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Bioenergy recovery from lignocellulosic (LC) biomass is the beneficial and sustainable
approach due to its abundant availability. On the Otherhand, its recalcitrant nature makes
the biomass to resist biological hydrolysis and it limits the conversion potential of organics
to biomethane. Thus, it is essential to evaluate the association among the recalcitrant
nature of LC biomass and its biomethane conversion efficiency. Consequently, this review
critically recaps the recalcitrance of LC biomass and its effects on bioenergy recovery, its
composition and characteristics. In addition, various enhancement approaches
(pretreatments) were conferred as main aspect which plays main role in biomass
disintegration and biomethane increment. Based on up -to -date information, elevated
energy input and cost necessities of the pretreatments are the main factors that mediates
the economic feasibility of the process. The present review apart from spotlighting the
pretreatment efficiency, it also focusses on the challenges and limitations of enhancement
strategies, energy and technoeconomic feasibility of the various pretreatments of LC
biomass.
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INTRODUCTION

Rapid economic progress at global level have currently increased the demand for alternate energy
sources chiefly owing to the destructive impacts of utilizing fossil fuels which includes global
warming, green-house gases emission. Therefore, replacement of fossil fuels with renewable energy
resource affords prospect to overcome these challenges (Scaramuzzino et al., 2019). Lignocellulosic
(LC) biomass is considered as the chiefly available renewable energy sources (Patinvoh et al., 2017).
LC biomass is a cheap and adequately available substrate for anaerobic digestion (AD) and
biomethane production (Grosser, 2017).

Hypothetically, it has been reported that AD can degrade the biodegradable portion of any
substrate (Kavitha et al., 2014a; Xu et al., 2019). On the otherhand, biomethane generation differs
highly based on various kinds of lignocellulosic substrates. For instance, a greater methane
production of 450 ml/g volatile solids can be obtained by using terrestrial crops, whereas
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methane production of 0.272 gCOD/gCOD and 330 ml CH4/g
volatile solids can be obtained from other lignocellulosic biomass
(Marsilea sps and Miscanthus. giganteus) (Wahid et al., 2015;
Banu et al., 2018a). The complex nature of LC biomass is
considered as the main limitation of which greatly resist AD
and eventually reduces the production of methane
(Sawatdeenarunat et al., 2016).

To surpass this limitation, lignocellulosic biomass structure
should be disintegrated and as a result various pretreatment
methods have been reported so far in literature (chemical,
physical, mechanical and biological). These various
pretreatments brings about greater effects on lignocellulosic
biomass structure such as increment in surface area, removal
of lignin, decrement in crystalline nature of cellulose and these
effects have been described in many reports. Yet, a complete
evaluation and analysis about lignocellulosic recalcitrant effects
on anaerobic biodegradability and production of methane is still
required and essential for more biomethanation research and
progress. Henceforth, the main aim of this review article is to
afford more insights into LC biomass recalcitrance and its
virtual impacts on AD and methane yield. Besides, the
strategies for enhancement of bioenergy recovery from LC
biomass, energy, techno economic feasibility aspects of
pretreatments and future outlook were also conferred.
Figure 1 represents the overall concept diagram of the
present review.

COMPONENTS AND CHARACTERISTICS
OF LIGNOCELLULOSIC BIOMASS

LC biomass consist of cellulose, hemicellulose and lignin in their
structure and its composition differs according to the structure of
the biomass; based on the region in which the biomass develops
and the climatic state of the soil. The cellulose is found to be the
homogeneous substance which forms a backbone to the lignin-
carbohydrate complex. In the case of hemicellulose, it is
intracellular in nature forming covalent bonds to increase the
cell wall layer (Somerville et al., 2004). Yuan et al. (2013) reported
that while considering the lignin, it acts as glue among the
cellulose and the hemicellulose and improves the cell wall
integrity. The compositional analysis of various LC biomass is
tabulated in Table 1.

Cellulose
The cellulose is a fibrous, insoluble, crystalline, polysaccharide
molecule present in the range of about 40–50% in the LC biomass.
Since the cellulose is readily available in large amount, it is
considered as a renewable source of energy to obtain bio-
based energy products (Kavitha et al., 2020a). The degree of
the cellulose polymerization refers to the molecular weight of the
cellulose chain. The molecular weight of the cellulose chain was
found to be 100,000 and it is a major factor disturbing the
enzymatic hydrolysis process of the cellulose. The composition

FIGURE 1 | Overall concept diagram of the present review.
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of the cellulose structure consists of D-glucopyronase units
connected by β-1, 4 linkages.

Hemicellulose
The hemicellulose is considered as the second important polymer
and it is found to be in the range of 20–35% in the lignocellulosic
biomass. The hemicellulose containing pentose, hexoses and
organic acid are the heterogonously bonded biopolymer and it
is built up by the sugar monomers (Kannah et al., 2021a).
Hemicellulose has a lower molecular weight of about less than
30,000 and hence it can be hydrolyzed easily. The easy degradation
is due to its amorphous nature and the absence of crystallinity. The
polymeric chains are connected by the acetyl groups.

Lignin
The space between the cellulose and hemicellulose are filled by
gluelike substance called lignin. The lignin is an aromatic polymer
found in the range of about 10–25% in the lignocellulosic biomass
with phenyl propane units. These units consist of syringyl, guaicyl
and p-hydroxylphenol matrix which are linked together by set of
linkages to make it complicated (Banu et al., 2019a).

CHARACTERIZATION OF
LIGNOCELLULOSIC BIOMASS AND ITS
IMPACT ON PRETREATMENT
LC biomass in nature resist degradation and this forms a factual
hindrance to its valorization at industrial scale to obtain bioenergy
and value-added products. For optimization of biomass
disintegration and deconstruction it is essential to recognize and
overwhelm the physical and chemical characteristics that confers
resistance nature to lignocellulosic biomass.

Physical Characteristics
The physical characteristics of LC biomass are particle size,
grindability, accessible surface area, accessible volume and
thermal properties.

Particle Size
The particle size of LC biomass is an important parameter that
impact the mixing, fluidization, contact area for mass and heat
transfer and the flowability during pretreatment. Therefore, LC

biomass with varying particle size could possess various conversion
ability and consumption of energy. The LC biomass are normally
pre-treated prior to thermal conversion processes (Vidal et al., 2011).
In the selection of thermochemical conversion processes, the particle
size plays a major role. During enzymatic hydrolysis, the
enhancement of surface area contact between cellulosic fibers and
enzymes, deconstruction of compact LC biomass structure,
increment of hydrolysis rate can be achieved due to particle size
reduction throughmilling, grinding, and extrusion (Silva et al., 2012;
Pang et al., 2019; Yu et al., 2019). Many reports have proved that
disintegration of LC biomass such as woody chips (Jiang et al., 2017),
corn stover (Yu et al., 2019), miscanthus andwheat straw (Kim et al.,
2018) via mechanical pretreatment reduces the particle size and this
facilitates the subsequent enzymatic hydrolysis (Kavitha et al., 2017a;
Banu et al., 2018b) On the otherhand, few literature have reported
that depending on the LC biomass, there is a threshold limit for
particle size. Chang and Holtzapple. (2000) have reported that
reduction in particle size less than 400 μm does not impacts rate
of hydrolysis in poplar biomass. Silva et al. (2012) reported particle
size threshold limit for wheat straw was 270 μm.

Grindability
Grindability is another physical property that impacts the LC
biomass pretreatment which involves particle size reduction. The
measurement of the resistance of any substance to grind is called as
grindability. The components of LC biomass which are fibrous and
hard to grind are cellulose and lignin. Presently, no typical
grindability analysis tests for LC biomass there is available.
Various literature have reported that Hardgrove Grindability
Index (HGI) test has been used for analysis of coal in LC
biomass (Capareda, 2013). The HGI analysis is insufficient for
grindability characterization of LC biomass as it encompasses
pregrinding to get biomass of particle size ranging from 0.6 to
12mm before HGI analysis. In HGI analysis, the energy spent for
grinding is not taken into account. Therefore, another alternate
analysis such as Bond Work Index (BWI) was suggested for
grindability analysis of LC biomass (Williams et al., 2015). In a
ball milling pretreatment, in order to grind a substance, more energy
is needed.

Accessible Surface Area
Another important factor that critically affect the pretreatment of
LC biomass is the Accessible surface area. Accessible surface area

TABLE 1 | Compositional Analysis of various lignocellulosic biomass.

S.No Type of
lignocellulosic biomass

Lignin (%) Cellulose (%) Hemicellulose (%) Ash (%) References

1 Wheat Straw 15.6 35 22.3 7.49 Bolado-Rodríguez et al. (2016)
2 Sugarcane bagasse 22.67 46.21 20.86 1.19 Bolado-Rodríguez et al. (2016)
3 Corn Straw 10.8 45.4 22.6 - Fu et al. (2015)
4 Sweet sorghum 20.7 44.6 27.1 0.4 Kim and Day (2011)
5 Barley Straw 13.3 34.3 23.0 Saha and Cotta (2010)
6 Corn cobs 15 45 35 - Prasad et al. (2007)
7 Switch grass 5–20 30–50 10–40 4–5 Prasad et al. (2007)
8 Miscanthus 24.1 38.2 24.3 2 De Vrije et al. (2002)
9 Grasses 10–30 25–40 25–50 2–5 Malherbe and Cloete (2002)
10 Rice Straw 19.17 31.57 22.38 11.2 Thelin (1950)
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is linked to structural characteristics which includes specific
surface area and pore volume (Liu et al., 2015). Particle size
reduction and pore volume increment can cause increase in
accessible surface area. Reduction in the particle size or
increase in pore volumecan leads to increment in accessible
surface area. Torr et al. (2016) have suggested that accessible
surface area can be increased in enzymatic hydrolysis of
disintegrated pine wood. In addition, another researcher,
Goshadrou et al. (2013) have suggested that disintegration of
aspen wood increases the accessible surface area which in turn
increases the accessibility of fibers to subsequent to enzymatic
hydrolysis. On the otherhand, analysis of accessible surface is very
hard. In that case, specific surface area is SSA is employed to
estimate the actual availability of surface to enzymatic hydrolysis
(Octavia et al., 2017). Reducing the particle size will increase the
specific surface area (Octavia et al., 2017). It has been reported in
literature that hydrothermal pretreatment of corn stover leads to
two fold increase in specific surface area and resulted in 138%
improvement in subsequent enzymatic hydrolysis Zhang et al.
(2018). Lu et al. (2019) reported that pretreatment of LC biomass
with ball milling pretreatment causes increase in specific surface
are of cellulosic component because of particle size reduction.
This causes increment in accessibility of cellulose and enhanced
yield of glucose.

Accessible Volume
In LC biomass, accessible volume of cellulose is regarded as an
essential parameter impacting physical, chemical and enzymatic
pretreatments. Based on the particle sizes and shapes, pore volume
accessibility was estimated. It has been reported in literature that
pore size and the product yield potential of enzymatic conversion
for dilute acid pretreated poplar biomass and cellulosic substrates
have close association (Meng et al., 2013; Peciulyte et al., 2015).
Herbaut et al. (2018) reported that the ranges of porosity are definite
to LC biomass and they reliant on pre-treatment. For instance, yield
of hydrolysis linked sturdily to porosity range of 15–30 nm for
wheat straw, while it linked to porosity range of 10–15 nm for
poplar plants. Herbaut et al. (2018) reported that porosity range
limited to 10 nm linked with pretreatment for miscanthus biomass.
The authors added that no specific porosity range for improvement
of enzymatic hydrolysis was reported so far and proved that enzyme
diffusion within the cellwalls of plants is specific to LC biomass. In
contrast, few reports suggested that no specific relation among
porosity range and yield of hydrolysis was observed in case of
disintegrated pine (Kruyeniski et al., 2019) and delignified and
dilute acid disintegrated sugarcane (Santos et al., 2018). Besides, few
reports suggested that in case of biomass with lignin content below
15%, increment in pore volume has no impact on enzymatic
hydrolysis of disintegrated pine (Stoffel et al., 2014; Vaidya et al.,
2016).

Thermal Properties
The thermal chemical conversion efficiency of LC biomass is strongly
influenced by its thermal characteristics. The significant thermal
characteristics of LC biomass are thermal conductivity and
specific heat.

Thermal Conductivity
During thermochemical conversion, the LC biomass are
subjected to conduction of heat laterally and transversely
which in line impacts its thermochemical conversion
characteristics (Yu et al., 2014). Mason et al. (2016)
established a test for estimating the biomass thermal
conductivity with the aid of custom-built test equipment.
With this apparatus, the authors stated that for LC biomass
such as miscanthus, wood pellets and willows, the thermal
conductivity ranges between 0.1–0.12 w/m/K while thermal
conductivity of wheat and rape straws was very low 0.05 w
m−1 K−1. The thermal conductivity of LC biomass relies on
direction of heat, porous nature, temperature and
compactness (Dahlquist, 2013).

Specific Heat
Another vital thermal characteristic of LC biomass is specific heat
which is essential for thermodynamic analysis. It is a sign of the
heating potential of a substance (Dupont et al., 2014). The
moisture content of LC biomass and the medium temperature
related mainly with specific heat.

Chemical Factors That Impact
Pretreatment
Polymers Interaction
In addition to physical characteristics, chemical factors such as
interaction between polymers also plays a major role in
recalcitrant nature of the cell walls to pretreatment. Du et al.
(2014) reported that interactions among microfibers of celluloses
and hemicelluloses and lignin carbohydrate complex association
imparts an important part in woody biomass structure and
considerably impacts the biological pretreatment thereby
minimizing the accessibility of cellulose for enzymes.
Literature reports on LCC biomass is a debated theme so far
owing to the complications in the LC biomass properties and due
to lignin carbohydrate complex. Therefore, it is essential to invent
effective techniques to investigate lignin carbohydrate complexes
which includes chemical or enzymatic pretreatment to analyze
lignin carbohydrate complex qualitatively (Giummarella et al.,
2019).

RECALCITRANCE OF LIGNOCELLULOSIC
BIOMASS AND ITS EFFECT ON
ANAEROBIC BIODEGRADABILITY

Steps Involved in Anaerobic Digestion
The preliminary steps involved in anaerobic digestion involve
four successive phases such as hydrolysis, acidogenesis,
acetogenesis and methanogenesis. During hydrolysis, complex
macromolecules are broken down into simpler compounds like
monosaccharides, aminoacids, glycerol, etc. Because of the
presence of lignin in the lignocellulosic substrates, which
develops a rigid three-dimensional complex molecule with
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cellulose and hemicellulose units, hydrolysis is considered to be a
rate-limiting step (Piven et al., 2012).

In the second phase (acidogenesis), the hydrolyzed products
are further subjected to fermentation by strict and facultative
anaerobic bacteria. In this phase volatile fatty acids, carbon
dioxide, alcohols and hydrogen are produced.

In the third phase, acetate is formed by the oxidation of fatty
acids, hydrogen and carbondioxide. Moreover, the products
formed during acidogenesis are utilized by hydrogen
producing acetogens. Removal of hydrogen through this
process favors the growth of methanogens.

In general, establishing a synchronised state between the
different steps is critical throughout the process, and any
fluctuation or decrease in the activity of one or more
microbial groups can have a significant impact on process
performance and efficiency, and even result in process failure.

In the final step (methanogenesis), the acetate formed earlier is
converted into methane and carbondioxide by methanogenic
bacteria.

Recalcitant Nature of Lignocellulosic
The recalcitrant nature of the LC biomass explains the anti-
degradation effect of native lignocellulose, which acts as a
protective layer for the cell wall from the pathogen’s attack,
microorganisms and enzymes. This is possible with the
complex structure and the cell wall composition. The chief
composition of lignocellulosic biomass was cellulose,
hemicellulose, lignin, and the other constituents like the cell
wall proteins, lipids, pectin, mineral present in the
lignocellulose is involved in the biomass recalcitrance. To
block the deconstruction of microbes and enzymes, the
lignocellulose building blocks were provoked and known as
the biomass recalcitrance. The combined structure of
transparent cellulose within the microfibrils, polysaccharides,
lignin and other components make the LC biomass
recalcitrant. During hydrolysis of AD, the recalcitrant nature
of LC biomass shields the biomass structure from bacterial and
enzymatic decomposition and this could reduce the
bioconversion of complex molecules and restricts the methane
production potential. As already mentioned, the recalcitrant
extent differs based on the LC biomass composition (that
related to genotype, ecological circumstances, human activities
etc). The factors that induce recalcitrance effect on LC biomass
are described in following subsection.

Reduced Accessibility of Cellulose
During AD process, accessibility of substrate (cellulose) to
microbial enzyme (cellulase) can be limited due to reduced
accessibility of surface area between the biomass and the
microbes. This would restrict the biodegradation of
lignocelluloses and will ends in inadequate fermentable
sugars for succeeding biological process. Surface area
accessibility can be influenced through various parameters
such as layer of epidermis, particle size of feedstock,
physiochemical composition of the LC biomass cell wall.
Surface area accessibility are of two types such as inner
surface area that is associated with porosity of raw material

and the external surface area that is associated with size of
particles (Xu et al., 2019). Normally, LC biomass possess tiny
inner surfaces particularly when it is in dry form. It has been
reported in literature that accessibility of cellulose to
enzymatic microbial attack is chiefly via the inner pores of
the LC biomass instead of exterior surface signifying that the
outer surface does not contribute much to hydrolysis process
(Arantes and Saddler, 2011). The hydrolytic microbes
hydrolyze the LC biomass to discharge the monosaccharides
for AD process. These microbes will attach to surface layer of
LC biomass via physical mode of attachment and initiate the
secretion of exoenymes to hydrolyze the biomass. Normally,
the pore dia of inner surface extended from 0.2–2 μm and this
is alike of the size of microbes. In AD process, the surface area
contact will show increment with increase in fractional
exclusion of cell wall compounds and this result in greater
surface area accessibility. But the hydrolysis process mediated
by enzymes is generally rapid at the initial phase and stumpy at
the final phases (Vivekanand et al., 2014), representing that
accessible surface are is not only the important regulating
parameter in fermentative process. During start phase, the
increased surface area permits adequate relationship among
enzymes and biodegradable amorphous cellulose and will
results in rapid fermentation. However, during the final
phase of AD, although the surface area is sufficiently
accessible the greater existence of residual crystal cellulose
and its complicated nature are the critical parameters that
ultimately restrict the hydrolytic potential.

Polymeric and Crystalline Nature of Cellulose
The polymerization extent of celluloses which is associated with
mol wt of cellulose linkages is regarded as an essential parameter
influencing the hydrolytic potential of cellulose by enzymes.
Depolymerization of cellulose is defined as the hydrolysis of
cellulose by cellulase enzyme. Usually, hydrogen linkages in
longer cellulosic chains will hamper the bioconversion of
cellulose than shorter cellulosic chains (Xu et al., 2019).
Huang et al. (2015) have reported that steam explosion
pretreatment reduces the extent of cellulose polymerization
and results in 5–6 times increment in enzyme mediated
saccharification. The crystalline portion of cellulose contributes
30–80 percent and this region is responsible for crystallinity of
cellulose. The two forces or bonds responsible for crystallinity of
cellulose are hydrogen bonds and vander waals interactions.
When cellulase enzyme comes in contact with cellulose,
initially it may show greater endo-glucanase action with
amorphous region of cellulose and in such cases, crystallinity
of cellulose imparts obvious role in impacting primary hydrolysis
of cellulose. The yield of reducing sugars are reported to decrease
with increase in cellulose crystallinity designating that
amorphous phase of cellulose are hydrolysed initially prior to
the hydrolysis of crystalline phase of cellulose (Ling et al., 2017). It
has been reported byMirahmadi et al. (2010) that pretreatment of
birch and spruce with sodium hydroxide shows considerable drop
in crystallinity of cellulose and this in turn enhances the enzyme
mediated hydrolysis with 83 and 74 percent enhancement in
biomethane yield.
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Branched Nature of Hemicelluloses and Lignin
Hemicellulose is a cleft saccharide complex comprising of
different units of sugar molecules. Xylan is considered as the
major copious compound of hemicellulose. The structure of
hemicellulose is complex in nature and considerably
impacted via cross linkers. for example ferulate;
composition of saccharides and existence of branching
chains. Usually, it has been supposed that hemicellulose
could enhance the physical integrity of LC biomass and
restricts the increase in surface area ensuing in decrease of
hydrolytic potential. The availability of cellulose to microbial
or enzymatic attack can be achieved via pretreatments which
can efficiently solubilize or remove lignin and hemicellulose.
During AD, with cautious regulation of biomass retention
time, yield of methane can be increased from hemicellulose
wholly, whereas cellulose and lignin are remained as
residuals. In anaerobic biodegradation of LC biomass,
hemicellulose can be normally disintegrated priorly which
could reduce the hindrances extent of enzyme mediated
hydrolysis. Due to the complex nature of hemicellulose
and existence of cross linkages among cell wall compounds
of LC biomass, further investigation is yet required to
cautiously infer the hemicellulose characteristics and its
impact on biomethane yield.

Lignin is the polymer of complicated structure with units
of phenylpropane which are arranged in 3-dimensionalmesh
like structure within the cell wall of LC biomass. Lignin is
usually regarded as the major parameter restricting the
biodegradation of LC biomass. It has been reported in
literature that lignin content in excess of 1 g/L will reduce
the methane yield of LC biomass (Kavitha et al., 2020a).
Lignin hampers the hydrolysis of polysaccharides of LC
biomass mediated by lytic enzymes thus hindering the
anaerobic conversion of lignocelluloses (Banu et al.,
2018a). The major mechanism of lignin which imparts
predominant role in LC biomass recalcitrance is the
covalent cross linking of lignin with other cell wall
compounds. This results in reduced surface area contact
and hinders the enzyme mediated hydrolysis of sugars.
The structural characteristics of lignin in addition may
have impact on LC biomass biodegradation potential. The
ratio of monolignols and interlinking phenols could impact
enzymatic biodegradation although after alkali and acidic
disintegration of LC biomass.

ENHANCEMENT APPROACHES-ROLE OF
PRETREATMENTS

The role of the pretreatment is to disintegrate the polymeric
substances of the LC biomass. The pretreatment helps in
breaking down the complex organic molecules to simple
monomeric sugars (Kavitha et al., 2013) and is necessary
for reducing the crystalline nature of the cellulose seen in the
LC biomass (Kavitha et al., 2017b). There are some
pretreatments that help remove lignin, which helps

increase the binding capacity of the LC biomass with the
enzyme. The pretreatment is important to access the LC
biomass for hydrolysis process effectively. There are
various pretreatment techniques for the LC biomass and
the output from each pretreatment technique varies for the
same biomass. The pretreatment is selected based on LC
biomass type and the crystalline structure of the cellulose,
hemicellulose, and lignin. Overall, the pretreatment is mainly
useful for the lignin removal, cell cleavage, hemicellulose
disintegration, and alteration in the cellulose crystalline
nature which could further enhance AD and biomethane
production. Figure 2 represent the impact of pretreatment
on biogas yield of lignocellulosic biomass.

LIGNOCELLULOSIC BIOMASS
PRETREATMENTS

The LC biomass consists of the biodegradable part and the
recalcitrant part. The recalcitrant part consists of the cellulose,
the hemicellulose, and the lignin (Viola et al., 2008). For the
efficient hydrolysis of the recalcitrant part and for efficient
methane generation by the anaerobic digestion process, the
pretreatment is necessary. There are various pretreatments
involved in treating the LC biomass. The pretreatment
techniques are classified into physical, chemical, mechanical
and biological pretreatments. The thermal and microwave are
physical pretreatments (Kannah et al., 2017a; Banu et al., 2018c;
Kavitha et al., 2018). The chemical pretreatment consists of acid,
alkaline, wet oxidation, Green solvents, Surfactants, and
organosolv (Kannah et al., 2017b; Banu et al., 2020a; Kavitha
et al., 2020b). The mechanical pretreatment involves the milling,
ultrasonication, extrusion, and rotor stator homogenization
(Disperser) (Kavitha et al., 2014b; Banu et al., 2018b; Kannah
et al., 2020). The Biological pretreatment involves the live
microbes (bacterial/Fungi), Immobilized microbes, and
Enzymes (Kavitha et al., 2019).

Physical Pretreatments
Thermal
The thermal pretreatment process increases the solubilization of
the LC biomass. Increasing the temperature decreases the
viscosity, and the heat treatment also causes the solubilization
and the release of the organic matter from the biomass (Banu
et al., 2020b). The hydrogen links in the molecule are broken
down by the thermal process (Carrère et al., 2010). The thermal
process promotes the methanogenic enzyme in the anaerobic
biodegradation process. For the thermal treatment, the
temperature varies from 50°C to 160°C. increasing the
temperature increases the biomass’s solubilization. In a study
conducted by Chandra et al. the rice straw was hydrothermally
pretreated prior to anaerobic digestion and the increase in
methane production in pretreated sample (132.7 L/kg VS) was
two times higher than the untreated substrate (59.8 L/kg VS). In
another study by Rodriguez, grass (Eleusine indica) was
pretreated thermally in a oil bath at 80°C for 3 days to
increase the biogas production. There was 46% increase in the
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methane yield. When Two-phase olive mill solid waste or
alperujo was pretreated thermally when exposed to steam at
200°C for 5 min at a pressure of 1.57 MPa, there was 61%
increase in methane yield (Rincón et al., 2016). Many such
studies revealed that the thermal process from 70 to 90°C
enhances the soluble organic release, which favors the rate of
biodegradability (Jard et al., 2013). Apart from the high energy
requirements and high-pressure operation, the main
disadvantage of these procedures is the potential creation of
inhibitors, such as furfural and soluble phenolic compounds,
which impede methane synthesis (Hendriks and Zeeman, 2009).
To avoid the generation of these inhibitory compounds, pH
should be maintained in the range of 4-7.

Microwave
The microwave treatment process is a powerful technique, it
has become more trending because of its reduction in the
treatment time (Eskicioglu et al., 2007). The microwave fields
disrupt the molecule’s links, and it was regularized by an
electric field, which causes cleavage of hydrogen bond and
changes in the liquid phase. The main parameters of
microwave irradiation that disturbs the dielectric system
are the temperature, intensity, and reaction period (Park
et al., 2010). The thermal and non-thermal effect are the
major mode of action of this treatment (Banu et al., 2019b).
The thermal process is initiated with the bipolar components
containing the electric field. The rotating motion obtained by
the dipoles causes the heating effect (Doǧan and Sanin, 2009).
The study of Passos et al. (2014) explains the non-thermal
effect that changes the dipole direction in the biomass cell
wall layer containing side chains, leading to the breakage of
the bonds causes protein deconformation. This leads to the
increase in the biogas yield. In a research conducted by
Siddique et al., microwave pre-treatments on waste sludge
resulted in further biomethane enhancements of 53%. When
microwave radiation of frequency 2.45 GHz, power 680 W,
time 24 min was applied to the lignocellulosic biomass prior

to anaerobic digestion (Liu et al., 2012), the biogas generation
speed was increased rather than the enhancement.

Chemical Pretreatments
Acid
In the acid pretreatment, both, dilute acid or concentrated acid
are usually used. The nature of concentrated sulfuric acid and
then concentrated hydrochloric acid are toxic, corrosive, and
hazardous, and so it is not preferred (Singh et al., 2014). While
pretreating with dilute acid, high sugar yield can be obtained from
hemicellulose at higher temperature. If the temperature is high,
the yield can be obtained at a short interval of time, and for the
lower temperature, it involves a longer time period. While
treating wheat straw with sulfuric acid, the saccharification
yield of 74% is obtained at 121°C for 1 h (Rezania et al., 2017).
When the cashew apple bagasse was processed with dilute sulfuric
acid, 0.47 g/g glucose of ethanol yield was obtained at 121°C for
15 min. Similiarly when rice straw was pretreated with propionic
and acetic acid, there was 36% increase in methane when
compared with the untreated rice straw (Zhao et al., 2010).

But due to the usage of concentrated acids which may be
corrosive and toxic, they may incur cost for maintenance.
Furthermore, they cause cellulose degradation that results in
the formation of inhibitory chemicals such as furfurals, 5-
hydroxymethyl furfural, acidic phenolic compounds, and
aldehydes. The effect of these inhibitors has to be neutralized
further using chemical (peroxide and ozone) and biological
(enzymes or live microbes) detoxication methods by
converting them into inert substances.

Alkaline
The alkaline treatment is considered as the supporting step for the
anaerobic digestion process (Hendriks and Zeeman, 2009). The
alkaline pretreatment is mainly preferred for the LC biomass as it
highly disintegrated the phenolic nature and lignin content. The
alkaline pretreatment efficiently enhances the methane
generation (Cheng et al., 2010). Sodium hydroxide is the

FIGURE 2 | Impact of LC biomass pretreatment on biomethane yield.
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mainly used alkali for many years in lignocellulosic biomass since
it interrupts the lignin structure (Brodeur et al., 2011). The corn
Stover, switch grass, bagasse, wheat, rice straw are the reported
biomass pretreated with alkali (Zhu et al., 2010). The methane
yield of NaOH-pretreated corn straw was found to be
approximately 220 ml/gVS, which was 73.4 percent greater
than that of untreated corn straw, according to the study by
Zheng et al. (Zheng et al., 2009). When calcium hydroxide was
used to pretreat municipal solid waste, the methane yield was
increased by 172% which was considered as the highest increase
of biogas production (López Torres and Espinosa Llorénsdel,
2008). Also, the alkaline pretreatment helps the enzymes to reach
the cellulose and hemicellulose easily. The lime is also one of the
cheaper alkali used for pretreatment process (Ibrahim et al.,
2011).

Wet Oxidation
Oxygen and water take part in wet oxidation process. The oxygen
is used as an oxidizing agent. The hydrolyte reaction takes place at
low temperatures and the oxidative reaction happens at elevated
temperatures in the wet oxidation procedure (Martín et al., 2007).
The samples are well dried and milled into small crumps of 2 mm
in length. The biomass and water are taken as 6 g/L, respectively.
The sodium carbonate is used in the wet oxidation method to
minimize the byproducts formed in the process. The air is
pumped at a particular temperature above 120°C (Pedersen
and Meyer, 2009). The wet oxidation process splits out the LC
biomass by disintegrating hemicellulose and eliminates the lignin
(Martín et al., 2007; Chaturvedi and Verma, 2013).

Green Solvents
Green solvents are ionic liquids (IL) used for the pretreatment
and it do not produce any toxic products during disintegration of
LC biomass and 1 L is recoverable. The ionic liquids with very low
vapor pressure consist of the small amount of anion and a large
amount of organic cation (Fort et al., 2007). These liquids dissolve
various types of LC biomass, and it involves the hydrolysis of
lignin and hemicellulose. The adverse effect found in this
pretreatment involves high solvent cost, and the solvent
recovery and the recycling are also needed. However, a main
issue linked to ionic liquid usage at pilot scale extent is its extreme
expensiveness when compared to conventional solvents. But this
cost can be counterbalanced to somewhat when the ionic liquids
are recycled. Thus, effective separation and recovery of ionic
liquids are important on the aspect of environmental
applications. In recent years, more attention have been focused
on recovery and recycling methods of ionic liquids such as
distillation, extraction, adsorption, crystallization and aqueous
dual phase separation etc (Zhou et al., 2018).

Surfactants
Surfactant plays a very important role in disrupting the secondary
layer of the LC biomass. It also helps in removing the inorganic
material from the biomass. Surfactant is amphiphilic molecule
which has both hydrophilic and lipophilic group. The surfactant
is classified into ionic and non-ionic surfactant. The ionic
surfactants are cationic and anionic surfactants. The non-ionic

surfactants are more effective than the ionic surfactant (Agrawal
et al., 2017). The surface tension between two liquids or the
surface tension between the solid and the liquid is reduced by the
surfactant addition (Banks et al., 2014). The surfactant is mainly
used in the LC biomass case since it helps to inhibit the binding of
cellulase with lignin due to the hydrophobic interactions (Okino
et al., 2013). Adding surfactant also helps to prevent aggregation
of the biomass (Kumar et al., 2018). The surfactant acts as the
barrier and does not allow the lignin to bind with the
methanogenic enzyme, and hence the methane generation is
also enhanced by the addition of the surfactant.

Organosolv
Pretreatment of lignocellulosic biomasses with organic solvents
(eg: methanol, ethanol, acetone, etc.) weakens the internal bond
between lignin and hemicelluloses and thereby lysing it, resulting
in a reasonably pure cellulose residue. The temperature of about
200°C is used for the process, and it is lowered in some processes
based on biomass nature and the addition of catalyst. The mainly
used catalysts are the organic and inorganic acids (HCl or
H2SO4). Solvents used in the process need to be evacuated
from the reactor, evaporated, condensed and recycled. The
solvent shows a negative effect in the hydrolysis process, and
hence the solvent must be removed before the fermentation
process. The solvent recovery helps in the reduction of cost
and has the environmental safety (Sun and Cheng, 2002).
However, cost effective recycling of solvents is needed for
large-scale application.

Mechanical Pretreatments
Milling
The size of the particle plays a significant task in the methane
generation. If the size of the particles is small, it is easier for the
microbes to degrade, so smaller size particle provide greater
solubilization. The smaller sized particle has the greater
hydrolysis rate breaking the long chains into the smaller
chains and increases the hydrolysis rate, which promotes easy
biodegradation. To reduce the particle size, milling or grinding is
required, but it is not suitable for the hardwoods, so chipping is
done to reduce the particle size. The study of Sharma et al. (1988)
explains about agricultural residue treated in five different
particle sizes. It is found out that the smaller particle size
provides greater biogas production due to the reason of more
comfortable handling and the increased surface area. In the case
of the mechanical pretreatment, the parameters like the capital
cost, operational cost, scale-up possibilities, and reduction of the
equipment are also considered. However, in this process, there is
absence of generation of toxic compounds or inhibitors and thus
this treatment is preferred widely.

Ultrasonication
Ultrasonication is one of the effectual mechanical pretreatment
for the LC biomass. The use of the high-intensity ultrasound
changes the biomass structure and thus, it favors the methane
generation. Compared with the untreated sample, the ultrasound
treated sample gave more significant methane generation. The
study of Kim et al. (2003), Wang et al. (1999), and Dewil et al.
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(2006) revealed that the ultrasonic pretreatment increases the
biogas production and decreases the volatile solids. In a study by
Zeynali et al. (2017), it was reported that the biogas yield
increased from 139 to 396 ml biogas g−1 VSin when exposed to
ultrasonication for 18 min. The drawback of this pretreatment on
LC biomass is not noticed in these studies.

Extrusion
Extrusion is the process of combining different operations in
one unit. It is the mechanical process in which the biomass is
taken into the extruder in one end and travels along the length
(Haghighi et al., 2013). The barrel is placed along the length,
and the screw drives it. The barrel is shaped in a way with a
compression zone at the center and the expanded part at the
end. The pressure release taking place at the end breaks down
the cell wall of LC biomass. The cellulose, hemicellulose, and
lignin are depolymerized. The main operating factors are the
time, pressure, and dry matter of the biomass (Zheng et al.,
2014). The study of Hjorth et al. (2011) revealed that the
extrusion process improves the biogas production of LC
biomass. It reduces the particle size, surface area
increment, promotes the hydrolysis rate, and improves the
anaerobic digestion process. The research conducted by
Novarino and Zanetti. (2012) reported that when the
organic fraction of the municipal solid waste is treated by
extrusion, it resulted in a biogas yield of 800 L/kg VS,
containing about 60% of methane content.

Rotor Stator Homogenization (Disperser)
The disperser or homogenizer is the advanced mechanical
pretreatment process that replaces all the other mechanical
treatment since it overcomes the other process by reducing the
treatment time. Mainly all the type of the biomass is treated by
this process (Tamilarasan et al., 2017). The disperser consists of
the rotor and the stator, which breakdown the complex matter
into a simpler one. The rpm plays a vital role in the disperser
(Kumar et al., 2018).

Biological Pretreatment
The biological pretreatment of the lignocellulosic biomass is
categorized into fungal pretreatment (oxidative ligninolytic
system and hydrolytic system), microbial consortium
pretreatment, and the enzymatic pretreatment. The oxidative
ligninolytic and hydrolytic system present in the fungus
distract the lignin phenyl bond and disintegrates cellulose and
hemicellulose (Kudanga and Le Roes-Hill, 2014). The microbes
are involved in the microbial consortium pretreatment. The
enzymes are employed in the enzymatic pretreatment process
to degrade the lignocelluloses. The pretreatment is mainly done to
increase the methane generation. The main role of the biological
treatment (using delignifying and cellulose degrading enzymes) is
to reduce carbohydrate use and maximize the removal of lignin
for the lignocellulosic biomass.

Live Microbes (Bacterial/Fungal)
The fungal pretreatment consists of two systems the oxidative
ligninolytic system and the hydrolytic system. The oxidative

ligninolytic system present in the fungus distracts the phenyl
bond in the lignin. The hydrolytic system in the fungus degrades
the cellulose and hemicellulose in the lignocellulosic biomass (Ma
et al., 2017). The rotten LC biomass is used as a substrate for the
live bacteria. Compared to the fungal treatment process, the
bacterial consortium process degrades the cellulose and
hemicellulose effectively. Though these biological methods
involve low energy and low chemical demand, it involves
longer treatment time which limits its potential towards
commercial purposes. Another limitation of the bacterial
consortium process is the requirement of carbon sources,
which reduces the methane generation (Zhang et al., 2014).

Enzymes
The commercial enzymes are employed in the enzymatic
pretreatment process to degrade the lignocelluloses. The
mainly used enzymes are lactases and manganese peroxidase,
commonly known as degrading enzymes for cellulose,
hemicellulose, and lignin. The enzyme lactase and the enzyme
manganese peroxidase help remove the fermentable sugars in the
LC biomass, which improves the methane generation. When the
paper and pulp sludge is pretreated with the enzyme
endoglucanase laccase, there was an increase in 34% of the
methane yield (Yunqin et al., 2010). The drawback of the
enzymatic pretreatment is that enzymes are available at a high
cost (Amin et al., 2017).

Combined Pretreatments
To get the efficient methane yield, the pretreatments like the
physical, chemical, thermal, ultra-sonication are combined
(Kavitha et al., 2015). The combined pretreatments are
employed to obtain the full-fledged pretreatment effect
(Kannah et al., 2019).

Thermochemical Pretreatment
In the thermochemical pretreatment, both the thermal, and
the chemical treatment, including the acid or the alkali, are
used. For the thermochemical pretreatment, the temperature
is maintained in the water bath to adjust the temperature, and
the acid or the alkali is added to adjust the pH. The addition of
the chemical to adjust the pH disrupts the nature of the lignin,
which is a recalcitrant in the LC biomass (Koyama et al.,
2015).

The thermochemical treatment of LC biomass was performed
to improve methane generation (Patel et al., 1993). In this study,
thermochemical pretreatment of water hyacinth was done to
improve the anaerobic biodegradation and methane generation.
From the result, it is clear that the solubilization is increased by
the pretreatment and improves the methane production. The
efficient methane generation was obtained at pH 11 and 121°C.
Above this optimized condition, the methane generation was
decreased due to the toxic compounds produced due to harsh
disintegration of LC biomass.

In another study by Monlau et al. (2013), when the sunflower
oil cake is treated at 170°C along with the addition of 1% (weight)
concentrated sulphuric acid, the biogas yield was 302 ml CH4/g
VS which is 50% greater than the untreated waste.
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Steam Explosion
In steam explosion pretreatment, both the physical and the
chemical methods are involved to disrupt the structure of the
LC biomass. This process is mostly applied because of its low
chemical usage and minimal energy consumption. It is the
hydrothermal method of treatment in which the high pressure
and temperature are given for a short period and when it
suddenly depressurizes, it collapses the fibril structure. This
action helps the cellulose to be easily accessible for the enzymes
reported by Duff andMurray (1996). While injecting the steam
the temperature was increased from 160 to 260°C and at the
same time pressure was suddenly decreased and the biomass
undergoes disintegration. The particle size, residence time and
the temperature have a major role in the effectiveness of the
treatment (Ballesteros et al., 2002). Viola et al. (2008) explains
that the addition of the some chemicals such as the acid or the
alkali improve the outcome of the steam explosion treatment.
Furthermore, harsh conditions favours the generation of
inhibitors such as aromatic compounds and furan
derivatives which greatly impacts the subsequent hydrolysis
process which is considered as the major drawback of this
process (Verardi et al., 2018); (Ballestero et al., 2006).

Ammonia Fiber Explosion
In the AFEX process, both the physical and the chemical methods
are involved. In this the biomass is treated with the liquid
ammonia at high pressure and temperature for a certain time
period and the pressure is reduced suddenly (Lansing, 2005).
Taherzadeh and Karimi (2008) explain that the AFEX process
carried out at temperature 90°C- 120°C for a time period of
30 min. This method is suitable for the biomass with less lignin.
The AFEX pretreatment cost includes the cost of ammonia and
the ammonia recovery cost. Due to the volatile nature of the
ammonia, it can be easily recovered and it must be recovered to
manage the cost and to prevent the environmental hazard. The
main advantage of this pretreatment is that only trace amount of
inhibitor compounds are formed.

Liquid Hot Water
In this method, water is used at high temperature and pressure for
disintegrating LC biomass. It is the hydrothermal process in
which the water under high pressure penetrates the biomass
and disrupts the layer of the lignin and degrades the
hemicellulose. The major benefit of this process is the devoid
of chemicals usage for treating the biomass in liquid hot water
process (Taherzadeh and Karimi, 2008). The liquid hot water is a
type of thermal pretreatment here in the place of the steam the
liquid hot water is used. The main aim of this treatment is to
degrade the hemicellulose and make the cellulose easily accessible
for the AD process. The pH is maintained in the range of 4-7 to
avoid the formation of the inhibitors (Hendriks and Zeeman,
2009).

CO2 Explosion
CO2 explosion system is used for disintegrating LC biomass
similar to the steam explosion system and ammonia fiber

explosion system. In this method, the CO2 is injected with
high pressure and it forms the carbonic acid and increases the
hydrolysis rate. The outcome obtained from this pretreatment is
found to be lower than the steam explosion or the ammonia
explosion pretreatment (Sun and Cheng, 2002). The benefits of
this pretreatment is that it can obtain acid catalyst by the action of
the carbonic acid without the addition of the sulphuric acid. The
pH of the carbonic acid is noted by determining the partial
pressure of the CO2 in water. The water dissolved carbon dioxide
induces the dissolution of LC biomass and results in carbonic acid
production. During carbonic acid production, an increment in
hydronium ion content is noted owing to the solubilization of
unstable acid. The dissolution of unstable acid causes a decrement
in pH which is adequate to enhance solubilization and
hemicellulose degradation into sugars. In addition, the acidic
condition of the medium would not lead to ecological issue as the
depressurization removes carbon dioxide leading to increment in
pH of the medium. Under supercritical conditions,
carbondioxide acts as a catalyst in the presence of liquid hot
water leading to greater diffusion and biomass swelling.

The study of Zheng et al. (1998) explains about the
pretreatment of recycled paper mix and the sugarcane bagasse
with CO2 explosion, ammonia explosion and steam explosion
and it found out that CO2 explosion is found to be more cost
effective than the ammonia explosion and the CO2 explosion does
not produce any inhibitory compounds as formed by the steam
explosion.

Supercritical Fluid
The supercritical fluid is an element which can be a liquid or a gas
which is used in the condition above the critical pressure and the
critical temperature where the supercritical fluid can coexist.
Though it is a type of the liquid or the gas it has some unique
properties like liquid density and the transport properties like the
gas viscosity. This is the reason and the benefit of the supercritical
fluid pretreatment. This fluid can easily penetrate into the LC
biomass structure where other pretreatments fails in this case
(Brodeur et al., 2011). Brand et al. investigated the conversion of
red pinewood at temperatures ranging from 280 to 400°C,
nitrogen pressures ranging from 0.4 to 7.5 MPa, residence
times of up to 240 min, and ethanol as the solvent. The
highest biofuel yield and biomass conversion rates were 59.9%
and 98.1 percent, respectively (Brand et al., 2013).

Comparison of Various Pretreatment
In LC biomass-based bioenergy generation, pretreatment is still a
challenging issue for achieving profitable and viable technology
for conversion of LC biomass into soluble organics with less
recalcitrant nature. It has been reported in literature, that the
potential of pretreatment depends on the substrate and its
characteristics. Determination of suitable pretreatment for LC
biomass is a complicated problem. Irrespective of the
pretreatment technique to be applied for LC biomass,
reduction of particle size is the prime disintegration technique.
Although, pretreatment of LC by mechanical means is essentially
linked to enhanced biogas production, it has few limitations such
as its incapability to delignify, an essential hindrance related to
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bioaccessibility of cellulose for anaerobic digestion. It has been
reported in literature that LC biomass should be subjected to
particle size reduction of 1–2 mm to avoid disadvantages
happened at hydrolysis step (Neumann et al., 2016). On the
other hand, reduction of particle size is a costly treatment as it
requires nearly 33 percent of the total electrical energy needed for
the entire treatment method. In the view of greater energy need of
mechanical disintegration and increase of energy price, it is
considered as an expensive process. So, minimizing the
demand of energy and enhancing the efficacy of
homogenization and milling of LC biomass can aid to increase
the economy of the entire treatment method. In chemical
pretreatment process, cost associated with chemicals and
treatments, additional neutralization phase and the need of
reactors with rust resistance were the recognized problems
(Paudel et al., 2017). In addition, recalcitrant materials
formation is regarded as an important step as in hinder or
considerably minimize the process efficiency of LC biomass to
biomethane. Therefore, obtaining greater conversion potential
and minimizing the recalcitrant compound synthesis by coupling
chemical pretreatment with other disintegration process could
help in cost minimization.

Pretreatment of LC biomass with alkalis effectively liquefies the
lignin and the existence of minor quantity of residual chemical in
the pretreated biomass helps in pH neutralization at acidogenic
step of anaerobic digestion. Thus, pretreatment of LC biomass with
alkali is promisingly well suited with consequent anaerobic
digestion than acid pretreatment (Taherdanak and Zilouei,
2014). Pretreatment of LC biomass with organic solvents is
considered as a most promising disintegration process. The
organic solvents let the removal of components of LC biomass
such as lignin, cellulose and hemicellulose etc. This improves the
capital cost thus making the process more beneficial on the basis of
biorefinery approach. Pretreatment of LC biomass with ionic liquid
have wide application, but, the extreme cost and the requirement of
recycling is the major problem. Despite the benefits, pretreatments
of biomass by biological means have several limitations which
includes Definite conditions for growth (pH, temperature, etc),
extended pretreatment period and carbohydrates exhaustion
(Paudel et al., 2017). During this pretreatment, the formation of
recalcitrant compounds is very less in comparison to chemical and
physiochemical pretreatments.

According to the literatures reviewed, several physical,
chemical, biological, thermal, and combination pretreatment
approaches have recently been developed to address the issues
of bio-digestion of lignocellulose feedstocks. The various process
like the mechanical, steam explosion, ammonia fiber explosion,
CO2 explosion, ozonolysis, acid hydrolysis, alkaline hydrolysis,
organosolv, pyrolysis, and biological methods are used for
treating the LC biomass. Every process has their own benefits
and drawbacks over the other (Kumar et al., 2009). Though
mechanical pretreatment has reduced the cellulose crystallinity, it
has a disadvantage of more significant power usage. In the case of
the steam explosion, it is cost-effective and degrades the
hemicellulose effectively it has the limitation of forming
inhibitory products where ammonia fiber explosion does not

produce any inhibitory products, but it is not suited for LC
biomass with high lignin content (Haghighi et al., 2013).

The CO2 explosion process is found to increase the surface area
in a cost-efficient manner and does not form any inhibitory
products, but it has a limitation that it does not modify the
lignin or the hemicellulose structure. The ozonolysis process
needs a large amount of ozone for the treatment process, but it
reduces the biomass lignin content and does not create any toxic
compound. Though the lignin and the hemicellulose are well
hydrolyzed in the organosolv process, it is a high-cost treatment
process (Arato et al., 2005). The biological pretreatment has a
significant benefit of very low energy requirement, it also promotes
lignin degradation, and it fails to support the hydrolysis process
(Wagner et al., 2018). Table 2 represents the effect of various
pretreatments on the lignocellulosic biomass. However, due to
their restricted bioavailability, the structure of lignocellulosic
wastes still presents technological hurdles, and pretreatment of
these resistant substrates is critical to improving the performance
of anaerobic digesting technology. The downstream bioprocess of
generating biogas or other value-added products is hindered by
energy costs, operational costs, and the development of inhibitory
chemicals. Though a combination of different pretreatments may
offer a solution, it must be suited to the substrates and downstream
bioprocesses in order to produce bioenergy and other products. It
can be deduced that each of these pretreatment procedures has
advantages and disadvantages, and that the goal of pretreatment
can only be attained when the feedstock composition and
pretreatment technique are properly matched. In addition, for
the selected pretreatment method, several technological variables
such as energy balancing, solvent recycling, and corrosion, as well
as environmental factors, should be carefully examined.

TECHNO ECONOMIC FEASIBILITY OF
PRETREATMENT PROCESS

Techno-economic analysis is regarded as the essential factor to
evaluate the commercial feasibility of pretreatments and
bioenergy generation form LC biomass (Carlsson et al., 2012;
Kannah et al., 2021b). It has been estimated that LC biomass
pretreatment cost embodies about 19–22% in a bioenergy
recovery process (Baral and Shah, 2017). Various researchers
have performed techno economic assessment of many
pretreatments to explain the cost-effective conditions for
energy efficient bioenergy recovery. Alkaline lignocellulosic
biomass preparation results in an elevated sugar production,
with low inhibitor development. Since there is no equipment
cost found in this pretreatment, it is found to be successful at the
pilot scale. The key benefit of the procedure is that lignin is
removed, and hemicellulose improves the surface area and the
disadvantage is the extended treatment time.

The steam explosion pretreatment has a high sugar yield and a
high inhibitor formation. Though the equipment cost is high, it is
found to be successful at pilot scale with the removal of the
hemicellulose effectively and the lignin structure’s alteration, but
this pretreatment does not destruct the lignin matrix completely.
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The ozonolysis pretreatment has a high sugar yield with low
inhibitor capacity, and high byproduct generation. Since the
ozonolysis pretreatment has high equipment cost, this
pretreatment is not successful at the pilot scale. The drawback
is that a great deal of ozone is required, but the lignin can be
removed without inhibitors formation.

The organosolv pretreatment has a high sugar yield, low
inhibitor production, and high byproduct generation. The
chemicals used in the organosolv pretreatment can be reused.
Though the equipment cost is high, it has the advantage of
hydrolyzing the lignin and the hemicellulose, and it is found
to be success at pilot scale (Anwar et al., 2014).

The mineral acid pretreatment has a high sugar yield, high
inhibitor formation, and high byproduct generation. The mineral
acid pretreatment effectively hydrolyzes the cellulose and
hemicellulose and alters the lignin structure. The drawback of
the mineral acid pretreatment is that it is hazardous, toxic and
corrosive but it was quite successful at pilot scale.

The mechanical pretreatment has a low sugar yield, and there
is no inhibitor formation or the byproduct generation. There is no
need for chemicals for this pretreatment, and this type of
pretreatment is applicable for all types of feedstock. The main
benefit found in the mechanical pretreatment is it reduces the
cellulose crystallinity with a drawback of high power
consumption than inherent biomass energy. The equipment
cost is high, but it was successful at the pilot-scale (Menon
and Rao, 2012). Vasco-Correa and Shah. (2019)have done and
evaluated the techno economic feasibility of large scale
pretreatment of four LC biomass—perennial grasses, corn
stover, agricultural residues and hardwood with fungal
pretreatment. The authors reported that sugar recovery costs
of these feedstocks were estimated to be 1.7, 1.6, 2.0, and
2.8 USD/kg, respectively. Baral and Shah. (2017) have reported
the sugar production potential of corn stover, switch grass and
poplar wood with chemical pretreatment (IL) to evaluate its
feasibility at commercial scale. The sugar recovery cost for IL
pretreatment of corn stover, switch grass and poplar wood were
calculated to be 2.7, 3.2, and 3.0 USD/kg of biomass, respectively.
Economic analysis of mechanical pretreatment of softwood
biomass into fermentable sugars was studied by Brand et al.

(2013) with the help of three phase milling. The cost of sugar
production was calculated to be 0.496 USD/kg. On the otherhand,
the environmental and profitability of the disintegration process
was not studied. Safarian and Unnthorsson. (2018) suggested that
steam explosion pretreatment is the proficient and profitable
technique on the basis of energetic, economic and ecological
point of view. Dilute acid pretreatment is the another effective
pretreatment of LC biomass but it is not desirable owing to
greater production cost and elevated green house gases release. It
has been reported in literature that Soam et al. (2018) suggested
that treatment of LC biomass with alkali at lower dose prior to
biological pretreatment minimize the dosage of enzyme to
23–39% but the authors reported that they observed a negative
ecological effect. Thus, it has been suggested that more
investigations are required to choose suitable coupling of
disintegration methods and operational circumstances required
to be designed to minimize the ecological effects reduce
environmental impacts and the costs associated with
pretreatments. Thus, the costs incurred for the pretreatment
methods were met by the production of excess amount of
bioenergy which will in turn lead to net gain. However, the
overall annual expenses include only the fixed capital investment
and variable costs. The bioenergy productivity should be
evaluated for all the pretreatments when the production
process is dealing with a fixed amount of lignocellulosic
feedstock to appropriately evaluate the process profitability.

CONCLUSION

LC biomass is considered as the potent and cost effective
feedstock for bioenergy recovery. Owing to intrinsic complex
biomass structure and recalcitrant nature of LC biomass cell
wall, the biomass could not be effectively used for AD process.
Usually, the surface area contact is the main parameter
influencing the biomass hydrolysis due to the existence of
chemical groups and it acts as a mesh like barrier. It acts as a
barrier limiting the enzyme mediated hydrolysis by
restricting substrate availability to enzymes. Besides, the
structural based factors of cellulose such as (crystalline and

TABLE 2 | Effect of various pretreatments on the lignocellulosic biomass.

S.No Type of
lignocellulosic

biomass

Pretreatment
methods

Pretreatment condition Lignin removal
efficiency

Inhibitors
formed

Methane
production (%)

References

1 Rice straw Fungal pretreatment 37 ± 1°C for 45 days 33.4 Yes 42.2 Mustafa et al.
(2016)

2 Corn straw Thermophilic
pretreatment

55°C - No - Fu et al. (2015)

3 Potamogeton
maackianus

Thermochemical
pretreatment

0.20 g g-TSsubstrate−1,
80°C, 3.0 h

59.7 No 50.6 Koyama et al.
(2015)

4 Egeria densa Thermochemical
pretreatment

0.20 g g-TSsubstrate−1,
80°C, 3.0 h

43.1 No 63.2 Koyama et al.
(2015)

5 Wheat straw Enzymatic
pretreatment

Laccase, versatile peroxidase
pretreatment

6 Yes 19.92 Schroyen et al.
(2015)

6 Grass Extrusion - - No 47 Hjorth et al.
(2011)
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polymeric nature of cellulose) imparts significant role in the
inhibition of substrate biodegradation. Though much
information is relevant with LC biomass cell wall and its
recalcitrant nature, yet there exist some basic queries which
require further studies particularly for biodegradation
process. In the regard of recent information, various
enhancement strategies are employed to improve bioenergy
recovery from LC biomass. Thus, pretreatment is the essential
technique to surpass this challenge and chosen of appropriate
pretreatment is critical for bioenergy recovery at large scale.
On the otherhand elevated energy and cost input are the main
limitations in case of some pretreatments. Profitable methane
generation from LC biomass relies on considerable
enhancement in biomass recalcitrance reduction and
bioconversion potential. Moreover, agriculture waste
residues like fruits wastes (eg: banana), wheat straw etc.,
which are rich in lignocelluloses are not completely
digested anaerobically even if pretreated. The residues can
be used to recover cellulosic fibers when pretreated physically
and biologically. These fibers can be then converted into
Cellulose Nanofibrils which are of great economic value. In
food industries, these nanocellulose materials are utilised to
make bio-components, packaging materials, polymer matrix,
and antimicrobial barrier or coatings. Cellulose nano fibrils

are also used in pharmaceutical industries, textile industries
and also in recent 3D-structural technologies. Therefore,
further investigation must focus on studying the
association of biomass recalcitrant nature and prime
parameters influencing the AD process and this would be
employed to discover novel approaches to increase methane
generation.
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