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Biohydrogen fermentation using lignocellulosic biomass (LCB) materials as feedstocks is better alternative to

petroleum-based fuels due to its ecofriendly nature since there is no greenhouse gas (GHG) emissions during

combustion. The recalcitrant nature of LCB waste materials is mainly attributed to the rigid cell wall structure,

crystalline cellular machinery, and lignin component, which makes lignocellulosic materials resistant toward

chemical and biological actions. Hence, the pretreatment process is an obligatory step to make LCB materials

accessible for the generation of sugar fractions after disintegration of biomass.
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1. Pretreatment of Lignocellulosic Biomass

The recalcitrant nature of lignocellulosic biomass (LCB) waste materials is mainly attributed to the rigid cell wall

structure, crystalline cellular machinery, and lignin component, which makes lignocellulosic materials resistant

toward chemical and biological actions. Hence, the pretreatment process is an obligatory step to make LCB

materials accessible for the generation of sugar fractions after disintegration of biomass. Prior to the downstream

processing of disintegrated complex LCB materials, appropriate pretreatment techniques can be used to decrease

crystallinity and solubilization of hemicellulose moiety. Hence, the recalcitrant LCB materials become more

accessible toward enzymes/microbial attack, which also enhances the activity of enzymes on the biomass surface

. Pretreatment processes mainly propose the disintegration of cellulose, hemicellulose, and lignin moieties of

lignocellulosic materials, which results in diminution in the size of the particles of LCB materials. Hence, there is a

mode to augment surface areas for proficient enzyme action, which can bring about effective degradation of the

complex LCB polysaccharides into simple sugars. These fermentable sugars can be further utilized by microbes to

generate biohydrogen . Several pretreatment processes have been used for divergent LCB materials but each

with some pros and cons. Several kinds of pretreatment techniques are available (Figure 1), including physical,

chemical, physico-chemical, biological, and nanotechnology-based processes . Every pretreatment process

trails its own specific experimental settings to disrupt complicated LCB structure to generate value-added products

including various chemicals and biofuels.
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Figure 1. Different pretreatment methods for disintegrating lignocellulosic biomass materials.

2. LCB Pretreatment by Physical Process

LCB pretreatment by physical methods augments hydrolytic efficiency and decomposition of LCB materials into

biofuels and value-added products . Various physical methods for treating LCB materials mainly include

mechanical milling, steam explosion, ammonia fiber expansion (AFEX), pyrolysis, microwave irradiation method,

etc. Mechanical processes include shredding, grinding, milling of LCB materials, which can break LCB fibers and

thus decreases the required time to utilize LCB materials for subsequent treatments to obtain fermentative

bioethanol . The shredded materials after fractionation become finer, which makes their hydrolysis effective. This

method can offer green pretreatment without generation of any other inhibitory compounds, which can be used

directly for conversion into simple sugars . The only problem is that this is highly energy requiring method and

hence it can be used for limited applications. Pyrolysis is another technique for LCB pretreatment , which

mainly comprises of thermochemical breakdown of LCB materials initiating at approximately 200 °C. Microwave is

one of the new options for pretreatment of biomass materials to disintegrate complex 3D structure of LCB

materials, which can make them accessible for further sugar generation . The microwave irradiation treatment on

sugarcane bagasse using phosphoric acid along with glycerol exhibited the release of lignin (5.4%) and xylan

(11.3%) fractions. Further, to obtain higher yields, sugarcane bagasse can be treated with microwave irradiation

along with enzyme hydrolysis of cellulose/hemicellulose fractions . Ultrasonication radiation (of approximately

20–40 kHz) can be applied for biomass pretreatment, which leads to degradation of LCB structures by dint of
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rupturing and loosening fibrils through breakage of inter-chain hydrogen linkages , which can be used for

biohydrogen production.

3. LCB Pretreatment by Chemical Process

Usually, chemical pretreatment methods are used extensively as compared to other biological or physical methods

due to their effectiveness toward degradation of complex LCB materials. In the acid pretreatment process, LCB

materials can be treated by organic/inorganic acids, such as HNO , HCl, H SO , formic acid, phosphoric acid, etc.,

to breakdown hydrogen and glycosidic bonds present in cellulose-hemicellulose fractions to liberate simple sugar

units . Mostly, during the acid pretreatment process, concentrated acids (30–70% at lower temperature) or

dilute acids (0–10% v/v at 120–250 °C) are added to the LCB materials . Dilute acid pretreatment can be used

for pretreatment of various substrates, such as, poplar, corn stover, corn cob, switch grass, etc. The concentrated

acid pretreatment can increase the rate of sugar release, but acids are more toxic in nature. The use of acid during

pretreatment of biomass generates a large amount of inhibitory compounds, such as phenolic acids, aldehydes,

furfurals, and 5–hydroxymethyl furfural (5-HMF). Further treatment is also required to recover acids after hydrolysis

. Thus, dilute acid treatment is usually preferred to hydrolyze LCB materials into sugar with the generation of

lower amount of inhibitor products, which is an economical and environmentally friendly option . The dilute acid,

i.e., H SO  (0.4%) pretreatment on wild rice grass exhibited the release of 163 mg sugar per gram of substrate .

Alkaline pretreatment of LCB materials encompasses the application of bases (e.g., NaOH, NH OH, etc.) resulting

into increase in surface area and decline in crystallinity through breakage of ester and other bonds among lignin,

hemicellulose and others . Thus, after pretreatment, the obtained cellulose/hemicellulose fractions exhibit

higher hydrolysis to generate simple fermentable sugars through enzymes/microbial actions. Usually, LCB sources,

including agricultural wastes, hardwood, low lignin containing plants are suitable for alkali treatment. Nonetheless,

the extreme use of alkali inhibits the anaerobic methanogenesis processes and it may also lead to soil salination

and water pollution . The pretreatment of wheat straw with NaOH at 100 °C for 6 h exhibited dissolution

efficiency of 86.7% . Various studies have been reported for enhanced biofuel production titers, using alkali

treated LCB materials, including corn stover, corn cob, wheat straw, etc. . The advantage of using alkali for

biomass pretreatment is that it can remove lignin/hemicellulose moieties effectively to enhance biomass surface

area and make it more amenable for further hydrolysis.

Another promising approach for LCB pretreatment is organosolv method which can be conducted using organic

solvents, such as phenol, acetone, alcohols, ethylene glycol, etc., along with the addition of some inorganic acids

to stimulate the pretreatment efficiency of LCB materials under specific conditions . This organosolv

pretreatment can absolutely remove hemicellulose fractions in LCB, without affecting cellulose moiety, which

provides a larger surface area and pore volume of cellulose. Hence, lignin moieties are dissolved in the liquid

solvent phase and cellulose can be isolated in solid form . The ethanosolv pretreatment along with sulphuric

acid of poplar biomass exhibited 78% hydrolysis . The organosolv pretreatment method has several advantages

over other methods, such as easier solvent recovery, environmentally safer, and obtaining superlative lignin to

generate value-added products.
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Ozonolysis can be considered as a powerful method to pretreat LCB materials using ozone (O ), which degrades

hemicellulose and lignin moieties by keeping cellulose intact . During ozonolysis, lignin is oxidized into low

molecular weight compounds, such as acetic acid, formic acid, etc. This pretreatment exhibited more accessibility

toward enzymatic hydrolysis, which improved sugar release significantly using various LCB materials, such as corn

stalks, wheat straw, rye straw, etc. . The best thing about using this pretreatment is that there is no generation

of toxic inhibitory products, but the overall process is more expensive than others.

Ionic liquids (ILs) can be another better option for disintegration of various LCB feedstocks. ILs are thermostable

organic salts constituted of cations and anions in liquid form with lower melting point and vapor pressure .

During LCB pretreatment using ILs, both cations and anions form a strong interaction with surface –OH groups

present on carbohydrate components through hydrogen bonding. Consequently, lignin is dissolved in ILs and the

extent of cellulose suspension increases in the presence of electron-donating groups of IL cations, which can be

obtained in the form of precipitate .

Several ILs, such as, 1–butyl–3–methylimidazoliumchloride, 1–butyl–3–methylimidazoliummethylsulfate, 1–benzyl–

3–methylimidazoliumchloride, 1,3–dimethylimidazolium groups, etc., have been broadly applied for pretreating

different substrates, such as rice straw, rice husk, poplar wood, wheat straw, and pine . Several studies

reported hydrolysis and fermentation using LCB materials through different ILs such as choliniumlysinate and

ethanolamine acetate produced glucose (25–85%) and xylose (15–80%) . Although all methods described

here are effective to a certain extent for biomass disintegration, they have some flaws concerning environmental

aspects, generation of inhibitory compounds, and final yields of individual components. Table 1 presents several

advantages and disadvantages associated with different chemical methods.

Table 1. Advantages and disadvantages of various chemical pretreatment methods.
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Pretreatment
Process Advantages Limitations and

Disadvantages References

Ionic liquids
(ILs)

Environmentally friendly
Nonderivatizing, nonvolatile, thermostable
single component solvent for cellulose with
potential applications incellulose fractionation
and dissolution

High cost
Poor biodegradability
Toxic to micro-organisms

Ozonolysis
Reduces lignin content
Does not produce toxic residues

Large amount of ozone
required
Expensive

Acid
hydrolysis

Hydrolyzes hemicellulose to xylose and other
sugars to alter lignin structure

High cost
Equipment corrosion
Formation of toxic substances

Alkaline
hydrolysis

Removes hemicellulose and lignin
Increases accessible surface area

Long residence times required
Irrecoverable salts formed and
incorporated into biomass
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4. LCB Pretreatment by Physico-Chemical Process

Amongst the known physicochemical methods, hot water, steam explosion, and ammonia fiber explosion (AFEX)

are promising processes to disintegrate the obstinate structure of LCB materials. Steam explosion and hot water

pretreatment processes generate high amounts of degradation products, such as furfural, 5-HMF, phenolic

compounds, formic acid, etc. which can be inhibitory to microbial strains . In the case of steam explosion, LCB

materials are treated at high steam pressure of approximately 0.6–4.9 MPa and a temperature ranging from 160–

210 °C for different time. At very high pressure/temperature conditions, both steam explosion and AFEX can

certainly breakdown the rigid components of LCB materials to generate fermentable sugars . The major flaw of

using the steam explosion method is the partial hemicellulose degradation, which thus divert into generation of

toxic byproducts. The application of the steam explosion method for corn stover treatment was used to generate

113.5 million liters of butanol annually. The higher release of glucose was achieved using olive tree prunes, which

was up to 86% at high temperature, and pressure conditions for 15 min . Hot water pretreatment in the presence

of chemicals is an ultimate method for LCB substrates, which can result in the effective utilization of biomass. This

process is somewhat similar to steam explosion pretreatment method, which does not need chemicals, and hence

there is no generation of inhibitory compounds . Further, AFEX is an effective and novel process for breaking

down LCB components into simple sugars. This method can act effectively on low lignin containing LCB

substrates, such as corn stover, miscanthus, switch grass, etc., exhibiting approximately 90% of glucose

generation during hydrolysis process.

5. LCB Pretreatment by Biological Process

Usually, biological pretreatment methods are better than other chemical and physical methods  due to several

benefits, such as a low energy requirement, no generation of toxic compounds, etc. However, biological processes

show a lower hydrolysis rate, which is the major drawback of these processes. In biological pretreatment of LCB

substrates, different microbes (e.g., bacteria, fungi, etc.) and enzymes have been employed which plays a

significant role in pretreating biomass . Usually, fungal strains, such as soft rot, brown, and white fungi have

been broadly used to deconstruct LCB materials to be used for fermentation . White rot fungus is able to

degrade the hard layer of lignin present in biomass, due to the action of lignin degrading enzymes, such as

laccase, peroxidase, etc. Brown rot fungi attack specifically cellulose moiety, whereas white and soft rot fungi

Pretreatment
Process Advantages Limitations and

Disadvantages References

Organosolv

Organosolv lignin is sulfur free with high
purity and low molecular weight
Can be used as fuel to power
pretreatment plant or further purified to obtain
high quality lignin, which is used as a
substitute for polymeric materials
Very effective for the pretreatment of high-
lignin lignocellulose materials

Solvents need to be drained
from the reactor, evaporated,
condensed, and recycled
High cost
Generation of compounds
inhibitory to micro-organisms

Pyrolysis Produces gas and liquid products
High temperature
Ash production
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mainly act on both lignin and cellulose components of LCB. The widely used white rot fungi include Pleurotus

ostreatus, Pycnoporus cinnabarinus, Ceriporiopsis subvermispora, Cyathus stercolerus, Cyathus cinnabarinus,

etc., which can degrade lignin as these strains can secrete lignin degrading enzymes, such as ligninase,

peroxidase, laccases, etc. . The pretreatment of bamboo using lignin degrading Punctularia sp. exhibited an

increase in the sugar concentration of almost 60% by reducing lignin content .

6. LCB Pretreatment Using Nanotechnology

Pretreatment of LCB materials using a nanotechnology approach is one of the significant methodologies to

generate biofuels. The application of nanoparticles (NPs) can display catalytic actions for LCB processing almost

similar to using chemical methods . Mostly, magnetic nanoparticles (MNPs) have been used widely for the

pretreatment of LCB materials since they can be reused for subsequent cycles which ultimately reduces the overall

process cost . Due to the nano size of particles, NPs enter the cell wall of LCB materials, thereby interacting with

biomass components to generate fermentable sugars . Acid-functionalized MNPs possess higher affinity for

hydrolyzed LCB materials, which are known as solid acid nanocatalysts. Owing to the strong magnetic nature, the

reusability of MNPs has added a beneficial role in various applications. Such acid-functionalized MNPs exhibit

better hydrolytic ability for biofuel production . The treatment of wheat straw with perfluoroalkylsufonic and

alkylsufonic acid-functionalized NPs liberated almost 31% higher sugar concentration as compared to the control

reaction . In addition, NPs are required in small quantities and can be reused for the next cycle of the process.

Recently, the effect of magnetic iron oxide (Fe O ) NPs on LCB pretreatment and further biogas production has

been studied which exhibited the remarkable improvement in biogas production in the presence of Fe O  MNPs

. Nonetheless, till date there is not much information available on LCB pretreatment using NPs. Thus, more

efforts are needed to search for possible ways to make the process viable at commercial scale. In recent years, an

inventive improvement has been made in nanotechnology field, where enzyme/biocatalyst can be immobilized on

MNPs. The immobilization of enzymes on MNPs is a budding method that can increase the enzyme’s catalytic

efficiency . Owing to the magnetic nature of MNPs, the immobilized enzymes can be recycled and reused for

several cycles of biomass hydrolysis. Enzyme immobilization using NPs is called ‘nanobiocatalyst’, which is a

depiction of emerging developments in the field of nanobiotechnology. The different aspects of enzymatic

hydrolysis of LCB substrates have already been described by Singhvi et al. .
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