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Abstract

Lignocellulosic biomass (LCB) is plentifully and naturally available carbon source produced mostly from agro, food and
food processing industries with a global estimate of 1.3 billion tonnes per year. Since LCB is inexpensive and considered as
waste, it opens an avenue for cost-effective alternate source of energy. Lignocellulosic biomass can be effectively and effi-
ciently converted to biofuels (e.g. bioethanol, biodiesel and biogas) and value-added products like organic acids, enzymes,
biopolymers, biochar etc. However, the bottleneck in using lignocellulosic biomass on industrial scale is its structural com-
plexity and recalcitrance nature. Thus, pretreatment of biomass is an essential step for efficient delignification of biomass.
This process separates cellulose and hemicellulose from lignin of the complex polymer matrix. Thereby, reduces the size
of the matrix and increases the surface area of cellulose and hemicelluloses to be accessible for enzymes and microbes for
hydrolysis and fermentation respectively. The pretreatment process includes physical, chemical, physicochemical or bio-
logical. Mechanical milling, ultrasound and microwave radiation as physical; Acid/alkaline hydrolysis, organosolv, ionic
liquids and ozonolysis as chemical; ammonia fiber explosion, CO2 explosion steam explosion, liquid hot water treatment as
physicochemical methods are established. The use of certain species of bacteria, fungus and yeast in biological methods of
pretreatment is yet to establish on large scale.
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Introduction

The global energy crisis due to increased use of non-renew-
able fossil fuel to meet the industrial development threat-
ens human society. The other factors which may cause the
energy crisis are unexplored renewable energy options, delay
in commissioning of power plants, poor distribution sys-
tem, overconsumption and natural calamities. Current world
population of 7.3 billion is expected to reach 8.5 billion in
2030 and 9.7 billion in 2050 (Julie Baruah et al. 2018).To
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commensurate with the growing population, the global
energy consumption is expected to increase by 28% from
2015 (nearly 600 kilojoules) to 2040 (nearly 768 kilojoules)
(EIA. 2017). These estimates are alarming for existing oil
reserves, fuel prices, emission of greenhouse gases and
pollution. In addition, the concerns about global warming,
climate change, instability and issues on national security
have led to rebirth in the invention of energy from renew-
able energy sources. Renewable energy (Sahu 2016) often
referred to as clean energy has drawn attention as a potential
alternative. Latest trend and government concern in energy
policies support the greater use of renewable energy sources
(i.e. wind, solar, tidal, geothermal, and biomass) with the
goal of minimising greenhouse gas emissions and increas-
ing energy efficiency. Biomass offers enormous possibilities
for the production of biofuels which can reduce dependency
on fossil fuel (Naiket al. 2010) without compromising the
food security. This review focuses on various pretreatment
methods used to produce biofuels as well as value-added
products. Also, it elaborately explains recent advancement
in each method and their limitations.
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Lignocellulogic biomass

LCB is the most abundant and renewable natural bioresource
derived from plants, food and agro-based industries as waste
byproduct (Pérez et al., 2002a, b; Fatma et al., 2018). But,
large quantity of LCB is either remain unused or disposed
of by burning which aids pollution to the environment. LCB
is composed of cellulose 40-60%, hemicellulose 25-35%
and lignin 15-40% (Ragauskas et al., 2014; Chandel et al.,
2018; Sharma et al., 2019). The restricted use of LCB is due
to its structural complexity and recalcitrance nature, which
reduces its accessibility for enzymatic hydrolysis (Horn et al.
2012; Zhang et al. 2007; Zavrel et al. 2009). The viable
option for the large-scale use of LCB to produce biofuel
(Preetha et al. 2020a) and value-added products is pretreat-
ment, which improves and increases the surface accessibility
for enzymatic hydrolysis (Preetha et al. 2020b). The pre-
treatment of LCB results in the disaggregation of cellulose
and hemicelluloses from lignin (Fig. 1). The residues left
after bioethanol production could be used as soil conditioner
which reduces the need for materials manures (Singla and
Inubushi 2014; Singla et al. 2013, 2014a, b).

LCB has some contributory roles in wastewater treatment
(Preetha et al., 2020a). Nanocellulose, a simpler form of cel-
lulose derived from LCB can be used as transparent paper,
nano-composite and surface modified materials (Patchiya
et al., 2018) (Table 1).

Biofuels and value-added products

Biofuels, an alternative source of fossil fuel which covers
nearly 1.5% of global needs are cheap and eco-friendly.
Release of greenhouse gases from biofuel is relatively
very low in comparison to fossil fuel (Dolly et al., 2018).
Biofuel comprises bioethanol, biomethanol, biobutanol,

Fig.1 Disaggregation of cel-
lulose and hemicelluloses from
lignin
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biodiesel and biogas. It has been categorised as 1st, 2nd
and 3rd generations based on their source of origin (Drag-
one et al. 2010; Sekoai and Gueguim 2013). The first gen-
eration biofuel involves the edible parts of plants such
as sugars, grains and seeds which are produced on agri-
cultural land. It represents a step towards energy auton-
omy and weaning off fossil fuels for energy demands.
The production of this is opposed by both economist and
ecologist; as they create a threat to food security. Hence,
the production of first-generation biofuels is controver-
sial (Schenk et al. 2008). The second-generation biofuel
source includes the non-edible parts of plants such as
agricultural residue, non-food energy crops, woody crops
and LCB. It has higher potential than first-generation
biofuel since there is no competition for getting the raw
materials and direct use of agricultural lands (Ohman
et al. 2006). Bioethanol production from sugarcane, rice
straw, corn straw etc. contributes about 65% of total bio-
fuel. Limited reports are there for sustainable production
of biomethanol from LCB (Mohanty et al. 2021) and is
attracting researchers for its application in petrochemical
industries, synthetic hydrocarbon products and blending
gasoline (Chakrabortty et al. 2020). However, produc-
tion of bioethanol from indigenous source of biomass by
using auxotrophic strain is yet to explore. Bio-methane
production by anaerobic fermentation of LCB seems eco-
nomical and environmental friendly. It is an alternative
and cost-competitive to natural gas used as energy source
in various industries (Xu et al. 2019). Bio-butanol pro-
duced from LCB is equally important as bioethanol and
is used as internal combusting as well as blending agent
with gasoline (Iyyappan et al. 2021). Also, it has emerging
demand in detergent formulations, pharmaceutical drugs
and cosmetic industry. Biodiesel, an alternative source of
petroleum diesel has potential to be used for transporta-
tion, energy generation, clean oil spills, paint removal and
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Table 1 Types of pretreatment methods, their merits and demerits

Types of pretreatment methods Merits Demerits References
Physical Mechanical milling / grind-  Cost effective for soft woods High energy & power Mayer-Laigle et al. (2018a, b)
ing Process does not produce any ~ requirement for hard woods  and Bai et al. (2018)
toxic inhibitors Need high cost equipment’s
Improves surface area &
flow property of cellulosic
material
Shorter reaction time
Ultrasound Shorter processing time Process is energy intensive Flores et al. (2021) and Luo
Less use of chemicals Sonication for prolonged et al. (2014)
Hydrolysis time is minimun period might cause adverse
effect on hydrolysis
Microwave Low energy consumption Least penetration in bulk Jennita et al. (2021) and
Shorter reaction time products Dawid and Grzegorz (2021)
Formation of toxic inhibitors
is minimum
Extrusion Low production of degrada-  Technical hitches in tempera- Han et al. (2020)
tion products ture regulation
Less formation of noxious Inadequate cooling capacities
inhibitors Restricted residence time
Pulse Electric Field Process carried out at ambi-  Not suitable for hard woods =~ Kumar and Sharma (2017)

ent conditions
Energy consumption is low
Does not use any mechanical
parts

"
n @ Springer



6932

International Journal of Environmental Science and Technology (2023) 20:6929-6944

Table 1 (continued)

Types of pretreatment methods

Merits

Demerits

References

Chemical

Acid hydrolysis

Alkaline hydrolysis

Tonic liquids

Organosolv

Oxidative delignification

Ozonolysis

High solubility of lignin and
hemicellulose

Short reaction & residence
time

High yield of glucose

Suitable for biomass with low
lignin content

Major removal of lignin &
incomplete hydrolysis of
hemicellulose

Increase accessible surface
area

Diminution in degree of poly-
merisation & crystallinity

Less crystallinity of regener-
ated cellulose

Lignin recovery & reuse after
removal

Less or no formation of toxic
inhibitors

Provides high quality lignin,
used for making value-
added products

Simple recovery of the sol-
vents by distillation

Less formation of toxic
inhibitors

Enhanced cellulose acces-
sibility for enzymatic
hydrolysis

Effective exclusion of lignin

Toxic inhibitors are not
formed

Reaction carried out at room
temperature & pressure

Process is highly toxic, haz-
ardous & corrosive

Economically expensive

eFormation of toxic inhibi-
tors

Low digestibility in soft
woods

Extensive residence time

High chemical recovery cost

Less effective for lignin rich
biomass

High cost chemicals make
the process expensive

Toxicity of ionic liquids

cellulase is permanently
inactivated

Solvent need to be drained &
recycled

Most of the organic solvents
are too costly

Process must be carried out
under exclusively con-
trolled conditions

Loss of cellulose & hemicel-
lulose

Inhibition of growth of
microorganisms

Require large quantity of
Ozone

Economically more expen-
sive

Lorenci et al. (2020) and
Peinemann and Pleissner
(2020)

Lorenci et al. (2020)

Haldar and Purkait (2021)

Sun et al.(2021)

Den et al. (2018)

Kumari and Singh (2018)
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Table 1 (continued)

Types of pretreatment methods Merits Demerits References
Physicochemical CO2 Explosion Low environmental impact Does not modify lignin or Julie Baruah et al.(2018)
Does not produce toxic hemicellulose
inhibitors High pressure conditions of
Economically inexpensive CO2
Non-flammable High processing cost
Higher conversion yield
Steam Explosion Less environmental effect More residence time Bhutto et al.(2017) and Men-
Restricted use of chemicals Formation of toxic inhibitors eses et al. (2020)
Energy efficiency is high Poor lignin removal
No recycling cost Process affected by tem-
perature, size & moisture
content of biomass
Ammonia Fiber Explosion Short reaction time Partial hydrolysis of lignin & Chundawat et al. (2020) and
Formation of inhibitors is hemicellulose Bhutto et al. (2017)
less Excessive use of ammonia
Suitable for soft wood Not suitable for biomass with
biomass high lignin content
Need of corrosive resistant
reactor
Liquid Hot Water Does not involve any catalyst High energy consumption Suriyachai et al. (2020) and
or chemical Large quantity of water is Chen et al.(2021)
No formation of toxic inhibi- required
tors Formationof large
Low cost process numbers of low concentrated
products
Biological Bacteria & Fungi Low energy consumption Slow process Li et al.(2020) and Prasad

Environmental friendly

Does not require chemical or
catalyst

No formation of toxic inhibi-
tors

Profitable & sustainable

Partial hydrolysis of hemicel-
lulose

Health hazardous

Most microbes solubilize or
consume not only lignin but
also cellulose & hemicel-

et al. (2019)

lulose
Process is influenced by
physical conditions

a lubricating agent (Chintagunta et al. 2021). Use of bio-
hydrogen in engine and fuel cells produce high energy
(nearly 122 kJ/g) (Sekoai and Gueguim 2013) and releases
water as by-product which is safe for the environment.
Algal fuel constitute the third generation of biofuels and
may give rise to a good amount of bioethanol, biodiesel,
butanol, propanol and gasoline, (Nigam and Singh 2010;
Maia et al. 2020). The novel second-generation biofuels
such as bioethanol, biobutanol, biomethanol, biogas and
biohydrogen derived from LCB from agricultural residues
and energy crops show much potential than 1st and 3rd
generation biofuels because there remains no competi-
tion between food and fuel as they do not involve agricul-
tural lands directly (Ohman et al. 2006). LCB is the most
affordable, profoundly available, inexhaustible source of
alternative fuel. Also, LCB has high potential to give rise
various value-added products including but not limited
to organic acids, biopolymers, rodenticide, animal feed,

biofertilizer, fish feed, oil, facial toner, fragrance, soil con-
ditioner (Table 2).

Pretreatment methods

The pretreatment of LCB is a necessary and vital step
for the resourceful and viable conversion of cellulose/
hemicelluloses into biofuel and other associated value-
added products. Underlying objective of this process is
to disintegrate lignin, hemicelluloses and cellulose into
smaller fragments and to enhance the accessible surface
area for enzymatic hydrolysis. The different pretreatment
methods used are physical, chemical, physicochemical
and biological. However, each pretreatment method has
some merits and demerits. The physical method includes
mechanical milling/grinding, ultrasound and microwave
radiation are used for the breakdown of biomass but these
processes involve high energy demand and hence are not
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Table 2 Biofuel and Value added products from the residues of lignocellulosic biomass

Source of lignocellulosic Residues of Type of biofuel produced  Value added products References
biomass lignocellulosic
biomass

Rice Straw, husk, chaff Bioethanol, biobutanol Biochar, Biocompost, Takano and Hoshino (2018),
lignocelulosic enzymes, Kogo et al.(2017) and Mihir
bio-oil et al.(2021)

Wheat Straw Bioethanol Biopolymers Sharma et al.(2021) and Gas-

ser et al.(2014)

Corn Stover, cob Biogas, Bioethanol Organic acids, rodenticide Yan zhaoa et al.(2018)

Sugarcane Bagasse Bioethanol Paper , animal feed Dussan et al.(2019)

Oilseed plants Husk, shells, lint  Biodiesel Animal feed, biofertilizer Yadessa et al. (2017) and

(soybean,coconut,nuts,olive) De Paola et al. (2021)

Cotton Stalk, seeds, fibre Biodiesel Biofertilizer Uyan et al.(2020)

Fruits and Peels, seeds Bioethanol, biohydrogen, biocolors, flavors,single cell-  Razaghi et al.(2016) and

vegetables biogas oil, facial toner, fragrance, Panda et al.(2018)

Forest plants Leaves, bark, logs Biogas

Biochar, syngas, soil-condi-
tioner

Ullah et al.(2021) and Ning
et al.(2021)

economical. Whereas in chemical methods, the applica-
tion of chemicals like acids, alkalis, ozone and organic
solvent makes the process faster and efficient but the
chemicals must be weeded out before hydrolysis which
is quite expensive and the processes are also coupled with
the production of harmful inhibitors. Nevertheless, the
physicochemical methods such as ammonia fiber explo-
sion, CO2 explosion steam explosion and liquid hot water
treatment are currently used and are comparatively cost-
effective techniques (Mosier et al. 2005). On the other
hand, biological pretreatment (bacterial, fungal) or their
combination offers a cost effective, eco-friendly with
minuscule energy demand (Wan and Li 2012; Shi et al.
2011). It has been reported that physiochemical and bio-
logical methods of treatment are being used in textile
industry. Physiochemical methods are well established,
but biological method has better hope and looks promis-
ing not only for mitigation of waste effluent but also for
lignocellulosic degradation and formation of value-added
products (Meerambika et al. 2021). The key pretreatment
methods used for the LCB are summarized (Fig. 2).

Following points may be considered before employing
a particular pretreatment method: (1) the method should
not reduce the particle size of biomass, (2) the struc-
tural integrity of hemicelluloses must not be affected,
(3) generation of inhibitory products must be minimum,
(4) low energy requirement and (5) should use low-cost
pretreatment catalyst for regeneration of high-value
lignin by-product. The biomass after pretreatment ena-
bles the downstream process of reducing operating cost,
capital cost and biomass cost. Different types of pretreat-
ment methods, their merits and demerits are discussed
(Table 1).

]
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Physical methods

Physical pretreatment of LCB is a prerequisite prior to enzy-
matic hydrolysis; it is basically carried out to decrease the
degree of polymerization thereby reduce the particle size
which further results the increased surface area and accessi-
bility for enzymatic hydrolysis (Rajendran et al., 2017). As a
result, the process becomes more effective and easier (Chen
et al., 2017). The pretreatment method includes mechanical
milling, ultrasound, microwave, pyrolysis and pulse electric
field, which are eco-friendly and rarely produce any toxic
compounds (Shirkavand et al., 2016). Physical pretreatment
of LCB involves high energy consumption and the overall
process affected by processing temperature, residence time
and pressure. But, it shows synergetic effect when it applied
with chemical pretreatment and gives better yield (Tu and
Hallett 2019).

Mechanical pretreatment

The Mechanical pretreatment of LCB uses unique methods
like milling, grinding, chipping and extrusion, however,
the regularly used are milling, and grinding. Moreover, the
desire of the approach is relying upon the moisture content
of the biomass (Neshat et al. 2017). The mechanical pretreat-
ment is a fundamental step for enhancing the bioconversion
efficiency, particle densification, enzymatic accessibility and
the overall conversion of LCB into biofuel without forma-
tion of harmful side streams. This pretreatment is not only
increases the bulk density and porosity but also improves
the surface area and flow property of the cellulosic mat-
ter. However, milling technique has been found to dimin-
ish the cellulose crystallinity and consequently enhance the
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Fig.2 Key pretreament methods
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digestibility of the lignocellulosic biomaterial. Various mill-
ing processes such as hammer milling, ball milling, colloid
milling and two-roll milling and are used to improve the
enzymatic hydrolysis of lignocelullosic materials (Taher-
zadeh and Karimi 2008).Moreover, the reduction of parti-
cle size and crystallinity is depends on the type of biomass
used, type of milling method adopted and the processing
time (Kumar and Sharma 2017). According to Bai et al.
(2018), the pretreatment of wheat straw using rod milling
has resulted significant size reduction and decrease in crys-
tallinity at an optimum duration of 60 min over other milling
methods. The power requirement for mechanical pulveri-
sation of agricultural resources depends on the quality of
plant materials and dimension of the final particle (Sun and
Tomkinson 2002; Mosier et al. 2005; Hendriks et al. 2009).
The process of comminution is highly energy-intensive. The
mechanical properties of the biomass must be known for
the design and optimisation of biomass grinding equipment,

l l !
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since the initial particle size, feed rate of the material, mois-
ture content, and machine variables significantly influence
the energy requirements for reducing the size of lignocel-
lulosic material (Mayer-Laigle et al. 2018a, b). The mill-
ing technique does not generate any toxic inhibitors, like
hydroxyl methyl furfural (HMF) and furfural and hence it is
an appropriate method for production of both methane and
ethanol. However, due to high-energy demand for milling
and skyrocketing energy costs, milling is not positioned to
be an economically viable option (Mayer-Laigle et al. 2018a,
b).

Ultrasound
The application of ultrasound waves is an alternative pro-
cess for the pretreatment of lignocellulosic material. It is

based on the principle of cavitation through the applica-
tion of ultrasonic radiation, in which cavitation produces

a
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shear forces that breaks the complex structure of LCB and
promotes the extraction of desired component like cellu-
lose, hemicelluloses and or lignin (Ravindran and Jaiswal
2016). This process offers lesser processing periods, low
operating temperature, squeezed fermentation time and
low chemical usage. The efficiency of this method relies
upon the selection of ultrasonic frequency, time, process
temperature and type of material used (Gémez et al. 2011,
Liu et al. 2003; Lin et al. 2010), solvent used and also
reactor design (Bussemaker et al. 2013). By the applica-
tion of ultrasound frequency of 20-40 kHz, the internal
hydrogen bonds of the biopolymers get broken and results
swelling, loosening and rupturing of fibers (Bussemaker
et al. 2013). The best delignification results were noticed
for ultrasound frequency of 40 kHz, with respect to frag-
mented biomass (Bussemaker et al. 2013). According to El
Achkar et al. 2018, Production of biomethane from grape
pomace has significantly improved using ultrasound fre-
quency of 50 kHz and temperature of less than 25 °C with
a residence time of 40-70 min. Luo et al. 2014 reported
that the use of ultrasound can reduce the hydrolysis time
of biomass by up 80% aiding profit the biofuel production.
However, the process is energy-intensive which needs a
detailed study to optimize the process parameters for large
scale application.

Microwave pretreatment

Microwave or electromagnetic radiation of frequency range
between infrared to radio waves of energy 300-700 W/
m3 is normally applied for the pretreatment of lignocellu-
losic material. By which, the material absorbs the radiation
energy, gets excited and shows different modes of molecular
vibrations, but the energy is not sufficient to break the chem-
ical bonds. Moreover, this process generates thermal energy
which minimizes the recalcitrance of biomass thus improv-
ing the efficiency of hydrolysis of biomass (Urbaniec and
Grabarczyk 2009). The main benefits of microwave heat-
ing over traditional heating are lower power consumption,
shorter reaction time and no direct contact with the feedstock
(Kostas et al. 2017). Microwave treatment for longer time
also increases rate of polysaccharide degradation (Bhutto
et al. 2017). Use of microwave radiation before chemical
hydrolysis of lignocellulosic material allows the cellulose
content to attain around 56% in the hydrolysate (Nomanb-
hay et al. 2013). When the microwave radiation (400 W for
20 min) is applied in conjunction with either alkaline or acid
pretreatment (1%, 2% or 3% sodium hydroxide or sulfuric
acid), then the content of reducing sugar in hydrolysate can
be accelerated fourfold (Diaz et al. 2013). The results of
microwave treatment recommend the use of this technique
for the production of fermentable sugars from LCB.

* @ Springer

Pyrolysis

Pyrolysis is a thermal degradation process involves thermo-
chemical decomposition of LCB at above 300 °C, as a
result cellulose is disintegrated into residual char and gase-
ous products. According to Shafizadeh and Bradbury 1979
and Fan et al. 1987 dilute acid hydrolysis of residual char
resulted in more than 80% decomposition of cellulose to
reducing sugars. Moreover, the efficiency of the method
can be enhanced under oxygen-rich conditions (Zwart et al.
2006), with the aid of some specific catalysts such as sodium
carbonate or zinc chloride (Sun and Tomkinson 2002;
Kumar et al. 2009; Nomanbhay et al. 2013). Pyrolysis is a
less energy-consuming endothermic process which further
classified into slow, intermediate, fast and flash pyrolysis
based on the required temperature and residence time (Case
et al. 2015).

Extrusion

Extrusion is the newest and upcoming physical technique
used for pretreatment of lignocellulosic material. In the
process of extraction, the biomass is subjected to blending,
heating and shearing which actuates chemical and physical
modifications during transition through the extruder under
high temperature (>300°C). The combined effect of barrel
temperature and screw speed are found to disrupt the ligno-
cellulose structure resulting shortening and defibrillation of
the fiber, which in turn increases carbohydrate accessibility
for enzymatic hydrolysis (Kumar and Sharma 2017). The
effectiveness of the technique can be improved by taking
various parameters of the reactor into account (Han et al.
2020).

Pulsed-electric-field pretreatment

Pulsed electric field (PEF) pretreatment technique applies
elevated electrical energy to plant materials or biomass
placed between two electrodes. A rapid electrical break-
down and structural changes in cell wall and membrane
occur when critical electric potential is actuated in a cell
membrane during application of a high intensity of exter-
nal electric field. The electric field produces remarkable
rise in mass permeability and in certain cases, it causes
mechanical rupture of the plant tissue. In biomass-to-fuel
conversion, pretreatment of biomass with PEFs can expose
the cellulose in the plant fibers. Plant cells can be signifi-
cantly ruptured by the use of high field strengths in the
range of 5-20 kV/cm (Nomanbhay et al. 2013). PEF pre-
treatment can produce permanent pores in the cell mem-
brane by applying electric pulses of high field strengths
and thereby enabling the ingress of enzymes or acids for
breaking down the cellulose into its constituent sugars
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(Kumar and Sharma 2017). In the chemical modification
of plant material, primarily in lignocellulose hydrolysis,
suitable chemical agent needed to be introduced into the
tissue to help in breakdown and digestion of cell wall.
The main advantages of PEF pretreatment are, process-
ing at ambient conditions, lower energy demand (due to
very short pulse time 100 ps), does not use any mechani-
cal parts and no complex equipment design is necessary.
According to Kumar et al. (2009) and Nomanbhay et al.
(2013), PEF pretreatment of switchgrass has shown con-
siderable enhancement in the enzymatic digestibility of
the substrate.

Chemical methods
Acid hydrolysis

In this process, the lignocellulosic material is dried and
subjected to submergence in acidic solution under certain
temperature for a particular time and further, the treated
material is filtrated to isolate the liquid from unhydrolysed
solid substrate. The acid hydrolysis basically involves the
addition of either concentrated or dilute acids of 0.2 w/w
% to 2.5 w/w % to the biomass with continuous mixing
from 130 to 201 °C. The acids such as hydrochloric acid
(HCL), sulphuric acid (H,SO,) or nitric acid (HNO;) used
as powerful agents for hydrolysis of cellulose. The dilute
acid hydrolysis is performed in two different environments,
such as high temperature (7> 160 °C), continuous flow
process for low solid load (5-10%) and low temperature
(T <160 °C), batch process for high solid load (10-40%)
(Naseeruddin et al. 2013). In strong acid hydrolysis, con-
centrated acids like hydrochloric acid (HCL), sulphuric acid
(H2S04) are used without subsequent enzymatic hydroly-
sis. The pretreatment by concentrated mineral acids is more
toxic, produce toxic inhibitors and corrosive and hence the
process requires corrosion-resistant reactor. The recovery
of concentrated acids makes the process expensive (Sivers
and Zacchi 1995; Torget et al. 2000). However, hydrolysis
using dilute acids found to be effectual for the pretreatment
of lignocellulosic material. Hydrolysis by dilute sulphuric
acid not only increases reaction rate but also enhances cel-
lulose hydrolysis (Gupta et al. 2011). The main advantage
of this method is high solubility of hemicellulose and lignin
in acids which enhances the yield of glucose without the
need for subsequent enzymatic hydrolysis which proves the
beneficial effect of this method (Kumar et al. 2009; Peine-
mann and Pleissner 2020). Moreover, a high concentration
of hydroxyl methyl furfural (a toxic inhibitor) is produced
which essentially reduces the efficacy of this method (Sun
and Cheng 2005).

Alkaline hydrolysis

The alkaline hdrolysis is carried out by soaking LCB in
alkaline solutions such as potassium, calcium, ammonium
hydroxide and sodium at appropriate temperature and incu-
bated for a specific time period. This causes enlargement
of lignocellulosic material, leading to increased internal
surface area and results in the fractional decrystalization of
cellulose, incomplete solvation of hemicelluloses and change
in the organization of lignin (McMillan 1994; Lorenci et al.
2020). Alkaline process uses less harsh conditions as com-
pared to other methods of pretreatment and showed prom-
ising results on corn stover, switchgrass, wheat, bagasse,
softwood, rice straw and hardwood. However, the effective-
ness of this process largely depends on the lignin content
of the biomass (Shafizadeh and Bradbury 1979; McMillan
1994; Sun and Cheng 2002; Mosier et al. 2005; Kumar et al.
2009; Mclntosh and Vancov 2010; Gupta et al. 2011a). The
main demerits of this methods are, long residence time and
neutralization of the pre-treated slurry (Wan et al. 2011).

lonic liquids

In ionic liquid pretreatment the biomass is subjected to
solubilisation in ionic liquids at 90°C—130°C under normal
pressure and allowed to precipitate by adding water to the
biomass and finally the precipitate is washed. The structure
of lignin and hemicelluloses is not affected after treatment
of the biomass which allows selective extraction of lignin,
since, lignin is highly soluble in ionic solvents whereas cel-
lulose is less soluble. This property helps in lignin separa-
tion and also enhances the accessibility of cellulose under
ambient pressure and temperature without formation of
toxic inhibitors, acid or alkaline agents. The ionic liquids
are salts that possess heterogeneous structure comprised of
both organic cations and inorganic anions. These are now
increasingly used as novel solvents for the pretreatment of
LCB. These ionic liquids have high thermal stability, high
polarity and low vapour pressure. But, some properties of
ionic liquids are not conducive of pretreatment, for exam-
ple, chloride-based ILs such as 1-butyl-3methylimidazolium
chloride are lethal, corrosive and hygroscopic, while others
such as 1-allyl-3-3methylimidazolium chloride is viscous
with reactive side chains (Xie et al. 2012). Thus, it is essen-
tial to leverage the properties of solvents for biomass pre-
treatment by desirable change in its structure and preparation
method (Zhang et al. 2017).In fact phosphate-based solvents
have higher thermal stability, lower viscosity and toxic-
ity than chloride-based solvents (Mora-Pale et al. 2011).
Though the solvents are costly but the recovery cost is not
high due to its low vapour pressure. However, in ionic sol-
vents, the enzyme cellulase is permanently inactivated (Lynd
et al. 1996), which significantly brings down the efficiency
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of biomass conversion and escalates the cost as well (Hal-
dar and Purkait 2021). This drawback may be addressed by
developing suitable ionic solvents in which microorganisms
and cellulase remain unaffected.

Organosolv process

The organosolv method employs various solvents which
include organic solvents like acetone, methanol, ethylene
glycol, ethanol, triethylene glycol or their combination with
water and organic acids such as salicylic acid, acetylsali-
cylic acid and oxalic acid (Sun and Cheng 2002; Itoh et al.
2003; Xu et al. 2003; Kumar et al. 2009; Zhao et al. 2009;
Gupta et al. 2011a). The pretreatment of biomass is car-
ried out at room temperature and pressure with or without
catalysts to remove lignin and hydrolyze hemicellulose for
enhanced degradability of cellulose (Mosier et al. 2005; Sun
et al. 2021). The solvents used in this method should be
removed from the reactor before fermentation, though it is
very expensive, it is required since the solvents are inhibi-
tory for the growth of microorganisms, enzymatic hydrolysis
and subsequently fermentation (Itoh et al. 2003; Xu et al.
2003; Zhao et al. 2009; Gupta et al. 2011a). This process
provides a better quality lignin that is useful in producing
different value-added products.

Oxidative delignification

The pretreatment of LCB using oxidizing agents such as
oxygen, ozone or hydrogen peroxide significantly enhances
its susceptibility to enzymatic hydrolysis. In this method, the
lignin is extracted from the biomass for the enhancement of
cellulose accessibility (Hendriks and Zeeman 2009). Lignin
extraction is often associated with the loss of hemicellulose
and cellulose. Moreover, the oxidising agents with aromatic
rings convert lignin polymer to carboxylic acids, which
inhibits the growth of microorganism. Unlike other meth-
ods, this method has incited less interest among industry and
researchers because of the use of expensive oxidizing agents.

Ozonolysis

Ozone pretreatment method offers a great choice for the
reduction of lignin in LCB. In this process, ozone acts as
a strong oxidant to degrade lignin and is mostly confined
to lignin, whereas hemicellulose is partially impacted but
the cellulose stays majorly unaffected which results in an
increased digestibility of cellulosic biomass (Kumar et al.
2009). This process accounts 60% lignin removal from
wheat straw and it further enhances the enzymatic sacchari-
fication rate by almost 5 times (Vidal and Molinier 1988)
The key advantages of this method are significant removal
of lignin, no formation of toxic inhibitors, processing at
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ambient temperature and pressure (Garcia-Cubero et al.
2009; Kumari and Singh 2018). However, this method
requires huge quantities of ozone thus rendering it economi-
cally unviable.

Physicochemical methods

Physicochemical pretreatment is a combined approach of
physical and chemical methods applied for the processing
of LCB. This includes carbon dioxide explosion, steam
explosion, ammonia fibre explosion, and liquid hot water
treatment.

Carbon dioxide explosion

CO, explosion is an efficient method which uses the com-
bination of steam and supercritical CO, for the pretreat-
ment of LCB. The CO, molecule has similar size property
as water so it is easily introduced into the biomass under
high pressure through a nozzle by which carbon dioxide
molecules enter into the tiny pores of LCB because and
rupture the structure of LCB (Puri and Mamers 1983; Lii
et al. 2013). By the release of high-pressure CO,, the cellu-
losic structure gets disrupted which eventually increases the
substrate accessibility to cellulolytic enzymes for hydroly-
sis (Haghighi et al. 2013; Kumar et al. 2009; Kumar and
Sharma 2017). Since carbon dioxide pretreatment is carried
out at low temperature; it prevents sugar decomposition by
acid. Dale and Moreira (1982) concluded with experiments
that CO, pretreatment on alfalfa enabled 75% release of glu-
cose. This method is significantly cost-effective, non-toxic,
non-flammable, higher conversion yield and is known to
decrease greenhouse effect. The main demerit of this method
is high processing cost (Julie Baruah et al. 2018).

Steam explosion

In this method of pretreatment, the LCB is exposed to high-
pressure saturated steam at temperature between 160 °C
-240 °C and with corresponding pressure range of 0.7-4.8
Mpa (Agbor et al. 2011) for few minutes followed by abrupt
release of pressure, which causes explosive decomposition
of material (Hendriks and Zeeman 2009) resulting in frac-
tional hydrolysis of hemicellulose with release of acetic acid.
Several parameters such as particle size, moisture content,
residence time and temperature determine the effective-
ness of steam explosion (Talebnia et al. 2010). The parti-
cle size and initial composition of the biomass decide the
time—temperature correlation of this process (Viola et al.
2008). According to Duff and Murrayh 1996 hydrolysis and
hemicellulose solubilisation can be consummated by either
low temperature and long residence time (190 °C, 10 min) or
high temperature and short residence time (270 °C, 1 min).
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These two parameters ultimately influence physical acces-
sibility, type of raw material as well as the pretreatment
strategy.

The key advantages of this method are shorter residence
period, lower energy consumption and no use of chemicals
but the method is also associated with some limitations like
degradation of xylan into hemicellulose, inefficient lignin
removal and production of toxic inhibitors at high tempera-
ture (Bhutto et al. 2017).

Ammonia fiber explosion

The ammonia fiber explosion procedure is quite analogous to
steam explosion method. In this method, LCB is exposed to
liquid ammonia at temperature 90 °C with pressure around
0.7-2.7Mpa for about 30 min of residence time (Menon and
Rao 2012). The presence of ammonia in these induced con-
ditions results biomass swelling, change in the lignin struc-
ture, increase in accessible surface area and degradation of
hemicellulose to oligomeric sugars. The increased accessible
surface area and improvements in lignin structure increase
the water retention potential and promote the digestibility of
feedstock. Before pyrolysis, ammonia fibre explosion pro-
cess is widely used to pretreat switchgrass, prairie cordgrass,
and corn stover. However, the effect of the pretreatment was
found to be marginal and did not significantly improve the
properties of the treated material. Parameters such as mois-
ture content, ash content, volatile matter and heating values
are more or less similar before and after treatment. In the
ammonia fibre explosion method, the process is carried out
in a corrosive reaction environment like acid pretreatment,
for which it requires suitable reactors and hence the effi-
ciency of the process is also low (Bhutto et al. 2017). Moreo-
ver, the major drawback associated with this method is use
of excessive ammonia, need for corrosive resistant reactor
and its high recovery cost which consequently aggravate
the cost of pretreatment thereby rendering it economically
unviable.

Liquid hot water (LHW)

The liquid hot water Pretreatment of lignocellulosic mate-
rial is the hydrothermal process causes degradation and
dissolution of hemicelluloses resulting removal of lignin
and increasing the accessibility of cellulose for hydrolysis
(Agbor et al. 2011). Based on the process temperature the
hydrothermal process is classified into liquid hot water pre-
treatment (LHW), pressurized hot water extraction (PHWE),
hydrothermal carbonization (HTC), hot water extraction
(HWE) and hydrothermal liquefaction (HTL). The applied
temperature 140-230 °C in the LHW process is slightly
higher than in PHWE which results in partial dissolution of
hemicellulose, lignin and reduction of the structure. Some

of the extractable water-soluble biomass components, like
pectin and tannin are obtained during the low-temperature
process where the process temperature is kept below the
boiling point of water (100 °C). The PHWE is carried out
at 150-180 °C range and is used for pretreatment of pulp
dissolving process of biomass resulting in reduction of hemi-
cellulose content of forest biorefinery products. The HTC
(180-250 °C), on the other hand, is used to transform bio-
mass to modern carbon materials with specific physicochem-
ical properties. The HTC process involves hydrolysis, dehy-
dration, decarboxylation, polymerisation, aromatisation, and
condensation reactions. Biocrude, an oil-like product is pro-
duced during HTL process at temperature above 280 °C. The
liquid hot water treatment is also an effective method for the
pretreatment of lignocellulosic material. The process uses
hot compressed water with temperature (160-260 °C) and
pressure (upto 5SMpa) without the aid of any chemicals and
catalysts. On the basis of flow direction of biomass and flow
direction of water into the reactor, liquid hot water pretreat-
ment can be carried out in three different approaches. The
first one is co-current pretreatment, in which the biomass
slurry is heated in water at high temperature under-regu-
lated residence time finally exposed to cold environment.
The second approach uses the counter-current pretreatment
in which hot water pumped against biomass under regulated
conditions. The third approach is flow-through pretreatment,
which uses flowing hot water by passing it through LCB
thereby acting as a stationary bed. The efficiency of LHW
pretreatment is based on pH of the reaction which should
be maintained between 4 and 7. A slight change in pH that
is acidic or neutral environment can convert hemicellulose
into the form of oligomers which minimizes the formation
of mono sugars and other additional products due to their
degradation (Hendriks and Zeeman 2009). The advantages
of these methods are, process is carried out at low tempera-
ture which results in lesser energy demand and no use of
chemical agents. On the other hand, the limitation of this
method is generation of various products with relatively low
concentration due to dilution in water (Bhutto et al. 2017).

Biological method

The pretreatment of biomass using biological agents, typi-
cally microorganisms such as bacteria, fungi or an effectual
combination. These microorganisms commonly produce
the enzymes that degrade hemicelluloses, cellulose and
lignin. The fungus mainly includes white, brown-rot fungi,
actinomycetes and basidomycetes. Some white-rot fungi
like P.chryosporium, Ceriporia lacerate, Cyathus stroller,
Pycnoporous annarbarinus, Ceriporia subvermispora and
Pleurotus ostreaus have shown significant effectiveness of
delignification on various LCB (Zhou and Ingram 2000;
Pérez et al. 2000; Béguin and Aubert 1994). Similarly, the
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bacteria such as Cellulomonas fimi and Thermoonospora
fusca have been used for cellulase production and some
anaerobic bacteria like Clostridium thermo cellulun and
Bacteroids cellulosolvens have shown high cellulose activ-
ity but the enzymatic concentration is low (Paudel and Qin
2015). The biological pretreatment is mostly influenced by
physical (temperature, size of the particles), chemical (pH)
and biological (bacteria or fungi) conditions of the process
(Sharma et al. 2019). The biological methods sought much
attention in recent years because of their potential advan-
tages over physical and chemical pretreatment techniques
such as minimal energy consumption, high yield of desired
product, no formation of toxic inhibitors and environmental
friendly (Picart et al. 2015; Mandels and Reese 1960). But
it is also associated with a few drawbacks such as partial
hydrolysis of hemicelluloses, slower processing, micro-
bial consumption of not only lignin but also the end prod-
uct cellulose and hemicelluloses (Sukumaran et al. 2005;
Ljungdahl 2008) setting up of commodious treatment areas
(De Gonzalo et al. 2016). Thus, this method suffers from
techno-economic challenges that render it commercially less
attractive. However, the process of biomass treatment at this
juncture demands more environmental friendly techniques.
Therefore, more attention needs to be focused in this direc-
tion and a study showing the growing interest towards this
ecofriendly biological process is encouraging (Arantes et al.
2007; Shary et al. 2008; Dashtban et al. 2009).

Conclusion

Lignocellulosic biomass is considered as major source of
renewable energy. However, it is highly recalcitrant in nature
due to unique arrangement of cellulose with hemicellulose-
lignin matrix. Production of bioethanol and value-added
products from LCB require delignification of biomass
through pretreatment. Researcher throughout the globe has
investigated to develop efficient physical, chemical, physi-
ochemical and biological pretreatment methods. The chemi-
cal and physicochemical are found to be more effective in
terms of cost and conversion. Analysis of each pretreatment
method suggests us to the conclusion that each method has
its merits and demerits depending on features and properties
of biomass used. Hence, result of an individual pretreatment
method is not reliable for maximum yield. To date, a benign
and cost-effective pretreatment method that can disaggre-
gate cellulose and hemicellulose from lignin is yet to be
established. Therefore, it is crucial to understand biomass
structure, composition and reaction mechanism of pretreat-
ment methods. This may help to develop a sustainable and
cost effective technology to minimize energy consumption
and maximize productivity. On the basis of this review, we
can suggest the right applications of LCB for production of

]
* @ Springer

optimum quantity of bioethanol and value-added products
which can be achieved by the development of an economi-
cally viable and sustainable pretreatment method.
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