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Abstract Cellulose is the world’s most ubiquitous organic compound and has an
abundant potential to be transformed into a renewable source of energy and other
industrial products. To break down this complex polymer, cellulase has been
conventionally used as a biocatalyst. Other than numerous industrial uses, including
detergent, paper and pulp, textile, beverages, feed, baking, and biofuel, the applica-
tion of cellulase for waste valorisation is also a central thrust area. The cellulolytic
action of this enzyme has been explored for utilisation of widely available lignocel-
lulosic waste. This reaction has been critical for the cellulose conversion to glucose
and then to biofuel. Apart from biofuel, cellulase has also been employed to convert
green waste into value-added products such as prebiotic oligosaccharides, organic
acids, and biopolymers that can be integrated into the circular economy. Numerous
factors affect the catalytic actions of cellulase, like pretreatment of lignocellulosic
biomass, structural and compositional variation, working temperature, and pH. This
chapter encompasses a detailed insight into the biocatalytic mechanism, applica-
tions, and limitations of cellulase as a potent enzyme for waste valorisation.
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Abbreviations

3Rs Reduce reuse and recycle
ATCC American type culture collection
BSG Brewer’s spent grain

CBG Compressed biogas
CMCase Carboxymethyl cellulase

CNCs Cellulose nanocrystals

CNF Cellulose nanofibrils

CO, Carbon dioxide

Co® Cobalt-60

FPA Filter paper assay

FPU Filter paper units

GHG Greenhouse gas

IFPU International unit of filter paper activity
IL Ionic liquid

U International enzyme unit

LCA Life cycle assessment

MNPs Magnetic nano-particles

MPa Megapascal

PHA Polyhydroxyalkanoates

PLA Poly-lactic acid

RSM Response surface methodology

SDS Sodium dodecyl sulphate

SHF Separate hydrolysis and fermentation
SmF Submerged fermentation

SMS Spent mushroom substance

SmSF Simultaneous Saccharification and Fermentation
SSCF Saccharification and co-fermentation
SSF Solid-state fermentation

TCA Tricarboxylic acid

TEA Techno-economic analysis

Ulg Enzyme unit per gram

U/mL Enzyme unit per millilitre

USD United States dollar

6.1 Introduction

The focus of waste treatment has now shifted to its valorisation, as it promises better
management of available resources. The valorisation method, if assisted by biolog-
ical techniques, becomes a better environment-friendly solution. The utilisation of
biological methods for waste valorisation has spawned the concept of a bio-based
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circular economy. Cellulase is one such biocatalytic agent which is categorised as
endoglucanase (E.C.3.2.1.4), exoglucanase, or cellobiohydrolase (E.C.3.2.1.91),
and p-glucosidase (E.C.3.2.1.21).

The source of cellulase can vary from natural to commercial production
(Bhardwaj et al. 2021a). The commonly reported bacteria, streptomyces, and fungi
for cellulase production are Clostridia sp., Bacillus licheniformis, Streptomyces
argenteolus, S. griseorubens, S. lividans, Aspergillus oryzae, Candida cylindracea,
Trichoderma reesei, etc. (Hamdi et al. 2020; Loépez-Mondéjar et al. 2019;
Saldarriaga-Hernandez et al. 2020; Kumar et al. 2018, 2020a). The genetically
developed producers include E. coli and Pichia pastoris.

The mechanistic insight of cellulase explains the hydrolysis process.
Endoglucanase is responsible for the breakdown of p-1,4 glycosidic bond, which
exposes new chain ends. The ends so produced are broken by exoglucanase/
cellobiohydrolase to produce oligosaccharides, whereas f-glucosidase causes lysis
of these oligosaccharides into their monomer units. For a detailed review of the
mechanism of action and structure of cellulase, an article by Rabinovich et al. can be
referred (Rabinovich et al. 2002). Most of the cellulases have been found to be a
multidomain proteins containing a catalytic domain, a cellulose-binding domain and
an interdomain linker.

Earlier reports suggest the use of cellulase in waste management such as deinking
of paper, degradation of voluminous cotton sludge, and bioconversion of sawdust,
vegetable and fruits waste, rice straw, leaves and bamboo, and sawdust. Thus,
cellulase-mediated waste valorisation becomes a potent tool for the proficient
utilisation of agro-residues, food, paper, and textile industry waste (Khan et al.
2016; Vermelho et al. 2012). The cellulose content of municipal solid waste has
also been utilised for biogas production (Demirbas et al. 2016). According to a
report, about 10-50 billion tons of dry lignocellulosic waste are produced every year
across the globe (Motaung and Linganiso 2018). This waste has been reported to
contain about 45% cellulose, 10% hemicellulose, and 10-15% lignin. The agro-
waste mainly includes sugarcane bagasse (grown in China, India, Brazil, Thailand,
South Africa, and Australia), maize stalks (major crop of countries like South Africa
and the United States), rice husk (grown worldwide), and sorghum stalks (tropical
and subtropical regions of Asia and Africa). According to Khan et al., lignocellulosic
material consists of 30% solid content composed of about 65% holocellulose and
20% lignin (Khan et al. 2016; Kumar and Verma 2021a). The meticulous design of
the valorisation method can lead to the recycling of by-products with economic
advantage. With the advancement of current technologies, diverse applications of
these processes have been explored. These include fossil-fuel alternatives such as
bioethanol, biopropanol, aviation fuel, and biogas (Kumar and Verma 2021b). Other
platform chemicals, including succinic acid, butyric acid, and enzymes are also
being produced by using enzymatic hydrolysis of food and agro-industrial waste.
This further extends to the industrial production of innumerable polymers with
various commercial applications such as polyhydroxy butyrate, poly-lactic acid,
xanthan, pullan, and poly-hydroxy valerate. The application of cellulase for the
valorisation of waste from different industries has been summarised in Table 6.1.
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Table 6.1 Application of cellulase in the waste valorisation

S. Singh et al.

Value-added
Industrial waste | Source of product
as substrate cellulase formed Method used Reference
Lignocellulosic | Bacillus. Bioethanol Co-culturing of Bacil- | Dar et al.
biomass tequilensis G9 lus. tequilensis G9 (2019)
with Saccharomyces
cerevisiae
Forest waste Obtained from Prebiotics Pretreated residues Karnaouri
(spruce and NZYTech Lda. were enzymatically et al. (2019)
birch) digested by four
cellulase
Paper sludge Obtained from Bioethanol Supplementation of Gomes et al.
Novozymes and | production B-glucosidase with a (2016)
Sigma-Aldrich commercial cocktail of
enzyme
Lignocellulosic | yeast Yarrowia | Lipid Consolidated Guo et al.
biomass lipolytica (ricinoleic Bioprocessing (2018)
acid)
production
Sugarcane Bacterial con- Methane, Bioaugmentation of Soares et al.
bagasse sortium from hydrogen, and | cellulase producing (2019)
sugarcane other organic bacteria obtained from
bagasse and acids lignocellulosic bio-
thermophilic mass with sludge
sludge
Spent mushroom | A. niger Lactic acid Cellulase produced by | Ma et al.
and food waste A. niger led to the (2021)
breakdown of waste to
produce hexoses and
pentoses. These were
then utilised by
Enterococcus mundtii
CGMCC 22,227
Textile waste Commercial Bioplastics, Pretreatment, enzy- Subramanian
(cotton-polyester | cellulase and biosurfactants, | matic hydrolysis, and | et al. (2020)
50:50 blend) B-glucosidase and other recovery step include
biochemicals the use of activated

carbon, filtration. Ion
exchange chromatog-
raphy and solvent

evaporation

Tapioca flour NA Bioethanol gel | Pretreatment, enzy- Amalia et al.
commercial matic hydrolysis, and | (2021)
waste fermentation
Pomegranate Commercial Antimicrobial | High-pressure extrac- | Alexandre
peel cellulase and property for tion at 300 and et al. (2019)

pectinase application in | 600 MPa

(Novozyme) therapeutics

(continued)
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Table 6.1 (continued)
Value-added
Industrial waste | Source of product
as substrate cellulase formed Method used Reference
Sugarcane straw | Commercial Bioethanol Steam explosion Oliveira et al.
enzyme pretreatment followed | (2013)
(Celluclast and by enzymatic
Novozyme 188) hydrolysis
Sugarbeet Accellerase Pectin, pheno- | Fractionation is Alexandri
(Merck-Sigma lic compounds, | followed by enzymatic | et al. (2019)
Aldrich) and succinic hydrolysis. The
acids hydrolysate was
fermented by
Actinobacillus
succinogenes to pro-
duce succinic acid

This chapter encompasses applications of cellulases in the valorisation of various
waste belonging to food, textile, agricultural, and other industrial sectors. The
current state of the art pushes toward a bio-based circular economy where the
waste stream is maximally recycled to other production input stream.

6.2 Recent Advances in Cellulase Production
and Purification

The potential of abundant natural polymer cellulose in nature has been critically
known in biofuel production such as bioethanol and biobutanol. However, the major
constraint is in the conversion of cellulose to fermentable sugars (saccharification)
that can be overcome by treating the biomass with the cellulase enzyme. The
cellulolytic enzyme can be obtained from plant, animal, and microbial sources
(Zhang and Zhang 2013), among which microbial sources can be used to scale up
production.

6.2.1 Microbial Production of Cellulase

Most cellulolytic microorganisms were isolated from the decaying wood and used to
produce the cellulase enzyme at a large scale by either solid-state fermentations or
submerged fermentations.
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6.2.1.1 Solid-State Fermentation (SSF)

The type of fermentation occurs almost without free water; however, the substrate
moisture must be present to assist the microorganism’s growth. Hence, SSF imitates
the natural habitat of maximum number of cellulolytic filamentous fungi. The critical
factors that play a crucial role in the extracellular release of cellulase in SSF are
moisture content, harvest time, spore count, particle size, type of substrate, incuba-
tion time, temperature, and initial pH values that render the adaptation cellulase
excretion. The SSF begins with inoculating an optimised number of pure spores of
filamentous fungus into the sterile solid medium under the necessary optimised
conditions. The cellulase production using Trichoderma reesei ZU-02 through
SSF by reusing solid substrates in at least three batches yielded the optimum
cellulase production (158 IFPU/g koji) was obtained in the second batch of fermen-
tation (Xia and Cen 1999). The comparative investigation of cellulase production in
SSF by the two mutant strains of Trichoderma reesei showed to be critically varied
with the physicochemical parameters like moisture content and the temperature in
which T. reesei QM9414 strain indicated that only moisture content (70% optimum)
had a major influence on the production of cellulase with maximum FPA (filter paper
assay) activity (1.1635 U/g). Whereas, temperature (25°C optimum) and moisture
(55% optimum) were found to be important in the extracellular cellulase production
with maximum FPA activity (2.314 U/g) by T. reesei MCG77 strain (Latifian et al.
2007). In addition, Kim et al. had investigated the improvement of cellulase pro-
duction by Aspergillus sp. SU-M15 with the repeated sequential treatment of
mutagens Co®® y-rays, N-methyl-N’-nitro-N-nitrosoguanidine, and ultraviolet irra-
diation to spores of Aspergillus sp. The production in wheat bran medium was found
to be higher (82.5 U/g) than husk and sawdust by SSF (Vu et al. 2011). Sometimes, a
mixture of substrates induces the extracellular cellulase production rather than the
individual substrate, as investigated by Barnabe et al., who found that the mixed
sludge of paper and pulp that influenced the lignocellulolytic secretions to 7.3 TU/mL
from 1.5 IU/mL by Trichoderma reesei RUT C-30 (Lai et al. 2017). However, the
cost of cellulase production is considerably reduced by utilising the waste residues or
low-cost substrates from the municipal corporation, horticulture, kitchen, industrial,
or open terrestrial sources as the substrates for SSF by optimising the required
physicochemical environment (Bansal et al. 2012; Bharti et al. 2018; Xin and
Geng 2010). The purification of extracellular cellulase enzyme can be done by
extraction with the circulation of buffer and collection as a crude cellulase prepara-
tion that can be used for the saccharification of lignocellulosic materials and other
applications.

6.2.1.2 Submerged Fermentation (SmF)

The type of fermentation that occurs in the presence of excess water is known as
submerged fermentation (Kumar et al. 2020b). In most industrial-scale enzyme
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operations, the production by SmF is of priority because of ease of monitoring and
operating. Most of the commercially available cellulases are produced by filamen-
tous fungi; however, some bacteria (Ariffin et al. 2006; Ekperigin 2007; Irfan et al.
2012) and actinomycetes (Das et al. 2014; George et al. 2001; Van Zyl 1985) can
also have the ability to produce but in low titre. The aerobic production by SmF
depends on several factors like cellulosic substrate, nutrient availability, pH of the
medium, inducer concentration, rate of oxygen supply, and fermentation tempera-
ture. The media formulation is necessary to result in optimal growth of biomass and
cellulase production. The generalised medium used for the growth of filamentous
fungi and cellulase enzyme production is Mandel’s medium, Vogel’s medium.
However, to increase cellulase production, these medium needs to be optimised
with respect to cellulolytic fungus. The cellulase production can be increased by
genetically engineering the cellulolytic strains by either random mutation or site-
directed mutagenesis. Separation of extracellular enzymes from the fermented solid
biomass is carried out by centrifugation (10,000 x g, 10 min, 4°C) that can be used
directly as a crude enzyme for the hydrolysis of cellulosic material (Lai et al. 2017).
The cellulase production by SSF and SmF using various substrates has been listed in
Table 6.2.

6.3 Immobilisation and Molecular Approaches
for Enhanced Cellulolytic Action

The objectives of immobilisation of cellulase enzyme are reusability of the same
enzyme for several cycles with excellent efficiency and stability that can substan-
tially reduce the overall cost of the product. The materials used to immobilise the
enzymes are both organic and inorganic, including polysaccharides, proteins, poly-
mers, activated carbon, and metals (Datta et al. 2013; Nawaz et al. 2016; Safarik
et al. 2016). There are various strategies to immobilise the enzymes, as represented
in Fig. 6.1.

Recent reports suggest several methods for cellulase immobilisation for the
valorisation of agro-residues, as shown in the above figure (Fig. 6.1). There have
been studies for the comparison of conversion efficiency of free and immobilised
enzymes for bioethanol production using lignocellulosic residues. The use of nano-
structured support for the immobilisation of cellulase has been widely investigated
(Ahmad and Khare 2018; Brindhadevi et al. 2020; Han et al. 2018; Husain 2016;
Sillu and Agnihotri 2019). These nano-carriers impart reusability and stability of the
enzyme and exhibit a larger surface area for enzyme attachment. This facilitates
overcoming the mass transfer limitations by increasing the amount of enzyme that
can be employed for catalytic conversion. The use of Magnetic Nano-Particles
(MNPs) further improvises the process by allowing easy withdrawal of enzymes
from the solution utilising an external magnetic field. In another study, the
immobilisation was done on MNPs produced using green synthesis. Immobilisation
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Fig. 6.1 Various methods to adopt immobilisation of enzymes

was secured by the covalent linking of cellulase to MNPs using glutaraldehyde. The
results showed higher conversion efficiency of free enzymes (78%) than the cova-
lently bonded enzymes (72%) in the first cycle, owing to the mass transfer limitation.
However, subsequent cycles showed stable conversion efficiency, which ultimately
is responsible for improved process economics (Ingle et al. 2017). Thus,
immobilisation of cellulase contributes to its reusability, stability, and storage.

Cellulase can also be covalently immobilised using glutaraldehyde as a linker. In
a significant work, it was immobilised on biochar prepared using sugarcane bagasse
and coated with chitosan in different concentrations. This immobilisation process
was successful in achieving 90% residual activity of cellulase even after 10 cycles of
conversion (Mo et al. 2020). A detailed analysis of the pros and cons of selecting
suitable micro- and nano-carriers with different methods of immobilisation is avail-
able elsewhere (Rajnish et al. 2021).

6.4 Role of Cellulase in Biorefinery Application

Cellulases are potential candidates for the bioconversion of agro-industrial wastes
into several beneficial products. Such wastes are otherwise burnt or used in landfills
(Singh et al. 2021). A zero-waste integrated biorefinery would involve cellulases in
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Fig. 6.2 Application of cellulases in a lignocellulosic biorefinery

the sequential production of sugar, organic acids, surfactants, furfurals, and biofuels
such as bioethanol, biobutanol, biohydrogen, and compressed biogas (CBG) using
agro-industrial residues, and the remaining organic matter can be used as compost or
animal feed (Carrillo-Nieves et al. 2020; Kumar and Verma 2021a, b). Commercial
enzyme manufacturing companies strive to manufacture enzyme cocktails for indus-
trial biorefineries (Chandel et al. 2012). The biorefinery scheme utilising cellulases is
depicted in Fig. 6.2.

6.4.1 Consolidated Bioprocessing for Biorefinery

The integrated approach to biomass conversion is known as consolidated
bioprocessing. In this, a single microbe’s amalgamation of saccharification and
fermentation capabilities reduces environmental losses and expenses in lignocellu-
losic biorefineries (Bhardwaj et al. 2021a; b). The cellulase production, enzymatic
hydrolysis, and bioconversion are combined (Cunha et al. 2020). The method
involves hydrolysis of the structural carbohydrates to oligomers using the
synthesised enzymes. The oligomers are depolymerised. The residual sugar is then
fermented into various valuable products (Daniel et al. 2012). 10-30% of the
pretreated liquor contributes as the carbon source for the production of enzymes
and propagation of seeds. The enzyme loading is reduced to 10 mg protein/g
cellulose (Scarlata et al. 2015). These modifications make the process economical
and efficient. In a recent study on the biorefinery approach, consolidated
bioprocessing using engineered Trichoderma reesei and Saccharomyces cerevisiae
led to the highest production of 0.5 g/L glucaric acid from steam-treated corn stover
in 7 days (Li et al. 2021). In another study, consolidated bioprocessing was used to
produce bioethanol using surfactant (Tween 20)-assisted ionic liquid (1-ethyl-3-
methylimidazolium methane sulphonate) from pretreated biomass of Parthenium
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hysterophorus L. The optimisation of pretreated conditions like biomass loading,
pretreatment temperature, and time could increase the sugar yield by 40% during
saccharification with IL-stable cellulase and xylanase enzymes produced from
Aspergillus aculeatus PN14 (Nargotra et al. 2019). A novel consolidated
bioprocessing method was developed for hyperproduction of butyric acid from
delignified rice straw using co-fermentation of Clostridium thermocellum ATCC
27405 and C. thermobutyricum ATCC 49875. The butyric acid yield was increased
up to 33.9 g/L by fed-batch fermentation with a selectivity of 78% (Chi et al. 2018).
Therefore, consolidated bioprocessing combines many processes and reduces the
overall cost of production by reducing energy requirements and contamination risk
as well as maximising cost-effectiveness.

6.4.2 Cellulases in Agro-industrial Waste Biorefinery

Enzymatic pretreatment is an indispensable step of any lignocellulosic biorefinery.
Using cellulolytic hydrolysis, the waste from agricultural practices and industries
can be converted into several valuable products (Dragone et al. 2020). A cellulolytic
enzyme derived from Bacillus pumilus is used for sugar production from banana-
agro waste in the form of pseudostem and leaves (Kanmani et al. 2011). Cellulases
synthesised by Sporotrichum sp. LARS with 7.88 IU was used to extract reducing
sugar from acid-pretreated rice straw (Bajaj et al. 2014). In another instance,
cellulases derived from Penicillium decumbens were used to hydrolysis corn cobs
to produce reducing sugar used for ethanol production (Saliu and Sani 2012). The
use of cellulases enzyme for the valorisation of various agricultural and industrial
wastes is depicted in Table 6.3.

Cotton waste from textile industries is decomposed using cellulases for safe
disposal into the environment. Waste generated from textile industries includes
cotton and denim residues from the cotton machining process. These waste streams
are treated with cellulase. Such industrial residues are subjected to enzymatic
hydrolysis for recycling and production of valuable products such as glucose
syrup (Subramanian et al. 2020). Fruit and vegetable wastes are rich in disaccharides
and polysaccharides. They are also non-competitive with our food chain. Cellulases
can hydrolyse the fruit and vegetable waste for further bioconversion into numerous
commercial products (Srivastava et al. 2021). Hemp Hurd is a by-product of the fibre
industry. Immobilised cellulase on an activated magnetic support was used to
hydrolyse hemp hurds (Abraham et al. 2016). In another study, Liu et al. (2019)
investigated the hydrolysis of apple pomace by pectinase and cellulase and further
optimised the cellulase hydrolysis parameters by RSM after pectin hydrolysis. They
obtained a maximum fermentable sugar production yield of 67.54 £+ 1.45%, which
provided the highest lipid production of 25.8 g L™ after fermentation by a genet-
ically modified strain Yarrowia lipolytica polf (pex10—mfe— leu+) (Liu et al.
2019).
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Table 6.3 Application of cellulases for treating different agro-industrial biorefinery
Agro-
industrial Processing
waste Enzyme source parameters Observations References
Paper Recombinant cel- | 0.015 g/g cellulase 80% glucan conver- Malgas
sludge lulase cocktail, cocktail and 10% sion. High glucose et al.
Opt CelMix simi- | (w/v) biomass loaded | yields using low (2020)
lar to Cellic CTec2 enzyme loading
and Celluclast
Newspaper | Celluclast 1.5 L Pretreatment using 29.07 g/L reducing Xin et al.
waste and Novozyme SDS and Tween-80. | sugar produced after | (2010)
188 15% solid content 72 h at 50 °C. 0.42
and enzyme loading | g/g ethanol produced
was 15 FPU/g waste | by co-culture of Sac-
charomyces
cerevisiae and Pichia
stipitis
Citrus peel | Indigenously from |30 U g 11.18 mg/ L reducing | Patsalou
waste Aspergillus niger | pm, cellulase, sugar. 30.7 g/ L etha- | et al.
processing at 116 °C | nol and (339-356 (2019)
for 10 min mL/gVS methane)
Corn stover | Commercial acidic | Steam-exploded 103 g/L reducing Luetal.
cellulase 20 FPU/g dry stover | sugar (2010)
Sugarcane Trichoderma 2.0 IU/g cellulases 0.5 g reducing sugar | Rabelo
bagasse reesei and Asper- obtained per dry et al.
gillus niger substrate (2008)
Wastewater | Indigenously from | Bubble column bio- | 73.5% cellulase Libardi
sludge Trichoderma reactor and mem- recovery and 81.37% | et al.
harzianum brane reactor for a reduction in chemical | (2019)
system with 30 kDa | oxygen demand
membrane
Rice husk Celluclast Lime pretreated bio- | 0.2 g/g reducing sugar | Saha and
mass, 48 FPU/g Cotta
(2008)
Textile Indigenously from | Alkali pretreated bio- | 70.2% reducing sugar | Hu et al.
residues Aspergillus niger | mass, 0.43 £ 0.01 recovered (2018)
CKB FPU g enzyme
loading
Sorghum Spezyme-CP and | 10% pretreated 84% digested for a Salvi et al.
waste Novozyme (by ammonia) fibres | pretreated sample and | 2010

were hydrolysed
using 60 FPU
Spezyme-CP and
64 CBU Novozyme
188/g glucan

38% cellulose
digested for untreated
biomass

0.24 g ethanol per g
dry biomass was
obtained for the
pretreated sample
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6.4.3 Challenges of Cellulase-Based Biorefinery

Driving down the cost of enzyme production poses the main challenge for agro-
industrial biorefineries. Mass bio-prospecting programme for the discovery of effi-
cient cellulase enzyme synthesising microbes can make the production economical
in the long run (Jayasekara and Ratnayake 2019). Integrated processing techniques
would also be helpful in improving cellulase production and ethanol productivity in
a simplified manner (Kuhad et al. 2016). Instead of single enzymes, concoctions and
cellulolytic enzyme cocktails should be explored for their applications in hydrolysis
(Victoria et al. 2017). In-house enzyme production is an economical option to
produce ethanol for biorefineries (Cunha et al. 2017). This would ensure waste to
wealth conversion in a sustainable manner.

6.5 Role of Cellulase in Value-Added Product Formation

Lignocellulosic biomass can be transformed into value-added chemicals through
various existing chemical, thermochemical, and biological routes. However, the
biological method of lignocellulosic biomass conversion using enzymes is a feasible
and environment-friendly, and sustainable process. Many bacterial and fungal spe-
cies have the ability to breakdown the lignocellulosic biomass into simple sugars
such as glucose and xylose by secreting enzymes (cellulase and hemicellulase),
which can further be utilised to produce several value-added products like acids
(lactic acid, citric acids, succinic acid, gluconic acids), butanol, xylitol, microbial
polysaccharides, and other fine chemicals (Ning et al. 2021). In combination with
other enzymes (utilised pectinase and xylanase), cellulase improves the hydrolysis
efficiency and reduces the overall cost associated with the process (Bhardwaj and
Verma, 2021). Some of the important value-added products derived from lignocel-
lulosic biomass are mentioned in Table 6.4.

6.5.1 Lactic Acid

Lactic acid is used as a green solvent and building block for polylactic acid (PLA), a
bio-degradable plastic alternative to petroleum-based plastic. Lactic acid can be
produced from simple carbohydrates derived from the hydrolysis of agricultural
lignocellulosic biomass. However, these recalcitrant lignocellulosic materials should
be pretreated first to ease the cellulosic hydrolysis process governed by the cellulase
enzymes. Various pretreatment such as physical (milling, grinding, shredding),
chemical (acidic, alkali, ionic liquids), and thermal pretreatments can enhance the
cellulosic hydrolysis process based on the nature of the lignocellulosic biomass.
Yadav et al. (2021) inspected the role of imidazolium ionic liquid in the pretreatment
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of rice straw and further saccharified with commercial cellulase enzyme for lactic
acid production by Lactobacillus plantarum SKL-22 strain. They observed that the
media optimisation using response surface methodology could enhance the lactic
acid yield by 1.11%, with a final yield of 36.75% using rice straw in a single pot
bioprocess.

In many bioprocesses, utilised cellulase enzymes are used repeatedly to sacchar-
ify lignocellulosic biomass to simple carbohydrates, which could be further used to
produce value-added chemicals. This could be a holistic approach for upcoming
biorefineries in the future and sustainable product formation. Grewal et al. (2018)
explored the one-pot bioprocess of lactic acid production from ionic pretreated
lignocellulosic waste saccharified by nano-immobilised cellulase enzyme. In this
process, the simultaneous saccharification and co-fermentation (SSCF) process was
performed by Lactobacillus brevis, which provided a lactic acid yield of 0.22, 0.52,
and 0.49 g/g with sugars derived from ionic pretreated cottonseed cake, sugarcane
bagasse, and wheat straw, respectively. To reduce a large amount of cellulase
requirement in lignocellulosic-based lactic acid production, Chen et al. (2020)
established the integration of fed-batch simultaneous saccharification process with
membrane separation, in which residual cellulase enzyme present in the waste
stream and solid-residue of corn stover were recycled and reused for successive
fermentation. Around six rounds of operation were carried out, which increased the
lactic acid yield (0.389 g/g) by 1.2 times higher than the conventional process and
reduced the cellulase consumption, wastewater discharge and nutrient consumption
by 47%, 73.7% and 86.1%, respectively.

In addition to lignocellulosic biomass, other agricultural wastes such as food
waste and fungal biomass have also been utilised to produce lactic acid with the
assistance of the cellulase enzyme. Ma et al. (2021) studied the co-fermentation of
spent mushroom substance (SMS) and food waste to produce lactic acid. They
reported that 92.62% of sugar was released from pretreated SMS by Aspergillus
niger cellulase, which could increase the lactic acid concentration by 22.97%
(Ma et al. 2021).

In another study, Abdel Rahman et al. (2019) isolated a thermo-alkaliphilic lactic
acid bacterium, Enterococcus faecium FW?26, which could produce lactic acid from
mixed food waste and banana peels with a lactic acid yield of 84% g/g-consumed
sugars. Enterococcus faecium FW26 secreted the amylase and cellulase enzyme and
grew on a mixed substrate of food waste and banana peels without any treatment. In
addition, the isolated strain was able to survive and facilitate fermentation under the
stress of thermo-alkaline conditions, which might reduce the chances of
contamination.

6.5.2 Succinic Acid

Succinic acid is a dicarboxylic acid and an intermediate compound of the tricarbox-
ylic acid (TCA) cycle. It has various uses in the food industry as a flavouring agent,
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acidulant, and antimicrobial agent and is also used as a solvent additive, surfactant,
foaming agent, detergent extender, coating resins, and ion chelator (Kumar et al.
2019). Glucose, maltose fructose, sucrose, and glycerol have been the most fre-
quently used carbon sources for succinic acid production by fermentation using
strains of bacteria such as Anaerobiospirillum succiniciproducens, Actinobacillus
succinogenes, Mannheimia succiniciproducens, and recombinant Escherichia coli
(Karthik and Rathinamoorthy 2017). However, utilisation of cheaper carbon sources
such as lignocellulosic biomass with the help of cellulase enzyme could improve the
overall process economics. Some microorganisms can utilise partially hydrolysed
cellulose and produce valuable products. Jiang et al. (2013) performed the incom-
plete hydrolysis of cellulose for succinic acid production by Actinobacillus
succinogens. A succinic acid concentration of 20 g/L with a yield of 64.7% was
achieved from 18 g/L of cellobiose and 17 g/L of other sugars obtained from
sugarcane bagasse hydrolysate. In another study, Li et al. (2018) hydrolysed the
fruit and vegetable waste with a cocktail of enzymes (2% glucoamylase, 2%
hemicellulase, 1% cellulase, and 0.25% pectinase) and obtained the final glucose
titre of 56. 7 g L™ " and a yield of 0.46 g g~ '. The obtained hydrolysate was further
utilised to produce succinic acid by Y. lipolytica PSA02004 with a titre and yield of
43.1 gL " and 0.46 g g, respectively. They improved succinic acid productivity
0.69 g L™' h™' ) and concentration (140.6 g L™ using in situ fibrous bed
bioreactor and fed-batch fermentation. Therefore, cellulase facilitates the utilisation
of agro-waste for the production of value-added chemicals through biochemical
pathways with good efficiency and cost-effectiveness.

6.5.3 Gluconic Acid

Gluconic acid, a non-toxic, non-corrosive, and weak organic acid is industrially
produced through the fermentation of glucose by A. niger or Gluconobacter
suboxydans. The gluconic acid production was also reported by various strains of
Pseudomonas, Acetobacter, and Zymomonas. Gluconic acid has many applications
in the food industry as a flavouring agent, in dietary supplements as different salts
(sodium, calcium, and iron gluconate), and in the pharmaceutical and textile indus-
tries. Microbial fermentation is the most suitable and chosen method for gluconic
acid production due to being less expensive and more efficient than other methods.
Large-scale gluconic acid production is mainly affected by three crucial factors:
cheaper substrate, oxygen concentration, and pH. Using the lignocellulosic biomass
can solve the problem of the cheaper substrate if a cost-effective enzyme production
method is developed. Yu et al. (2021) explored the co-immobilisation of multien-
zymes (cellulase, catalase, and glucose oxidase) on reversibly soluble polymer
Eudragit L-100 in a cascade reaction for the direct transformation of corn straw to
gluconic acid. The gluconic acid yield was achieved at 0.28 mg/mg, and the rate of
conversion of cellulose in corn straw to gluconic acid was obtained at 61.41%.
Similarly, Zhou et al. (2019) studied an integrated process of co-production of
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gluconic acid with xylooligosaccharides from sugarcane bagasse. After the
xylooligosaccharides production from the prehydrolysis, 88.6% of cellulose was
converted into simple sugars in fed-batch enzymatic hydrolysis using cellulase
(C2730, Celluclast™). The gluconic acid yield of 96.3% was produced by fermenta-
tion of sugars using Gluconobacter oxydans ATCC 621H. Therefore, approximately
105 g of xylooligosaccharides and 340 g of gluconic acid were co-produced in the
integrated process from 1 kg of dried sugarcane bagasse (Zhou and Xu 2019).

6.5.4 Citric Acid

Citric acid is another crucial organic acid used as a preservative and acidulant in the
food industries and also used as a starting material in the pharmaceutical and
cosmetic industries. It is mainly produced through microbial fermentation from
using carbohydrates (mainly starch) or agro-industrial waste. However, due to the
restricted supply of food starch, potential alternative sources like lignocellulosic
biomass are also being explored to meet future demand. Cellulase plays a vital role in
the conversion of these recalcitrant compounds into simple sugars. Citric acid is
produced on large scale through fermentation by A. niger due to its high citric acid
productivity and tolerance to low pH. It is mainly produced through submerged
fermentation. However, many researchers have explored the use of agro-residues
and lignocellulosic biomass as the starting material for citric acid production. Hou
et al. (2018) studied the simultaneous saccharification and fermentation (SmSF) of
dilute acid-pretreated corn stover for citric acid production by A. niger. In SmSF,
pretreated corn stover was hydrolysed by cellulase enzyme, Cellic CTec 2.0, from
Novozymes. The highest citric acid concentration (136.3 g/L) was obtained with an
overall yield of 74.9% of cellulose in the aerobic SmSF process. This study com-
pared the citric acid production from SmSF with separate hydrolysis and fermenta-
tion (SHF) and concluded that the cellulosic citric acid production by SmSF could be
highly comparable to starch-based citric acid production.

6.5.5 Microbial Polymers
6.5.5.1 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHA) are the most potential, degradable, and environment-
friendly substitute for petrochemical-based plastics. The main constraint that pre-
vents PHA from commercialisation is the cost of production. Therefore, researchers
are focusing on cheap substrates for sustainable PHA production. In this regard,
lignocellulosic waste can be used as a possible substrate as it is cheap, readily
available, and most importantly, it does not compete with the food requirements of
humans. Nowadays, a wide range of lignocellulosic waste generated from industries,
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forestry, agriculture, marine biomass, etc. has gained great consideration for PHA
production (Obruca et al. 2015).

PHA production using lignocellulosic biomass at the industrial level includes
mainly three steps, especially pretreatment, enzymatic/acidic hydrolysis, and fer-
mentation. Many pretreatment techniques are used before the enzymatic hydrolysis
of cellulose which includes physical processes for size reduction, chemical treatment
(with hydrogen peroxide, acid, alkali, or sodium chlorite) for delignification, phys-
icochemical processes (like a steam explosion, ammonia fibre expansion, etc.) or a
biological pretreatment using microbial enzymes. Further, enzymatic hydrolysis is
performed for the degradation of complex carbohydrates into simple sugar, which
serves as a carbon source for microbes in the successive fermentation step. Later
fermentation is carried out using PHA-producing microbes (e.g., Bacillus
sonorensis, Halomonas hydrothermalis, Pseudomonas putida, Bacillus cereus,
etc.) and PHA is recovered. It was suggested that the average sugar and PHA yields
were higher in the case of enzymatic hydrolysis as compared to acid-based hydro-
lysis and cellulase plays an important role in enzymatic hydrolysis (Al-Battashi et al.
2019).

Production of PHA without pretreatment steps is also used to decrease the cost of
the process. Israni and Shivakumar (2020) used cellulase, lipase, and amylase
positive Bacillus megaterium strain Ti3 for the production of PHA without
pretreatment step. PHA was produced using 16 different lignocellulosic substrates
by submerged fermentation at 30 °C for 48 h at 120 rpm. They demonstrated that
ragi husk and sesame oil cake have the most influential factors on the basis of
Taguchi orthogonal array. Similarly, Heng et al. (2017) demonstrated a three-step
process for PHA production using Burkholderia cepacia USM, Cupriavidus necator
NSDG-GG, and a genetically modified strain of Cupriavidus necator H16. They
used rice husk as raw material and performed alkaline pretreatment followed by
enzymatic hydrolysis and fermentation. For enzymatic hydrolysis, they used a
cellulase-based enzymes Celluclast 1.5 L and Novozyme-188 at 50 °C 160 rpm
for 72 h. They obtained the highest sugar yield of 87% after enzymatic hydrolysis
and obtained 7.8 g/L of dry cell weight and 50% PHA content using a 5 L fermentor.

Llimés et al. (2020) performed two-stage valorisation using Brewer’s spent grain
(BSG) as a lignocellulosic substrate for PHA production. First, they produced
lignocellulolytic enzymes by three fungal strains (Trichoderma reesei, Aspergillus
niger and Thermoascus aurantiacus) through SSF of dried BSG. Then these enzyme
were used for the hydrolysis of BSG and production of PHA. The PHA was
produced by fermentation of sugar rich BSG hydrolysate at 30 °C and 120 rpm
using Burkholderia cepacia and Cupriavidus necator. C. necator cells were
harvested after 48 h and B. cepacia cells were harvested after 72 h. The maximum
yield of PHA they obtained was 9.0 £+ 0.44 mg PHA/g dry BSG, and the result
showed that BSG could be utilised as a suitable raw material for the production of
value-added products (Llimés et al. 2020).

PHA is a potential material with a broad range of uses which includes its use as
bioplastics, drug carrier, and synthesis precursor, packaging materials, biofuels,
implant materials, cosmetic ingredients, disposal cups, and bottles, etc. Presently,
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PHA is not well commercialised as compared to fuel-based plastics and products.
The main hurdles are the high cost of production and relatively poor characteristics.
Still, researchers are searching for the solution to this problem as PHA offers an
eco-friendly and sustainable alternative to petrochemical-based products and has a
promising future (Wang and Chen 2017).

6.5.5.2 Nanocellulose

In the last few years, remarkable development has been noticed in nanotechnology,
especially in nanocellulose production. Nanocellulose produced from lignocellulosic
waste is a potential alternative for obtaining various value-added products that can
meet the demand of the market and environmental issues (Jaiswal et al. 2021).
According to various literature, lignocellulosic biomass like rice husks, wheat
straw, cotton, sugarcane bagasse, flax fibres, wood bark, softwood pulp, corncob,
hardwood, etc. can be used for the production of nanocellulose (Michelin et al.
2020).

Currently, acid hydrolysis is the most regular method for the production of
nanocellulose. However, nowadays production of nanocellulose using enzymatic
hydrolysis is gaining significant importance as toxic residues are not produced.
Moreover, during enzymatic hydrolysis, mild conditions are used, which makes it
a low energy-intensive process (Karim et al. 2017). The process of nanocellulose
production by enzymatic hydrolysis contains several steps. The first or pretreatment
step consists of delignification where lignin is removed using various mechanical
processes (chipping and milling) and chemical processes (alkaline pretreatment and
bleaching pretreatment). The second step is enzymatic hydrolysis which is generally
carried out at the pH range from 4 to 7 and temperature range from 45 to 50 °C. The
last step includes homogenisation, where the enzymatically treated material is
homogenised by washing or mechanical homogenisation (Ribeiro et al. 2019).

de Aguiar et al. performed enzymatic hydrolysis of sugarcane bagasse and straw
at 50 °C and 200 rpm. The cellulose nanocrystals (CNC) produced by both bagasse
and straw showed a crystallinity index of approximately 70% and high thermal
stability (de Aguiar et al. 2020). In another study, Yarbrough et al. (2017) reported
that the synergistic effect of two or more enzymes shows a better effect than an
individual enzyme. They demonstrated that the Caldicellulosiruptor bescii with
multifunctional enzymes is better in cellulose and nanocellulose production than
the classical system of “free enzyme” produced by Trichoderma reesei.

The application of only one technique is not as effective as the combination of
two or more techniques. For example., high-quality nanocellulose is produced using
a coupled ball milling process and enzymatic hydrolysis, which can be further
improved when combined with any other technique (Teo and Wahab 2020).
Zhang et al. (2020) designed a new approach using poplar wood as lignocellulosic
biomass to produce nanocellulose. They used steam explosion and delignification
for the pretreatment of poplar wood. Further, the enzymatic hydrolysis was
performed using cellulase enzyme followed by ultrasonic treatment. The optimum
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condition determined by them for enzymatic hydrolysis was 200 U/g at 50°C for
12h, giving approximately 13.2% yield of nanocellulose. The crystallinity of the
composite produced in this study was 61.98% which was higher than the crystallin-
ity of poplar cellulose, and the structure of the composite was not damaged during
the preparation steps. Squinca et al. (2020) performed enzymatic hydrolysis using a
cellulolytic enzyme complex with the high specific activity of endoglucanase pro-
duced by the fungus Aspergillus niger. They pretreated the cellulose pulp of
eucalyptus by ball milling, followed by enzymatic hydrolysis and sonication,
which yielded 24.6% of cellulose nanocrystals (CNCs) by the enzymatic hydrolysis
of 96 h. CNC’s length, diameter, and crystallinity were 294.0 nm, 24.0 nm, and
78.3%, respectively.

Apart from nanocellulose isolation, cellulases can also be used for the
pretreatment of lignocellulosic waste and other pretreatment techniques. Zeng
et al. (2020) used endocellulase for enzymatic pretreatment of the bleached pulp of
softwood kraft before wet ball milling. Further, they used mechanical grinding for
the production of cellulose nanofibrils (CNF).

Nanocelluloses have a wide range of applications in different industries it can be
used as material for food packaging in food industries, electronic displays in the
electronic industry, paper and coating material in the paper and pulp industry, a
supporting material in the medical and tissue industry, absorbent material in the
water treatment industry, etc. (Zaki et al. 2021). The enzymatic hydrolysis is a time-
consuming process for the production of nanocellulose. However, it has gained the
attention of companies and researchers as it has shown better saccharification
efficiency and penetration. Despite the challenges, enzymatic hydrolysis for
nanocellulose production has great potential because of its unique characteristic
and eco-friendly nature (Teo and Wahab 2020).

6.6 Role of Cellulase in a Circular Economy

The application of cellulases for the efficient valorisation of agro-industrial waste
has tremendous potential for generating biofuels and biochemicals with low carbon
and water footprints that can be recycled back to the earth within the scope of a
circular economy (Astolfi et al. 2019). This conceptualises the 3Rs of a circular
economic system. In situ resource utilisation, enzyme recycling, and sequential zero-
waste biorefinery approaches are commercially viable solutions for sustainable
development.

6.6.1 Valorisation via Carbon-Neutral Technologies

Fossil-based resources are now being replaced by alternative renewable feedstocks
for the synthesis of cellulases and bioconversion for biofuels, commercially
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important chemicals, and biomaterials to envisage a decarbonisation system (Adsul
et al. 2020). Millions of tonnes of lignocellulosic waste are generated per annum
globally. Their valorisation in an economical and eco-friendly manner forms the core
of a bio-based circular economy (Sheldon 2020). In the current scenario, the entire
focus lies in the thoughtful conversion of the so-called wastes into valuable products
such as reducing sugars, biochemicals, and biofuels, primarily regulated by cellulase
enzymes.

6.6.2 Life Cycle Assessment of Cellulase-Based Biorefinery

The environmental and economic effects of a process analysed by the life cycle
assessment (LCA) technique include all inputs and outputs of material and energy
flow at different life cycle stages (Russell et al. 2005; Kumar and Verma 2021c).
LCA technology in the assessment of cellulase production and utilisation is limited
by rigid system boundaries, data accuracy and availability, variations in statistical
techniques, variations in product utility, its selectivity, and local environmental
conditions (Borrion et al. 2012). System boundaries of the cellulase manufacturing
process focus on the greenhouse gas emissions related to the cradle-to-gate activities
for cellulase production (Fig. 6.3). In a case study on cellulase production from corn
feedstock, Aspen-Plus and GREET 1.8c.25 were used for estimation of emissions
and financial matrices. 258 g CO, eq. L™! of bioethanol was estimated for onsite
production and 403 g CO, eq. L' for offsite production. The cost estimation was
made on the basis of bioethanol plant size and cellulase loading. An additional input
like return on investment is used for offsite data. The final production cost was 0.46
USD gal™" of bioethanol for cellulase for on-location production (Hong et al. 2013).

Cellulase production from coffee husk was assessed on the basis of data taken
from Ecolnvent v3.4 (SimaPro v8.5 software) database. The results showed that the
downstream process significantly impacts the environment and economic value
(Catalédn et al. 2019). In another study, an integrated ethanol production process
using spruce loggings was compared to an offsite production scenario. The green-
house gas emissions were lower in the onsite process as compared with that of the
offsite process. The ethanol selling rate was 0.568 euro per litre for the integrated
cases and 0.581 euro per litre for the off-location case (Olofsson et al. 2017).

6.6.3 Increased Circularity via Onsite Application

The change in the substrate from enzyme production to hydrolysis and offsite
enzyme application often alters the enzymatic efficiency. Researchers have found
that the microorganisms grown on various carbon sources under different physico-
chemical environments produce different isoforms of cellulase, which show
behavioural diversity while interacting with the same substrate (Siqueira et al.
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2020; Zhao et al. 2018). The techno-economic feasibility was assessed for the onsite
and offsite cellulase synthesis and utilisation for ethanol generation using corn stover
as feedstock. The biomass channelised from the ethanol production stream improved
the value of onsite cellulase production (Kazi et al. 2010). The comparative routes
for onsite, offsite, and integrated biorefinery are shown in Fig. 6.4.
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Novozyme introduced Cellic CTec3 based on the economic bioconversion of
pretreated lignocellulosic substrate (Sun et al. 2015). The techno-economic model
for the corn-based ethanol industry revealed the significance of onsite cellulase
production for biorefinery. The use of pure glucose, priced $580/t as a carbon source,
covers over 50% of cellulases’ production cost, which is commercially not feasible
(Humbird et al. 2011). Working on a low-cost substrate, non-sophisticated down-
stream processes, less storage, and transport makes onsite enzyme production
eco-friendly and contributes to a circular economy.

6.6.4 Challenges and Perspectives

The circular economic sustainability is challenged by two major threats. These are
the lignocellulose biorefinery supply chain and the resistant structure of lignin,
which restrict the access of cellulose by cellulases (Garlapati et al. 2020). The last
issue significantly affects the cellulose crystallinity and the efficacy of cellulases.
Low-cost, energy-efficient pretreatment strategies can resolve the lignin problem.
The energy recovery process needs to be accompanied by soil replenishment
(Battaglia et al. 2021). In this context, it is essential to re-conceptualise the enzy-
matic reduction of agricultural lignocellulosic waste for obtaining value-added
products through sustainable utilisations. The integrated lignocellulosic biorefinery
leads to the circular economic framework through the endorsement of niche markets,
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consumer-oriented value generation, and reduction of transportation through supply
chain modifications of lignocellulosic feedstocks (Sarsaiya et al. 2019). The ultimate
benefits would be a cleaner environment and economic profitability.

6.7 Conclusion

Cellulase plays an important role as it is responsible for the hydrolysis of cellulose
into simple sugars, which can be further used as a carbon source for microbial
fermentation. Nowadays, valorisation of lignocellulosic waste has gained the atten-
tion of researchers, and efforts are made to make this process industrially and
commercially feasible as it is eco-friendly and has great potential and a promising
future. Cellulases are produced at a large scale using cellulolytic microorganisms
either by SSF or SmF. However, industries prefer SmF over SSF as it is easy to
monitor and operate. The commonly reported microorganisms for cellulase produc-
tion are T. reesei, S. argenteolus, B. licheniformis, Candida cylindracea, Aspergillus
oryzae, etc. Cellulases are a powerful tool for the bioconversion of agro-residues,
food, paper, and textile industry waste into beneficial products like surfactants,
furfurals, aromatics, phenols, ethanol, butanol, lactic acid, succinic acid, gluconic
acid, citric acid, etc. Recently, the use of cellulase is extensively explored for the
production of microbial polymers such as nanocellulose, polyhydroxyalkanoates,
polyhydroxy butyrate, xanthan, and pullan.

The major challenge behind the use of lignocellulosic biomass in biorefineries is
the cost of production. Many strategies have been developed to reduce the cost such
as the utilisation of immobilisation techniques for the reusability of cellulase, onsite
cellulase production, use of enzyme cocktails instead of a single enzyme, combina-
tion of two or more techniques for the pretreatment step, and use of low-cost
substrates. Despite many challenges, great progress has been made in the direction
of using lignocellulosic biomass as it is a potential renewable alternative for fossil-
based resources. Also, advanced tools such as techno-economical analysis (TEA)
and life cycle assessment analysis (LCA) provide insight into actual benefits asso-
ciated with enzyme-based conversion processes over chemical processes. These
assessments promise an optimised circular economy approach for maximum fulfil-
ment of societal needs and minimum impact on the environment and ecosystem.
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