secondary alcohols [11]. The carboxylic acid used 
is further recovered from fermentation solution by reacting with tertiary 
amines to form tertiary amine carboxylates and calcium carbonate. These 
salts were further regenerated by cracking into carboxylic acid and tertiary 
amines. The secondary alcohols produced are further oligomerized to form 
biodiesel, gasoline, jet fuel etc. In this way, reuse of lime is done. Though it 
has some demerits such as neutralization need lot of wash water and time as 
lots of salts are produced and lime recovery process is also very costly. Thus 
if a better lime recovery process can be found then it can be a cheapest and 
effective pre-treatment process [11].

15.4.2.2  Dilute-Acid Pre-Treatment

In this process, 0.5–1% sulphuric acid is used at temperature of 140–190 °C 
at 3–15 atm pressure to remove and recover dissolve hemicellulose. Along 
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with this lignin is also disrupted and removed from the biomass thus 
increasing the enzyme susceptibility to pre-treated biomass [62]. Dilute 
acid hydrolysis leads to two types of chemical reaction (i) conversion of 
cellulose extraction to sugar (ii) to convert sugar into other chemicals. The 
main disadvantage of this method is the production of inhibitory com-
pounds such as organic acids, furans, and phenols, which affects the down-
stream fermentation by microbes. The other disadvantages are the due to 
high corrosive costly construction materials are required and requirement 
for acid neutralizer [11]. In this treatment process the biomass is first pre-
heated then followed by heating to final temperature and finally cooling 
down of the reaction system is done. Here the reactors used are batch, 
continuous, percolation reactors [13]. In conventional batch reactor, the 
biomass is indirectly heated by heaters or directly heated by stem injection. 
In continuous pre-treatment, the reactor used is plug-flow reactors. Here, 
first, the biomass is steamed in a separate reactor and the non-condensable 
gases are separated from the biomass before sending it to the main reactor. 
The reactor consists of a moving paddle on central shaft and continuous 
steam pressure on which solid biomass is passed though. In this system 
time consumed for reaction is short and high solid biomass can be loaded 
[63]. In percolation reactor, dilute acid is passed through the bed of bio-
mass, which solubilizes the monomers from the media and removes it thus 
minimises the decomposition of sugars. As the acid used is low in con-
centration thus to increase the activity time of acid on the biomass can be 
increase by increasing the retention time or reducing solid loading [64]. 
Generally, the solid loading done is 2–4 % for 12–24 mins at 190–200 °C 
temperature and 2–24 atm pressure. The major factors affecting the yield 
of sugar are retention time, neutralization and decomposition of sugar pro-
duced [64]. The main drawback of this pre-treatment is low solid to liquid 
ratios and dissolved sugar in the liquid that requires costly methods for 
purification. In this acid catalysed reaction two types of product are form 
(i) solid and (ii) liquid. The solid part includes cellulose and lignin and is 
called hydrocellulose. On the other hand, the liquid part consists of solu-
bilized hemicellulose such as xylooligomers and xyloses and lignin. The 
solid part is neutralized by washing but in case of liquid part bases such 
as NaOH or Ca(OH)

2
 are used to neutralize. This causes this system to be 

costly [34] . The reaction mechanism involved in system are breaking of 
hydrogen bonding to decrystallize cellulose and beak the glycosidic bonds 
of hemicellulose thus the molecules are loosening and dissolves in the 
solution. In severe condition, degradation of cellulose and lignin occurs 
producing inhibitory products such as furfural, 5-hydroxymethylfurfural 
(HMF), and organic acids such as uronic, formic, levulinic, and acetic acid. 
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These inhibitory products hamper, the fermentation and enzymatic hydro-
lysis. The other reasons for the loss of glucose molecules are (i) formation 
of glucose-lignin complex (ii) reverse reaction causes glucose to form oli-
gosaccharides. Thus, the reaction mixture is taken care of by adjusting dif-
ferent parameters to reduce the production of inhibitory products [64, 65].

15.4.2.3  Ionic Liquids

Ionic liquid are salts in liquid form with low boiling point and consist 
of short-lived ion pairs. These liquids are environment friendly and can 
replace other organic solvents. As their volatility is low thus it has less 
effect on environment and the reagents used in pre-treatment process [66]. 
Some of the well-known ionic liquids are 1-n-butyl-3-methylimidazolium 
chloride ([Bmim]Cl), 1-allyl-3 methylimidazoliumchloride ([Amim]Cl), 
N-methyl morpholine N-oxide (NMMO), 1-buthyl-3-methylimidazolium 
acetate [BMIM][OAc], 1-ethyl-3-methylimidazolium acetate ([Emim]Ac) 
and 1-ethyl-3- methylimidazolium diethyl phosphate ([Emim]Dep) which 
low volatility and low boiling point [67–70]. These ionic liquids consist of 
small anions and large cations and are liquid at room temperature with 
very low vapour pressure. This property of these liquids helps to play with 
the anions and cations to dissolve different lignocellulosic biomass such 
as switchgrass, cotton, bagasse, wheat straw, corn stover and pine, poplar, 
and oak of different hardness. NMMO is known to dissolve lignocellulosic 
biomass with greater than 99% solvent recovery rate and with no chemi-
cal modification in it. It is known as Lyocell solvent. It increases rate of 
cellulose hydrolysis by disrupting cellulose crystalline structure and thus 
improves enzymatic hydrolysis over the biomass [70]. Though ionic liquids 
are the most studied ones in this sector but it has few disadvantage which 
needs to be overcome such as high cost of ionic liquid, inhibitors genera-
tions which needs to be taken care of [13].

15.4.2.4  Deep Eutectic Solvents

Deep eutectic solvents (DES) are kind of ionic liquids. These solvents con-
sist of two or three cheap and safe components that self-interact through 
hydrogen bonding to form eutectic mixture. DES has melting point 
lower than the melting point of each component present in it [71]. DES 
can be generally described by the formula Cat+ X− zY where Cat+ symbol-
izes ammonium, phosphonium, or sulfonium cation, X symbolizes Lewis 
base mainly halide anions, Y symbolizes Lewis or Brønsted acid where z 
symbolizes number of Y molecules that interacts with the halide anions. 
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Choline chloride (ChCl), one of the most widely used DES solvent because 
of its low cost, biodegradable and non-toxic ammonium salt, which can 
be easily extracted from the biomass. ChCl is a hydrogen donor like urea, 
carboxylic acids, and polyols [72]. Though DES acts as ionic liquids, but it 
is not always composed of entirely ionic compounds, it can be formed of 
non-ionic compounds. Rather DES mainly functions on hydrogen bond 
interactions [13].

15.4.2.5  Natural Deep Eutectic Solvents

In the recent years, many natural products are included in ionic liquid and 
DES categories. Compounds such as choline, urea, sugars, amino acids, and 
several other organic acids are considered as natural deep eutectic solvents 
(NDES). These solvents are cost effective, can easily be synthesize, non-
toxic, biodegradable, eco-friendly, easy to recover for reuse. The principle 
behind NDES is the complex formation between hydrogen acceptor and 
hydrogen bond donor [73, 74]. These solvents have low melting point then 
each component present in it during their initial state. This phenomenon 
occurs due to charge delocalization of each component. NDES has high 
affinity toward lignin solubilisation and has multiple diverse functions. 
Though it has multiple advantage and is a very good solvent to dissolve 
lignin and hemicellulose during pre-treatment, its viscosity is the biggest 
disadvantage. The viscosity of the solvent is due to intense hydrogen bond-
ing between the components of solvent. To reduce the viscosity, the solvent 
is diluted with 50% (v/v) water and the intense bonding almost disappears. 
It also has many pharmaceutical, food processing and enzyme industries 
applications [74, 75].

15.4.2.6  Ozonolysis

Ozonolysis pre-treatment is mainly done for delignification and it negli-
gible affect hemicellulose and cellulose. It is done in ambient temperature 
and pressure and does not produce any toxic inhibitors. Thus, this pre-
treatment is eco-friendly and it also does not affect the post pre-treatment 
treatments such as enzyme hydrolysis and fermentation by microbes. 
Various lignocellulosic biomasses such as bagasse, green hay, peanut, pine, 
wheat stalk is treated by ozonolysis and it increases the post pre-treatment 
treatments efficiency. The condition need for ozonolysis are moisture 
content of the biomass. If the moisture of the biomass are more then, less 
lignin are oxidised [76]. Thus, more amount of ozone is needed for pre-
treatment, which makes this process costlier for use in industrial sector. 
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To overcome this problem research has been done to produce industrial 
feasible zone concentration and generation of different reactors such as 
packed bed, fixed-bed, and stirred tank semi-batch reactors that are capa-
ble of loading low moisture biomass nearly less than 30 % with particle size 
1- 200 nm [13].

15.4.2.7  Organosolv

In this process, different aqueous organic solvents such as ethanol, metha-
nol, ethylene glycol, acetone etc. are used for delignification under specific 
temperature, pressure and catalysts. Depending on the type of lignocel-
lulosic biomass the temperature, pressure changes and catalysts used are 
acid, base or salt. This process mainly used to extract lignin, but cellulose 
and hemicellulose of C5 and C6 carbons are also extracted. Due to effective 
delignification cellulose are exposed for better enzymatic hydrolysis thus 
improving its efficiency. Depending on the temperature, pressure and cata-
lyst and retention time of pre-treatment the nature of pre-treated biomass 
is different [77]. High temperature and acid concentration leads to forma-
tion of inhibitory products, which hampers the fermentation process. In a 
study of pine biomass delignification H

2
SO

4
, NaOH, and MgSO

4
 was used 

as catalyst where H
2
SO

4
 has shown to be better catalyst for ethanol pro-

duction but with respect to digestibility of biomass NaOH is the best one 
[78]. Though these solvents are costly and this is the biggest disadvantage 
of organosolv (OV) to be used as industrial scale purification, but it can 
be solved by recycling and reuse of the solvents used. Recovery of these 
solvents is very important because they will otherwise effect the fermenta-
tion and hydrolysis process. OV are rarely used for delignification because 
of the high-risk factors involved in the handling of harsh organic solvents. 
Other than this these solvents are highly inflammable and corrosive in 
nature. Handling these solvent at high temperature and high pressure is 
a high-risk job. Some of the most commonly used oranosolvs are Battelle, 
formasolv, ethanosolv. Battelle is a combination of phenol, HCl, and water 
where acid moiety that is HCL depolymerizes lignin as well as hydrolyses 
hemicellulose. Lignin is further dissolves in phenol and while the sugar 
can be obtained from the aqueous phase after cooling. This whole process 
is conducted under 100 C temperature at 1 atm pressure. Another solvent 
formasolv is a combination of formic acid, water, and HCl where lignin 
is dissolved in formic acid and sugars are extracted from aqueous solvent 
under low temperature and pressure. Ethanosolv are another solvent com-
posed of ethanol, water and HCL under high temperature and pressure 
[79]. This solvent also functions in the same way as other mentioned OVs. 



Pre-Treatment of Lignocellulose for Production of Biofuels 323

Ethanol is less toxic than other solvents but it hinders the hydrolysis pro-
cess. Thus, complete extraction of ethanol is needed. This problem can be 
overcome by diluting ethanol with water where majority is water and less 
ethanol and this diluted solvent is easy to extract for reuse making it indus-
trial feasible and cost effective [13].

15.4.3  Physicochemical Pre-Treatment

15.4.3.1  Ammonia Fiber Expansion (AFEX)

Ammonia fiber expansion is a process in which the lignocellulosic biomass 
is pre-treated with high-pressure ammonium gas and heat for a period of 
time and then the pressure is released rapidly to explosive decompression 
which leads to decomposition of the lignocellulosic biomass into simpler 
molecules. Most of the ammonia used are recovered and the rest is used in 
the downstream by microorganism during fermentation. As ammonia is 
highly and ammonia decomposes into NH

4
+ and OH– in water thus leading 

to easy recovery of ammonia [80]. This process decrystallizes cellulose and 
depolarised hemicellulose and lignin and separates cellulose from lignin 
and hemicellulose. It is one of the best methods of pre-treatment before 
enzymatic hydrolysis of biomass. The parameters of AFEX, which affects 
the yield of reducing sugar produced, are temperature, pressure, ammo-
nia content, time for pre-treatment. With proper condition nearly 80 % of 
reducing sugar can be recovered [58]. The different reactors systems used 
for AFEX are Conventional batch reactors, Plug-flow reactor (PF-AFEX), 
Packed-bed reactor (PB-AFEX), Fluidized gaseous reactors (FG-AFEX) 
and extractive reactors (E-AFEX). It is most effective for agricultural waste 
but is not good for soft and hard wood. Enzymatic treatment such as xyl-
ase, hemicellulose are recommended to get reducing sugar [81].

15.4.3.2  Ammonia Recycled Percolation (ARP) 
and Soaking in Aqueous Ammonia

In ARP 5–15 wt % of aqueous ammonia is used to pre-treat lignocellulosic 
biomass through flow-through column reactor [11]. The aqueous ammonia 
follows through the column which is prepacked with lignocellulosic bio-
mass under heat (150–180 °C) and pressure (9–17 atm) to avoid evapora-
tion of ammonia as it is volatile in nature [16, 80]. The reaction continues for 
10–90 mins with a flow rate of aqueous ammonia of 1–5ml/min [80]. After 
the reaction is complete, the solid biomass is separated from the liquid. This 
liquid is further sent to steam heated evaporator to ammonia recovery and 



324 Principles and Applications of Fermentation Technology

the residual sugar is also extracted. The solid biomass rich in cellulose and 
hemicellulose is further sent for crystallization. After crystallization, it is 
washed to separate reducing sugar molecules and further send for hydroly-
sis and fermentation for producing biofuels. The ammonia is resend to the 
reactor chamber for next batch of lignocellulosic biomass [80].

Another way of lignocellulosic treatment for lignin removal is soaking 
biomass into ammonia solution at comparatively low temperature. In this 
way the interaction between lignin and hemicellulose is release increasing 
the surface area and pore size for the interaction of enzymes to hydro-
lyse the biomass [16]. The temperature preferred for this pre-treatment is 
24–60 °C for 12 hrs for several days or 60–120 °C for 1–24 hrs. Addition 
of H

2
O

2
 increases the delignification but hydrogen peroxide is expensive as 

well as unstable [16, 80].

15.4.3.3  Hot Water Pre-Treatment

Hot water pre-treatment is also called autohydrolysis, hydrothermolysis, 
hydrothermal pre-treatment, aqueous fractionation, solvolysis or aquasolv 
[16, 58, 82, 83]. It has many advantages such as less expensive, low by-
products including inhibitory products, low corrosion to the equipment 
and less xylose degradation [84]. Hot water has property to penetrate 
inside the cell wall. Thus, hot water hydrates the cellulose and loosens the 
hemicellulose and lignin from the system. Generally depending on the 
type of lignocellulosic biomass temperature varies [34]. In case of aquatic 
plants such as cattails, 190 °C for 10 mins is used to dissolve the lignocel-
lulosic biomass. Solvolysis when done with a temperature of 200–230 °C 
for 15 mins with hot pressurized water, 90 % of the hemicellulose is recov-
ered as monomeric sugar molecules. Even 35 – to 60% lignin is also dis-
solve in the solution. Few by-products are produced which includes acetic 
acid formation which further catalysis the polysaccharide fermentation 
[79]. This results in the formation of monomeric sugar, which on further 
decomposition results into furfural, which is a fermentation inhibitor. This 
pre-treatment mostly involves batch mode of operation or percolation 
reactors. Other types of reactors such as co-current and counter current 
reactors are also used in some cases. In cases of percolation reactor low 
solid form of biomass (2–4 %) is used and physical conditions includes 
high temperature of 190–230 °C and high pressure of 20–24 atm for 12–24 
mins. In this case the product of the reaction is also in liquid or semi solid 
form where all the oligomers, hemicellulose lignin, cellulose are dissolved. 
Further, the solid mass and liquid is separated and treated to collect maxi-
mum reducing sugar. Whereas in case of batch mode of operation, higher 
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solid loading (5–30%) is possible and the reaction conditions are compara-
tively low temperature of 160–190 °C and pressure of 6–14 atm for 10- 30 
mins. Here pH is controlled between 4–7 by the addition of KOH or NaOH 
in the reaction mixture [85]. In autohydrolysis, mainly hydrolysis of hemi-
cellulose occurs whereas moderate change occurs in lignin structure and 
glucan are not affected. In hemicelluloses, hemicaetal linkages are broken 
and acetyl group is released in the solution in the form of acetic acid. As 
water acts, as acidic in nature in high temperature as well as acetic acid is 
present in the solution is the driving force to the formation of monomers 
and oligomers from the hemicellulose. Hot water pre-treatment increases 
the accessible surface area of the biomass by removing lignin and hemicel-
lulose for enzyme digestibility of lignocellulose [58].

15.4.3.4  Steam Explosion

Steam explosion can be done with or without chemicals and is one of the 
most investigated one. The process can be demonstrated in two ways (i) 
batch and (ii) continuous mode of operation [86]. This process is in use 
from early days and the basic operation principle involved here are lig-
nocellulosic biomass is pre-treated with elevated temperature of 160–260 
°C at pressure of 0.7–4.8 MPa for 30 s to 20 mins [79]. After this step, the 
biomass is discharge explosively from the system in vessel of low pressure. 
Then sudden change in pressure and autohydrolysis by water caused the 
biomass to disintegrate and solubilise in the medium. The liquid media 
consist of separated and disintegrated lignin, hemicellulose, cellulose and 
inhibitors [15]. Further different process is followed to extract and purify 
the reducing sugar for further fermentation. On the completion of the 
reaction, three components are generated from the system those are (i) a 
solid biomass containing less recalcitrant cellulose and lignin (ii) a liquid 
component containing solubilize form of hemicellulose, some degrading 
lignin, pentose and phenolic compounds (iii) vapour component contain 
all the volatile compounds mainly furfural (60–70%). The drawback of 
the steam explosion is low saccharification of the yield along with loss of 
carbohydrates due solubilisation and formation of inhibitory products. To 
overcome this problem, two step steam explosion is done where firstly the 
lignocellulosic biomass is treated at low temperature as first steam explo-
sion and then again, the biomass is treated at high temperature (greater 
than 210 C). In this case, comparatively yield is high. Other than this, 
methods include first pre-treatment of lignocellulosic biomass with alkali 
or SO

2
, ionic liquid, OV and pre-treatment of the same biomass with steam 

explosion. This increase the yield of glucose to 90% approximately [58].
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15.4.3.5  SO
2
-Catalyzed Steam Explosion

This pre-treatment process is one of the most cost-effective processes stud-
ied generally. In this case, SO

2
 catalyst is used to pre-soak the lignocellulosic 

biomass similarly as done in AFEX. This pre-treatment process increases 
the hemicellulose hydrolysis and increases the efficiency of enzymatic 
activity on it [11]. In general, 0–5% of SO

2
 is used to treat the biomass at 

the high temperature of 190–210 °C for hard woods and 200–220 °C for 
softwoods. Here the biomass is not diluted using excess water rather the 
SO

2
 steam penetrates the biomass and due to explosive pressure release 

the biomass degrades into simple molecules. It solubilizes the acid soluble 
lignin and break the glycosidic bonds of hemicellulose [87]. Thus, separat-
ing cellulose from lignin and hemicellulose. The explosive discharge of the 
pre-treated biomass at the ends results in disruption of biomass fibres into 
small and simple molecules thus increasing the specific surface area for 
enzymes to act on it. The main advantage of this pre-treatment is that due 
to explosive discharge most of the inhibitory products formed are removed 
from the system through the steam. Though the blowdown vessel is expen-
sive and the vapour produced is highly corrosive and has to be treated in 
waste water management system but the cellulose product yield is high 
[88]. Similarly, as single steam explosion system, single acid catalysed 
steam explosion system efficiency can be increased by pre-treating the lig-
nocellulosic biomass with acid or alkali and then treat with SO

2
. While 

treating with acid first the liquid media generated after pre-treatment has 
to be removed to improve the saccharification [89].

15.4.3.6  Oxidation

Oxidative pre-treatment involves pre-treatment of lignocellulosic biomass 
by oxidative agents such as hydrogen peroxide, oxygen or air, ozone. In 
this pre-treatment system, oxidative agents causes many chemical reactions 
such as electrophilic substitution, side chain displacements, and oxidative 
cleavage of aromatic ring ether linkages [9]. Delignification is done by con-
verting lignin to acids, which acts as an inhibitor for hydrolysis and fermen-
tation. Thus, these acids need to be removed. This oxidative pre-treatment 
also damages hemicellulose leading to loss of significant amount of hemi-
cellulose for fermentation [36]. Hydrogen peroxide is commonly used as 
oxidative agent in maximum cases. Hydrogen peroxide on hydrolysis pro-
duces hydroxyl radicals which causes degradation of lignin and other low 
molecular weight products. As the lignin is removed, cellulose and hemi-
cellulose is exposed for enzymatic hydrolysis and fermentation [53].
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15.4.3.7  Wet Oxidation

Wet oxidation pre-treatment is a process in which lignocellulosic biomass 
is treated in presence of gaseous and liquid oxidative agents such as air or 
oxygen with combination of water or hydrogen peroxide at high temperature 
such as 120 °C for 30 min [90]. This method is also used for waste water treat-
ment and soil remediation [91]. High lignin content biomass is best suited for 
this type of pre-treatment. The factors affecting this type of reaction are oxy-
gen content, temperature, which may rise to 170 °C, retention time. At high 
temperature, water acts as acid and leads to hydrolytic reaction, which con-
verts hemicellulose into smaller pentose monomers and lignin is degraded 
by oxidation whereas cellulose remains unaffected. Addition of some other 
chemicals such as sodium carbonate and alkaline peroxide reduces the tem-
perature and retention time of the reaction. It also reduced the production 
inhibitory products such as furfurals and furfuraldehydes and improves 
hemicellulose hydrolysis [92]. The major drawback that does not make this 
pre-treatment feasible for industrial use are high cost of hydrogen peroxide 
and high combustibility of pure oxygen which causes high risk [93].

15.4.3.8  SPORL Treatment

Sulfite pre-treatment to overcome recalcitrance of lignocellulose (SPORL) 
is a popular and efficient pre-treatment of lignocellulose by using sulphite 
salts with combination of mechanical milling process [94]. In this process, 
two steps are involved (i) biomass are treated with calcium or magnesium 
sulphite to remove lignin and hemicellulose (ii) than using mechanical disk 
miller to reduce the size of biomass [95]. Formation of inhibitors such as 
hydroxymethyl furfural (HMF) and furfural were reduced by the increase of 
bisulfite use. This pre-treatment process is one of the most popular treatment 
because of its versatility, efficiency, and simplicity [13]. The energy consumed 
for the size reduction of biomass is 1/10 as compare to other pre-treatment 
process. Other advantages are high cellulose conversion to sugar molecules 
and degradation of hemicellulose and lignin. It has excellent scalability and 
retrofitting for processing different biomass for commercial purpose of bio-
fuel production. Though it has some disadvantage which limits its large scale 
use in industries such as high cost for recovery of chemical used, degradation 
of useful sugar and needs lots of water for washing post pre-treatment [93].

15.4.3.9  Supercritical Fluid

In this process, supercritical CO
2
 is used to treat the lignocellulosic bio-

mass. The supercritical fluid is passed the chamber with high pressure 
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where biomass is present. The biomass is treated under high pressure and 
high constant temperature for several minutes in that chamber [96]. The 
basic reaction mechanism involved in it is CO

2
 under high pressure and 

temperature form carbonic acid, which hydrolyses hemicellulose. When 
the pressure is released due to sudden change in pressure, it disrupts 
the biomass into small size and also increase the accessible surface area 
for hydrolysis. In this pre-treatment higher the moisture content of the 
biomass higher the hydrolysis of biomass [96]. This pre-treatment has 
some major advantages which includes low cost of CO

2
, low temperature 

requirement compared to other pre-treatments, high solid loading capac-
ity, low toxin formation making it an excellent pre-treatment process. 
But the reactor used to hold the high pressure is costlier which limits its 
application [79].

15.4.4  Biological Pre-Treatment

Biological pre-treatment involves digestion of lignocellulosic biomass 
by microbes such as white, brown and soft-rot fungi, bacteria and acti-
nomycetes. During other pre-treatment, most of the cellulose remains 
unaffected by the treatment, which is converted to simpler molecules by 
biological pre-treatment. It requires less energy and simple maintenance. 
It is cost efficient and does not produce any toxic compounds. But in this 
pre-treatment the rate of hydrolysis is low and need long duration which 
is its demerit [9].

15.4.4.1  White-Rot Fungi

Lignolytic basidiomycetes is a saprophytic fungus which is commonly 
known as white-rot fungi. From the past decades, it is known to mineral-
ization of lignin. Some of the species such as Phanerochaete chrysosporium 
[97], Pycnoporus cinnabarinus [98], Phlebia spp. [99], Echinodontium taxo-
dii [100], Irpex lacteus [101] and Pycnoporus sanguineus [102] are used for 
the degradation of lignin. Other species like Ceriporiopsis subvermispora 
[103], Phlebia brevispora, P. Floridensis, P. radiate [104], Echinodontium 
taxodii [100], Euc-1 [105], Gonoderma sp. [106], Oxysporus sp. [107], 
Trametes versicolor [100], Pleurotus sajor-caju [108], and Trichoderma 
reesei [109], are known to degrade carbohydrates. Biodelignification pro-
duces reducing sugar, which can be directly used for fermentation and pro-
duces high yield in case of ethanol production. When biodelignification is 
done prior to chemical pre-treatment reducing sugar yield is increased to 
80% [100, 107].
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15.4.4.2  Brown-Rot Fungi

Brown-Rot Fungi are generally known to degrade cellulose and hemicellu-
lose as compared to lignin. Thus causes brown rotted wood due to incom-
plete degradation of lignin and known as brown-rot fungi [9]. Some of the 
species used for biodegradation of cellulose and hemicellulose are Serpula 
lacrymans, Coniophora puteana, Meruliporia incrassata, Laetoporeus 
 sulphureus and Gleophyllum trabeum [110].

15.4.4.3  Soft-Rot Fungi

There are two types of soft-rot fungi, type I consist of biconical or cylindri-
cal cavities formed within secondary walls whereas type II is known to be 
erosion form of degrading fungi [111]. Daldinia concentric, the most effec-
tive type II fungus known to degrade 53% weight loss in 2 months [112]. 
Other fungus such as Paecilomyces sp. [113] and Cadophora sp. [114] are 
also known to rapidly biodelignification of biomass. Though in early classi-
fication wood-rotting fungi, Xylariaceous ascomycetes from genera Daldinia, 
Daldinia and Xylaria are classified under white-rot fungi but now it is classi-
fied under soft-rot fungi as it causes type II soft rot on woods [9].

15.4.4.4  Bacteria and Actinomycetes

Though fungi are best delignification microorganism as bacteria are poor 
producer of lignolytic enzyme but in some case some bacteria also cause 
delignification. Bacillus sp. AS3, Bacillus circulans and Sphingomonas 
paucimobilis [115], Cellulomonas and Zymomonas sp. [109] are some 
known bacteria used for biodegradation. Bacteria causes 50% delignifica-
tion which is similar to fungal treatment. Bacterial delignification is known 
to be done by xylanases which can be enhanced by the addition of MnP, 
pectinase or a-L-arabinofuranosidase [116, 117]. High lignin degradation 
can cause unnneccessary cellulose degradation as seen in Bacillus macer-
ans, Cellulomonas cartae, C. uda degrades cellulose to 31–51%. To over-
come this issue purified enzyme treatment or cellulase free extracts can be 
used on the biomass which not only shorten incubation duration but also 
increases delignification to 20% as compared to whole cell [9].

15.4.5  Other Pre-Treatment Process

15.4.5.1  Hydrotrope Pre-Treatment

The hydrotrope pre-treatment was patented by McKee (1946) [118]. In 
this pre-treatment, lignocellulosic biomass is treated with concentrated 
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solution of benzene derived hydrotrope salts. Other salts used in this pro-
cess are amphiphilic molecules such as sodium and potassium salts of an 
alkyl group substituted benzoic and aryl sulfonic acids are known as hydro-
tropes [119]. These hydrotropes easily dissolves sparingly soluble organic 
compounds into solution. Hydrotropes consist of amphiphilic compounds, 
which exhibits both hydrophilic and hydrophobic functional group. The 
main advantage of hydrotrope is easy recovery of solute from the solu-
tion by dilution with water [120]. Lignin is hydrophobic in nature thus 
insoluble in water, thus diluted hydrotrope pretreatment is a green process, 
as it is nonhazardous and ecofriendly. This can be alternative method for 
harsh chemical pre-treatment such as acid treatment, alkaline treatment 
etc. which produces harmful effluents [121]. Lignin extracted after hydro-
trope pre-treatment can be used for different phenolic compound produc-
tion. Hydrotrope solution can be reused until it gets saturated with lignin. 
Sodium xylene sulfonate (SXS) is most commonly used hydrotrope solu-
tion for lignin extraction. Except lignin other barrier to reach cellulose is 
hemicellulose which cover cellulose inside it. Hydrotrope solution such as 
SXS solubilizes lignin as well as degrades hemicellulose and expose cellu-
lose for enzymatic hydrolysis [122]. It degrades hemicellulose into organic 
compounds such as acetic acid and formic acid. Moreover, presence of for-
mic acid enhances degradation of hemicellulose. Another factor effecting 
hydrolysis of cellulose is crystallization of cellulose which is also signifi-
cantly decrease [121].

15.4.5.2  Photocatalytic Pre-Treatment

Corro et al. (2014) describe the use of photocatalytic pretreatment for del-
ignification and hydrolysis of coffee pulp for biogas production [123]. From 
the past studies, it is known to be used for degrading organic pollutants. 
Photocatalytic pretreatment involves photocatalytic oxidation also known 
as advanced oxidation processes (AOP). It generates highly reactive oxidiz-
ing species such as surface-bound hydroxyl radical (·OH), superoxide (·O

2
-

), hydroperoxy radical (HO
2
·), and free holes which degrades absorbed 

molecules [124–126]. Among photocatalysts, TiO
2
 in anatase phase are 

the most efficient one because of its high stability, high photocatalytic 
efficiency, low toxicity, and low cost and high optical absorbance in the 
near-UV region. Corro et al. (2014) used photocatalysts as Cu/TiO

2
, which 

absorbs strong absorbance in between 235 and 400 nm, and an intense 
absorption band in the visible region (400–800 nm). A quartz reactor of 
inner diameter 10cm was used with 10% Cu/TiO

2
 as catalyst, 100g of coffee 

pulp, water 500ml as reaction mixture. The reactor was exposed to sunlight 



Pre-Treatment of Lignocellulose for Production of Biofuels 331

for UV irradiation and ambient air at the rate of 0.5 L/min was supplied 
by compressor. Small transparent sachet was used for catalyst contained 
to separate catalyst from solution and prevent leakage [123]. The whole 
system was set to run for 9 to 16 hours for 30 days where sun intensity was 
nearly 1000 W m-2. After the reaction is completed, it is transferred for fer-
mentation and production of biogas. The superoxides produced during the 
reaction causes hydroxylation of lignin and degradation. Delignification 
is most tough factor for lignocellulosic biomass hydrolysis, which could 
be easily obtained by this process. The major disadvantage known in this 
process TiO

2
 if soluble in the reaction mixture cannot be separated but that 

also was solved by using sachet as catalyst container [123].

15.5  Case Studies of Biofuels

The global demand for energy consumption has increase with the increase 
in technology. The main sources of energy include fossil fuels such as coal, 
oil, natural gas etc., which are nonrenewable resources of energy as well 
as combustion causes pollution to the environment. Thus, to combat with 
problem green energy sources can be used which are collectively called as 
biofuels. But production and processing of biofuels are costlier. Thus, differ-
ent pre-treatment process is invented by many researchers to reduce cost of 
biofuel production. As lignocellulose biomass consist of lots of sugar mole-
cules, which can be converted to different biofuels thus lignocellulosic is of 
high demand. This all helps to reuse the waste lignocellulosic biomass and 
increase the economic value. Different biofuels consist of ethanol, butanol, 
bio-hydrogen, biogas etc. Some case studies of pretreatment process used 
to produce high yield biofuels are discussed here.

15.5.1  Ethanol Production

With the depletion of fossil fuel, need for alternative fuel has arisen. As lig-
nocellulosic biomass is abundant in nature thus, biofuels such bioethanol 
can be produced by fermentation of biomass. For enhanced production of 
bioethanol, pre-treatment of biomass is needed. Depending on the nature 
of biomass, different pre-treatment process can be applied for high yield 
of bioethanol. Table 15.1 list the comparisons of bioethanol production 
from various lignocellulosic biomass at different pretreatment procedures. 
Thakur et al. (2012) pre-treated wheat straw (WS) and banana stem (BS) 
with biologically (fungus - Pleurotus ostreatus HP-1) and chemically (mild 
acid or dilute alkali) pre-treatment and further subjected to enzymatic 
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saccharification. Pre-treatment resulted into removal of 4.0–49.2 % lignin, 
cellulose (0.3–12.4 %) and for hemicellulose (0.7–21.8 %) from both WS 
and BS. Enzymatic hydrolysis resulted into the production of 64–306.6 
mg/g (1.5–15 g/L) of reducing sugar which further produced 0.15–0.54 
g/g ethanol on fermentation by Saccharomyces cerevisiae NCIM 3570. Wet 
oxidation such as with acetone/water oxidation treatment is an attractive 
method for delignification with less degradation products [127]. Beech 
wood residual biomass pre-treatment using acetone/water oxidation was 
studied by Katsimpouras et al. (2017) [128] . In this study, the optimum 
reaction mixture conditions were acetone/water mixture in 1:1 ratio with 
40 atm initial pressure of 40 volume % oxygen gas and final reaction pres-
sure of 64 atm at 175 °C for 2 hrs incubation. Further enzymatic hydrolysis 
of biomass was done using custom designed free-fall mixer at 50 °C for 6–12 
hrs with enzyme loading of 9 mg/g dry matter at 20 wt% initial solids con-
tent. After fermentation of this biomass high ethanol concentration of 75.9 
g/L was obtained. In this method lignin isolated can be used for conver-
sion of different value added phenolic compounds [128]. Prosopis juliflora 
(a leguminous plant) is wildly found in barren lands as well as it can grow 

Table 15.1 Comparisons of bioethanol production from various lignocellulosic 

biomass at different pretreatment procedures.

Sl. No.

Lignocellulose  

biomass

Solid con-

tent %

Ethanol  

production %

Pretreatment 

methods Ref.

1 Wheat straw 25 56.9 Steam explosion [148]

2 Rice straw 13.8 73.4 Dilute acid-

dilute alkali

[149]

3 Sweet sorghum 

bagasse

18 70.4 Hydrothermal [150]

4 Corn stover 24 51.3 Acetic acid-

catalysed 

hydrothermal

[151]

5 Sugarcane  

bagasse

20 82.7 Formiline [152]

6 Corncob  

residue

20 89.4 Dilute acid 

hydrolysis-

alkaline 

extraction

[153]

7 Empty palm  

fruit bunch

30 70.6 Alkali [154]
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in variety of soil and in harsh condition is a source of lignocellulose. As 
feedstocks and agricultural waste are also used for feeding animal in devel-
oping country so only depending on the feedstock and agricultural waste 
for lignocellulose source is not enough. Prosopis juliflora is widely available 
in nature and can be easily grown at any condition can be good alternative. 
Pre-treatment of Prosopis juliflora for delignification and ethanol produc-
tion is studied by Naseeruddin et al. (2016) [129]. Delignification of the 
biomass was studied in three different quantities of Na

2
S

2
O

4
 are 10g, 100g, 

1kg level with 1:10 ratio using 2% (w/v) Na
2
S

2
O

4
 at 30 ± 2 °C for 18 hrs 

which resulted in 82.16 ± 0.34%, 81.82 ± 0.36% and 79.23 ± 0.25% lignin 
removal respectively. Further the biomass when hydrolysed with biphasic 
dilute acid, 51.4 ± 0.47%, 51.2 ± 0.52% and 48.1 ± 0.18% of holocellulose 
was hydrolysed and released 1.94 ± 0.03 g/L, 2.16 ± 0.10 g/L and 1.68 ± 
0.05 g/L phenolics and 1.17 ± 0.02 g/L, 1.10 ± 0.03 g/L and 1.07 ± 0.04 g/L 
of furans, respectively. On detoxification of the pre-treated biomass 85.83 
± 2.8% of phenolics, 87.85 ± 2.4% of furans was removed with loss of 4.74 ± 
0.12% sugar. Enzymatic hydrolysis produced 39.37 ± 0.92 g/L, 37.37 ± 0.8 
g /L and 30.07 ± 0.48 g/L of sugars, respectively. Further fermentation of 
the hydrolysate by Saccharomyces cerevisiae VS3 and Pichia stipitis NCIM 
3498 produced 87.34 ± 0.28%, 0.445 ± 1.32 g/g and 0.301 ± 0.011 g/L/h, 
respectively with total yield of 10.85 g/L of ethanol [129]. Agave bagasse 
(AGB) is a drought tolerant feedstock used for biofuel production. A com-
parative analysis of ionic liquid (IL) and OV on AGB was done by Pérez-
Pimienta et al. (2016) [130]. Pre-treatment of AGB with OV removed 86% 
of xylan and 45% of lignin whereas IL removed 28% lignin and 50% xylan. 
On sequential enzymatic saccharification and fermentation (SESF) with 
cellulolytic enzymes and the ethanologenic Escherichia coli strain MS04 
improved ethanol production by IL (82%) and OV (85%) [130].

15.5.2  Butanol

Fermentation of lignocellulose produces butanol with other alcohols such 
as ethanol, acetone etc. Butanol has high demand in present scenario due to 
its properties. It is less volatile than ethanol and methanol. It contains 25 % 
more energy than low carbon methanol and ethanol. Butanol has low auto-
ignition temperature than methanol and ethanol. It has better inter-solubility 
quality than low carbon alcohols. Thus, it can easily blend with gasoline and 
diesel or any co-solvent. As it has high kinematic viscosity, it makes butanol 
suitable fuel for fuel pump. With low vapour pressure, butanol is suitable for 
high temperature processes. Butanol is less corrosive and can be transported 
through pipelines where as low carbon methanol and ethanol needs vehicles 
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for transportation [131]. Butanol is also used as raw material for hydrogen 
generation or other low carbon fuel generation. Production of butanol is done 
by fermentation. For better yield of butanol pre-treatment of lignocellulosic 
biomass must be done. However, inhibitors produced during pre-treatment 
hamper fermentation process and it need to be de toxified. Table 15.2 list the 
Comparisons of acetone butanol ethanol (ABE) production from various 
lignocellulosic biomass at different pretreatment procedures. Qureshi et al. 
(2010) produced butanol from agricultural waste by pre-treating biomass 
using Ca(OH)

2 
[132]. Clostridium beijerinckii P260 was used for fermenta-

tion process. It produced 26.27 g /L ABE after removal of inhibitors. Further 
distillation process is used for purification [132]. Another example of inhibi-
tors produced by acid treatment cause inhibition of cell growth and butanol 
production is explained by Qureshi et al. (2008) [133]. Fermentation of sul-
furic acid treated corn fiber by Clostridium beijerinckii BA101 produced 1.7 
± 0.2 g/L ABE and also inhibition of cell growth occurred. When inhibitors 
were removed by XAD-4 resin, ABE yield on fermentation increased to 9.3 
± 0.5 g/L. fermentation of corn fiber with enzymatic hydrolysis lead to 8.6 ± 
1.0 g/L ABE production on fermentation [133].

15.5.3  Biohydrogen

Biohydrogen production from lignocellulosic biomass has gained a lot of 
attraction due to eco-friendly nature and it is a renewable resource. The 

Table 15.2 Comparisons of acetone butanol ethanol (ABE) production from 

various lignocellulosic biomass at different pretreatment procedures.

Sl no. 

Lignocellulose  

biomass ABE yield g/L Pretreatment method Ref.

1 Bagasse 18.1 Alkali pretreated + 

enzyme hydrolysed

[155]

2 Rice straw 13.0 Alkali pretreated + 

enzyme hydrolysed

[155]

3 Wheat straw 17.7 Alkali pretreated + 

enzyme hydrolysed

[156]

4 Corn fiber  9.3 Dilute sulfuric acid [157]

5 sugarcane molasses  18.90 gas stripping system with 

nitrogen supplement 

[158]

6 spent mushroom  

substrate

 30.21 organosolv pretreatment [159]
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different technology involves for the production of biohydrogen from 
lignocellulosic biomass are direct biophotolysis, indirect biophotolysis, 
photo, and dark fermentations [134]. Hydrogen has high energy yield of 
122 kJ/g which is 2.75 times greater than hydrocarbon fuels [134]. It can be 
used in machines, vehicles, aeroplanes etc. as clean energy as its combus-
tion produce only water as product. Hydrogen are generally obtained from 
fossil fuels, but it can be produced from nuclear power or solar energy 
which can be stored and transported. Hydrogen produces by conventional 
methods such as steam reforming of natural gas, thermal cracking or coal 
gasification are not eco-friendly (Figure 15.3). Whereas biological process 
of hydrogen production is cost effective and eco-friendly. There are two 
biological methods of biohydrogen production (i) photofermentative pro-
cesses by photosynthetic microorganisms such as bacteria, algae (ii) dark 
fermentation processes by fermenting microorganism [135]. Production of 
hydrogen from biomass by fermentation has advantage of valorization of 
residual biomass. Dark fermentation process has potential to use waste bio-
mass as well as wastewater for hydrogen production and is more popular 
than photofermentative process. Lignocellulosic biomass is most abundant 
resource in nature. Lignocellulosic biomass consists of glucose and xylose, 
which can be converted to biohydrogen by microorganisms. Direct con-
version of hydrogen from lignocellulosic biomass needs pre-treatment of 
biomass for delignification and hydrolysis of heterogeneous and crystalline 
cellulose for fermentation. Pre-treatment process has to be optimised to 
reduce inhibitory products formation as inhibitory products will hamper 

Figure 15.3 Types of  process leading to biohydrogen formation.
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fermentation process and yield [136]. Table 15.3 list the Comparisons of 
biohydrogen production from various lignocellulosic biomasses at differ-
ent pre-treatment procedures. According to Kaparaju et al. (2009), wheat 
straw was pre-treated by hydrothermally into cellulosic rich fiber fraction 
and hemicellulose rich liquid fraction (hydrolysate) [137]. Cellulosic frac-
tion was further treated with enzymatic hydrolysis and subsequent fer-
mentation produce 0.41 g-ethanol/g-glucose. Whereas, dark fermentation 
of hydrolysate produces 178.0 ml-H2/g-sugars. Further the effluents of 
bioethanol and biohydrogen was used to produce methane with yield of 
0.324 and 0.381 m3/kg volatile solids [137].

15.5.4  Biogas

Biogas mainly consist of methane (CH
4
) and carbondioxide (CO

2
) pro-

duced from anaerobic digestion of biomass. It does not produce pollution 
and is regarded as substitute of fossil fuels. Though there are abundant 
sources of biomass for biogas production, but lignocellulose is the best 
biomass for biogas production. Lignocellulose biomass consists of lignin, 
hemicelluloses, and cellulose, which can be converted to reducing sugar 
by hydrolysis [16]. Pre-treatment is done to reduce the recalcitrant nature 
of lignocellulose and fast biogasification. Depending on the type of ligno-
cellulosic biomass, different pre-treatment is decided for delignification. 

Table 15.3 Comparisons of biohydrogen production from various lignocellu-

losic biomass at different pretreatment procedures.

Sl no.

Lignocellulosic  

biomass

Biohydrogen yield 

(mmol/g sugar)

Pretreatment  

methods Ref.

1 Corn stover 4.17 Acid [160, 161]

2 Cornstalk 12 Wet stream  

explosion

[162, 163]

3 Corncob 31 High-pressure 

autohydrolysis

[164]

4 Wheat straw 2.62 Acid, stream  

explosion, and 

enzyme

[165]

5 Wood chopsticks 195 Alkaline and  

enzyme

[166]

6 Rice straw 0.44 Acid [167]

7 Soybean straw 47.65 Acid [169]
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The main aim of pre-treatment is to convert lignocellulose into reducing 
sugar that can be easily hydrolysed. Physical pre-treatment such mechani-
cal extrusion, pyrolysis, milling reduces the size of biomass and combined 
with other pre-treatment such as alkaline treatment, steam explosion, acid 
treatment delignify biomass by breaking the bonds between them leading 
to easy hydrolysis of biomass. According to Sambusiti et al. (2012) sodium 
hydroxide pre-treatment of ensiled sorghum forage and wheat straw by 
1–10 % NaOH per gram total solid (TS) of biomass with TS of biomass 
is 160 gTS/L at 40 °C for 24 hrs in closed improved methane production 
[138]. Cellulose, hemicellulose, lignin extracted from biomass at 1–10% 
NaOH pre-treatment are 31, 66 and 44%, and 13, 45 and 3% for sorghum 
and wheat straw respectively. NaOH pre-treatment favoured methane gen-
eration and increased methane production by 14 to 31% for ensiled sor-
ghum forage and 17 to 47% for wheat straw. NaOH pre-treatment process 
produces inhibitory product which need to be optimized for high yield 
[137]. Many pre-treatments were studied from the past decades to produces 
biogas but hydrothermal pre-treatment is one of the most cost effective 
and high yield pre-treatment process [16]. Hydrothermal pre-treatment is 
also known as liquid hot water pre-treatment, hot compressed water, auto-
hydrolysis, hydrothermolysis process, thermal hydrolysis, pressure- cook-
ing in water, or aqueous pre-treatments [139–144]. During this process of 
pre-treatment, biomass is exposed to high temperature and pressure for 
delignification. Cellulose degrades at greater than 200 °C and forms liq-
uids, gases or char. As some inhibitory products can be formed, thus the 
reaction system needs to be controlled. The factors affecting biogasification 
for methane production are temperature, retention time, pressure, solid 
content, particle size and pH. Mainly temperature and retention time are 
the most important parameter for enhanced methanogenesis [145, 146]. 
If temperature increase above 200 °C, phenolic compounds are produced 
as inhibitors which inhibits growth of anaerobic microorganisms [146]. 
Thus temperature is better to be controlled between 100–230 °C [16]. 
Temperature and retention time are related to each other by the relation 
R

0
 = t · exp [(T-100)/14.75]. Where t is the pre-treatment time (min), T is 

the temperature (°C), 100 is the base temperature (°C), 14.75 is the conven-
tional energy of activation assuming the overall reaction is hydrolytic and 
the overall conversion is first order. The severity factor is defined by loga-
rithm of R

0
 (log R

0
) which depends on time and temperature. Thus, con-

trolling the severity factors controls the production of inhibitory products 
[144]. Table 15.4 list some of the comparisons of biogas production from 
various lignocellulosic biomass at different pre-treatment procedures. 
Another example of pre-treatment of lignocellulosic biomass is use of OV. 
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According to Mirmohamad Sadeghi et al., (2014), lignocellulosic biomass 
when treated with ethanol and sulfuric acid as catalyst at 150–180 °C for 
30–60 mins, 152.7, 93.7, and 71.4 liter per kg carbohydrates, methane is 
produced which significant enough to be used for methane production in 
industrial scale [147].

15.6  Conclusion

With depletion of fossil fuels and increasing demand of energy produc-
tion, biofuels are the best alternative. Biofuels are eco-friendly and renew-
able makes them prime solution to pollution caused due to use of fossil 
fuels. Lignocellulose biomass is the most abundant resource available in 
the nature. It also includes all the plant based waste material. Production 
biofuels from lignocellulosic biomass not only reduces use of fossil fuels 
but also helps in waste reuse or management. Lignocellulosic biomass 
consists of cellulose covered with hemicellulose and lignin. Degradation 
of lignocellulose into smaller molecules is a robust mechanism. The recal-
citrant nature of lignocellulose, mainly lignin makes them hard to digest. 
Pre-treatment are done to digest lignocellulosic biomass into reducing 
sugars. Due to pre-treatment delignification and conversion of hemi-
cellulose and cellulose to reducing sugar by breaking of inter molecu-
lar hydrogen bonds. Pre-treatment increases the efficiency of enzymatic 

Table 15.4 Comparisons of biogas production from various lignocellulosic bio-

mass at different pretreatment procedures.

Sl no. 

Lignocellulosic  

biomass Biogas yield Pretreatment methods Ref. 

1 Winter rye 96 % Wet oxidation [1]

2 Oilseed rape 85% Wet oxidation [1]

3 Faba bean 75% Wet oxidation [1]

4 Bamboo 215 ml / g  

bamboo

Steam explosion [2]

5 Biofibers 66% increase  

+ 34% increase

(physical +chemical  

+ biological) + steam 

explosion pretreatment

[3] 

6 Wheat straws 87.5% increase NaOH pretreated [4]

7 Rice straw 225.6% Hydrothermal  

+5% NaOH

[5]
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hydrolysis and fermentation. Pre-treatment includes chemical, physical, 
physicochemical, biological pre-treatment. During pre-treatment, inhibi-
tory products mainly furans are produced which are inhibitory product 
for enzymatic hydrolysis and fermentation. Detoxification and optimiza-
tion of reaction system for less inhibitory product formation is necessary. 
Physical pre-treatment process produces less inhibitory products than 
chemical pre-treatment but is costly. However, biological pre-treatment 
processes produce no inhibitory products but are slow in process. Thus, 
mix match of physical, chemical or biological process is done to enhance 
the yield of reducing sugar keeping in check the cost, time and inhibitory 
products. Biofuels such as bioethanol, butanol, biohydrogen and biogas 
are green energy and are primary biofuels produced from plant sources 
by fermentation process. Alcohols such as ethanol, methanol, and buta-
nol are used during the production of biodiesel from waste or nonedible 
vegetable oils by transesterification. Further studies are needed for bet-
ter pre-treatment of lignocellulosic biomass for more cost effective and 
increase yield and efficiency of biofuel production, as they are the future 
fuels of the world.
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Abstract
Ethanol is mostly produced by fermentation. The demand of ethanol as a renew-

able transportation fuel has increased dramatically during the last decades. The 

current feedstocks for first generation bioethanol are sugar cane and corn kernels, 

in Brazil and USA, respectively. More recently, concerns regarding food security 

and environment conservation promoted R+D+i of second generation (2G) bio-

ethanol from lignocellulosic plant feedstocks. However, the complex structure of 

these materials poses a difficult-to-overcome barrier to a wider production of 2G 

bioethanol. Thus, production of third generation (3G) bioethanol from photosyn-

thetic microorganisms such as microalgae and cyanobacteria cultivated in aquatic 

farms is increasingly considered a viable alternative according to higher produc-

tivities and simpler biochemical composition and structure in comparison with 

terrestrial crops. Strategies for cultivation, downstream processing for conversion 

into biofuels, with emphasis in 3G bioethanol, and main drawbacks for technology 

developments are discussed in this chapter.
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16.1  Overview

Second-generation biofuels present clear advantages over first-generation 
ones, mostly related to the availability, low cost and non-competition with 
food production of lignocellulose as a feedstock and its reduced environ-
mental impact [1]. However, they face hard-to-overcome disadvantages 
due to the composition and structure of the biomass, requiring quite inten-
sive mechanical and physicochemical pre-treatments, and expensive sac-
charification enzymes for its conversion into the desired biofuel [2].

Lignocellulose pre-treatments frequently result in the generation of fer-
mentation inhibitors such as weak acids, furans and phenolic compounds 
formed or released during hydrolysis. Although some alternatives for 
detoxification have been shown (such as additional treatments with alkali, 
sulfite or enzymes, pre-fermentation by a fungus, removal of non-volatile 
compounds, extraction with ether or ethyl acetate, and improved fermen-
tation technology), implementing them increases production costs [3]. 
Furthermore, it has been reported that cellulases impact the most in the 
total cost of production of second-generation biofuels. They also repre-
sent one of the most uncertain parameters in techno-economic analyses 
mostly due to assumptions on future prices and the heterogeneity in the 
way results are presented in the literature, making it difficult to cross-com-
pare studies [4].

In view of these difficulties, researchers have envisioned changing both 
its composition and/or structure by genetically modifying the lignocellu-
lose synthetic pathway in plants. The modification of lignin content in plants 
has been attempted before for other reasons such as to increase digestibil-
ity of feed production and to decrease the need of bleaching in the paper 
industry. Thus, although some details of the metabolic pathway for lignin 
biosynthesis are still not completely understood [5], some very promis-
ing genetic modifications have already been demonstrated. For example, 
down regulation of cinnamyl alcohol dehydrogenase (ADH) in poplar 
resulted in improved lignin solubility in an alkaline medium, decreasing 
the need for pre-treatment before saccharification [6]. Also, downregu-
lation of 4- coumarate CoA ligase in the lignin biosynthesis pathway in 
aspen resulted in a 45% decrease in lignin content and a concomitant 15% 
increase in cellulose content [7] and, when coniferaldehyde 5-hydroxylase 
was additionally down regulated, the lignin content was further reduced 
to 52% and cellulose increased by 30% [8]. More recently, a proof-of-prin-
ciple study conducted in alfalfa, in which six different genes for the lignin 
biosynthetic pathway were down regulated, showed reduction or elimina-
tion of need for chemical pre-treatment in the production of fermentable 
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sugars [9]. Although modification of lignocellulosic biomass composition 
and/or structure by genetic engineering is very promising, further research 
toward plant structural integrity and defense against pathogens and insects 
should also be addressed to continue improving lignocellulosic biomass 
from genetically modified crop plants [5].

Other genetic modification approaches had also been pursued to improve 
yield, pre-treatment’s efficiency and saccharification: i) increasing the over-
all biomass productivity by modifying plant growth regulators and other 
factors such as carbon allocation; efficiency of uptake and use of nutrients, 
among others; ii) increasing cell-wall polysaccharide content by modifying 
the expression of genes that are involved in both cellulose and hemicel-
lulose biosynthesis; iii) expressing microbial hydrolases in specific cellular 
compartments of the plants. The latter is a very appealing approach consid-
ering the possibility that hydrolytic enzymes could be produce on-site and 
at a very low cost by the same crop plant. The apoplast accumulation of het-
erologous hydrolases is often a selected target. However, the expression of 
thermophilic enzymes would be preferred to avoid premature degradation 
of the plant cell walls before lignification at cultivation temperatures [5].

Thus, despite the improvements in the technology for converting ligno-
cellulosic biomass into biofuels achieved over the last years, the structural 
nature of this feedstock still represents a remarkable challenge. It is pre-
sumed that expanding the search for alternative feedstock for biofuels by 
looking into natural biodiversity would be a reasonable approach. Among 
non-conventional crops, aquatic photosynthetic species such as macro and 
microalgae and cyanobacteria, arise as an alternative source of low-cost 
sugars for biofuels and other applications.

16.2  Aquatic Species as Alternative 
Feedstocks for Low-Cost-Sugars

16.2.1  Seaweed

Macroalgae can be classified into three major classes according to the presence 
or absence of pigments other than chlorophyll: brown algae (Phaeophyceae), 
red algae (Rhodophyceae), and green algae (Chlorophyceae) [10].

16.2.1.1  Seaweed Biomass

Brown macroalgae display their characteristic olive-green to dark-brown 
color due to the abundance of the yellow-brown pigment fucoxanthin that 
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masks the green color of chlorophyll. Kelp (Laminaria) is a well-known 
marine macroalga from this group that is found at depths below the low-
tide level in temperate and polar regions and frequently reaches lengths of 
10–50 m and grows as much as 50 cm/day. Laminaria biomass contains up 
to 55% (w/w) of carbohydrates mostly as laminarin and mannitol and can 
be extracted from milled biomass at low pH and high temperature [11]. 
Both laminarin [11] and mannitol [12] can be quite easily hydrolyzed into 
hexoses by laminarase (endo-1,3[4]-b-glucanase) or mannitol dehydroge-
nase, respectively [10].

Red macroalgae owe their color to the pigments phycocyanin and, espe-
cially, phycoerythrin. They are mostly found from the intertidal zones to 
depths down to 250 m, at which their light-harvesting pigments are cru-
cial. Red algae biomass contains 30– 60% (w/w) of carbohydrates [13], 
frequently in the form of cellulose, glucan, and galactan. In addition to cel-
lulose, the cell wall also contains the long-chain polysaccharides agar and 
carrageenan that are valued for their gel-forming properties in the food 
industry [11].

Green macroalgae comprise mostly freshwater species that thrive in 
shallow waters. They have evolutionary and biochemical similarity with 
higher plants [14] accumulating 25–50% (w/w) of carbohydrates [13], 
preferentially as starch (a carbon reserve) while their cell wall contains cel-
lulose and pectin as the main structural polysaccharide [15].

16.2.1.2  Seaweed Cultivation

Approximately 90% of the global market of seaweed is currently focused 
on food products for human consumption, while the rest corresponds to 
other products extracted from macroalgal biomass, such as alginate, agar, 
and carrageenan [14, 16].

The bulk production of macroalgal biomass is obtained by aquaculture, 
which reached a global productivity of 3.1 million dry metric tons in 2006, 
whereas harvesting of wild seaweed was only 22,000 dry metric tons for the 
same period. Seaweed aquaculture is more developed in Asia, especially in 
China, which accounts for about 72% of global annual production, mostly 
of Laminaria japonica, Plantae aquaticae, Undaria pinnatifida, Porphyra 
tenera, and Gracilaria verrucosa. Instead, harvesting of wild seaweed is 
more geographically distributed throughout the world [14].

Seaweed can be cultivated either vegetatively or by a separate reproduc-
tive cycle. For vegetative propagation, small algal pieces are grown in a suit-
able aquatic environment until they reach a harvestable size. Harvesting 
can be complete or partial, leaving smaller pieces for the next growing 
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season. Cultivation by a separate reproductive cycle is much more com-
plex and expensive but is mandatory for some commercial species, such 
as Laminaria, which cannot be cultivated by the vegetative method. Thus, 
seed production and raising of young seedlings is to be conducted in land-
based facilities under controlled conditions [17].

Seaweed farming can take place offshore, in coastal regions and in land-
based settings [14, 17]. Nearshore farms are currently in use for culturing 
macroalgae in China and Japan. However, concerns toward the environ-
mental impact of this option have prevented its implementation in the 
United States and Europe. Offshore farming has been tested in the North 
Sea with success, but current capital and operating cost might still be pro-
hibitive for the production of low-cost feedstocks for biofuels. Lastly, land-
based pond strategies might improve nutrients management, oversight of 
the meteorological conditions, disease and predation and can be coupled 
with fish farming and recycling of waste/nutrients. Nevertheless, pond 
construction and operation costs need to be improved in order to achieve 
inexpensive production of biofuels feedstocks [14].

16.2.1.3  Seaweed as a Biofuels Feedstock

In addition to an increased production potential, seaweed biomass is very 
attractive as a feedstock for biofuels due to the absence of lignin and a low 
content of cellulose, making the biomass easier to convert in comparison to 
land plants [14, 18]. Currently, seaweed biomass can be used as a source of 
bioenergy through thermochemical alternatives that include direct com-
bustion, gasification, pyrolysis and liquefaction, and fermentation technol-
ogy, mostly to produce biogas or bioethanol. Although direct combustion 
and pyrolysis would be the simplest options, the mineral content of sea-
weed makes these alternatives less attractive. Furthermore, the water con-
tent in macroalgae is higher than in terrestrial biomass (80–85%), making 
seaweed biomass more suitable for microbial conversion than for direct 
combustion or thermo-chemical conversion processes [18].

Almost four decades ago, the US Marine Biomass Program stated the 
feasibility of cultivating and converting kelp biomass into methane by 
anaerobic digestion [19, 20]. This process is carried out by a complex com-
munity of microorganisms displaying specific metabolic activities for the 
deconstruction of the seaweed (or other) biomass by hydrolysis, intermedi-
ate fermentations and final production of methane [18]. At the time, it was 
concluded that, although methane yield from kelp exceeded that produced 
from terrestrial biomass or waste feedstocks by over three-fold, the reliabil-
ity of using large, open-ocean growth structures to provide the feedstock 
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supply was inconclusive and mainly demonstrated the inadequacies of the 
available technology for techno-economic feasibility [20]. More recently, 
the Tokyo Gas Company and the New Energy and Industrial Technology 
Development Organization of Japan demonstrated the production of elec-
tricity and heat from biogas derived from anaerobic digestion of macroal-
gae collected from shorelines and processed at the considerably large scale 
of one-metric ton macroalgae per day [14].

Additionally, seaweed carbohydrates may be converted into a wide 
range of fuels and chemicals by microbial fermentation. However, unlike 
anaerobic digestion, the biomass is to be pretreated and saccharified before 
fermentation with specific microorganisms. Since seaweed lacks lignin and 
normally contains low levels of cellulose, these processes are simpler and 
less energy-intensive than current pre-treatments for saccharification of 
lignocellulosic biomass. Fresh harvested brown seaweed contains about 
15–20% carbohydrates of the total wet weight, which is an appropriate 
substrate concentration for microbial fermentation. Thus, although drying 
improves further downstream processing of the biomass, it is not strictly 
necessary. Alginates in seaweed biomass are normally slowly released, even 
during hydrolysis, which may constitute a rate-limiting step for sacchari-
fication of macroalgal biomass. After a first step of mechanical disruption 
through grinding, chemically and/or enzymatic processes are normally 
carried out by modification and adaptation of existing technologies, such 
as those developed for pre-treatment of wood biomass, and by combina-
tion of acid or alkali with steam treatment [18].

The potential ethanol production from saccharified seaweeds biomass 
can be calculated assuming a carbohydrate content of 60% of dry weight 
and a 90% conversion rate to ethanol. Thus, an optimal bioethanol produc-
tivity of 19,000 liters/ha/year has been estimated, which is approximately 
two times higher than the ethanol productivity from sugarcane and 5 times 
higher than the ethanol productivity from corn [21]. However, in brown 
macroalgae, hexose-based polysaccharides constitute only about 30–40% 
of the total carbohydrates. The remaining fraction is composed of C-5 sug-
ars released from alginates that are very poor substrates for yeast fermenta-
tion and other most naturally occurring microorganisms. In recent years, 
some breakthrough demonstrations have paved the way to ethanol pro-
duction from brown macroalgae using genetically engineered Escherichia 
coli. For example, a recombinant strain was developed by integrating 
Zymomonas mobilis ethanol production genes into the pflB gene, which 
was able to ferment a mixed sugar solution containing glucose, galactose, 
xylose, L-arabinose, and mannitol with an ethanol yield of about 0.4 g/g 
total sugar [22]. Another strain was obtained by genomic integration of 
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a DNA fragment from Vibrio splendidus encoding enzymes for alginate 
transport and metabolism, together with engineered systems for extracel-
lular alginate depolymerization and for ethanol synthesis. A bioethanol 
production of 0.281 g ethanol/g dry weight of kelp was achieved in this 
consolidated process [21]. Other successful examples have been reviewed 
for brown or other seaweed biomass conversion into ethanol and butanol 
[10].

Seaweed biomass can also be converted into liquid biofuels such as 
bio-oil, and chemicals, through thermo-chemical conversion processes 
(e.g. pyrolysis and hydrothermal liquefaction). Bio-oil production aims at 
breaking the biomass macromolecules (carbohydrate, protein, and lipid) 
bonds to form a more homogeneous organic liquid phase. Although bio-
mass from most origins can be converted into bio-oil [23], seaweed biomass 
differs from lignocellulosic biomass in their constitutional compounds and 
higher nitrogen and sulfur content and in its considerably higher contents 
of ash- up to 40%. Hence, the main compounds in bio-oils not only vary 
between macroalgae species but are also significantly different from those 
of land biomass. Furthermore, a high ash content is not a desirable aspect 
for bio-oil production although acid-washing pre-treatment has allowed 
some improvements in bio-oil recovery [24]. For example, demineraliza-
tion of Sargassum spp. biomass with citric acid (among other acids) greatly 
reduced the ash content from 27.46 to 7% and allowed bio-oil yields of 
22.2% (ash-free dry basis) by hydrothermal liquefaction [25].

Since some of the other products that can be extracted from seaweed, 
especially those that are not intended for bioenergy purposes (adipinic or 
citric acid, among others), display a more cost-efficient production than 
liquid biofuels, it is anticipated that biofuel production in the frame of a 
biomass biorefinery would largely improve the economic aspects of sea-
weed-to-biofuel production and commercialization [18].

16.2.2  Microalgae

Microalgae are photosynthetic microorganisms that exist as individual cells 
or chains of cells. Along with other microorganisms that accumulate copious 
amounts of carbon reserves (especially lipids, but also carbohydrates), they 
are called feedstocks for third generation biofuels [26]. Even though micro-
algae and cyanobacteria proliferate considerable slower and often under 
more complex cultivation systems than other microorganisms (see below), 
they allow a direct production of biofuels feedstocks from CO

2 
due to their 

photosynthetic life-style [27]. While there are probably more than 100,000 
species of microalgae, the most important classes in terms of abundance 
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and biotechnological significance are diatoms (Bacillariophyceae), green 
algae (Chlorophyceae), and golden algae (Chrysophyceae). On the other 
hand, cyanobacteria (blue-green algae) (Cyanophyceae) are a taxonomic 
and phylogenetic divergent group from those previously mentioned but 
biotechnologically speaking are commonly also referred to as microalgae. 
Diatoms are the dominant life form in phytoplankton and probably repre-
sent the largest group of biomass producers [28].

Although the O
2
-evolving and photosystem II-dependent photosynthetic 

mechanism and the carbohydrates metabolism of microalgae are similar to 
those in land-based plants [29, 30], the microalgae photosynthetic efficiency 
generally spans from 6% to 10%, surpassing the 1–2% of land plants [31]. 
Additionally, their larger surface-to-volume ratio allows the uptake of larger 
amounts of nutrients, especially when submerged in an aqueous environ-
ment. This, coupled with their simpler cellular structure, makes microalgae 
more efficient in converting solar energy into biomass [32].

Microalgae display some additional features that make them very attrac-
tive as feedstocks for biofuels in comparison to land plants and even mac-
roalgae: i) higher productivity of biomass per unit of surface and time (for 
example a 4- to 5- fold higher oil productivity than the most productive 
crop plants currently used as biodiesel feedstock has been demonstrated 
[33]); ii) non competitiveness for land or food market with crops, since 
it can be produced even on non-arable land; iii) better economy of water 
and nutrients through effective recycling; iv) possibility of using industrial 
residues as a source of inexpensive nutrients, especially CO

2
, N and P, and/

or thriving in saline or freshwater environments and converting sunlight, 
CO

2
 and water to algal biomass [34].

16.2.2.1  Microalgae Biomass as a Biofuel Feedstock

Since many microalgal strains, especially diatoms and green algae, accu-
mulate around 30% of their dry biomass as lipids (exceptionally up to 
90%) [27], most research and development regarding microalgal bio-
mass for biofuels has been directed toward assessment of possibilities for 
biodiesel production, which is extensively covered in the literature [32, 
35]. However, there are microalgal strains that accumulate up to 70% of 
their dry biomass as carbohydrates, mostly water-insoluble structural and 
energy-reserve polysaccharides that make them also attractive as a feed-
stock for a variety of fermentation processes toward biofuels (Table 16.1) 
[34, 36–41].

While the main reserve polysaccharide of cyanobacteria is glyco-
gen (α-1,4 linked glucan), which accumulates in the cytosol, green algae 
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synthesize and accumulate amylopectin-like polysaccharides (starch) in 
their chloroplasts [42]. As in plants and macroalgae, cellulose is an integral 
constituent of the cell wall of eukaryotic microalgae and its levels remain 
mostly constant for a given strain [41]. More interestingly from a biotech-
nological point of view, microalgal cell wall not only lacks lignin but also 
hemicellulose. Furthermore, some eukaryotic microalgae lack a cell wall 
altogether, which largely facilitates access to the storage polysaccharides 
that are normally preferred for downstream conversion technologies. In 
contrast to structural polysaccharides, starch and glycogen accumulation 
levels largely fluctuate due to the environmental and overall growth condi-
tions such as nutrient availability, salt stress, light intensity, and tempera-
ture [42]. For example, starch content in Chlorella vulgaris increased about 
8-fold, to 41% of the algal dry weight, after N starvation [40]. In addition 
to N starvation, deficiency of other nutrients such as P and S also trig-
gered carbohydrates accumulation in a variety of microalgal strains [34]. 
However, most times the final carbohydrates (or lipids) productivity is off-
set by the lower yields in biomass resulting from the imposed nutrients 
limitations [34, 40, 42]. Therefore, optimization of nutrient concentration 
is very important to balance biomass production and desired biomass 
composition for overall carbohydrates (or lipids) yield. It has been shown 
that optimized limited media are superior to the absolute deprivation of 
nutrients for increased yield of target compounds, likely because they may 
favor some of the conversion processes [43].

Alternative to the use of synthetic fertilizers for an optimized nutrients 
composition, microalgae can be cultivated at the expense of wastewaters, 
especially those from the agro-industrial sector which are rich in inorganic 
pollutants such as nitrogen and phosphorus. This dual-purpose strategy is 
interesting for the simultaneous management of environmental pollutants 
and the production of microalgae biomass with a composition that can be 
tuned according to some operational variables. However, the specific com-
position of wastewater and its variations make it difficult to take advantage 
of the optimized limited medium strategy [42, 44].

Glucose is the main sugar in microalgal biomass and, in some cases, can 
represent up to 90% of the total sugars, when cells are appropriately induced 
[42, 45]. However, rhamnose, fucose, ribose, arabinose, xylose, mannose, 
and galactose are frequently detected in varying proportions [46].

As it happens with most organisms, microalgae produce high yields of 
biomass of a desired composition in laboratory shaker-flask cultures under 
conditions of constant temperature and light intensity and do not neces-
sarily perform as satisfactorily under environmental conditions and/or in 
large-scale cultivation systems [47].
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16.2.2.2  Microalgal Biomass Production Technology

Different cultivation systems have been tested for microalgal biomass pro-
duction at large scale (Figure 16.1) [52]. Currently, most commercial-scale 
algae cultivation systems are open ponds due to their relative low-cost and 
simple scaling-up [53, 54, 55]. Additionally, open ponds can be installed 
in areas with marginal crop production potential, avoiding competition 
for land with existing agricultural crops [56], have lower energy input 
requirements during operation [56, 57], and easier regular maintenance 
and cleaning than alternative culture systems [58]. There are four major 
types of open-culture systems currently in use: shallow big ponds, tanks, 
circular ponds and raceway ponds [59].

Raceway ponds consist of a closed-loop recirculation channel that is 
typically between 0.2 and 0.5 m deep, built in concrete, or compacted soil, 
and may be lined with plastic materials. Mixing and circulation is done 
by a paddlewheel and baffles that guide the flow around bends [32, 55]. 
CO

2
 requirements are usually supplied from the surface air, but supple-

mentation from CO
2
 addition-sumps close to the paddlewheels are often 

installed to enhance CO
2
 absorption, resulting in increased cells prolifera-

tion by promoting C-assimilation and by aiding in the pH control of the 
culture [60]. However, open ponds also have many disadvantages since 
being exposed to the air makes extremely difficult to control the cells envi-
ronment. A common problematic issue is water evaporation at tempera-
tures that favor cell proliferation. Ponds depth should be balance between 
the need to maintain an adequate water depth for mixing and to avoid large 
changes in ionic composition due to evaporation with the need to provide 
adequate light to the algal cells. Contamination and/or predation are also 
critical aspects to sustain productivity [53, 59].

Typical closed reactors include bag systems, vertical bubbled columns, 
other tubular photobioreactors (PBRs) and flat plate reactors (Figure 16.1) 
[59, 61]. In contrast to open pond systems, PBRs allow a better control over 
water evaporation, contamination and predation, and higher productivi-
ties [32].

Bag systems are perhaps the simplest setting and consist of large plas-
tic bags of approximately 0.5 m in diameter fitted with aeration systems. 
This system is being extensively used for aquaculture feed production [59]. 
Maintenance of this culture system is labor intensive and algal cultures 
usually crash due to inadequate mixing [53].

Vertical-column PBRs are characterized by their high volumetric gas 
transfer coefficients. The bubbling of gas from the bottom of the column 
enables efficient CO

2
 utilization and optimal O

2
 removal that ameliorates 
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the inhibition of photosynthesis that frequently occurs in other culture sys-
tems [62]. The gently agitation of the medium by the gas bubbles shows 
very little shear stress compared to impellers and pumps, diminishing cell 
damage compared to other PBR systems, except at extreme superficial gas 
velocities [61, 63].

Internal-loop airlift PBRs typically comprise a transparent column, an 
internal column, and an air sparger [64, 65]. Air or CO

2
-enriched air is 

introduced inside the internal column at the bottom; and degassing occurs 
in the freeboard regime, which locates at the top of the internal column. 
Since the gas holdup inside the internal column is much larger than in 
the degassed liquid outside of the internal column, an upward flow of the 
liquid/gas mixture will be created inside the internal column while a down-
ward flow of degassed liquid is generated outside of it. This excellent mix-
ing is the main advantage of the airlift PBR since it allows good exposure of 
cells to light radiation even with a relatively large diameter of column and 
high cell density. Additionally, is simple and fairly easy to maintain [61].

Tubular PBRs are one of the most suitable types for outdoor mass culture 
since they have large illumination surface area. Most outdoor tubular PBRs 
are usually constructed with either a glass or plastic tube of 0.1 m or less 
in diameter, to ensure light penetration of dense cultures. Using these set-
tings, sunlight interception can be optimized by changing the orientation 
according to the position of the sun. The most common tubular arrange 
is the horizontal/serpentine type. Aeration and mixing of the cultures in 

Figure 16.1 Microalgae culture systems. (a) Raceway pond; (b) circular pond; (c) 

horizontal tubular PBR; (d) airlift PBR, (e) flat panel, (f) hybrid system, raceway pond 

coupled to parallel horizontal tubes.

(a)

(c) (d) (e)

(b) (f)
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tubular PBRs are usually accomplished by air-pump or airlift systems [32, 
58]. Some of the major limitations of tubular PBRs are poor mass transfer 
(O

2
 tends to build-up) resulting in photo inhibition, difficulty in the con-

trol of temperature if expensive accessory systems are not used, and adher-
ence of the cells to the tube’s walls, that largely compromise cleaning and 
maintenance [55, 58].

Flat-panel PBRs have received much attention for cultivation of pho-
tosynthetic microorganisms due to their large illumination surface area 
toward increased biomass productivity and, unlike tubular PBRs, accumu-
lation of O

2
 can be better managed [58].

Algal biomass production can be significantly improved in closed cul-
ture systems. However, installation and maintenance costs are much higher 
than those for open ponds and represent the major limiting factor for com-
mercialization of closed systems [53, 66, 67]. Thus, hybrid systems that 
take advantage of salient features of both open ponds and PBRs have also 
been developed for increased biomass productivity. Hybrid systems couple 
a first stage in PBRs, to maintain constant conditions that favor continu-
ous cell division and prevent contamination of the culture, and a second 
stage in open ponds to expose the cells to nutrient deprivation and other 
environmental stresses that lead to the synthesis and accumulation of car-
bohydrates and/or lipids [66].

16.2.2.3  Microalgae Productivity

The main constraints to microalgal productivity are environmental factors, 
mostly irradiance and temperature, although the culture system and fertil-
ization (see above) introduce some variations. When algae are cultivated 
photosynthetically, the efficiency of photosynthesis is a crucial determi-
nant of their productivity, affecting growth rate and biomass production. 
Theoretical best-case biomass productivity values are in the range of 33–42 
g/m2/day [68], a productivity that could be accomplished after optimiza-
tion of both biological and production systems.

The maximum conversion efficiency of total solar energy into primary 
photosynthetic organic products is around 10% [68, 69]. Photosynthetically 
active radiation (PAR) is limited by normal diurnal and seasonal fluctua-
tions as a function of the sun’s changing zenith angle throughout the year. 
Thus, algae cultivation sites at lower latitudes experience less change in 
solar insolation and will generally have a more consistent daily availability 
of PAR. Even though cloud cover and storms have a significant impact 
on available PAR, microalgae photosynthesis still occurs at a reduced rate 
using available diffuse radiation [70].
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Optimal growth temperature is usually strain specific [71]. Although 
many microalgae can tolerate temperatures 15 °C below or 2°–4 °C above 
their optimal temperature, photosynthetic reactions become limiting 
beyond the optimal temperature range and extremely suboptimal temper-
atures will eventually reduce cell viability [72].

Most evaluations of the economic and environmental viability of algal 
biofuels rely on one of the following methods to estimate biomass produc-
tivity: i) assumed values; ii) modeled values based on climatology; or iii) 
measured values based on long-term outdoor production in a scalable sys-
tem [73]. Studies that use assumed values for biomass productivity project 
yields ranging from 50 to over 100 MT/ha/yr biomass, whether in open 
ponds or PBRs, respectively [66, 74, 75]. Modeling studies may incorpo-
rate site-specific climatology, but they predict a similar wide range of bio-
mass yields for both ponds and PBRs [76, 77]. To date, there are just a few 
reports of direct determination of yields in open ponds at a scale larger 
than 10 m2, which is an order of magnitude lower than that frequently used 
for assumed or modeled yields in “virtual ponds” (78; 79; 80; 81; 82). A 
recent demonstration of productivity under favorable year-round climatic 
conditions in Hawaii in a hybrid closed-open system reached 23 g/m2 [66], 
considerably higher than other currently achieved values of 10–15 g/m2/
day, which are based on sustained values averaged over the course of a year 
[83, 84, 85].

16.2.2.4  Harvesting and Drying Algal Biomass

One of the main drawbacks of microalgal biomass as an alternative feed-
stock for biofuels is their cellular organization. Frequently, they are either 
single cells in the range of 2– 40 mm or groups of a few cells, making the 
harvesting process more complex and expensive than for lignocellulosic or 
macroalgae feedstocks [86, 87, 88]. Cell harvesting expenses accounts for 
almost 20–30% of the entire cost of producing this feedstock [87] and the 
methods used include mass harvesting by flotation, flocculation, gravity 
sedimentation and thickening by centrifugation and/or filtration, a step 
that requires substantial amounts of energy (Figure 16.2).

Flocculation could be done by microbes or chemicals and the standard 
flocculants must be cheap, nonhazardous and active in small doses [87]. 
Additionally, it can be achieved by an electrolytic method, where an elec-
tric field is used to charge the microalgal cells in order to move out of the 
solution. Hydrogen produced by the electrolysis of water gets trapped in 
the algal flocs and promote their flotation [89]. Another alternative is flo-
tation by sparging small air bubbles, with a size between 10 and 100 μm. 
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In some occasions, this approach must be coupled with flocculants such as 
alum to enhance the flotation effect [90].

Filtration is usually categorized according to exclusion size of the mem-
brane’s pores: i) macro filtration, 10 μm; ii) micro-filtration, 0.1–10 μm; iii) 
reverse osmosis 0.001 μm; and iv) ultrafiltration, 0.02–0.2μm. The force 
needed to push liquid from one side to the other of the membrane rises 
as the membrane’s aperture size drops. This approach is cost-effective for 
small broth volumes (less than 2m3/day), but filtering on a large scale (over 
20 m3/day) is less economical- and operative-effective than flotation [55].

Almost all types of microalgae can be separated reliably and without 
difficulty by centrifugation using a variety of models. Disc stack centri-
fuges are the most common industrial centrifuges and are widely used in 
commercial plants for high-value algal products and in algal biofuel pilot 
plants [87]. A disc stack centrifuge consists of a relatively shallow cylindri-
cal bowl containing a number (stack) of closely spaced metal cones (discs) 
that rotate. The mixture to be separated is fed to the center of the stack of 
discs and the dense phase travels outwards on the underside of the discs 
while the lighter phase is displaced to the center. Centrifugation is both 
capital- and operative-expensive. However, the energy return of using cen-
trifugation could be improved by pre-concentration using a combination 
of other harvesting techniques, such as the ones discussed above [87, 88].

Most times, drying the harvested biomass is necessary to increase the 
biomass converted into biofuels. While fresh-harvested algae paste has 
almost 90% of water content, dehydration to about 50% water content is 
essential for further manipulation [91, 92]. Drying methods may include 
natural sun drying or more advanced techniques like freeze drying, drum 
drying, oven-drying, spray drying and fluidized bed-drying. Despite sun 
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Figure 16.2 Schematic of microalgae biomass production systems.
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drying being amongst the slower methods, and that it produces biomass 
quality deterioration in some degree, it is cost- and energy-effective when 
compared to the other techniques, especially important for low-value 
commodities such as biofuels. Freeze drying is widely used for dewater-
ing microalgal biomass toward fine chemicals or other labile products for 
which capital and operation costs are justified [92].

16.2.2.5  Microalgal Biomass Conversion into Biofuels

Microalgal carbohydrates can be used to produce biofuels through several 
biomass conversion technologies. The most developed ones are anaero-
bic digestion for the production of biogas, and yeast fermentation for the 
production of bioethanol. However, biological biohydrogen production 
and hydrothermal liquefaction are also very promising alternatives for the 
future.

16.2.2.5.1  Anaerobic Digestion of Microalgal Biomass
Like most other organic matter (including lignocellulosic biomass, mac-
roalgal biomass, etc.), microalgae can be subjected to anaerobic digestion 
to produce biogas. This process normally involves the synthrophic decom-
position of the substrate by microbial communities: first, several anaer-
obic Bacteria hydrolyze and ferment the organic matter into acetic acid 
and hydrogen and afterwards, methanogenic Archaea proceed to complete 
the organic matter transformation into methane and carbon dioxide. The 
hydrolysis step is often the rate-limiting step in the anaerobic digestion and 
is particularly critical for most terrestrial plants’ lignocellulosic biomass. 
Therefore, the lack of lignocellulosic or cellulosic materials in microalgae 
might favor the overall hydrolysis process, resulting in higher hydrolysis 
rates and conversion efficiencies. Additionally, high carbohydrate content, 
especially simple sugars like glucose, could be advantageous for anaero-
bic digestion. For example, Chlamydomonas reinhrdtii cultured in sulfur 
starvation showed increased carbohydrate levels, which resulted in an 
increased biogas production [93].

It has been shown that the optimal values of the C/N ratio are 20–30 
since they tend to increase the biogas yield. Microalgae cultivated in excess 
of N-fertilizer accumulate higher levels of proteins and display C/N ratios 
of 10 and lower [42], composing a poor substrate for anaerobic digestion 
[94] due to the inhibition by ammonia of the methanogenic Archaea [42].
Thus, both the strategy of enriching the carbohydrates content in micro-
algal biomass by controlling the supply of N-fertilizer and/or co-digestion 
with other high-carbohydrate-containing organic matter, are convenient 
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alternatives for transformation of microalgal biomass into biogas [42]. 
Also, high sodium content in most marine species can also affect the 
digester’s performance [95].This technology could be applied in a biore-
finery approach as it has been demonstrated that conversion of microalgal 
biomass into methane after lipid extraction can recover more energy than 
that from the cell lipids alone. This would be especially beneficial when the 
lipid content of the biomass does not exceed 40% [95].

16.2.2.5.2  Microalgal Biomass Fermentation into Bioethanol
Bioethanol production by yeast fermentation of microalgal carbohydrates 
is perhaps the most attractive alternative to lignocellulose-based bioethanol 
for the mid-term future and is the strategy that will be discussed in more 
detail in this chapter. Although the potential of ethanol production from 
microalgal biomass has been appreciated for some time now [37], research 
projects reporting optimization and proof-of-concept demonstrations of 
the tangible potential of microalgae-based bioethanol have only started to 
accumulate in the scientific literature in the last 5–10 years [34, 96, 91].

Microalgal biomass appears to be easier to convert into monosaccharides 
compared to plant lignocellulosic and macroalgal biomass, mostly because 
of the lack of lignin and/or other recalcitrant structures [42] (Figure 16.3). 
Nevertheless, microalgal carbohydrates need to be hydrolyzed into single 
monomers before they can be fermented into ethanol. Currently, hydrolysis 
and fermentation can be performed as discrete steps (separate hydrolysis 
and fermentation; SHF) or combined in a one-step consolidated biopro-
cessing (simultaneous saccharification and fermentation; SSF).

Fermentation
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Hydrolysis
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Microalgae
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Pretratment
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Figure 16.3 Comparison of biomass processing for bioethanol production from different 

raw materials.
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For SHF, several successful conditions for microalgal biomass sac-
charification by diluted acid hydrolysis have been recently published. For 
a variety of carbohydrate-rich microalgae biomass, hydrolysis with either 
sulfuric, nitric, or hydrochloric acid at temperatures between 120 °C and 
140 °C for 15–30 min resulted in over 80% saccharification [34, 96], with 
sulfuric acid pre-treatment being the most effective from a techno-eco-
nomic perspective [97]. Also, the addition of MgSO

4
 as a Lewis acid dur-

ing saccharification resulted in a higher sugar yield than that obtained 
when only dilute sulfuric acid was used [98]. While the solids load more 
frequently used for diluted acid hydrolysis were between 10 – 50 g dry 
biomass/L, Sanchez Rizza and co-workers recently showed the optimized 
saccharification of a Desmodesmus sp. strain biomass containing 57% w/w 
carbohydrates for the release of up to 95% sugars at a solids load of 100 g 
dry biomass/L (close to a solids content of 15% (w/v) of the freshly col-
lected Desmodesmus biomass) in the presence of 2% H

2
SO

4
 (v/v), at a 120 

°C for 30 min. This demonstration suggests the possibility of increasing 
the final concentration of sugar using less acid [34]. This is a critical fac-
tor for economically-competitive bioethanol production since it has been 
estimated that a minimum of 40 g ethanol/L of fermentation broth would 
be needed to reduce distillation costs [99].

An alternative is enzymatic hydrolysis and the most commonly used 
enzymes are amylases, cellulases, and/or pectinases [96]. In a recent report, 
different pre-treatments were compared, and it was shown that the enzy-
matic treatment with thermostable enzymes produced the highest recov-
ery percentage of glucose/ g total sugar [98].

Saccharified microalgal biomass can be efficiently converted into etha-
nol by the ethanologenic yeast Saccharomyces cerevisiae, although other 
yeasts and bacteria such as Zymomonas mobilis or Escherichia coli can be 
used as well (34, and references therein). The high glucose content in the 
saccharified microalgal biomass facilitates fermentation by common yeasts 
and results advantageous in comparison to C5 sugars-containing lignocel-
lulosic or macroalgal biomass [42].

Typical ethanol yields from microalgal biomass are close to 0.25 g/ g 
biomass at carbohydrates contents around 50% (w/w) for nearly 85%, but 
quite often approaching 95% of the theoretical value of 0.51 g/g glucose 
(Table 16.2) [34, 96]. Previous optimistic estimates placed achievable pro-
ductivities at 46,760 – 140,290 L/ha/year, largely exceeding those of more 
traditional plant crops [100] or macroalgae (29,658L/ha/year) [101] feed-
stocks. However, more recent data with realistic microalgal biomass pro-
ductivities around 27 and up to 61 Tn/ha/year [102], and an achievable 
ethanol yield of 0.25 g/g biomass (Table 16.3) place bioethanol yields at 
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8,500 – 19,500 L/ha/year, which would still be at the top of the list for alter-
native feedstocks for bioethanol [101].

SSF can be accomplished by simultaneous addition of the fermenting 
microorganisms and hydrolytic enzymes from different sources. For exam-
ple, it has been shown that the enzymatic hydrolysis of C. vulgaris biomass 
(containing 51% carbohydrate w/w) gave a glucose yield of 90.4% and pro-
duced ethanol at 79.9% or 92.3% of theoretical yields by the SHF or SSF 
processes, respectively [45]. Furthermore, some developments have aimed 
at producing recombinant microorganisms able to produce specific hydro-
lases that are secreted into the fermentation broth or displayed on the cell 
surface. These strategies would represent a breakthrough for low-cost bio-
mass processing due to the economic benefits of process integration and 
avoiding the high costs of enzymes [103]. In a representative successful 
study using lysozyme and a recombinant amylase-expressing yeast and the 
SSF strategy on carbohydrates obtained from cyanobacterium Arthrospira 
platensis (Spirulina) biomass, which accumulates large amounts of glyco-
gen, it was achieved an ethanol production of 6.5 g/L (ethanol productivity 
of 1.08 g/L/day) at 86% of theoretical yield [104].

Table 16.3 Comparison between the major bioethanol crops and algae.

Average world 

yield (kg 

ha−1year−1)

Dry weight of 

hydrolysable 

carbohy-

drates (kg 

ha−1 year−1)

Potential 

volume of 

ethanol 

(L ha−1 

year−1) References

Corn kernel 9,900a NA 3,680 [123, 124]

Corn stover 5,330a NA 1,594 [123, 129]

Microalgaeb 715,400 357,700f 226,679g [68]

Microalgaec 120,450–153,300 60,225–76,650f 38,165–48,574g [68]

Microalgaed 83,950 41,975 f 26,600 g [66]

Microalgaee 36,500-54,750 18,250-27,375f 11,565- 17,348g [83]

a central Iowa, USA. b Productivity assumed in a theoretical case in a site on the equator, 

which has relatively constant solar irradiance. c Productivity assumed in the best case used 

the day with peak solar energy, and thus represents a rate that could be achieved over short 

periods, but not sustained, unless the site sustained a high rate of solar energy, such as 

those close to the equator. d Highest productivity demonstrated at large –scale. e Currently 

achieved values more typically observed at large –scale, based on sustained values averaged 

over the course of a year. f Assuming carbohydrate content 50%. g Assuming a 100% conver-

sion efficiency. Ethanol density: 0,789 kg/L
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Several microalgae have themselves the capability to produce bioetha-
nol by intracellular auto-fermentation of stored carbohydrates. Hirano and 
colleagues have demonstrated that almost every one of 250 studied strains 
displayed some capacity for the production of bioethanol through the 
intracellular fermentation. However, although this alternative is appealing 
for its simplicity and would bypass the pre-treatments and saccharification 
steps described above, overall yields were low. The most productive hit cor-
responded to a Chlamydomonas reinhardtii strain (UTEX2247) at conver-
sion yields about 30–40% of the theoretical value. [105].

Unfortunately, despite its potential, current cost for microalgal biomass 
production has the greatest impact on bioethanol’s production costs [106] 
and should be reduced in order to achieve large scale production and com-
mercialization [102].

16.2.2.5.3  Genetically Modified Cyanobacteria and the Photanol Concept
Cyanobacteria Synechocystis sp. PCC 6803, Synechococcus elongatus sp. PCC 
7992 and Anabaena sp. PCC 7120 have been genetically modified by intro-
ducing genes encoding for pyruvate decarboxylase (PDC) and ADH from 
Z. mobilis under the control of the promoter of the rbcLS operon encoding 
the cyanobacterial ribulose-1,5-biphosphate carboxylase/oxygenase with 
the aim to increase PDC and ADH activities in the cyanobacterial hosts. 
These engineered strains produced bioethanol directly from CO

2
 and light 

according to an “artificial photofermentative” metabolic pathway that has 
been given the name of Photanol [126]. These modifications resulted in 
ethanol productivities of 0.025 mg ethanol/ L after 6 days for Synechococcus 
sp. PCC 7942 [127] and 0.55 g/Lafter 6.25 days for Synechocystis sp. PCC 
6803 [128]. Although very promising as a proof-of-principle, these values 
remain low in comparison to those obtained by saccharification of microal-
gal biomass and fermentation with ethanologenic microorganisms.

16.2.2.5.4  Hydrogen Production from Microalgal Biomass
Biohydrogen production can be performed either by the microalgae itself, 
or by using microalgal biomass as feedstock for microbial processes. In 
general, biohydrogen can be produced either photobiologically or by 
fermentation. Eukaryotic microalgae and cyanobacteria can produce 
hydrogen by means of two kinds of enzymes: i) hydrogenases and/or ii) 
nitrogenases [129].

Biohydrogen production by microalgae can occur either by direct or 
indirect biophotolysis. Direct biophotolysis takes place briefly at the begin-
ning of the light period or under special growth conditions such as sulfur 
deprivation that partially inhibits O

2
 evolution activity from PSII, leading 
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to anaerobiosis in a sealed culture. The captured solar energy by the photo-
synthetic apparatus is used to split water into protons, electrons, and oxy-
gen under anoxic conditions. Then, the electrons are transferred to reduce 
ferredoxin which reduces the hydrogenase enzyme causing the generation 
of H

2
. When O

2
 builds up as a consequence of PSII activity, hydrogenase 

activity drops sharply [130]. Indirect biophotolysis is an alternative path-
way through which microalgae produce biomass in the light and, when 
transferred into anaerobic conditions, hydrogen is produced from elec-
trons that are extracted from the accumulated carbohydrates [130].

In the darkness, the auto-fermentation of the carbohydrates can also 
result in the production of H

2 
by algae [42]. In addition, algal biomass can 

be utilized as feedstock for biohydrogen production by dark fermentation 
by bacteria. Some anaerobic bacteria (mainly from the genus Clostridium) 
can produce biohydrogen from fermentable organic materials. The hydro-
gen production rates by dark fermentation are much higher than those 
obtained via phototrophic hydrogen production. Under anaerobic condi-
tions, biohydrogen is a by-product of the conversion of organic substrates 
into organic acids, which are naturally consumed by other microorganisms 
to produce methane and carbon dioxide as end-products during biomass 
anaerobic digestion. Inhibition or abatement of hydrogen consumer of an 
anaerobic digestion sludge or fermentation with axenic fermenting micro-
organisms results in H

2
 production. As in other microbial dark fermen-

tations, carbohydrates are considered to be the most favorable substrate 
for biohydrogen production [131]. For example, it has been shown that 
Tetraselmis subcordiformis increased about four-fold its carbohydrates con-
tent under nitrogen starvation and, consequently, more than 5-fold increase 
in H

2
 levels could be obtained by fermentation of its biomass [132]. Also, 

optimization of S and N and their interaction with the C source, enabled 
a 150-fold increase in H

2
 production by Synenchocystis sp. PCC 6803 [43].

16.2.2.5.5  Thermochemical Conversion of Microlgal Biomass into Bio-oil
As with biomass from other sources, microalgal biomass can be converted 
into bio-oil (a heavy and tarry oil), with an approximate composition of 
73% C, 9% H, 5% N, and 13% O through different technological pathways.

Pyrolysis is performed at temperatures in the range of 350–700 °C in the 
absence of air. It has been shown that bio-oil derived from microalgae was 
of a higher quality and of a higher stability than the bio-oil derived from 
lignocellulosic materials [133]. Gasification takes place at temperatures of 
800 to 1,000 °C, and produces syngas- a synthetic gas enriched in CO and 
H

2
 with low calorific value. Syngas can be further converted into liquid 

synthetic fuels via the Fischer-Tropsch synthesis [134]. The hydrothermal 
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liquefaction proceeds at 300–350 °C and pressure of 5–20 MPa and can 
be performed from wet algal biomass, bypassing the need of drying the 
biomass and considerably reducing operation and capital costs. The final 
product is bio-oil and it has been shown that proteins and lipids are con-
verted to bio-oil most efficiently without the use of catalysts while carbo-
hydrates are best processed using sodium carbonate [135]. The frequently 
high protein content of microalgae grown under N-sufficiency is problem-
atic for high quality bio-oil, since it tends to increase NOx emissions after 
its combustion and/or increase expenses for its purification [136, 137]. 
However, as discussed in a previous section, the biomass composition can 
be conveniently tuned by optimization of fertilization among other cultur-
ing aspects [40].

16.3  Environmental Sustainability 
of Microlgal-Based Biofuels

Although much work has been done in recent years, second and third gen-
eration biofuels are still under development and thus, there is no accurate 
data of the impact their production has. In general, the main sustainability 
concerns on biofuels are climate change, energy efficiency and land occu-
pation. Life cycle analysis (LCA) has become an essential tool in assessing 
the sustainability of biofuel systems [138], using three indicators to address 
these concerns: 1) Global Warming Potential (GWP), calculated through 
equivalent carbon dioxide emission per energy unit (g CO

2
 eq./MJ); 2) 

Energy Ratio Output/Input (ER), calculated through a ratio of the biofuel’s 
energy content (MJ of bioenergy output) over the total energy required 
to produce the biofuel (MJ input); 3) Land Use (LU): measures biofuels 
potential for area occupation in an annual basis per biofuel energy unit 
(dm2.a /MJ) [139].

Well-to-wheel analyses for second generation bioethanol (including 
agricultural and municipal waste, energetic crops and macroalgae) have 
shown lower GWP average-values than third generation bioethanol [139]. 
The poor performance and great variability of third generation biofuels 
is due to the immaturity of the technology and the lack of direct large-
scale determinations. However, open raceway pond technology seems to 
be preferable to PBRs as it looks less GHG intensive [140].

For the second parameter, ER, there is great variability in the results 
obtained from LCAs for either second or third generation biofuels, but the 
average ER values are higher for second generation than for third genera-
tion biofuels indicating that the energy required to produce the biofuel is 
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greater when microalgae are used as feedstock [139]. Parvatker identified 
the harvesting step as the most energy intensive in algal culture due to 
their low diameter, consuming over 40% of the total energy required by the 
process [141]. Additionally, LCAs have been unable to point out the best 
cultivation method energy-wise because of the high uncertainties of the 
results due to the immaturity of the technology.

Lastly, third generation feedstocks occupy in average a smaller area than 
second generation, which has LU values comparable to those of first gener-
ation sugarcane ethanol. This is as expected since third generation biofuels 
do not require terrestrial areas for biomass cultivation and avoids com-
petition with food crops. Regardless of the complexity of land use change 
(LUC) quantification and due to the non-existence of methodological 
standards, there is a clear trend of reduction in LU when comparing third 
generation biofuels to second generation [139]. Furthermore, PBRs show 
higher LU than open raceway ponds because of the PBRs’ requirement of 
facility infrastructure [142].

Due to the diversity of approaches used, comparing LCA’s results is not 
a straight forward task. There is a need for LCA to be harmonized (in par-
ticular for co-products credits approach and the inclusion of the indirect 
effects) to make the interpretation of the results easier, especially for policy 
makers and investors, although fixed approaches may lead to inaccurate 
conclusions. Additionally, the developmental stage of third generation bio-
fuels technology and the several pathway options increase the variability 
and uncertainty of the LCA results. Nevertheless, data show great potential 
for third generation feedstocks, especially regarding GWP reduction and 
LUC, even if the energy efficiency is not as promising [139]. A biorefinery-
based strategy could be the right approach to optimize the use of energy 
and lower the production costs. By converting all the available compounds 
in the biomass in marketable products-particularly high-added value ones- 
and producing no waste, it might be possible to improve its economic via-
bility, societal acceptance and sustainability [95, 143, 144].

16.4  Prospects for Commercialization of 
Microalgal-Based Bioethanol

During the past last years, the private sector made impressive technologi-
cal breakthroughs that placed genetically-modified-cyanobacterial-based 
bioethanol very close to commercialization.

In 2011, the Company Joule Unlimited (Bedford, MA, USA) cast a proj-
ect that would use an engineered cyanobacterium to produce bioethanol 
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directly from light and CO
2
. In 2014, authorization from the Environmental 

Protection Agency (EPA) of the United States was granted for large scale 
cultivation of the engineered cyanobacteria in proprietary PBRs called 
Solar Converter®. The Company expected a huge ethanol productivity of 
over 230,000 L/ha/year with a production costs of $0.16/L - $0.32/L of eth-
anol, that would be ready for commercialization in 2017 [96]. However, on 
July 2017, during the DOE Bioeconomy 2017 conference in Washington 
DC, it was announced the confirmation of the closure of Joule Unlimited 
venture due to discontinuation in the investment needed to effectively start 
commercialization of cyanobacterial-based bioethanol (www.biofuelsdi-
gest.com/bdigest/2017/07 /18).

Algenol (Fort Myers, FL, USA) is a global, industrial biotechnology 
company established in 2006 that is commercializing its patented algae 
technology platform for production of ethanol and other biofuels, chemi-
cals and bio-based materials. They use this technology for the production 
of biofuels using proprietary algae, sunlight, CO

2
, and saltwater, on non-

arable land. The company’s technology is a unique two-step, sustainable 
process that first produces ethanol directly by enhancing the natural ability 
found in several strains of cyanobacteria to produce ethanol in proprietary 
flexible plastic film PBRs that facilitate algae growth and product collec-
tion. Then, ethanol is purified through proprietary vapor compression 
steam stripping units as an energy-efficient technology, followed by stan-
dard distillation techniques. Finally, they convert the spent algae biomass 
into Green Crude. The Company claims that they have the only renewable 
fuel production process that can convert more than 85% of its CO

2
 feed-

stock into fuel, with a carbon footprint that is 80% less than that of gasoline 
(http://algenol.com/).

Other companies from the biofuels, petroleum, and agribusiness indus-
tries, mostly in the US, have claimed the potential to produce algal biomass 
for biofuels (bioethanol) on sustainable basis. The major barriers to com-
mercialization of algal bioethanol is the huge capital cost of facilities and 
other operational costs [91].

16.5  Conclusions and Perspectives

During the last two decades, the microalgae-to-biofuels discipline has pro-
duced a remarkable amount of very relevant scientific and technological 
knowledge. Thus, this chapter aimed at discussing the most relevant issues 
concerning the use of microalgae biomass as an alternative to lignocellu-
losic matter as a feedstock for bioethanol. Other excellent journal reviews 
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and book chapters more directly focused on specific aspects have been 
recently published and are strongly recommended.

In general terms, due to microalgae productivity, the possibility of cul-
turing them at the expense of industrial and/or domestic wastewater and 
in marginal lands, and its biomass composition, microalgae have very 
high potential as an alternative feedstock for the production of bioetha-
nol and other biofuels. Even though every culturing systems has advan-
tages and disadvantages, higher productivities have been shown in hybrid 
systems combining the strengths of both close systems (PBRs) and open 
systems (raceway ponds). Optimization of fertilization allowed for tuning 
the biomass composition and, for example, to increase the carbohydrates 
to protein ratio. The simpler structure of microalgal carbohydrates enables 
an important reduction in pre-treatment and hydrolysis efforts and the 
very high glucose content of microalgal carbohydrates largely facilitates 
fermentation with yeasts or other microorganisms. The implementation 
of genetic engineering for the development of genetically modified organ-
ism (GMO) strains that directly convert CO

2 
into ethanol is extremely 

promising at the point that private companies are already envisioning 
commercialization.

Nevertheless, this is still a young discipline and much more pilot or pre-
industrial scale demonstration plants are to be build and operated year-
round for more realistic techno-economic and environmental analysis and 
to uncover potential new constraints. It appears that investment problems 
could delay progress in that direction.
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Abstract
Fruits and vegetables hold a superior place in our routine life not only from eco-

nomic aspects but also from health benefit for curing several illness. India is the 

second largest producer of fruits all over the world. But improper storage and 

exposure to the external factors accelerate the loss of quality attributes. The gap 

between seasonal supply of fruits and its demand throughout the year enforced us 

for proper storage. Preservation through juice production ensures availability and 

supply around the year. Like fresh fruits, fruit juice is also gaining more impetus 

throughout the world for its refreshing nature, therapeutic value and health ben-

efits. Modern life style led us to take fruit juice rather than fresh fruit and becom-

ing more popular with time span.

Juice processing have a major influence on phytochemicals property, antioxi-

dant property, texture, and shelf life. Conventional processing are reported for 

hampering the original properties of juice. In this consequence enzyme medi-

ated juice processing offer tremendous advantages over traditional methods. It is 

an integral component of juice processing and highly acceptable from industrial 

point of view. The main purpose of paradigm shifting from traditional to alterna-

tive processing is concentrated on the high yield, process efficiency, cost effective 

production, upliftment of nutritional properties, soothing appearance, and extent 

shelf life.

Keywords: Juice processing, traditional methods, enzymatic processing, 

nutritional property, shelf life
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17.1  Introduction

In recent time, fruit juice based diet is gaining more popularity all over the 
world, which provide essential nutrients to human health. As fruit juices 
are very rich in bio-active components, therefore, it contributes in health 
promotion and diminish the risk of chronic diseases [1]. Several diseases 
like obesity, diabetes, coronary heart disease, cancer, bowel disease, skin 
disease, rheumatoid arthritis, pulmonary disease, asthma, osteoporosis, 
eye diseases, dementia, stroke etc. can be prevented through consumption 
of fruits [2].

As all fruits are not available throughout the year, thus, there is an urge 
to preserve the fruit materials to meet the demand in the off season. There 
is a limitation for all fruit storage, after post-harvest due to its perishable 
nature. According to the third estimate of Indian Horticulture Database, 
total fruit production is 93,707,000 MT in the year 2017 [3]. Fresh fruits 
are consumed directly, but a large portion of the annual harvesting is pro-
cessed as consumable goods in the form of fruit juice and canned fruits. 
In our country, >20–25% fruits get spoiled before consumption due to 
improper storage and only 1.5% of total are being processed [4]. Fruit juice 
preparation ensures the availability of the product in all seasons and occu-
pies a good position from a commercial point of view. The major chal-
lenges in the juice processing industry lie in the retainment of nutritional 
property and improvement of organoleptic characteristics.

In industry, several techniques like use of mechanical device for peeling 
(abrasive devices, drums, rollers, knives, and milling cutters), juice extrac-
tion (traditional rack and cloth press, screw presses, horizontal press, and 
the belt press), use of chemicals for clarification and debittering, thermal 
processing (blanching, pasteurization, heat sterilization, radio frequency 
heating, microwave heating, ohmic, and dielectric heating) has been prac-
ticed extensively [5, 6].

Hindrances in traditional methods of juice processing drive the industry 
towards biotechnological approaches. Enzymatic juice processing facilitate 
the improvement of process efficiency and product quality. Enzyme appli-
cation is a best alternative of chemical methods as it is environmentally 
benign. Different factors like high activity, rapid and efficient action in low 
amount, substrate specificity, turn over number, reuse of the enzymes, no 
impact on nutritional and organoleptic property and mild reaction condi-
tion make enzymes more preferable and acceptable [7]. Thus, there is an 
outstanding growth in enzyme market for fruit processing industry. It is 
estimated that in 2020 market value of the industrial enzyme will be 6.2 
billion USD with a compound annual growth rate of 7% from 2015 and 
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the demand of industrial enzymes in food and beverage sector will be 2.0 
billion USD [8].

This chapter focus on the limitation of conventional juice processing 
and the application of various enzymes in fruit processing that makes the 
process nutritionally enriched fruit juice production along with its eco-
friendly and cost effectiveness.

17.2  Conventional Methods for Juice 
Processing and Their Drawbacks

Juice processing involves different set of operational activities like peeling, 
extraction, yield recovery, clarification, bitterness removal, etc. Basically, 
these process are required to make attractive, to increase the acceptability 
and to retain or increase the nutritional property of the juice. Palatability 
of juice is highly dependent on the appearance, flavour, texture, and nutri-
tion of the juice.

The conventional peeling methods are categorized into mechanical, 
chemical, and thermal process, where mechanical peeling includes abrasive 
devices, drums, rollers, knives and milling cutters, etc. [9]. Chemical treat-
ments process include application of chemicals such as NaOH solution, 
which is most preferred because of its easy penetration in the pores that 
facilitate in the degradation of the pulp layer, by acting on the thin waxy 
layer of the skin [5]. This chemical process is also known as lye peeling. 
Thermal peeling can be performed by wet heat or dry heat. In steam peel-
ing process, initially internal pressure has been build, resulted in mechani-
cal failure of the cell. After that it affects the tissue and disorganize the 
cell wall components, such as pectin and polysaccharides. In flame or dry 
heat peeling 1000 °C temperature has been used for peel removal. Infrared 
radiation (IR) separate peels by rapid surface heating, which permit effec-
tive heating of shallow layer of the fruit or vegetable surface [10].

Clarification can be performed by traditional physico-chemical or 
mechanical methods or combination of these. Centrifugation and filtra-
tion are used as a mechanical tool for removal of suspended from cloudy 
juice. In physico-chemical methods clarifying agents like minerals, natural 
organic or organic polymers are often used [11].

Membrane ultrafiltration (UF) is also a very promising tool for juice 
clarification because it facilitate in the permeability of small molecules 
across the membrane, thus water and small molecules across the mem-
brane while other big molecules such as protein and colloids molecules can 
retain in the juice. Due to large membrane pore size, microfiltration (MF) 
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is also another promising membrane process which is used for clarification 
of juice [12].

Concentration is another processing step in juice industry for longer shelf 
life by decreasing the water content and increasing the total soluble solid 
(TSS) content in juice. Common method of juice concentration is evapora-
tion, freezing, and membrane separation processes [11]. Reverse osmosis 
(RO) is used for the separation of water to concentrate the juice [12]. For 
the bitterness removal different physical separation using adsorbent resins, 
polyamide, polystyrene, and ion exchange has been used for limonin and 
naringin separation from citrus juices. These resins can remove up to 85% 
limonin from grapefruit juice while polystyrene divinyl benzene XAD-16 
and anionic resin IRA-93 are used for limonin removal respectively from 
sour orange juice. Low molecular weight polyvinyl chloride beads for navel 
orange juice and Amberlite XAD-16HP and Dowex-L285 reduce bitter-
ness to acceptable levels in Washington navel orange juices. For kinnow 
orange juice debittering Amberlite XAD-16 packed in glass column was 
used as adsorbent [13].

As nutrients composition and phytochemicals property are very much 
important in any food product for health benefit thus detainment of this 
composition in processed food is necessary. Above mentioned conven-
tional methods changes several physical, biochemical, and nutritional 
parameters of the food product [14]. Conventional juice extraction pro-
cess consume more energy, time and low yield. Whereas, thermal process 
are responsible for enzyme deactivation, degradation of nutrients and vita-
mins, changes in appearance, etc. [15]. Ohomic heat treatment, ultrasound, 
radiation, evaporation, and filtration techniques are reported for the loss 
of bioactive compounds, phytochemicals, vitamins, anti-oxidant property, 
and phenolic contents [16–20]. In mechanical, thermal, and chemical peel-
ing of fruits resulted into high cost and loss of mash [21], while during 
bitterness removal the conventional practices of exchange resin resulted in 
the anti-oxidant, phytochemicals and DNA damage [22].

17.3  Enzyme Technology in Different 
Step of Juice Processing

Juice processing techniques involve in different operational set viz. peel-
ing, extraction, yield recovery, clarification, concentration, bitterness 
removal, etc. (Figure 17.1). Generally, processing facilitate in the impro-
visation of shelf life, organoleptic properties, and nutritional property of 
the juices. Drawbacks in conventional processing hasten the application of 



Nutrient Enriched Fruit Juice Processing 391

biocatalysis in juice processing. Broad range of application makes enzyme 
more suitable for bioconversion process. Application of enzymes in juice 
processing lies on peeling, extraction, clarification, and bitterness removal, 
where different types of enzymes like pectinase, cellulase, laccase, tannase, 
and naringinase play a crucial role. A brief description of application of 
suitable enzymes in different steps of juice process are discussed below:

17.3.1  Peeling and Extraction

Before extraction of juice from fruits, raw fruits undergo various process-
ing, that is, washing, sorting, and crushing. After proper washing, peeling 
is the first step for juice extraction, which broadly depends on the variety 
of the fruit. Generally, citrus and tropical fruits such as bananas, avoca-
dos, oranges, beets, and pumpkins require removal of the peel and need 
to be sliced before juice extraction. Traditional peeling process consist of 
manual or mechanical removal of peel followed by chemical treatment 
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Figure 17.1 General steps involved in juice processing.
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which is labour intensive and high cost and also pollute environment due 
to discharge of caustic agent as effluent. Furthermore aggressive chemical 
treatment alters the original taste of the fruits [23].

Thus, this sector of processing is badly suffering from the lack of alter-
native technology which can give the relief from the traditional method as 
well as from economic and environmental point of view. In this scenario, 
enzymatic processing for peeling are gradually replacing chemical, ther-
mal, and mechanical methods due to reduced damage to the pulp of fruits 
and vegetables, which in return increase both the quality and quantity of 
juice production. Basically, enzymatic peeling lies on the digestion of the 
cell wall. Sticking of peel with fruit is due to the presence of polysaccharide 
viz. pectin, cellulose, and hemicellulose. Hence, cellulase and pectinase 
plays a crucial role in peeling by releasing pectin and hydrolysing the poly-
saccharide. On the other hand polygalacturonase facilitate in the degrada-
tion of albedo [23].

Alteration of the polysaccharide of the cell wall resulted into the changes 
in smell, texture, and shelf life of the fruit. Hence, a concoction of polyga-
lacturonase, pectinlyase, pectinestarase, and cellulase is required to restrict 
the changes occurred from other means of peeling [23]. Enzymatic treat-
ment using concoction of pectinases, hemicellulases, and cellulases for 
peeling of apricots, nectarines, mangoes, peaches, and other stone fruits 
showed considerably good results. Among these peeling enzymes, mixture 
of cellulases, hemicellulases, arabinases, and pectinase showed better peel-
ing activity on lemon, orange, and grape fruits [24, 25]. Enzymatic peel-
ing is very suitable for citrus fruit because the mesocarp or albedo is very 
porous in nature and enzyme can easily occupy this intercellular place by 
replacing air. As morphology of albedo of all fruits are not porous hence 
pretreatment (like scalding, cut in the flavedo, vaccum pressure, etc.) prior 
to enzymatic peeling showed effective result [23]. Thus, enzymatic treat-
ment offers most effective and convenient ways to get high quality juices 
from wide varieties of fruit and vegetable which come directly from cold 
storage [26].

A concoction of enzymes (polygalacturonase, hemicellulase, and cel-
lulase) were employed for the peeling of peach (Prunuspersica), nectar-
ine (Prunuspersica var. nucipersica), and apricot (Prunusarmeniaca) at the 
temperature around 45 °C [27]. As Cellulase is a complex of three different 
enzymes (endoglucanase, exoglucanase, and β-glucosidase), here endo-
glucanase and exoglucanase alter cellulose into cello-oligosaccharides 
and β-glucosidase hydrolyzes the cello-oligosaccharides into glucose [28]. 
Persimmon (Diospyros kaki) fruits was successfully peeled using polyga-
lacturonase followed by heat treatment [29]. Heat treatment forms cracks 
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in the cuticle, through which enzyme can easily penetrate into it and 
degrade within several hour. Furthermore, heat treatment also inactivates 
the polygalacturonase-inhibiting proteins. Ni et al. [30] used pectinase for 
higher yield of pomelo (Citrus grandis) juice. After combined peeling and 
enzymatic hydrolyses using this enzyme yield was obtained about 43%. 
Simultaneous application of Pectinex® smash XXL or Cellubrix® L resulted 
into 46% increment of extracted sugar [31]. Another application of pectin-
ase and cellulase showed two times more soluble solid extraction in date 
syrup producton [32]. Increased juice yield (up to 30%) was found in grape 
juice by pectinase treatment [33].

17.3.2  Clarification

Due to the presence of polysaccharides, extracted juice become opaque 
and viscous. As clear juice is a determinant factor for consumer accept-
ability, clarification of juice play an important role. This process facilitate 
in the breakdown of colloidal plant carbohydrates which is insoluble cloud 
material [6]. Though there are two method of clarification viz. enzymatic 
and non-enzymatic (screening, sedimentation, filtration, heat treatment, 
addition of gelatin and casein, etc.) but enzymatic process is more advan-
tageous than non-enzymatic process because it help in the increment of 
the juice yield, sugar moieties, soluble dry matter, phytochemicals and 
anti-oxidant property of the products. Enzymatic clarification resulted in 
viscosity reduction and cluster formation and thus gives high clarity, con-
centrated color and aroma, and haze-free clear juice [34].

Pectinases, cellulases, hemicellulases, α-amylase, and amyloglucosidase 
can be effectively use for juice clarification where α-amylase and amyloglu-
cosidase broadly applicable for starchy based fruit. Enzymatic clarification 
of the juice depend upon the several factors like nature of enzyme, reaction 
time, temperature, amount of enzyme, proper mixing, pH of the juice, and 
enzyme combinations [6].

For homogeneity increment and turbidity decrease Okoth et al. [35] 
used amylase before pasteurization for passion fruit juice. Application of 
polygalacturonase (from Aspergillus niger) with addition of gelatin possess 
85% clarification of apple juice, 35% viscosity reduction and no further 
haze during storage [36]. As storage of juice is important then prevention 
of haze formation is also a concern. In general instant turbidity caused by 
pectin while protein-phenol interaction is blamed for haze formation dur-
ing cold storage. But in the case of cherry juice it is opposite. Application 
of pectinase (Pectinex Smash) and protease (Enzeco) showed effective tur-
bidity removal in immediate pressed and cold storage juice [37]. Apple 
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juice clarification was carried by Carrin et al. [38] using α-Amylases at 
different degree of ripeness. Due to the presence of calcium in enzyme 
along with treatment facilitates the enrichment of calcium in juice [39]. 
A combination of pectinex Ultra SP-L and amylase AG XXL was showed 
increased juice yield (23%) and turbidity (31.63%) with reduction in vis-
cosity (1.84cP) [40]. Pectinase derived from Aspergillus niger T0005007-2 
and Aspergillus oryzae IPT 301, were used for clear and dark juice extracted 
from apple, butia palm and blueberry, and grape fruits respectively. 
Excellent clarification was obtained using fungal enzyme compared to 
commercial one (Pectinex Clear and Pectinex BE Colour) [41]. Though 
applied enzyme activity for produced and commercial was same but 
broad range of pH tolerance of produced enzyme facilitate in the better 
clarification than commercial one. Normally syrup production from date 
palm (Phoenix dactylifera L) is a low-quality product due to unpleasant 
texture. Addition of pectinases and cellulases reduced the turbidity and 
increase the extraction of soluble solids of interest [42]. Cellulase is used to 
hydrolyze anthocyanins and thus prevents discoloration caused by antho-
cyanins during juice pasteurization [43]. Will et al. [44] used combination 
of pectinases and cellulases in hot water extraction of apple pomace and 
observed 37% increase in juice yield. In addition to this, the organolep-
tic properties of vegetable and fruit juices can be improved upon appli-
cation of a concoction of pectinases and β-glucosidase during processing 
[45]. The yield of juices can be enhanced by adding complex of macerating 
enzymes including cellulases, xylanases, and pectinases; although, cloud 
stability, viscosity, and texture of juices can be enhanced by adding mac-
erating enzymes [45]. Generally, fruits and vegetables are rich in pectin 
but certain fruits like pineapple, apple, and vegetables like tomatoes con-
tain considerably high amounts of xylan, which is mainly attributed due to 
their high hemicelluloses content. Therefore, treatment of such vegetables 
and fruits with xylanases improves the transparency of pineapple, apple, 
and tomato juices by 22.20%, 14.30%, and 19.80% and their correspond-
ing yield by 23.53%, 20.78%, and 10.78%, respectively [46]. For apple juice 
clarification, Kothari et al. [47] used concoction of Pectinase, Cellulase, 
and Amylase, where 50% of clarified juice was obtained after an incubation 
of 4 h. Macerating enzymes are mostly added during crushing and extrac-
tion of juice. The role of these enzymes is to hydrolyze pectins and cell 
walls, so as to render reduced viscosity and improved retention of nutri-
tional components [48]. Application of chitosan with Citrozym-Ultra L (a 
commercial enzyme) showed improved results in by reducing insoluble 
solids, lipids, and other substances, mainly responsible for causing hazi-
ness in juices [49]. Clarification of apple, tomato, and pineapple juices by 



Nutrient Enriched Fruit Juice Processing 395

infusion of pectinase, amylase, xylanases, and carboxymethyl cellulase has 
also been used. The clarity of apple, orange, and grape increased to 17.85%, 
18.36%, and 19.19%, respectively upon application of xylanases [50].

17.3.3  Debittering

Juice processing and commercial utilization of citrus fruits have faced a 
great hindrance due to the development of bitterness [51–53]. Mainly bit-
terness is caused for the presence of three bittering components – limo-
nin (a limonoid), naringin (a flavanoid), and tannin therefore affecting its 
consumer acceptability [51, 52, 54]. Tannin is a compound which contrib-
utes to the bitterness by its astringent nature. Biochemically, tannin is a 
plant polyphenolic compound that either binds and precipitates or shrinks 
proteins and various other organic compounds including amino acids and 
alkaloids. The astringency from the tannins is responsible for the dry and 
puckery feeling in the mouth followed by the consumption of unripened 
fruit. Limonin is responsible for delayed bitterness.

Tannin acyl hydrolase (E.C. 3.1.1.20) is basically known as tannase 
involve in the hydrolysis of hydrolysable tannins. Tannase act on the 
ester and depside bonds in tannic acid present in citrus juice thus help 
in tannin hydrolysis [55]. In the pomegranate juice debittering process, 
tannase reduce 25% tannin content in the juice without hampering its 
nutritional profile [56]. 57% of tannin was removed by applying 4 ml 
enzyme with 8 ml juice in pomegranate juice [58]. In Indian gooseberry 
(Phyllanthusemblica) juice debittering process, tannase facilitate in 73.6% 
bitterness removal in terms of tannin [59]. For 10 ml of grape juice debit-
tering 2 ml tannase application reduce 46% tannin after 120 min of incu-
bation period [58]. Detannification of guava juice (Psidiumguajava) using 
2% tannase resulting into 59.23% of tannin removal after 60 min of enzy-
matic reaction [6].

Unlike tannin another bitterness causing compound is naringin which 
is intensely bitter compound slightly soluble in cold water but moderately 
soluble in warm water and present in all part especially in peel albedo core 
and rag of the fruit. Application of naringinase (EC3.2.1.40) can act as 
promising tool for naringin hydrolysis to form tasteless component, nar-
ingenin in the juice. 74% hydrolysis of naringin was carried out by using 
1.0g/L naringinase in citrus fruit juice after 4 h of treatment at 40 °C [60]. 
Immobilized naringinase was successfully employed for the conversion of 
22.72% naringin to prulin, and removed 60.71% limonin [61].

Limonate dehydrogenase, another hydrolysable enzyme dehydrogenate 
the hydroxyl group at C-17 of limonoids and make 17-dehydrolimonoids 
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which is non bitter [62]. Pseudomonas putida producing limonoate 
dehydrogenase is used for 9 folds reduction of limonin content in citrus 
juice [63].

17.4  Conclusion

Though India holds second place in fruit production yet poor processing 
techniques, lack of knowledge, traditional techniques resulted into low 
yield, nutrition, sensory attributes, and shelf life. Consumption of fruit 
juice is directly linked with health risk reduction and cure of diseases. As 
health benefit is also associated with processed juice thus minimally pro-
cessing is widely acceptable rather than harshly processed juice because 
detainment of nutritional value is possible only in minimal processing. On 
the other hand enrichment of juice with nutrition and minerals is also pos-
sible through this alternative process.

Enzyme mediated juice processing is well studied and broadly accepted 
but opportunities are always open for new development and further 
improvement. More emphasis on enzyme kinetics, structure and behav-
iour of enzymes, source of enzyme production, and improvement of the 
juice processing pathway, can increase yield, storage time, and reduce cost 
which can put a new light in juice industry.
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18.1  Introduction

Lactic acid or 2-hydroxyl propanoic acid is one of the abundantly exist-
ing hydroxy form of carboxylic acid. In 1780, C.W. Scheele, a Swedish 
Chemist first discovered the chemical. This organic acid can be produced 
both by chemical and microbial means. It is found as one of the princi-
pal intermediate metabolite of living organisms ranging from prokaryotes 
to eukaryotes. Although, it is produced as an intermediate by-product 
of different bioprocessing industries but was found to be insufficient to 
meet the demands. During 1990s, an USA based company named Sterling 
Chemicals, Texas and CCA Biochemicals, Netherlands with 2 subsidiaries, 
each in Spain and Brazil were found to be the primary manufacturers [1].

Sterling started the manufacturing unit using chemical technology, 
whereas CCA Biochemicals proceeded by fermentation of carbohydrate 
rich feedstock. During earlier times, the chemical was used in plastic 
industry or in the synthesis of oxygenated chemicals. By 2003, Cargill Dow 
and Archers Daniel Midland also entered in the business of Lactic acid. 
Both the companies, started production by carbohydrate fermentation 
technology. Musashino Chemical Co., Japan, also started producing lactic 
acid through lactonitrile method followed by Sterling. Lactic acid, gained 
huge acclaim after its consideration as GRAS chemical by FDA, USA [2].

In recent years, escalating environmental concern and global energy 
demands urged to develop methods that produces biochemicals through 
green and sustainable means. During that time, food and its related-
industries are the main consumers of lactic acid. However, with advance-
ment in science and technology, they are used in different sectors, starting 
from textile and cosmetic industry to biomedical companies. Lactic acid 
is mildly acidic in nature and therefore acts as a buffering agent. It acts as 
a bacterial inhibitor and so used for preservation of a range of food prod-
ucts including jams, jellies, soups, soft drinks, and bakery as well as dairy 
products [3].

Despite of its application in multidisciplinary fields, Poly-lactide (PLA), 
a polymer of lactic acid gained popularity and was heartily welcomed by 
almost every industrial sectors and environmentalists. The reason behind 
this is its unique physico-chemical properties like biodegradability, bio-
compatibility, tensile strength, ease of molding, strength etc. There are a 
number of methodologies for the polymerization of monomers of lactic 
acid, which depends on the type of applications [4].

The authors in this chapter attempted to portray cost effective produc-
tion of lactic acid, its purification, different methods of polymerization and 
its wide spectrum of applications in the subsequent sections.
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18.2  Need for Ideal Substrates for 
Lactic Acid Production

Pure form of sugars or usages of edible sugars are source of substrates used 
for the production of lactic acid. In fact, addition of yeast extract or any 
other form of complex nitrogenous sources enhances the production of 
Lactic acid. The aforesaid system is efficient as it lowers the processing cost 
by eliminating pre-treatment procedures but while scaling up the entire 
system, usage of pure form of carbon and nitrogen sources will not make 
the system economically viable. Therefore, extensive studies were carried 
by different group of researchers throughout the geographical extent to 
scale up the system and make the process economically viable [5]. To over-
come the above bottlenecks, the raw material should be selected on the 
basis of following criterias:

availability and sustainability
rich in carbohydrates
high bioconversion efficiency
low cost
no need of pre-treatment

During the course of research, it has been observed that by-products 
and waste residues of food industries, agro-waste residues and different 
natural biomass like lignocellulosic and algal biomass are ideal substrates 
for lactic acid production. Although, direct fermentation of carbohydrate 
rich biomass leads to the production of lactic acid but pre-treatment of the 
substrates by physical, chemical, physico–chemical and enzymatic means 
may alleviate the bottlenecks of the entire production system. Apart from 
these, lignocellulosic biomass has already drawn interests of researchers 
because they are rich sources of sugar residues as well as increases food 
security by eliminating the usage of food crops. Sugarcane bagasse, corn 
cobs, corn stover and cheese whey from food processing industry; wood 
processing waste and pulp from paper industry; agricultural residues or 
leftovers are potential biomasses for the production of lactic acid. The pos-
sible substrates outsourced from different industry as wastes are depicted 
in Figure 18.1 [6, 7]. This kind of innovative approaches not only elimi-
nates the problem of substrate availability but also reduces a global burden 
by reducing the amount of wastes [6, 7].

Whey is a by-product of cheese manufacturing industry. It is generally 
discharged with wastewater; therefore, treatment of the liquid biomass is 
important prior to its disposal. The reason behind this is its richness in 
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nutrients including fats, protein, lactose, mineral salts, and soluble vita-
mins [8]. This makes the system ideal for the growth of Lactic Acid Bacteria 
(LAB). Theoretically, 1 mol each of glucose and galactose is released from 
the breakdown of 1 mol of lactose and 4 mol of lactic acid that is produced 

Figure 18.1 Possible substrates for Lactic acid production.
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from 1 mol of lactose [7]. Lactic acid production by continuous fermenta-
tion is preferred over batch fermentation because in batch techniques the 
lag phase gets extended which increases the operational costs; whereas in 
comparison continuous technique reduces the production cost as it elimi-
nates the need of large fermentor for production [9].

Microalgae has been found to be an alternative for lignocellulosic bio-
masses. Since, removal of lignin from lignocellulosics possess a problem 
for the effective release of reducing sugars, therefore, use of microalga 
eliminates such issues. Even, microalga can be grown anywhere with 
minimal nutrient supply within 1 to 10 days. It has been reported that 
Hydrodictyon reticulum, a green alga contains high percentage of reduc-
ing sugar (47%), out of which glucose content is 35%. This sugar can be 
utilized by Lactobacillus paracasei LA104 and Lactobacillus coryniformis 
sp. torquenes for the production of lactic acid. Further, research need to be 
carried out to develop technologies for the pre-treatment of high amount 
of biomass of microalgae and subsequent utilization of the biomass for lac-
tic acid production at commercial level [10].

18.3  Role of Microbes and Biochemical 
Pathways in Lactic Acid Production

Lactic acid from microbial source includes a variety of bacteria, cyano-
bacteria, yeast and algae. Each microbial machinery has gained one or 
more improved characteristics over the other including broad spectrum 
of substrate utilization, less need of nutrients, enhanced yield and purity. 
Although, employment of concoction of microbes serves the purpose of 
utilization of complex substrates and their consequent increase in conver-
sion and production of lactic acid. Fermentative conversion of reducing 
sugars (e.g., hexoses and pentoses) through channel of metabolic path-
ways, by a wide range of microbes leads to the production of lactic acid [9]. 
Lactic Acid Bacteria (LAB) and filamentous fungi are the class of microbes 
preferred for the production of lactic acid. However, comparatively LAB 
are preferred over fungi because they comes with several disadvantages as 
low production rate, high requirement of aeration, increased production 
of by-products (e.g., ethanol and fumaric acid). About 90% of lactic acid 
produced worldwide throughout the year are based on LAB [7].

Lactic acid production by LAB, proceeds mainly by homo-lactic and 
hetero-lactic fermentation. Homo-lactic fermentation proceeds through 
utilization of hexose via Embden–Meyerhoff–Parnas (EMP) pathway and 
pentose via Pentose Phosphate (PP) pathway. In homo-lactic fermentation, 
only lactic acid is produced as the sole secondary metabolite whereas in 
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hetero-lactic fermentation alcohols, organic acids, aldehydes and ketones 
are produced as secondary metabolites along with lactic acids. Therefore, 
homo-lactic fermentation is preferred over hetero-lactic fermentation 
because the former technique serves to manufacture the desired product 
in high percentage and purity. LAB that predominates the lactic acid pro-
duction business are Lactobacillus amylophilus, Lactobacillus acidophilus, 
Lactobacillus bavaricus, Lactobacillus salivarius, Lactobacillus delbrueckii, 
Lactobacillus maltaromicus, Lactobacillus casei, Lactobacillus jensenii, etc. 
[7, 10].

In, EMP pathway firstly glucose is converted into fructose 1,6-diphos-
phate (FDP) via phosphorylation of glucose. Enzymatic cleavage of FDP 
generates glyceraldehyde-3-phosphate and dihydroxy acetone phosphate. 
Thereafter, pyruvate is formed from GAP via steps of substrate level phos-
phorylation. Finally, lactic acid dehydrogenase reduces pyruvate to lactic 
acid through NADH to NAD+ oxidation. Whereas in PP pathway, 5 mol 
of GAP is generated via conversion of 3 mol of xylulose-5-phosphate 
using 2 important enzymes: transaldolase and transketolase. Thereafter, 
GAP is converted to lactic acid via the pathway already discussed earlier. 
Theoretically, 2 mol mol−1 and 1 mol mol−1 of lactic are produced using glu-
cose and pentose via EMP pathway and PP pathway, respectively [10, 11].

Hetero-lactic fermentation generally proceeds via phosphoketolase (PK) 
pathway where ribulose-5-phosphate is formed from glucose-6-phosphate. 
The resulting product gets converted into equal amounts of GAP and ace-
tyl phosphate. GAP is then finally converted to lactic acid via the EMP 
pathway. Acetyl phosphate leads to the formation of ethanol via the forma-
tion of acetaldehyde and acetyl-coA as intermediates. As a result, 0.5 mol 
mol−1 of lactic acid is produced in hetero-lactic fermentation. From the 
above discussion, it can be concluded that along with EMP and PP path-
way, PK pathway is equally important in terms of lactic acid production 
as well as reducing sugar utilization. Although, different reducing sugars 
can be utilized for lactic acid it depends on the agro-residue used and the 
microbe employed for the fermentative conversion [11]. An overview of 
different carbon utilizing pathways is given in Figure 18.2 [7, 10].

18.4  Purification of Lactic Acid

Downstream processing is an important and vital step for any biologicals 
produced under different production conditions. Unlike other products, 
lactic acid produced under anaerobic fermentation through LAB undergo 
the similar challenges. To make the process economically viable the basic 
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objective of the research is to go for higher recovery so that the overall 
processing cost can be minimised. Ion exchange, liquid extraction [12], 
electro-dialysis [13], reverse osmosis [14], ultra-filtration [15], precipita-
tion, adsorption [16], liquid surfactant membrane separation [17], and dis-
tillation are the methods employed to remove or reduce impurities from 
fermented broths. Lactic acid is less volatile, therefore distillation is very 

Figure 18.2 An overview of metabolic pathways showing utilization of different carbon 

sources for the production of Lactic acid.
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difficult and electro-dialysis is incapable of removing charged compounds 
like organic acids and amino acids. However, nanofiltration in combina-
tion with bipolar electro-dialysis acts as an efficient substitute to multi-
ple step procedure for the purification of lactic acid in monomeric form 
[18]. Besides, the use of several membrane separations has been explored 
by using nano, micro, ultra and electro-dialysis membranes. Integrative 
approach for the utilization of such membranes in a single step although 
failed to achieve the goal for intensifying the manufacturing process. For 
the last few decades, chromatography has been one of the tools used by 
pharmaceutical companies for the production of fine grade chemicals [19].

In particular, ion exchange chromatography is mostly used for bio-sep-
arations. It has been successfully used to recover pure form of lactic acid. 
Ion exchange has been accepted as a reliable technology, since permutation 
and combination of different anionic and cationic exchangers have been 
reported over the last few decades [18]. Evangelista and Nikolov [20] used 
VI-15, IRA-35, MWA-1 (weakly basic polymeric adsorbents) whereas Cao 
et al. [21] reported the use of IRA-400, an anionic exchange resin for the 
direct recovery of lactic acid from crude fermented broth. Lee et al. [22] 
attempted to explore the adsorption characteristics of activated carbon and 
PVP (poly vinyl pyridine) resin for purifying lactic acid. Despite of extensive 
research, there remains a lacuna in the purification process. Therefore, each 
minute intricacy should be given attention starting from selection of the 
substrate to processing variables to make the system commercially viable.

18.5  Methods of Synthesis of PLA

18.5.1  Direct Poly Condensation

Direct poly-condensation method is accomplished with the linking of 
monomers through the elimination of different by-products produced dur-
ing the time of processing. Water and alcohol are the main by-products of the 
direct poly-condensation. Synthesis of PLA occurs through the connection 
of carboxyl and hydroxyl group, which release water as a by-product. Due to 
incomplete removal of this by-product, produced PLA not only shows low 
molecular weight but also less in quantity [23].To overcome these problem 
another two new direction in poly-condensation are azeotropic polycon-
densation (AP) and solid state polymerization (SSP). An overview of differ-
ent method of synthesis of PLA is depicted in Figure 18.3 [23–25, 29–32].

In AP, appropriate selection of azeotropic solvent facilitate in the 
efficient removal of water from the matrix in one step and thus form 
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equilibrium between monomer and polymer, producing high molecular 
weight polymer. Temperature and solvent plays a crucial role in this pro-
cess. Implementation of low temperature, which is below polymer melting 
point, determines the formation of impurities. On the other hand, selec-
tion of solvent has a great impact on the property of polymer [24].

SSP occurs via two phases, in the first step monomers are directly heated 
at high temperature to produce polymers with low molecular weight. This 
phase is formally known as melting phase. The second phase is formally 
known as solid-state phase, where produced low molecular weight polymer 
are further processed by heating (temperatures between the glass transition 
and the onset of melting) to form high molecular weight polymer [25].

Through direct poly-condensation method, PLA is synthesized without 
using catalyst and initiator, having the molecular weight of 90,000 g/mol. 
To avoid heat consumption in this process, microwave is implemented to 
produce PLA (molecular weight-16,000 g/mol) in 30 mins [26].To make 
the process more efficient soxhlet extractors were used for the removal of 
water in AP method which facilitate in the production of higher molecular 
weight of PLA (30,000 g/mol) [27]. Furthermore, utilization of pulverized 
pre-polymer (diameter less than 150 μm), in the second step of SSP pro-
duces ~ 200,000 g/mol molecular weight of PLA, while use of L-PLA and 
D-PLA in 1:1 ratio as a starting material gives the thermal stability of the 
PLA [28].

18.5.2  Ring Opening Poly Condensation

Ring opening poly condensation (RO-PC/ROP) occurs by linking single 
monomers through a chain reaction, and thus the derived polymer is a 
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Figure 18.3 An overview of methods of synthesis of PLA.
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homo-polymer. In this polymerization process elimination of molecules is 
not required, further no by-product is released. The main key player in this 
reaction is catalyst/initiator. Catalyst or initiator has ancillary ligand, metal 
site (catalysis occur), an initiating group and site (propagation occur).
This process facilitate in the production of high molecular weight polymer 
which is just double of its initial monomers. As for example, polyethylene 
has double molecular weight compared to its monomer ethylene. Basically, 
ring-opening co-polymerization reactions are involved in the production 
of polyesters and polycarbonates [29–31].

This polymerization process basically is a propagation process of cyclic 
monomer using different ions. Depending upon the initiators this process 
is further classified into anionic ROP, cationic ROP, and radical ROP [32]. 
In PLA synthesis process, lactide is used as cyclic monomer and controlled 
polymerization (controlling purity of cyclic monomer and synthesis pro-
cess) process gives high molecular weight PLA. In 1935, first PLA was syn-
thesized through ROP process and after 20 years high molecular weight 
PLA is produced using purification method. However, several factors like 
temperature, rate of heating, pressure, solvent and catalyst has an immense 
impact on the final product. On the other hand, synthesis of lactide and 
its purity has a great significance as it acts as a cyclic monomer in syn-
thesis process. Changes in above mentioned factors assists in the produc-
tion of high yield lactide. There are several report of lactide synthesis with 
the yield of 40–77% [23]. However, using stannous octoate-toluene as a 
catalyst and at 220–240 °C, 80% yield of lactide was obtained [33]. Using 
zinc oxide-stannous octoate as a catalyst at 180–206 °C temperature, 86.4% 
yield was obtained [34]. After that, 95–97% yield was gained using stan-
nous octoate when the temperature was 170–250 °C [35].

Several researchers got different yield of PLA with varying molecular 
weight by changing process condition [23]. Maximum yield of 97–99% with 
a molecular weight of 93,300 g/mol was reported by Jacobsen et al. [36], 
where stannous octoate was used as catalyst, polyethelyne glycol as solvent, 
temperature was 180–185 °C and time was 7 min, considered as controlling 
parameters. Maximum molecular weight (468,000 g/mol) with the yield 
of 95–96%, was reported by Korhonen et al. [37], where stannous octoate 
was used as catalyst, poly-glycerine as solvent, temperature at 160–200 °C, 
and time taken was 3–5 min. Higher hydroxyl groups of co-initiators led 
to get high molecular weight (>400,000 g/mol) PLA in faster way without 
hampering its thermal property [37]. At low pressure (0.001 kPa), at 140 °C 
for 10 h PLA with high molecular weight (100,000 g/mol) was achieved by 
Kaihara et al. [38]. After that, better quality PLA with molecular weight 
160,000 g/mol was achieved at 200 °C for 1 h, without solvent [37].
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Use of positively charged intermediate in ROP is known as cationic ROP 
(CROP). CROP facilitate in the production of high molecular range of poly-
mers with a broad range of physicochemical properties. As CROP is imple-
mented in all types of heterocyclic monomers, thus produce polyethers, 
polyamides, polysulfides, polyesters, polyamines, polyphosphazenes, polysi-
loxanes, polyacetals, and polyphosphates. General process of CROP involves 
initiation, propagation, and termination [39]. Among the two mechanism 
of CROP, the first one is involved in the addition of monomer via S

N
1 and 

S
N
2 mechanism by the cationic centre at the chain end. Further the poly-

mer structure can be controlled, where use of appropriate side group play 
an important role. Several industrial polymer such as polyacetals, 1,3,5-tri-
oxane, 1,3-dioxolane, polytetrahydrofurans, poly 3,3-bis(chloro-methyl) 
oxetanes and poly-siloxanes is derived through this process [40].

In anionic ROP (AROP), heterocyclic monomers undergoes polymer-
ization through the attack of nucleophilic initiator at the hetero-carbon 
atom of the adjacent ring. Breakdown of hetero-carbon atom occurred by 
the activities of the nucleophile. Repeated attack of anion to cyclic com-
pound, repeats the polymerization reaction. Some of the AROP occurs 
through the side reactions, where hetero atoms in the polymer chain attack 
the nucleophile at the hetero-carbon atom bond. However, attack on the 
same polymer resulted in de-polymerisation. There are limited numbers 
of heterocyclic monomers that can undergo polymerization. However, 
there are several advantages of AROP over CROP like AROP produce 
high molecular weight of polymer. In AROP, molecular weight can be con-
trolled, block co-polymers, and polymers with reactive-end can be synthe-
sized and in some cases facilitates formation of stereo-regular polymers. 
Nylon-6, polysiloxanes, poly-lactide, polypropylene oxide, and poly ethyl-
ene oxide are the some examples of AROP process [41].

Via radical ROP (RROP) process molecular weight of PLA can be con-
trolled. RROP are advantageous over AROP and CROP because in RROP 
contamination of water do not cause any hindrance, emulsion polymeriza-
tion can occur in water and causes no contamination with initiator derived 
intermediates. This process is beneficial where particular molecular weight 
should be maintained such as in tooth filling materials, molding, and coat-
ing of electrical and electronic constituents [32].

18.6  Applications of PLA

With advancement in polymer science, although several synthetic poly-
mers like poly trimethylene terepthalate (PTT) came into the market 
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but unique characteristics of poly-lactide have gained the attention of 
researchers worldwide. Biodegradability, thermal plasticity, biocompat-
ibility and scaffolding properties of poly-lactide, recommended its appli-
cation in medical science, textile, and packaging industry. Production of 
such polymers from monomers of lactic acid and further its degradation 
via enzymatic hydrolysis by soil microbes not only makes the entire system 
sustainable but also reduces the production of any waste. A wide range of 
application of PLA in medical industry is considered as one of the notable 
invention of the century [4, 42, 43].

Over the last few years, rigorous research in the concerned field had led 
to several successful events. As a result, poly-anhydrides of PLA gained 
huge approbation for its application in surgical implants and drug deliv-
ery systems. Biopolymers based on PLA serves several advantages over 
metallic stents or non-biodegradable artificially fabricated stents. PLA 
can be easily moulded and is easily acceptable by the human body system, 
therefore no chance of any complication due to rejection by immunologi-
cal system. Scaffold of PLA can act as a support for tissue regeneration in 
wounded part of the human body system naturally. And after regeneration, 
there is no pain of removal because they are easily removed by the body 
itself after a passage of time interval. As a result, the process eliminates the 
need of any donor. It has been seen that surface properties of any biomate-
rial plays a crucial role for its application. The dynamic property of PLA 
made it an ideal polymer to be modified by physical, chemical, radiation, 
and plasma induction methods [44–46].

While considering packaging industry, application of conventional 
packaging material and techniques limits the ability to prolong the shelf 
life of food material. To overcome such bottlenecks, the concept of active 
packaging came into the market. By definition, it is an intelligent system 
in which the packaging components interact with internal environment 
system or food directly to meet consumer demands like freshness of the 
product, quality, and enhanced organoleptic properties. Although, consid-
erably very little research has been performed for using PLA as a packag-
ing material but several attempt have been performed for enhancing this 
versatile polymer. To prevent pro-oxidative action, several anti-oxidants 
were added intentionally so that they migrate inside the food material. 
Researchers suggested that the use of this kind of polymers serve the pur-
pose of sustained release of anti-oxidants into the food material and as a 
result limits the oxidative action of dairy products rich in high fat. Based 
on several research reports, it can be hypothesized that successive incor-
poration of active agents like organic acids, bacteriocins and enzymes can 
further add unique property to the polymer [42].
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18.7  Conclusion

From the above discussion, it is possible to conclude that production of lac-
tic acid using cost effective agro-residues not only reduces the cost of lactic 
acid and PLA production but also contribute in reducing global waste pro-
duction. On the contrary, production of PLA as a packaging material also 
simultaneously aid to reduce the usage of non-biodegradable petroleum 
based polymers. Application of PLA as a medical aid in tissue regeneration 
opens a new avenue of research and hope for patients to get cured with-
out complications. Extreme versatility of PLA and its tailor-made surface 
changeable properties bear immense potential to be used commercially in 
different forms as an active packaging material in food industry for the 
upcoming generation.
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Abstract
In recent times, consumer’s negative perception towards synthetic preservatives 

and growing interest in minimally processed and nutritionally enriched food 

products drives the researchers to rethink and reinvent new food products to meet 

the demand. The consumer society is shifting towards an organic product for con-

sumption therefore the market demand is thriving towards natural products. Thus 

the fermentation technology is considered to be an alternative established and reli-

able process. Over the generations, this pioneering practice of food fermentation 

has expanded and improved to preserve and fortify the available food resources, in 

order to fulfill the requirements of the consumers. Adequate consumption of high-

quality food is necessary for optimal growth and development and metabolic reg-

ulation in humans. Proteins are the building blocks of the body and are required 

in large amount by all age groups. Fermented protein-rich food and beverages like 

soyabean, whey beverages, tempeh, soya sauce, fermented grains, red bean, etc. are 

few examples which are enriched with antioxidant, amino acid, bioactive peptides, 

and protein content. Fermented protein products are high in demand for their 

low cost and safety in comparison to commercially available protein hydrolysates. 

This book chapter covers implications and opportunities for current and emerging 

protein rich fermented food products.
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19.1  Introduction

A healthy, balanced, and nutritious diet is important for good health and 
wellbeing. Protein is the most fundamental component of the human body 
and high protein diet is a prime requirement for all age groups. They are the 
core macromolecules which are required for proper metabolic functioning 
of the human system. Beans, cheese, whey concentrate, egg, milk, cereals, 
sausages, yogurt, beef, fish etc. are some of the example of a protein-rich 
diet. In addition to it distillers dried grains with solubles (DDGS) is a novel 
source of protein. It has components that make it potentially valuable as 
an ingredient for human foods as it is rich in polyunsaturated fatty acids, 
antioxidants/phenolic acids, dietary fibre and xanthophylls. Generally, 
processing of food from raw to final product involves several stages which 
deprive the natural nutritional value of the food product. Thus, due to 
unavailability of “complete set” of proteins and other compounds (vitamin, 
minerals), the end product has a lesser amount of nutritional compounds. 
Hence, the processed food fails to provide complete nutrition required 
by human body. In order to overcome these limitations, researchers have 
given all their efforts in selecting and optimizing the most suitable natural 
processing methods which provide organic products without involvement 
of any toxic components.

Fermentation, a well-established process since medieval age, is a tra-
ditional food processing and food preservation method, has the poten-
tial to improve nutritional factor of food substance by altering the native 
composition [1]. Many traditional food products are fermented and are 
evergreen because of their high demand for people, eg. bouza, kambucha, 
kefir, cheese, idli, dosa, etc. Starter cultures of lactic acid bacteria (LAB) 
and other microorganisms are used in the production of fermented bev-
erages, dairy, meat, and vegetable products. Fermented products have an 
extended shelf life, and distinct flavour profiles and textures. The preserva-
tion effect is due to the production of lactic acid and other organic acids, 
which reduce the pH and inhibit the growth of pathogenic and spoilage 
organisms [2]. Both submerged and solid state fermentation can be used 
for this purpose. Microbial fermentations results in degradation of vari-
ous anti-nutritional factors, an increase in amount of small-sized peptides 
and improved content of both essential and non-essential amino acids 
[3]. Compared to raw food with fermented food, fermented protein-rich 
substance has several beneficial effects including increased average daily 
gain, improved growth performance, better protein digestibility, and func-
tionality. The increasing demand for fermented food product is promoted 
by long set evidence on their health benefits, beyond the traditionally 
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recognized effects on the digestive system. Fermented foods have unique 
functional properties imparting some health benefits to consumers due 
to the presence of functional microorganisms, which possess probiotics 
properties, antimicrobial, antioxidant, peptide production, etc. [4]. With 
the rising concern of consumer and development in biotechnology, pro-
teinaceous fermented foods are in high demand as they have multiple of 
nutritional benefits and also increases bioavailability/bioabsorbability of 
peptide and amino acids in human cells [5]. Some of the common health 
benefits of protein-rich fermented foods are synthesis of nutrients, pre-
vention of cardiovascular disease, prevention of cancer, gastrointestinal 
disorders, allergic reactions, diabetes, anti-oxidant, anti-microbial, anti-
fungal, anti-inflammatory, anti-diabetic and anti-atherosclerotic activity. 
Several methods are developed to manipulate fermentation techniques for 
practical and gastronomical applications, and thousands of protein-rich 
fermented foods and beverages have been established across all cultures 
including soyabean, soya sauce, soy hydrolysates, tempeh, peanut hydroly-
sate, miso, yogurt, sausages and red bean [6].

A protein has no nutritional value unless it is hydrolyzed by proteases 
and peptidases to amino acids, dipeptides, or tripeptides in the lumen of 
the small intestine. Amino acids provide nitrogen, hydrocarbon (CHO), 
sulfur (essential components of organisms) which cannot be replaced by 
any other nutrients (including carbohydrate and lipids) because neither 
nitrogen nor sulfur is produced in the body. Amino acids are essential pre-
cursors for the synthesis of proteins, peptides, and low-molecular-weight 
substances (e.g., glutathione, creatine, nitric oxide, dopamine, serotonin, 
RNA, and DNA) with enormous physiological importance. Dietary glu-
tamate, glutamine, and aspartate are major metabolic fuels for the mam-
malian small intestine whereas glutamine in the arterial blood is the 
exclusive source of energy for this organ in the post-absorptive state. Thus, 
amino acids are essential for the health, growth and development, repro-
duction, and survival of organisms. Protein molecules when hydrolyzed 
by hydrolytic enzyme (pectin, pectinases, etc.) present in small intestine 
break down into small peptide fragments releasing amino acids which are 
ultimately absorbed by cells [7]. Furthermore, amino acids have specific 
biological activities that can influence human health and prevent diseases. 
Unlike carbohydrate and lipids, protein has no storage cells and thus there 
is a continuous demand for high proteinaceous diet. Whey protein is a 
high protein diet, naturally found in milk, is considered as a complete pro-
tein and contains all the amino acids. Animal proteins like egg, meat, and 
fish contain all the essential amino acids in comparison with plant-based 
source. In this chapter, the bioactivities of fermented protein-rich products 



420 Principles and Applications of Fermentation Technology

and their bioavailability and bioabsorbability in human body are discussed 
in the following sections.

19.2  Sources of Fermented Protein

Proteins are grouped into two categories, i.e. endogenous and exogenous. 
Endogenous proteins are those which are synthesized within the body 
whereas exogenous proteins are those which are obtained from an external 
source (through diet). Proteins derived from plant and animal origin con-
tains wide range of amino acids in their structures [8,9]. Animal protein 
from egg, milk, meat, fish, and poultry are high in demand as they provide 
good percentage of protein and amino acids. Similarly, a vegetable pro-
tein (fermented rice, nuts, beans, soy, etc.) provides a full source of essen-
tial amino acids and reduces the intake of saturated fat and cholesterol. 
Traditional and cultural foods such as natto, miso, tofu, fermented veg-
etables, etc. are cholesterol-free, and contain high bioactive-peptide. Beside 
from these products, vegetable protein is also found in a fibrous form called 
as textured vegetable protein (TVP). Soy flour considered as an alternative 
to animal protein (meat) having low-calorie and low-fat with high phyto-
chemicals and fibres. In the following sections fermented proteins based 
foods from both sources (animal and plant) are discussed in detail.

19.3  Protein in Biological System

Proteins are nitrogen-containing polymers that are made up of amino 
acids joined together by peptide bonds. They majorly provide structural 
component of muscles and tissues in the body and promotes in produc-
ing hormones, enzymes, and hemoglobin. Bones, cartilages, skin, hair, 
nails, and blood are all made up of proteins. All proteins are not similar; 
they differ in their nutritional profile, digestibility, and bioavailability [24]. 
Depending upon the sequence of the amino acids, protein forms differ-
ent parts of the body. They perform several functions which include: an 
assembly of proteins forming antibodies in the body which immobilize the 
infectious antigens and help the body to fight against multiple diseases. 
Actin and myosin are muscle proteins which help in muscle contraction. 
Protein also helps in the production of enzymes in the body which helps 
in digestion of food substances. For example, the lactase helps to break 
down milk products and to digest them. Pepsin is another enzyme which 
helps in the digestion of proteins. Some hormones, made up of proteins, 
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are the chemical messengers which stimulate a number of chain reactions 
in the body. For instance, insulin is one of the important hormones formed 
by protein which influences the concentration of blood sugar and there-
fore helps to regulate the digestion of glucose. Other examples of protein-
based hormones are somatotropin and oxytocin. Collagen and elastin are 
structural protein which provides support to ligaments and tendons while 
keratin provides a protective cover for the hair. Some proteins transport 
substances from one part of the body to another. Hemoglobin is the most 
important example of this type of protein. It helps to circulate oxygen 
throughout the body. Therefore, adequate consumption of high-quality 
protein diet is essential for optimal body growth and development [25].

19.4  Bioabsorbability of Protein

All proteins differ in their amino acid content, bioavailiability and the rate 
at which they are been absorbed. Protein absorbtion takes place in the small 
intestine. It is first hydrolyzed by enzymes into peptides and amino acids 
thereafter, these are absorbed by the cells lining the small intestine. During 
digestion and absorption of protein, it has to pass through many organs. 
Protein digestion begins in the stomach using gastric enzymes. The gastric 
gland also secretes a large quantity of hydrochloric acid (HCl) which initi-
ates the digestion by gastric proteinases under optimum pH range. Pepsin, 
an essential peptic enzyme present in the stomach is active at a low pH 
(below 3), helps in breakdown of protein molecules [26]. Once the protein 
leaves the stomach they get exposed to the proteolytic enzymes produced 
by the pancreas and chemical breakdown takes place rapidly. The pancre-
atic proteases is divided into two categories, i.e. (i) endopeptidases, such 
as trypsin and chymotrypsin, which attack peptide bonds located within 
the amino-acid chains of proteins and polypeptides, breaking them into 
smaller fragments; and (ii) exopeptidases, such as carboxypeptidases A and 
B, which cleave the terminal bonds of proteins or peptides, splitting off 
amino acids [26]. Further breakdown of the oligopeptides is done by the 
peptidases present in the intestinal mucosa. The adsorbed pancreatic prote-
ases in conjunction with superficially placed mucosal peptidases complete 
the process of protein digestion [26]. Once protein is digested, the body can 
utilize its nutrients to build and repair many of the cells in the body.

19.4.1  Absorption of Peptides and Amino Acids

Bioactive peptides are organic substances which have specific protein frag-
ments that have a positive impact on body functions and on human health. 
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Absorption of peptide needs adenosine triphosphate (ATP), the energy 
source the body utilizes during protein absorption. Peptide absorption is 
first diffused across the mucus layer before absorption across the epithelia. 
The absorption of di- and tripeptides occurs in the small intestinal epithe-
lial cell by co-transport with H+ ions via a transporter called PepT1. Once 
a protein crosses the monolayer of intestinal epithelial cells, it can either 
enter the capillaries of the portal venous system or the lymphatic lacteal 
[27]. Once inside the enterocyte, the vast bulk of absorbed di- and tripep-
tides are digested into amino acids by cytoplasmic peptidases and exported 
from the cell into blood [28].

The mechanism of amino acids absorption is almost same to that of 
absorption of monosaccharide (carbohydrates). The luminal plasma 
membrane of the absorptive cell bears four sodium-dependent amino 
acid transporters – one each for acidic (L-glutamic and n-aspartic acids), 
basic (L-lysine), neutral (L-leucine, L-alanine, L-methionine), and imino 
(L-proline) amino acids. During the absorption process the amino acids 
released from the peptide are utilized by the carrier protein transport 
system [29]. Each amino acid group has a carrier protein that is respon-
sible for transporting it from the intestines to the mucosa cells. Sodium 
(Na+) and potassium (K+) pump are playing an important role to pass the 
mineral through villi via intestine and finally into the bloodstream. These 
transporters first binds to sodium after that they bind with amino acids. 
The sodium-amino acids bounded transporter then undergoes a confor-
mational change that dumps Na+ and the amino acid into the cytoplasm, 
followed by its reorientation back to the original form. Thus absorption of 
amino acids is dependent on the electrochemical gradient of Na+ across 
the epithelium. Further absorption of amino acids, like that of monosac-
charides, contributes to generating the osmotic gradient that drives water 
absorption. The basolateral membrane of the enterocyte contains addi-
tional transporters which export amino acids from the cell into blood. 
These transporters are independent of Na+ gradient pump [29].

19.5  Fermented Protein-Rich Food Products

In the following sections some of the common fermented food products 
with associated heath benefits are discussed.

19.5.1  Soyabean (Gycine max)

Soya is most widely accepted vegetable protein which is considerably 
equivalent to wheat, barley, and rice as a nutritional crop. It belongs to the 
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Fabaceae family, contains approximately 40% of protein by weight [30]. 
Glycinin, phaseolin, and legumelin are main content of proteins in soy-
bean. Soya protein is an attractive alternative to animal protein and also 
popular among people who are lactose intolerant. It has a high concentra-
tion of branched-chain amino acids. Fermentation process has degraded 
the anti-nutritive and allergenic compounds of soyabean, thus increas-
ing the possibilities of utilization of various processed products of soya 
[31]. A wide diversity of microbes has been used to ferment soya meal 
for nutritional enrichment. The fermentation environment and dietary 
quality of the fermented soyabean thus produced can vary depending on 
the type of microorganism used. The fermentation process is facilitated 
by the use of a mold or a bacterium. In case of bacterial fermentation, 
various Lactobacillus species and Bacillus subtilis are preferred [32]. The 
fermentation process can be achieved by either solid state fermentation 
or by submerged fermentation. Much like submerged fermentation, the 
process related to solid state fermentation has been reported to upgrade 
the nutritional quality of soyabean [33]. The peptide content and fibrino-
lytic enzyme activity is increased significantly. Solid state fermentation also 
resulted in an increase of in-vitro trypsin digestibility and nitrogen solubil-
ity under alkaline conditions and improvement of the nutritional quality of 
soyabean [34]. Fermentation with Aspergilli almost completely eliminates 
phytate, resulting in a protein source for feed with highly available phos-
phorus [35,36] as well as zinc. Fermented soyabean has approximately 10% 
more crude protein than raw soyabean. According fermentation of soya-
bean with A. oryzae did not affect the essential amino acids concentration 
but increased the concentrations of glycine, glutamine, and aspartic acid 
[37]. Fermentation with LAB like Lactobacillus plantarum results in protein 
hydrolysis and increased liberation of free amino acids, thus the resulting 
fermented soyabean has significantly higher total free amino acids content 
as compared to raw soyabean [38]. There is an increase in concentrations 
of certain amino acids like histidine, serine, valine and lysine after fermen-
tation which might increase the antioxidant property of the soya product.

The soya product can be separated into three distinct categories; flour, 
concentrates, and isolates. Soy flour can be further divided into natural 
or full-fat, defatted and lecithinated (lecithin added) forms [39]. Of the 
three different categories of soy protein products, soy flour is the least 
refined form. Soy concentrate has a high digestibility and is found in nutri-
tion bars, cereals, and yogurts. Isolates are the most refined soy protein 
product containing the greatest concentration of protein, but unlike flour 
and concentrates, contain no dietary fibre. They are very digestible and 
can be easily used in foods such as sports drinks and health beverages as 
well as infant formulas. The health benefits associated with soy protein are 
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related to the physiologically active components that are part of soy, such 
as protease inhibitors, phytosterols, saponins, and isoflavones. These com-
ponents have been noted to demonstrate lipid-lowering effects, increase 
LDL-cholesterol oxidation and have beneficial effects on lowering blood 
pressure. Isoflavones are beneficial for cardiovascular health, possibly by 
lowering LDL concentrations increasing LDL oxidation [40] and improv-
ing vessel elasticity. Also, isoflavones are considered as phytoestrogens, i.e. 
they exhibit estrogen-like effects and bind to estrogen receptors and have 
potential to reduce the risk for breast cancer risk [41].

19.5.2  DDGS (Distillers Dried Grain with Solubles)

Distillers dried grains are the primary by-product of brewery industry. Cereals 
like rice, corn, wheat, maize, barley, etc. are used as a raw starting material for 
the production of alcohol (beer/whiskey). Grinding of the selected grains is 
done in order to remove the dust particle. Liquefaction process (addition of 
water) is carried out followed by addition of amylolytic enzymes, i.e. amylase 
and amylopectin. These enzymes help in breakdown of starch into mono-
meric form (glucose). Fermentation begins by addition of yeast, e.g. S. cere-
visiae, a seed culture, converting sugars into alcohol. Distillers grains is the 
by-product obtained in equal proportion with alcohol and carbon dioxide 
(CO

2
). These are basically a thick stillage (fermented grains) left after distil-

lation of alcohol. As it is a fermented product, it contains a large percentage 
of yeasts which greatly enhance the nutritional properties of the ferment-
ing grains. The nutritional profile of distillers dried grain depends upon the 
type of raw material being used. Natural, wild yeasts are excellent sources of 
lysine, riboflavin, niacin and thiamin, and other amino acids, and vitamins. 
Further, the growing yeasts reduce the phytate concentration in the grain, 
improving their digestibility. The yeasts ferment sugars to alcohol in acidic 
conditions. The acid conditions of the beer are produced by the fermenta-
tion action of LAB, primarily Lactobacillus, Leuconstococcus, Streptococcus, 
and Pediococcus. These bacteria add more nutritional value, in the form of 
protein, amino acids, and vitamins, to the food product. Fermented grain 
foods generally have protein content 8–20% higher than was originally in 
the grain. Distiller’s grains also have enhanced values of thiamine, riboflavin, 
niacin and amino acids, all vital nutrients for good health.

19.5.3  Tempe

Tempe is a vegetable-based fermented food containing high-quality source 
of protein. Soyabean is the main ingredient used in the production of 
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tempe. Composition of soyabean gets altered during the fermentation 
process resulting in enhanced protein content. During fermentation soya-
bean is hydrolyzed by the protease (proteolytic enzyme) produced by the 
microbes (Aspergillus) [42]. Production process is carried by a single-stage 
fermentation in which cooked soybeans are inoculated with a mould, 
wrapped in fresh banana leaves and left for an overnight at ambient condi-
tions (30–35 °C, high humidity) [43]. After 24 hours, a dense web of fungal 
hyphae forms which looks like a cake that can be sliced without disinte-
grating. Banana leaves are a practically natural choice for wrapping cooked 
soyabean in the tropics, being fresh and readily available. Final cooking is 
done for consumption as a snacks or a meal. Generally, igosporus is used 
as a mould, although other members of this genus, such as Rhizopus sto-
lonifer, Rhizopus oryzae and Rhizopus arrhizus can also be used for the 
good fermentation. Tempe contains high protein content with respect to 
the base material used, i.e. soyabean. Upon characterization of tempe it 
was observed that it contains significant amount of vitamin B12 [44]. The 
glutamic and aspartic acid content was found to be the highest whereas, 
leucine and lysine content is decreased.

19.5.4  Red Bean (Phaseolus Vulgaris)

Red bean is herbaceous annual plant belongs to the family leguminosae 
[45]. It contains high crude protein, fibres, and minerals have diverse 
micronutrient composition, which can be further enhanced by fermenta-
tion. Fermentation of beans enhances flavors, increases textural properties 
and improves digestibility [46]. Fermentation process also reduces flatu-
lence-causing sugars and enhances protein digestibility when carried out 
in a natural and controlled manner. During dehulling and cooking of red 
beans, 90% of the tannins get eliminated from the beans as large amount of 
tannins are present in seed coat. In general practice, several food products 
prior to fermentation, removal of seed coat is done from the substrate in 
order to eliminate anti-nutritional factors like tannins [47]. During open 
fermentation of red bean maximum protein digestibility around 92.50% is 
noticed. It might be due to protein denaturation and inactivation of trypsin 
inhibitor by heat treatment. Acting microbes produces some proteolytic 
enzymes during fermentation which are responsible for increased protein 
digestibility of fermented red beans [48]. After 48 hours of controlled fer-
mentation, the saponin contents were reduced to almost zero. During open 
fermentation the pH drops significantly which might be due to the produc-
tion of LAB. A drop in pH is a positive indication for protection of food 
items from pathogenic microbes. Fermentation also helps in reduction of 
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phytate content (25% less than the initial value), trypsin inhibitors, raffi-
nose oligosaccharides, and saponins of red bean flour. Fermentation offers 
unique nutritional advantages for making the protein of coarse-grained 
red beans more digestible by reducing tannins content by 45%. Open fer-
mentation had a better effect on the breakdown of the oligosaccharides, 
raffinose, and stachyose. In addition to this pure culture is not required for 
fermentation thus, making the process cost-effective. The product obtained 
can be marketed as dried beans powder. Moreover, the extruded products 
obtained from the processed beans can be further commercialized [48].

19.5.5  Fermented Peanuts (Arachis Hypogae)

Peanut press cake is fermented with species of Neurospora to produce 
‘oncom’ also commonly known as ‘ontjom’. De-oiled peanut is a primary 
raw material used for fermentation. The peanut press cake is a moderately 
dry substrate, so in order to make it moist it is soaked in water for 4–5 
hours. Water is drained and seeds are mixed with the other ingredients 
such as salt, spices, etc. Cooking of the peanut is done for some time and 
flat cake is formed in a wide tray. Inoculum of a mould (Neurospora) is 
added and wrapped with banana leaves. After that, it was transferred to 
woven bamboo trays and kept at ambient temperature for 3–4 days for 
proper fermentation to occur. Under these conditions the mould grows 
through the cakes. Neurospora forms pink spores on the finished prod-
uct. Some forms of oncom use the mould of Rhizopus spp. which gives a 
black oncom, again because of spore formation. The nutritional content 
of oncom is considered to be quite high, especially in enhanced produc-
tion of vitamin B12, protein content and low-fat content. Black oncom has 
better nutritional content compared to red oncom, since it has higher pro-
tein content; however red oncom has lower fat content compared to black 
oncom. The amount of aflatoxin in oncom is decreased by 50%. Moreover, 
phytic acid existed which is major antinutritional content of peanut is also 
decreased by 50%. After inhibition of phytate, absorption of minerals such 
as calcium and magnesium is increased [49].

19.5.6  Sufu

Sufu or furu is a fermented soyabean-based product originating in China. 
It has a higher percentage of protein-nitrogen (10–12%) than other orien-
tal soybean foods, such as miso and natto [50]. Nutritionally, soybean milk, 
tofu, and sufu have the same health benefits. It is a cheese-like product with 
a spreadable creamy consistency and a distinct flavour. Sufu is a popular 
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side dish consumed mainly with breakfast rice or steamed bread. Sufu is 
made by fungal solid state fermentation of tofu (soybean curd) followed 
by aging in brine containing salt and alcohol. Several types of sufu can be 
distinguished, according to processing method or according to colour and 
flavour. Choice of processing can result in mould fermented sufu, naturally 
fermented sufu, bacterial fermented sufu, or enzymatically ripened sufu. 
Depending on the choice of dressing mixture, red, white, or grey sufu may 
be obtained. The stages of the process are discussed and include the prep-
aration of tofu, the preparation of pehtze, salting, and ripening. Fungal 
starters include Actinomucor spp., Mucor spp. and Rhizopus spp. Raw soy-
beans are soaked in water, then ground with water and the liquid extract 
filtered off, a milky fluid results, which is colloquially called ‘soy milk’. The 
protein in this extract can be precipitated with calcium and/or magnesium 
salts to give the curd called ‘tofu’ (or ‘dofu’). For sufu production this is cut 
into small cubes, dried for 10 minutes in an oven at 100 °C, then inoculated 
with Actinomucor elegans and incubated until mould mycelium completely 
covers the tofu. The cubes are then placed in brine, which may contain rice 
wine, red rice, soy sauce and various other flavourings, possibly after the 
moulded cubes have been dry-salted for 3–4 days. The steeping in brine 
lasts for about 3 months, after which the product is ready for consump-
tion. Post-fermentation was the main stage responsible for the hydrolysis 
of protein together with the increase in the content of amino-type nitrogen 
and free amino acid [50].

19.5.7  Kefir

Kefir is a fermented yogurt-like thick beverage prepared by incubating 
milk with “kefir grains”, which contain sugars, proteins, LAB, and yeast 
[51]. It is characterized by its creamy texture, tart taste, and fizzy efferves-
cence. Due to its claimed health benefits, i.e. reduction of lactose intoler-
ance symptoms, stimulation of the immune system, lowering cholesterol, 
and antimutagenic and anticarcinogenic properties, kefir has become an 
important functional dairy food product. It can be prepared from any type 
of milk such as pasteurized, unpasteurized, whole fat, low fat, and no fat 
[52]. The production involves a complex microbial system that has not 
only been found to be nutritionally beneficial, but has also been proven 
to inhibit a number of food-borne pathogens and spoilage microorgan-
isms [53]. The microbiological and chemical compositions of kefir indicate 
that it is a much more complex probiotic. Since yeasts and bacteria present 
in kefir grains have undergone a long association, the resultant microbial 
population exhibits many similar characteristics, making isolation and 
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identification of individual species difficult [54]. Kefir has an antibacte-
rial effect against many pathogenic organisms due to the inherent forma-
tion of organic acids, hydrogen peroxide, acetaldehyde, carbon dioxide, 
and bacteriocins. Kefir consumption reduces serum cholesterol and phos-
pholipids. They also have anti-carcinogenic properties and inhibition of 
tumor growth. Pregnant and nursing women can safety consumes kefir 
as it promotes the absorption of nutrients, increases immunity, helps the 
body adjust to hormonal changes and prevents infections such as yeast 
overgrowth [55].

19.5.8  Fermented Whey Beverage

Whey protein is a by-product obtained from processing of milk product, 
soyabean etc. as a valuable food component with important nutritional 
and functional properties. Due to its high protein content, whey protein 
has gained acceptance as a functional food component. Whey protein is 
found mainly in 3 forms i.e. whey concentrates, whey isolates and whey 
hydrolysates [57]. Whey proteins are better source of protein due to their 
high content of essential amino acids thus possessing high biological value 
[58]. It is a dairy-based non-conventional beverage which has gained wide 
acceptance from consumers because of its high nutritional properties [59]. 
The initial protein contents of whey are less than 5%. The protein con-
tent of fermented whey beverage showed almost twice higher than that of 
other yogurt products. LAB used as a starter culture increases the viscos-
ity of the fermented whey produced. It produces different organic acids 
by degrading some component in the raw material [60]. Therefore, the 
rich organic acid profile of fermented whey product is an indicator of the 
metabolic activity of added bacterial cultures. These acids act as natural 
preservatives and contribute to the distinguishing sensory properties [61]. 
Lactic acid contents greatly increased as much as approximately 4 folds 
during fermentation. Whey based beverage provides an abundant source 
of branched-chain amino acids. These amino acids are used to build and 
repair muscles. Whey protein is especially high in leucine which plays a 
very important role in initiating the genetic transcription pathways that 
boost protein synthesis. Elevated leucine consumption improves the stim-
ulation of protein synthesis. This improves tissue healing, exercise recov-
ery, strength production and adaptation to stress. Whey protein is also very 
rich in cysteine which is a critical agent used to make the super intracel-
lular anti-oxidant glutathione. Ingesting large amounts of whey protein 
increased cellular glutathione levels. Research states that whey protein can 
be considered as “whole food” for boosting glutathione levels. Due to this 
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anti-oxidant capacity, whey protein is being researched for its ability to 
prevent degenerative diseases like heart disease, cancer, and neurodegen-
erative disorders like Parkinson`s [61].

19.5.9  Salami

Salami, made up of animal meat, is fermented and air-dried food product. 
The production of salami involves three major steps: preparation of raw 
materials, fermentation, and ripening and drying [62]. Raw meat, usually 
of pork, beef or chicken depending on the type of salami that is produced, 
is milled and mixed with ingredients such as salt, sugar, spices, and yeast. 
Meat is sliced into thin strips and their casting is done according to the 
desired size and shape. Fermentation enhances flavor and texture of meat. 
Direct exposure of meat into acidic solution might cause protein denatur-
ation and form coagulant therefore causing uneven texture. In order to 
avoid this manufactures hang the salami in humid atmosphere for 3–4 days 
for proper bacterial exposure. The bacteria produce lactic acid which low-
ers the pH and coagulates the proteins, reducing the meat’s water-holding 
capacity [63]. The bacteria-produced acid gives tangy flavor and also pro-
vides smooth texture. Salami flavor relies as much on how these bacteria 
are cultivated as it does on the quality and variety of the other ingredients. 
Wine is also added as an ingredient to enhance the growth of other ben-
eficial bacteria. Starter cultures such as LAB and coagulase-negative cocci 
(CNC) like specific strains of Staphylococcus xylosus or Micrococcus are 
most commonly used in salami production [64]. More species of LAB and 
CNC were discovered during the last decades and they were found to have 
different fermentation temperatures with variable rates of acidification. 
Drying process is carried out happens after fermentation [65]. This stage 
causes the main physical and microbial changes through the large amount 
of water loss. Salami is a source of complete protein thus containing all the 
amino acids. It is also rich in minerals like sodium, calcium, potasium, and 
iron which help in improving the immune system and increasing RBC’s. It is 
a good source of Vitamin B12 which is helpful in making brain healthy [66].

19.6  Conclusion

Fermented foods which are rich in proteins had gained its importance in 
recent past and attracted the interest of consumers which drastically raised 
the market size. An appropriate mixture of animal- and plant-based foods 
is a practical way to ensure balanced provision of dietary protein for the 
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young and the adult. Consumption of fermented soyameal, whey based 
beverage, tempe, fermented peanut cake, etc. shows an outstanding bioac-
tivities such as antihypertensive, antioxidant, immunomodulating, enrich-
ment of vitamins, and minerals. Distillers grains is a novel protein source 
in terms of its potential to sustainably deliver protein for the future, con-
sidering drivers and challenges relating to nutritional, environmental, and 
market domains. Due to its health promoting-disease-preventing nature, 
fermented foods had become an important functional dietary product 
around the world. The production of bioactive peptides in fermented 
foods increases the bioabsorbability of peptides and amino acids. Under 
the impression of such positive effects on human body, scientific research-
ers and industries are putting joint effort in developing health-promoting 
products, thereby creating a wider acceptability of fermented-based pro-
tein-rich products.
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Abstract
Bacterial cellulose is a biopolymer whose interest in the global market is increas-

ing because of its advanced properties concerning the high purity, fibril structure, 

high degree of polymerization, and high crystallinity. To enhance the produc-

tion of bacterial cellulose at pilot plant scale, new approaches are tried upon with 

respect to culture condition, agitation in bioreactors, supplementation of nutri-

tion, and its cost effectiveness. This chapter also discusses on the genetically modi-

fied strain for enhanced cellulose production. In addition, bacterial cellulose has 

immense potential in many industrial sectors such as paper industries, textile 

industries, electronics, food industries, and biomedical devices. It plays a major 

role in tissue engineering with application in wound care and revival of the dam-

aged organs. Moreover, it is having multifunctional properties in food industries 

and is engaged in maintaining shelf life, as thickening and gelling agent, and as 

a packaging material due to its water binding capacity. Bacterial cellulose shows 

good barrier properties in preventing food rancidity and also improves the food 

rheology. Due to the unique properties of bacterial cellulose, it is attractive inno-

vative products have been developed and commercialized making it an attractive 

biopolymer for industrial application.
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20.1  Introduction

Biopolymers are those polymers that are produced from the living beings. 
Amongst all, cellulose is one of the most important, affordable polymers in 
the earth which is extracted from the plants and their wastes. This biopoly-
mer mixed with different another glycans molecules like hemicelluloses 
and lignin. To obtain only cellulose, it is treated with alkali and acid fol-
lowing the chemical process. Cellulose is also procured from the in vitro 
synthesis by using enzymatic pathway instead of chemical pathways. On 
the basis of morphological localization these polysaccharides are located 
intracellular or extracellular region. Two forms of extracellular polysac-
charides are found into the culture like as loose slime that is non-attachable 
and sticky substance to the cell wall or viscosity increased into the liq-
uid medium, microcapsules and capsules are separated by centrifugation 
method.

As the demand of pure cellulose is getting high, the different microorgan-
isms such as algae, fungi, bacteria are used for the production of extracel-
lular natural form of cellulose. Since 1886, it has been discovered by Brown 
that pure cellulose can also be produced from bacteria due to its special 
properties like crystalline structure, purity, high mechanical, strong water 
holding capacity, biodegradability, high polymerization degree and bio-
compatibility [6]. Because of this reason it can be catching the research bug 
for different application sectors like biomedical and biotechnology field. 
These exopolysaccharides are repeating unit of monosaccharides glucose 
sugar molecules. Several current developments accounted for the cellulose-
producing bacteria, that contain the genera of bacterial cellulose makers 
include Gluconacetobacter, Acetobacter, Burkholderia, Achromobacter, 
Enterobacter, Salmonella, Aerobacter, Rhizobium, Pseudomonas, 
Agrobacterium, Alcaligenes, Azotobacter, Escherichia, Sarcina and Dickeya 
[37,39]. Amid the bacteria, a gram-negative purple bacterium is one of the 
most popular types of vinegar bacteria named as Acetobacter.

It is secreted from acetic acid producing bacteria where pellicles are 
appeared on the top of the liquid surface. This non-photosynthetic micro-
organism can acquire glucose, sugar alcohol, glycerol substrates and 
responsible to convert it into pure form of cellulose. Both have different 
physical and chemical properties but they are sharing the same molecular 
formula (C

6
H

10
O

5
)

n
. According to Oh et al. [34], it is a linear and homo-

polysaccharides that consisting β-D 1–4 linkage glucopyranose unit with 
C4-OH and C1-OH group present at every end. It has the tendency to 
clump and form the tight and highly ordered structural units due to their 
conformation and chemical nature [34].
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Usually, bacterial cellulose properties, composition, and its morphology 
are affected by the many factors like temperature, nutrients, pH, additives, 
reactor design and availability of oxygen into the culture medium [27]. This 
optimal design supports the cell growth of microorganism and improves 
the bacterial cellulose production. Another key factor is a bioreactor which 
is also responsible to reduce the cost for the high yield of cellulose and use 
cheap nutrients like by-products from the previous production process. 
Due to the requirement of large space and time, static culture reactors are 
replaced by the other type of supportive reactor which increases the pro-
ductivity of cellulose [50].

In addition, it is also produced by the members of the genus Leifsonia 
belonging to the class of Actinobacteria which is gram-positive in nature 
and accountable to give high yield of bacterial cellulose. It has been seen 
that it shows less crystallinity and high amorphous region in pellicle mem-
brane so it can be used directly for the different application without con-
verting their crystalline nature of cellulose. It could be a novel foundation 
in term the production of bacterial cellulose because of their high yield and 
uses of cheap nutrient sources.

Nowadays, the alternative reactors used for the high yield of cellulose 
are stirred tank reactor, trickling bed reactor, rotating disk bioreactor, 
bubble column bioreactor, and biofilm reactor [29,30]. Due to the perfect 
structure, feasibility, and biocompatibility of bacterial cellulose, it leads to 
the variety of application fields like paper, food, textiles, medical, and elec-
tronics. Currently, bacterial cellulose-based materials are probably used in 
medical field that include artificial skin, scaffolds for tissue engineering, 
drug delivery, wound healing materials, and blood vessels. In addition, it 
also has the capability to uphold a physical barrier that helps to reduce the 
pain, transfer the drug into the injured region, and bacterial infection.

This chapter focuses in amalgamating the features of cellulose struc-
ture, properties, molecular biology, biosynthesis, several bioreactors for 
the enhancement of bacterial cellulose, and their applications in different 
industries by comparing the already well-published reviews and articles.

20.2  Cultivation Conditions for Production 
of Bacterial Cellulose

20.2.1  Fermentation Process

The high yield of bacterial cellulose from bacteria is usually dependent on 
the two main factors of culture conditions like the composition of media 
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and eco factors. For instance, dissolved oxygen content, type of reactor, 
pH, and temperature are the major elements for the high productivity and 
their growth of cellulose producing bacteria.

20.2.2  Composition of Culture Media

20.2.2.1  Carbon Source

To increase the production of bacterial cellulose, one of the most effec-
tive parameter like carbon sources are used that include oligosaccharides, 
organic acids, sugar, and other alcohols and monosaccharides. In addition, 
different bacterial strain is also responsible to produce various yields of 
cellulose and the yield is also dependent upon the source of nutrients. In 
addition, it has been found that sucrose gave the maximum yield (3.83 g/L) 
of bacterial cellulose in Hestrin and Schramm (HS) medium [25]. Among 
all, D-arabitol and D-mannitol showed maximum productivity approxi-
mately 6.2- and 3.8-fold greater yield of bacterial cellulose compared to 
glucose [21]. In comparison to other sugars, the less suitable carbon source 
is galactose into the culture media that depends on the capability of bacte-
ria to utilize those carbon sources or not. As well as, it was found that other 
than glucose, mannitol and fructose are also showing the same rate for the 
bacterial cellulose production that is transported through a cell membrane.

Utilization of sugar alcohol and other carbon sources for the production 
of bacterial cellulose are very costly when it goes for large-scale production. 
To make the process cost effective, some researchers are trying to reduce 
the cost of the used carbon source in to the culture medium. Nowadays, 
sugarcane molasses, processed rice bark, coconut water, soy flour extract, 
beet molasses, konjac powder hydrolysate, and fruit juices are used as a 
carbon source into the culture media for industrial production by using 
this inexpensive waste products.

20.2.2.2  pH for Bacterial Cellulose Production

Depending upon the different strains of bacteria the classified and selected 
range of pH is 4 to 7. But highest production of bacterial cellulose is obtained 
at pH 6.5 [49]. Production of gluconic, lactic, and acetic acid as secondary 
metabolites into culture medium leads the low production of bacterial cel-
lulose due to the high consumption of carbon and nitrogen source. Some 
products of bacterial cellulose are available in the medicinal field such as 
Biofill and Gengiflex at low pH range 4 to 4.5 that avoids the contamination 
in the medium during cellulose production [21]. In addition, it has been 
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found that to maintain the pH into the media some researchers add the 
corn steep liquor as a buffer which increases the viscosity of the medium. 
But it shows some disadvantages due to an increase in viscosity and also 
causes the inhomogeneous mixing of component culture.

20.2.2.3  Temperature for BC Production

It has been shown that 20 to 40 °C range of temperature is most favourable 
for the cellulose producing Acetobacter sp. While the optimum tempera-
ture is 30 °C for the bacterial cellulose production, but at the lower tem-
perature (25 °C) the yield of bacterial cellulose is not that much affected. 
But variation in temperature can change the crystallinity and morphology 
of that bacterial cellulose. For instance, in HS media, Acetobacter xylinum 
ATCC 23769 are produced, band of cellulose II at 4 °C temperatures with 
phosphate buffer having pH 7 while at 28 °C temperatures they produced 
the ribbon of cellulose I. Hence, incubation time plays a very crucial role 
in morphology and crystallization of cellulose [15].

20.2.2.4  Dissolved Oxygen on BC Production

This is very important parameter for cell metabolism, the high yield of 
cellulose and the quality of bacterial cellulose. Production of bacterial cel-
lulose is irreversibly related to the dissolved oxygen content. It has been 
reported that, if dissolved oxygen is high in culture medium then gluconic 
acid concentration is high and it ultimately reduces the pH, the cell viabil-
ity, and the productivity of bacterial cellulose. For instances, maximum 
cellulose production was obtained at 10% dissolved oxygen in batch-fed 
culture [19].

20.3  Bioreactor System for Bacterial Cellulose

Generally, bacterial cellulose produced in static culture medium is a 
very common method for the production of cellulose on the top of liq-
uid media culture. They have high water holding capacity due to their 
extensive interior surface area. But gradually the production of cellulose 
is getting moderate due to the slow growth rate of oxygen transfer and less 
nutrition availability in the culture medium. Pellicles are entrapped and 
cells are dying due to the lack of oxygen. It also depends on bacterial strain 
which takes 5–14 days and that is not efficient for pilot scale production. 
Even so, one Philippines’s nata-de-coco native dessert is the first example 
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of another form of bacterial cellulose through static culture method. On 
the other hand, agitated cultures are used to increase the rate of mass 
transfer concerning their low shear stress and it also increases the oxygen 
rate into the culture media [50]. In shaken culture, sometimes they show 
few disadvantages of this reactor, for example they endorsed mutation of 
cellulose producing bacteria into non-cellulose producing mutants. So to 
overcome this problem, some reactors are designed similarly so that it 
can improve the production and reduce the mutation steps in the culture 
media and also reduce the labour cost. For enhancement and their scale-
up we are discussing some new bioreactor designs for bacterial cellulose 
production.

20.3.1  Stirred Tank Reactor

To address the problem of the production of non-cellulose-producing 
microorganism from mutant bacteria the stirred tank reactors are used. 
Besides that, the doubling time of microorganism was found increasing 
in submerged, that is approximately completed in around 4–6 hours com-
pared to static culture where it takes 8–10 days [4].

The flow property of bacterial cellulose in liquid culture was found to 
be shear-thinning behaviour and non-Newtonian fluid was detected [24]. 
Higher stirring speed is directly related to the improved oxygen transfer 
with in turn increases the yield of bacterial cellulose. The reactor equipped 
with impeller and spin filter is made up of stainless steel.

20.3.2  Trickling Bed Reactor

It provides the greater ratio of surface to volume of liquid culture and also 
supplies the oxygen rate from that bacteria can easily contact with air com-
pared to stirred tank reactor. This type of reactor gives the 3D space, sur-
face to adhere the bacteria and grow in different semisolid and liquid–solid 
environment and form the pellicle on the top liquid of culture. In this tank 
culture broth pass from bottom to the top meanwhile, air is circulated. 
Obtained cellulose has high degree of polymerization, high water holding 
capacity, and biocompatibility [30].

20.3.3  Airlift Bioreactors

This is another bioreactor which is important for the high yield of bac-
terial cellulose. Due to their simple design and easy maintenance, it is 
broadly used for the biochemical process. From the lower part of the 
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reactor oxygen-enriched air was supplied, which in turn drove the cir-
culation of the culture media. Low production of bacterial cellulose was 
certified to the limited dissolved oxygen content in the culture broth. To 
reduce the bubble size add draft tube that having rectangular wire mesh 
to enhance the volumetric mass oxygen transfer rate due to this reason 
it is used modified airlift bioreactor. In comparison to the conventional 
bubble column reactor, it increases the bacterial cellulose production five 
times better than from 2.82 to 7.72 g/L and also increases mass oxygen 
transfer rate by 50%. To reduce the shear stress that is produced by bacte-
ria by adding agar into the culture medium which increases the viscosity 
of the media and reduces the chances mutates to non-cellulose producing 
strains [52].

20.3.4  Aerosol Bioreactor

Due to limited supply of nutrients and their wall effect leads to dormant 
growth of bacterial cellulose and also impedes the elimination of the prod-
uct from the active zone. To overcome this problem novel bioreactor are 
designed in this way so that they are able to get rid of that issue by feed-
ing the glucose and oxygen directly to the reactor. In this type of reactor 
aerosol sprayed of glucose from nozzle on the living bacteria that are dis-
tributed at the surface of liquid interface and allowed to constant growth 
up to 8 weeks. Pellicles are formed on the top of the liquid media because 
of the highest oxygen concentration and nutrition diffusion is there so that 
bacteria grow happily on that surface [17].

20.3.5  Rotary Bioreactor

Homogeneity problem arose during bacterial cellulose production in airlift 
and agitation system because of the adhesion of cellulose in different parts 
of the reactor. To overcome this issue a new reactor designed in this way 
that they are exposed to culture medium first and then again through air. 
In this reactor, eight circular discs are there and for inoculation separately 
inlets are present. During the production of bacterial cellulose half of the 
part of rotating discs is merged with medium and other half part of disc 
contacts with air [42]. It has been reported that beyond eight discs in the 
reactor it can decrease the productivity of cellulose, increase the agglom-
eration of bacterial pellicles and also low the mechanical strength of the 
product due to the low space between the circulatory discs. At the end of 
this process finally got the improved mechanical properties, enhanced cell 
adhesion and used in paper fibre [46].
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20.3.6  Horizontal Lift Reactor

All the reactors work on the principle of batch process to extract the bacte-
rial cellulose. In horizontal lift reactor, there are long tanks with the culture 
medium at the end, bacterial pellicle is lifted and separated out from the 
culture medium without disturbing the nanofibre of the bacterial cellulose 
which is present within the bacterial pellicle. Height of the bacterial pellicle 
can be adjusted by increasing the tank length to allow the bacteria to grow 
for longer time.

20.3.7  Other Type of Bioreactor

There are few other important bioreactors which are also responsible to 
produce the high yield of bacterial cellulose. In case of membrane biore-
actor, cellulose are produced within static condition to exploit the high 
surface area of the membrane. In addition, membranes are used which are 
made up of hydrophilic polyether sulfone and have the pore size of 0.45 
mm. Gluconacetobacter xylinus are passed through one side of the mem-
brane and other nutrients which are required for the bacterial growth are 
passed through the other side of the membrane [16] and also reduced the 
downstream cost.

Another is cell recycle; biofilm (immobilized cell) and hollow fibre bio-
reactor are used to enhance the production of bacterial cellulose. It reduces 
the cost and increases the production yields by 2.5 times in comparison to 
controlled one.

20.4  Plant Cellulose vs. Bacterial Cellulose

In plant, cellulose is a structural component of the cell wall and is impor-
tant for plant survival while in bacteria, cellulose is not vital for survival 
but does give endurance benefits. In the early 19th century, scientist dis-
covered cellulose by treating plant tissue with acid and ammonia and are 
also recognized as a highly potential renewable biopolymers component 
of plant biomass. It produced approximately 1011–1012 tons per year 
by nature. It has high molecular weight polysaccharide that is composed 
of glucose moiety. In plants, nearly 50% of carbon mass is used to form 
cellulose which gives rigidity to the cell. Generally, the plant uses cellu-
lose to make their stems and leaves strong. The molecules of cellulose are 
arranged in parallel and joined together by the hydrogen bond. It is a long, 
chain-like structure which is joined with other cellulose molecules. Besides 
that, there is another source that produced cellulose, named as bacterial 
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cellulose because it comes from microbes. It is an extracellular product 
of acetic acid producing bacteria which is swollen, slippery, kind of moist 
skin, and gelatinous in nature. However, plant cellulose was chemically 
equal to bacterial cellulose and structure of both of them was combined 
by the hydrogen bonds. But, under the microscope the structures were 
not the same because fibrils structures of bacterial cellulose were mostly 
in oriented form. The structure difference may be due to the well-defined 
state of components. Bacterial cellulose is contamination free, it means it 
is synthesized in the pure form of cellulose. Eventhough other celluloses 
which are found in the mixed form of sugars like lignin, hemicelluloses, 
numerous glycoprotein, and pectin in plants. After treated with solvent, 
the cellulose is precipitated and obtained into the pure form. They both are 
structurally different, in case of plant cellulose it looked like ribbon-shaped 
which is much more complicated in comparison to bacterial cellulose.

Plant cellulose synthesis is done through cellulose synthase complexes 
which are arranged into rosettes form. It has been found that the encod-
ing genes which were present in plant cellulose, has a bacterial origin 
because it came from the cyanobacterial endosymbiosis [33]. Bacterial cel-
lulose producers grew statically into the liquid media and obtained into 
two forms, either they are floating on the air–liquid interface or they form 
solid surface associated film at the bottom of the conical. These biofilms 
are multicellular in nature and contain proteins, polysaccharides, extracel-
lular DNA in a matrix [12]. In addition, it has been seen that producers do 
plant–bacteria interaction for bacterial cellulose production. For instances, 
the nutrient-rich rhizosphere produces bacterial cellulose by establishing 
the contact with plant root hair. Two well-known examples of bacterial 
cellulose-producing microorganisms are a tumor-inducing gram-negative 
bacteria Agrobacterium tumefaciens and mutual nitrogen-fixing symbiotic 
bacteria Rhizobium leguminosarum, plays a very important role for the 
production of bacterial cellulose through root–bacteria interactions.

Some basic difference between plant and bacterial cellulose are repre-
sented below for better understanding of their properties.

20.4.1  Morphology

Normally, bacterial cellulose is obtained from the cell’s cytoplasmic mem-
brane and amassed into ribbon fibril. To increase the surface area for bacte-
rial cellulose production use high aspect ratio (L/w) which plays a key role 
and employed as reinforcement into a composite material and for a trou-
ble-free transfer [18]. The length of the nanofibrils of bacterial cellulose 
depends on the different cellulose source [26]. In cellulose there are two 
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main regions, one is high ordered which is more crystalline and other one 
is low region which is composed of crystalline and non-crystalline fabric. 
In addition, density and toughness of bacterial cellulose are increased in 
static cultivation with the high oxygen ration into the culture medium [55].

20.4.2  Crystallinity

Crystal structure of bacterial cellulose is better compared to the properties of 
its mechanical and interfacial than plant cellulose. The nature of crystallinity 
of cellulose depends on the diverse culture conditions such as pH, nutrients, 
additives, sort of reactor, and the most important bacterial strain [18]. In 
plants, cell wall cellulose is present generally in type I  form while approxi-
mately 70–80% type of I  cellulose found in bacterial cellulose. Bacterial 
cellulose has found to be I -rich in a proportion of around 70–80% [51].

20.4.3  Degree of Polymerization

Length and crystallization of the cellulose play the main factor in the 
degree of polymerization which depends on the counting of n number 
units of glucose in a single chain. In comparison to plant cellulose, it has 
long and high crystallinity due to their high degree of polymerization [48].

20.4.4  Thermal Properties

Thermal properties of bacterial cellulose are high compared to plant cel-
lulose by observing their thermograms. Those thermograms have two deg-
radation steps where the first stage is volatilization and the other one is 
rapid volatilization of cellulose. In this first stage, cellulose decomposition 
occurred while in the second, which is sometimes also known as carbo-
naceous stage, char oxidation and carbonaceous residues are formed. On 
comparing the bacterial cellulose with plant cellulose, it has been found 
that at 22 and 24 °C bacterial cellulose degradation starts which is earlier 
than plant one. Though, maximum weight loss occurs in plant cellulose 
than in bacterial cellulose. In addition, to start the degradation process 
very high (142 and 150 °C) activation energy in plant cellulose than in bac-
terial cellulose is required [6].

20.4.5  Mechanical Properties

Bacterial cellulose has been found that it is having higher tensile strength 
and Young’s modulus mechanical properties due to their presence of high 
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degree of polymerization, increases the surface area and their crystallinity 
compared to plant cellulose origin. In the two different culture conditions, 
it has been obtained that static culture of bacterial cellulose is showing the 
highest mechanical properties than agitated bacterial culture. Generally, 
bacterial cellulose’s tensile strength and Young’s modulus are in the range 
of 200–2000 MPa and 15–138 GPa, respectively [54].

20.4.6  Water Absorption Properties

Through hydrogen bonding it can hold more water due to their nature of 
porous network in bacterial cellulose. They behave as a free bulk water 
because in hydrogel they contained only 10% water of the 99 %(w/w) in 
water interaction of bacterial cellulose and remaining 89% was hopped 
with fibril network [13]. It has also been reported that their water holding 
capacity depends upon the different cultivation method. In rotating bio-
logical fermentor, bacterial cellulose can clench five times more water than 
in static culture method.

20.4.7  Optical Properties

These light transmittance properties are higher because of the high wave-
length of visible rays in bacterial cellulose. Due to this reason, it has many 
applications in various fields like lenses, display devices, and coatings. In 
the case of plant cell, it has low transparency due to their formation of 
large fibril, low yields of homogenization, aggregation, and low light trans-
mittance value [48]. Basically, transmittance is associated with the process 
yield. Bacterial cellulose based nanocomposites are showing high optical 
properties, flexibility and dimension stability with good reinforcement in 
resins [11].

20.5  Compositional View of Bacterial Cellulose

Previous studies described that cellulose fibres are produced from the bac-
teria but before that they are formed as the homogenous slimy layer within 
that culture. According to the X-ray crystallographic studies the bacterial 
cellulose having a crystal structure known as Cellulose I where the two 
sugar molecules are arranged in parallel fashion. This native cellulose I 
found in two different modifications I  and I  that are popular by name is 
triclinic and monoclinic respectively. The ratio of I /I  is depended upon 
the origin of cellulose Iβ structure explains different conformations and 
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hydrogen bonding for neighbouring chains. Inspite of cellulose I and II, 
still three types of structure are present where changes happened only in 
crystal structure but not in the chemical structure of cellulose family. These 
are cellulose III, cellulose IV, and cellulose X. The triclinic (I ) phase con-
tained cell dimensions a = 0.674nm, b = 0.593nm, c = 1.036nm, it is a 
chain axis,  = 117°,  = 113°, and  = 81°and one disaccharide molecules 
per unit cell [14]. Likewise, the model of Sarko and Muggli the mono-
clinic (I ) phase has the cell dimensions a =0.801 nm, b = 0.817nm, c = 
1.036nm (chain axis), whereas,  =  =90°, and  = 97.3 and two disaccha-
ride molecules per unit cell [40]. Among all, cellulose II is one of the most 
stable crystal structures which are formed by the alkali treatment and the 
regeneration of crystal structure. Major factors behind the production of 
different nature of cellulose are their arrangement of molecules and also 
it depends upon the sources. So other than crystal nature, cellulose is also 
having amorphous domain in different ranges and different physical and 
chemical properties. Amorphous cellulose is also known as cellulose II 
which is less ordered in nature so any reactant can easily penetrate in this 
region. There are many methods such as, acid, enzymatic, ball milling and 
mixed solvents which are used to convert crystalline cellulose into amor-
phous form. This regeneration of cellulose can be analysed by the X-ray 
diffraction pattern, solid state 13C-NMR spectra with wide resonance and 
Raman spectra techniques [7].

20.6  Molecular Biology of Bacterial Cellulose

Biosynthesis of bacterial cellulose involves the enzymes, catalytic com-
plexes, regulatory proteins, and also managing a multi-step process. UDP-
Glc (Uridine Diphosphoglucose) behaves as a precursor for the formation 
of cellulose followed by the polymerization of glucose molecule. However, 
GDPG (guanidine diphosphoglucose) are used into the biosynthesis of 
green plant cellulose. Many gram-negative bacteria species have the capabil-
ity for cellulose production, such as Agrobacterium tumefaciens, Escherichia 
coli, G. Xylinus, and Rhizobium leguminosarum. Central structural genes 
are the most important factor which is essential for the cellulose biosynthe-
sis; the product of structural gene involves the enzyme and structural pro-
teins. These multimeric enzymes are located on the cytoplasmic membrane 
while terminal complexes (TCs) found in the cellulose producing organ-
isms. These terminal complexes are of two types, first is linear terminal and 
other one is rosette terminal. TCs is a transmembrane protein complex that 
extent both cytoplasm membrane and outer membrane. Linear terminal 
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has been seen that Dictyostelium sp., algae, and bacteria Acetobacter xyli-
num. In Acetobacter xylinum, TCs is present on the outer membrane as a 
single row of particle and flat microfibril is produced from the TCs subunit 
[23], while rosette terminal complex found on the algae and land plants [9].

Likewise it includes cellulose synthase, form an operon and regulatory 
gene on the chromosome. Some strains having more than one operon 
which are responsible for the cellulose biosynthesis but in vivo studies tell 
that only one operon at a time responsible for the biosynthesis of cellulose 
[41]. In general, for protein binding, two genes are present named as c-di-
GMP (bis-3,5 cyclic diguanylic acid) and cellulose synthase. In operon, the 
first gene, cellulose synthase (catalytic subunit) that is encoded by bcsA 
sometimes it is also known as acsA/celA which stands for Acetobacter cellu-
lose synthesis bind with UDP glucose whereas, binding protein c-di-GMP 
is encoded by bcsB (acsB,celB) gene present in cytoplasm membrane and 
interact with different enzymes. In type 2 cellulose synthases, the two gene 
bcsA and bcsBa refused together in a single open reading frame which in 
terms shows the tight coupling functional of the two protein products. 
According to Matthysse [32], during cellulose biosynthesis two different 
lipid intermediates participated in the Agrobacterium tumifaciens organ-
ism where initial glucose-lipid derivative is formed by the celDE gene 
product. But in the case of G. xylinus there is no information available of 
lipid intermediates and nor the homologous celDE [32].

In S. typhimurium, AgfD is a response controller of the LuxR domain 
which was noticed under the specific environmental conditions to regulate 
the transcriptionally AdrA and also regulate the thin aggregative fimbriae 
[38]. When AgfD is deleted, AdrA activates the cellulose biosynthesis. In 
view of the fact that, transcription of bcsA and bcsC are not dependent on 
the AgfD so the activation of cellulose biosynthesis by AdrA occurred at a 
posttranscriptional level [57].The production of c-di-GMP by the AdrA’s 
domain (GGDEF) or the stabilization of Bcs proteins, when it contacts 
with AdrA by protein–protein communications might elicit the synthesis 
of cellulose. The same genes are present in E. coli, and Salmonella serotypes 
so it could be predicted that they also have same regulatory pattern which 
can be useful for cellulose biosynthesis.

20.7  Importance of Genetically Modified Bacteria 
in Bacterial Cellulose Production

Gluconacetobacter xylinum utilizes the glucose and sucrose as a carbon 
source via oxidation process but the end product is ketogluconate not 
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cellulose and that’s why it could be the reason for decrement of the pH, pro-
duction rate and their growth into the culture medium. To obtain desired 
amount of cellulose it is necessary to isolate the ketogluconate-negative 
Gluconacetobacter strains [31]. By using UV mutagenesis, from original 
one, isolate the non-ketogluconate-producing mutant. When it is com-
pared with parental strain, genetically modified Gluconacetobacter xylinum 
BPR2001 produced by dgc1-disrupted mutants. This modified gene dgc1 
synthesized from the c-di-GMP and plays a very crucial role for the produc-
tion of bacterial cellulose [2]. It also improves the biodegradability of cel-
lulose in vivo because normal cellulose is not hydrolyzed in human digestive 
system and also restricts the various applications like in biomedical field.

Besides the production of cellulose from bacteria, Gluconacetobacter 
also secrete viscous water-soluble polysaccharides named as acetan. It is 
equivalently synthesized into the media with the cellulose production. For 
self-synthesis acetan carbohydrate molecule used the UDP-Glc which is 
also necessary for the cellulose synthesis, so it may lead to decrease the 
production of bacterial cellulose. To acknowledge this issue some research-
ers are trying to isolate the EP1 non-producing acetan mutant strain from 
the Gluconacetobacter xylinum BPR2001 [20].

20.8  Applications of Bacterial Cellulose 
in Different Industrial Sector

Beyond, the role of natural synthesis of bacterial cellulose and its hydrogel it 
is having an important role in different sectors of medical, food, cosmetics, 
etc. In food various range of applications of bacterial cellulose like from veg-
etarian meat, a traditional dessert, low cholesterol diet, and as a food additive 
and dietary assist to novel applications, such as immobilization of enzymes 
and cells. By using bacterial cellulose in the manufacturing of traditional 
dessert named as nata de coco famous in Philippines formed by the fermen-
tation of coconut water for the biosynthesis of BC. Little chopped pieces of 
BC are dipped into the sugar syrup and served as a sweet candy [36].

Due to their high purity, biocompatibility, and hydrophilicity nature of 
bacterial cellulose, it offers many applications towards human and veteri-
nary medicine.

20.8.1  Skin and Wound Healing

For tentative wrapping of wounds, the membrane of bacterial cellulose 
is used because of their high mechanical strength and easy flowbility for 
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liquid and gases. For instance, in the market, bacterial cellulose products 
are available in the name of Biofill and Gengiflex which can be used for 
burn and ulcers in human and also have a wide role in surgery and dental 
implants. It gives immediate pain relief, reduced the infection rate, faster 
healing, transparency, reduced the time and cost. One disadvantage of 
Gengiflex is having limited elasticity in high mobility area [22]. Bacterial 
cellulose composites used as a skin tissue repair material because of having 
antimicrobial activity against microorganism. Some composite like bacte-
rial cellulose-collagen type I are bound with outer and inner surface of 
the bacterial cellulose membrane with hydrogen bonding between colla-
gen and bacterial cellulose. It is showing the antioxidant property with low 
adsorption of few proteases and interleukins.

20.8.2  Bacterial Cellulose Composites

The other composites like Bacterial cellulose-gelatin hydrogel which is used 
to improve the strength of fracture and showing high elastic modulus. In 
addition, bacterial cellulose-poly(3-hydroxubutyrate-co-4-hydroxubutyr-
ate) scaffold shows high proliferation of fibroblast cell of Chinese hamster 
lung compared to alone poly(3-hydroxubutyrate-co-4-hydroxubutyrate) 
[5].

20.8.3  Artificial Blood Vessels

Artificial blood vessels are prepared by synthetic material and used to 
restore the circulatory blood. Due to hardening of arteries it blocks the cor-
onary artery blood vessel around the heart. Nowadays, for by-pass opera-
tion bacterial cellulose materials are used and showing low risk of blood 
clot compared to the use of synthetic material such as Teflon, Dacron, and 
vinyon. Bacterial cellulose shows good contact with blood and not allows 
clotting that blood in vessels. PVA-BC nanocomposite is polyvinyl alcohol 
bacterial cellulose which is formed using thermal processing with confined 
strain and also adds the small quantity of bacteria cellulose.

20.8.4  In Paper Industry

In paper industry bacterial cellulose is used as a binder in paper. A very 
small amount of microfibril is added to the paper that gives strength and 
durability to the paper. To improve the tensile strength and filler retention 
of paper sheet use the obtained cellulose from both processes agitated and 
static culture at the wet end. In addition, during paper sheet formation add 
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5% bacterial cellulose with wood pulp to improve the fire resistance, kaolin 
retention, and their strength properties [3].

20.8.5  In Food Industry

Chronic diseases are not prevented or cured by any medicines, hence to 
reduce this risk, sometimes doctors prefer to take the dietary fibres in their 
regular food. Bacterial cellulose is also included as a dietry fibre food and it 
is classified as a “generally recognized as safe (GRAS)”[47]. It is also used as 
food additives and forms a low-calorie food item into the market and also 
replaces the fat molecule meat product that is emulsified [28]. It is worth 
mentioning that it also has the role in the production of low cholesterol 
food products. In addition, it has been seen that it reduces the serum trigy-
lcerides, liver and serum cholesterol level in vivo system.

Monascus is a red pigment which is generally used in the production of 
fermented foods. Nowadays, monascus combined with bacterial cellulose 
having meat like taste and texture looks like lean meat and liver which 
could replace the meat. It also contains major amount of fibre, healthy 
nutrients, and limited calories. Monascus mycelium plays as a base flavour 
added food but does not gives the flavour to any food product.

20.8.6  Applications of Bacterial Cellulose in Other Fields

It is noteworthy that, bacterial cellulose is also used as a membrane for 
separation and purification due to the present of their porous structure. 
In ion exchange, bacterial cellulose combined with acrylic acid have 
high absorption capabilities for heavy metals through metal ion, shows 
improved electrochemical properties and also does not shows any envi-
ronmental problems like disposal type during preparation. In addition, 
molecular imprinted polymer combined with bacterial cellulose is used 
for the separation of required enantiomers from racemic mixture because 
it is having multiple numbers of binding sites and carries the further sepa-
ration part.

For photonic and optoelectronic devices, bacterial cellulose behaves 
as a substrate by the incorporation of conductive properties and it con-
verts into electrically conductive sheets. It is immobilized with dyes 
(electrochemical) and attached to electrodes. It is highly flexible, reflec-
tive and high contrast and also the responsible for the application of 
reversible colour changes [43]. Bacterial cellulose has many new applica-
tions in biotextiles, organ engineering, bedsores, and biological nonwo-
ven fabric.
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20.9  Conclusion

Pure bacterial cellulose has applications in different industrial sectors due 
to its special properties and characteristics. Improvement in bacterial cel-
lulose production can be achieved by designing fermentors in order to 
increase growth rate of microorganisms without the fibrils being mechani-
cally disrupted. Agitation in the bioreactor is another factor that helps 
bacterial cellulose produced in forming three-dimensional structure, high 
tensile strength, and branched pellicle formation of cellulose. In current 
scenario, cellulose also obtained from gram-positive bacteria which are 
gaining equal importance compared to gram-negative bacteria because of 
its amorphous nature which have further potential applications in vari-
ous fields. To meet the demands of bacterial cellulose, the combined use 
of airlift and stirred tank reactor are preferred sometimes for large-scale 
production. In addition, it has the potential of substituting plant cellulose 
due to its characteristic features, such as nanofibril structure, high crys-
tallinity and porosity, water holding capacity, antimicrobial and mechani-
cal properties. Bacterial cellulose composite has become popular for the 
development of hydrogels which hold relevance in various applications. In 
addition, the properties of bacterial cellulose have improved which ulti-
mately can be used in a biomedical, food, and electronic applications.
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