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Abstract A successful biogas production process

depends upon adequate hydrolysis of macromolecules in

the substrate and stable further conversion. The complex

and rigid structure of cellulosic, hemicellulosic and lignin

chain is preventing lignocellulosic biomass to reach effi-

cient hydrolysis, therefore pretreatment of a substrate is

needed for higher biogas and methane yields. There are

several different physical and chemical methods of pre-

treatments available which include the usage of acids,

alkalis, organic solvents, ionic detergents, steam, high

pressure, grinding, ultrasound, and microwave irradiation.

Physico-chemical pretreatments act rapidly on lignocellu-

lose but their upscaling is very expensive in industry. Many

studies have been made in finding the best combination of

different pretreatment methods and also new biological

techniques which could make lignocellulose pretreatment

cheaper and environmentally more friendly. Using natural

abilities of different fungi, bacteria or yeast to degrade

lignocellulose simplifies the whole process. Also cocktails

of biotechnologically produced enzymes are effective in

degrading lignocellulose.

Keywords Lignocellulose � Physico-chemical

pretreatments � Biological pretreatments � Enzymatic

hydrolysis � Biogas

Introduction

Energy crops and harvesting residues, manure, household

waste, wood industry waste and brewery waste represent a

huge source of lignocellulosic material useful for energy

production. Biomass is therefore one of the most important

energy sources in the world, apart from coal, oil and natural

gas, because it is renewable and always available. It is

ecologically friendly as its usage helps in decreasing

greenhouse gasses emissions. Much less noxious emissions

are produced from biomethane than from gasoline or diesel

fuel [1]. There is approximately three times more energy

stored in methane compared to hydrogen fuel and also

transportation and storage of methane are more appropriate

[2]. The prices of fossil fuels are increasing constantly so

using biomass offers a great economical potential. Energy

produced from biogas can be used for electricity genera-

tion, heat production or as direct fuel. This article is

reviewing the obstacles in lignocellulosic substrates deg-

radation and pointing out chemical, physical, and biologi-

cal techniques of substrate pretreatments to increase the

level of substrate degradation during anaerobic digestion

for maximizing the yield of produced biogas.

Biogas Production Process

Anaerobic digestion of lignocellulosic materials is too slow

in nature to be applicable in biogas production at industry

level. Poor lignin degradation, production of toxic digested
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intermediates and crystalline cellulose are the reasons for

poor hydrolysis and unsuccessful biogas production which

is an anaerobic multi-step bioprocess where bacterial and

archaeal microbial communities interact [3]. Biogas is the

main product of this process and it consists of methane

(55–65 %), carbon dioxide (35–45 %), and trace gasses

such as hydrogen (1 %), hydrogen sulfide, nitrogen, and

carbon monoxide [4]. The content of methane correlates to

the usage of biogas. Biogas containing at least 60 % of

methane is usually burned for heating. When biogas is

purified, it can gain the same composition as natural gas

and can be used as a pure fuel. Methane concentrations up

to 95 % can be achieved by the separation of gas mixture

with special-purpose gas-treating systems and membrane

modules, and this biogas can be used in the electricity

generation and in combustion engines [1, 5–7].

Biogas production process consists of four steps:

hydrolysis, acidogenesis, acetogenesis, and methanogene-

sis (Fig. 1). Hydrolysis represents degradation of complex

organic substances to smaller units which is driven by the

excreted enzymes of hydrolytic and fermentative bacteria.

Acidogenic bacteria digest the hydrolyzed substrates and

produce short chain fatty acids (SCFA) and hydrogen.

Acetogenic bacteria oxidize alcohols and SCFA with more

than two carbons and produce acetate, carbon dioxide and

hydrogen. The biogas process is terminated by methano-

genic archaea which convert acetate to methane and carbon

dioxide or reduce carbon dioxide with hydrogen to produce

methane [8]. In anaerobic digesters, about 70 % of meth-

ane is produced via acetotrophic methanogenesis pathway,

while the rest is generated via hydrogenotrophic metha-

nogenesis pathway [9].

Structure of Lignocellulosic Substrates and Their

Degradation

Plant biomass consists of cellulose, hemicelluloses, lignin,

organic soluble extracts (terpenes, fatty acids, esters, tri-

glycerides, waxes, alcohols, tannins, flavonoids), lipids,

proteins, sugars, starch, water, carbohydrates, pectins and

inorganic compounds. Hard wood contains more cellulose

and hemicelluloses, whereas soft wood contains more lig-

nin. Cellulose and hemicellulose are large carbohydrates

that form a lignocellulosic fraction together with lignin

[13]. The ratio of their content varies and is specific for

each lignocellulosic feedstock but in general, there is about

45 % of cellulose, 30 % of hemicelluloses and up to 25 %

of lignin [14–16]. Methane potential of lignocellulosic

substrates is correlated to the sum of their cellulose and

lignin content. The higher the sum of cellulose and lignin,

the lower is the methane potential [17].

Cellulosic microfibrils are attached to each other by he-

micelluloses and amorphous polymers (sugars, pectin), sta-

bilized by hydrogen bonds and covered by lignin. The

structure of these microfibrils is so tightly packed that

enzymes or even water molecules cannot enter the lignocel-

lulosic net. Complex structure of 4-O-b-D-glucopyranosyl-D-

glucose bonded with b-(1,4)-glycoside bond makes cellulose

generally insoluble and impedes the access of acids and

enzymes. The amorphous parts of cellulose, which have a

less-ordered structure, and parts with low degree of poly-

merization are more vulnerable to biodegradation than crys-

talline regions with high molecular weight and highly ordered

tertiary structure [18]. While cellulose is assembled almost

exclusively of glucose monomers, hemicellulose consists of

Fig. 1 Schematic overview of

biogas production process from

cellulose and hemicelluloses

describing four main steps:

hydrolysis, acidogenesis,

acetogenesis and

methanogenesis (summarized

from [10–12])
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different monosaccharide units (arabinose, xylose, mannose,

galactose and rhamnose). Hemicelluloses are soluble in alkali

and acid and are the most thermal-chemically sensitive part of

lignocellulosic material; therefore they are easily hydrolyzed

[15, 19, 20].

Many bacteria and fungi produce cellulolytic enzymes

like endoglucanases, exoglucanases and b-glucosidases,

which represent the degradation system of enzymes that act

synergistically and catalyze cellulose hydrolysis. Endo-

glucanases cleave inner bonds of cellulose chain, while

exoglucanases cleave the ends of the chain and as a result

cellobiose is released. b-glucosidases act on oligosaccha-

rides and cellobiose and release monomers of glucose.

Endo-1,4-b-xylanases, b-xylosidases, a-glucuronidases, a-

L-arabinofuranosidases and acetilxylan esterases are among

enzymes which degrade xylan present in hard wood, while

glucomannan from soft wood is degraded by b-mananases

and b-mannosidases [21].

Lignin, the third most abundant polymer in nature right

after cellulose and hemicelluloses [15], is not composed

from sugars, therefore it stays intact and presents a big

challenge to discover the degradation process for the

energy-producing industry. Lignin is a complex hydro-

phobic polymer of aromatic compounds where phenyl-

propane units (syringyl, guaiacyl and p-hydroxyphenyl) are

bond together into a three-dimensional structure. These

units are three monolignol monomers p-coumaryl alcohol,

coniferyl alcohol and sinapyl alcohol [22] which are

methoxylated to various degrees and their ratio varies

among different plants, wood tissues and cell wall layers

[14]. In hard wood, lignin is covalently bonded to xylan

and to galactomannan in soft woods [19]. Recalcitrance of

lignocellulosic biomass depends on lignin content, amount

of ferulate cross-linking in lignin, subunit composition of

lignin and the degree of ester linkages between lignin and

carbohydrates [23, 24]. Low-molecular alcohols, dioxanes,

acetone, pyridine and dimethyl sulfoxides are few solvents

that partly solubilize lignin. Rigidity of lignin structure is

also disrupted at higher temperatures which is often applied

in depolymerization reactions with acids or alkalis [25].

Lignin degradation can occur either in aerobic or

anaerobic conditions. Aerobic degradation of lignin is an

oxidative process, which is a part of secondary metabolism

of white and brown rot fungi where extracellular phenol

oxidases (lignin peroxidases, manganese peroxidases,

hybrid peroxidases, laccases, alcohol oxidases, glyoxal

oxidases, aryl-alcohol oxidases, versatile peroxidases and

quinone reductases) [26] produce hydrogen peroxide as a

byproduct, which also acts on cellulose [27]. Other deg-

radation byproducts are phenoxic radicals of phenols which

are problematic for the stability of microbial community in

a bioreactor since phenols inhibit certain methanogenic

microorganisms [28].

Depolymerization of lignin by extracellular enzymes

demands oxygen, therefore this type of lignin degradation

under anaerobic conditions is impossible. It has long been

assumed that lignin appears inert and recalcitrant to

microbial decomposition in anoxic environments [29].

Tarvin and Buswell (1934, cited by [30]) were the first

who indicated that aromatic structures can be degraded to

methane by mixed sewage sludge digester cultures within

anaerobic metabolism. The anaerobic pathway for break-

down of the aromatic ring is quite distinct from the aer-

obic pathway [30]. Pareek et al. [31] and Ko et al. [32]

reported a successful degradation of b-O-4 lignin bond

under sulfate-reducing conditions. Kim et al. [33] dis-

covered that lignocellulose degrades under anaerobic

conditions by sulfate-reducing bacteria. Methanogenesis is

determined by the stability of anaerobic conditions, redox

potential, and by the concentration of terminal electron

acceptors like sulfate. Sulfate-reducing bacteria have a

stronger electron affinity for competitive substrates like

hydrogen and acetate than methanogenic archaea, there-

fore methanogens compete with sulfate-reducing bacteria

for the products of fermentation [34]. Due to the complex

structure of lignin, microorganisms are incapable to use it

directly as a substrate. They degrade it during co-metab-

olism, while using easily degradable substrates like small

sugars [35]. Anaerobic lignin degradation is a process

termed oxidation with radicals that are produced during

cellulose degradation [27]; therefore degradation of cel-

lulose is needed for further lignin degradation processes.

Ko et al. [32] described anaerobic degradation of lignin in

three steps: depolymerization, oxidation of side chains,

and demethylation.

Improving Degradation of Lignocellulose by Substrate

Pretreatment

Direct microbial enzymatic hydrolysis of lignocellulose

produces less than 20 % of glucose from cellulosic fraction

[36] and methane yields usually don’t exceed 60 % of the

theoretical value (475 L CH4/kgVS), therefore pretreatment

of the substrate is needed to make the holocelluloses more

accessible to microbial attack and to enhance hydrolysis.

Cleaving of lignin–carbohydrate complexes (LCC) bonds

and removing of lignin still remain the major obstacle to

the biodegradability of lignocellulosic substrate. When

LCC bonds are cleaved, cellulose and hemicelluloses are

much more accessible for enzymatic hydrolysis and fer-

mentation [15]. There have been plenty of reports about

different substrate pretreatments made over the past

30 years [37, 38]. Improved anaerobic degradation of lig-

nocellulose would result in increased methane yield, the

main product of a biogas producing system. The limiting
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factor in lignocellulose anaerobic degradation is the initial

step of hydrolysis, which is influenced by pH and tem-

perature, substrate chemical composition and the actual

substrate surface available for enzymatic attack. Therefore,

substrates composed of large particles are slowly degraded

due to the reduced surface area [39]. Pretreatment effects

on lignocellulose depend on the substrate composition and

lignin content [40], which depends on plant species and

time of harvest [41].

There are five types of action that pretreatment can

offer: particle size reduction, solubilisation, biodegrad-

ability enhancement, formation of toxic compounds and

loss of organic material [42]. On the other hand, pretreat-

ment can also alter substrate characteristics and, therefore,

decrease biodegradability. Namely, thermal method with

temperatures above 160 �C can induce the formation of

toxic compounds like furfural, hydrolymethylfurfural and

soluble phenolic compounds [43] and resulting reduction in

organic material content leads to poor methane yield [37].

To make substrate more available to degrading enzymes,

structure of lignocellulosic biomass needs to be changed.

Pretreating lignocellulosic substrates offers enlargement of

the substrate surface and improved porosity, changes the

structure of lignin and enables its removal. Pretreatments

also facilitate depolymerization of hemicellulose or remove

it from the core of the substrate and reduce cellulose

crystallinity. The level of degradation is highly associated

to the level of crystallinity, which represents one of the

major obstacles in lignocellulosic biomass degradation in

energy industry. Many of pretreatment techniques have

been tested already but only a few have been further

developed into applicable technologies. Pretreatment

applicability and efficiency are evaluated by the cellulose

degradation level and adequacy of the pretreatment process

using different substrates [20].

Chemical and Physical Pretreatments

Chemical Pretreatments

Chemical approach is one among the most studied pre-

treatment possibilities and originally it was developed for

delignification of cellulosic materials in paper industry.

They usually include sodium hydroxide, perchloric or

peracetic acid, organic solvent, acid hydrolysis with sulfur

or formic acid and ammonium fiber explosion (AFEX). In

combination with enzyme hydrolysis, efficient lignin

removal strategy is prior processing by organic solvents

like ethanol, methanol or acetone at high temperatures.

Pretreatments with alkali hydrolysis are preferred for lignin

removal ([20, 44]), though steam and combinations of

steam with acids or alkalis are also useful techniques [21],

but chemicals make the whole process more expensive and

environmentally less friendly. Mok and Antal [45] showed

that hot water and high pressure can unchain up to 22 % of

cellulose, 60 % of lignin and all of hemicelluloses. Pre-

treating the substrate with ionic solvents is a novel method

with great perspective [46, 47], though it has not been

evaluated for its effect on upscalling yet. Almost 100 %

hemicelluloses removal can be achieved by dilute-acid

pretreatment [44].

Physical Pretreatments

The physical pretreatment methods comprise ball milling,

compression milling, cryo-milling, ultrasound and steam

treatments, to name just a few. The common feature is

reducing the substrate particles size and therefore enlarg-

ing the substrate surface available for enzymatic degrada-

tion. The reduced size after chipping is usually 10–30 and

0.2–2 mm after milling or grinding [15]. Grinding ligno-

cellulosic substrate promotes the rate and extent of enzy-

matic hydrolysis by reducing the size of substrate and

degree of crystallinity of lignocelluloses [44]. Ball milling

improves hydrolysis to similar yields as steam explosion

[48], where substrate is subjected to high temperatures by

steam injection, while pressure is quickly released into the

tank. Untreated wheat straw cellulose solubilisation resul-

ted in less than 4 % glucose hydrolysis yield, while ball

milling and also steam explosion resulted in enhanced

cellulose solubilisation and greater hydrolysis yields

(approximately 40 %). Thermal pretreatment with high

pressure and the addition of oxygen, termed wet oxidation,

is most commonly used for pretreating lignocellulosic

substrates preceding bioethanol fermentation [49],

although it is known to cause the loss of organic material

[37]. Improved anaerobic digestibility of lignocellulose by

microwave irradiation has also been proved to be suc-

cessful [50].

The formation of microbial cellulase inhibitors is among

the reported negative effects of physical pretreatments [51].

The energy input in the physical pretreatments is higher

than the theoretical energy content available in the bio-

mass, therefore physical pretreatments are expensive and

difficult to scale-up [14, 20].

Effectiveness Comparison

Bruni et al. [52] compared the effectiveness of different

pretreatment procedures on the enhancement of biogas

production from biofibers separated from digested manure.

The highest methane yield (66 % higher compared to

untreated biofibers) was obtained by chemical pretreatment

(addition of CaO at 15 �C for 25 days). Tedesco et al. [53]

examined the effectiveness of a Hollander beater

mechanical pretreatment of macroalgae Laminaria spp.
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biomass on biogas and methane yield. 10 min of beating

and incubation at 50 �C resulted in 52 % higher biogas

yield and 53 % methane yield improvement compared to

untreated substrate.

Sežun et al. [54] tested the influence of mechanical and

chemical pretreatments on anaerobic digestion of brewery

spent grain. Mechanical pretreatment included homoge-

nization of brewery spent grain with Ultraturrax (10 min

at 7,200 rpm), which fragmented substrate particles to the

mean particle size below 0.5 mm. Chemical pretreatment

included maceration of alkalized (addition of 20 %

NaOH, pH 10.0) or acidified (addition of 37 % HCl, pH

2.0) substrate for 5 days at room temperature and com-

bination of chemical processing with thermal pretreat-

ment, where acidified substrate was heated to 140 �C for

2 h in pressurized thermo-chemical stirred vessel. They

concluded that different pretreatment procedures did not

prevent the inhibition of intermediate lignocellulosic

biodegradation products (p-cresol) on methanogenic pro-

cess in biogas production. Mechanical and thermo-

chemical pretreatment only delayed the inhibition for

about 60 days in comparison with chemically pretreated

substrate. Over 90 % of lignin degradation was achieved

with chemical pretreatment, while there was very little

effect at mechanical and thermo-chemical pretreatments

[55]. They agreed that the degree of lignin degradation

adversely affects the digestion efficiency as lignin deg-

radation products, released during thermo-chemical pre-

treatment, are stronger inhibitors to anaerobic degradation

than lignin itself.

Biological Pretreatments

Biological pretreatments involving wood degrading white-

, brown-, soft-rot fungi, bacteria or enzymes that selec-

tively degrade lignin, cellulose and hemicelluloses are

more favorable than chemical or physical pretreatments

on account of lower process expenses, less energy needs,

big product yields, reduction in quantity of digestate [56–

58], no chemical requirement and no byproducts are

generated which would represent a potential threat to the

environment. Time of biological pretreatment is usually

longer and requires strict control of growth conditions and

that is a major drawback in applying fungi and microor-

ganisms or their enzymes in enhancing lignocellulose

substrate degradation. Many microorganisms are capable

of degrading and using cellulose and hemicellulose as a

source of carbon for energy, and are useful for substrate

pretreatments for their ability to improve enzymatic

hydrolysis. Lignolytic enzymes are able to increase the

substrate surface area, alternate lignin structure, and sol-

ubilize lignin, while xylanases can solubilize hemicellu-

loses [15].

There are different process configurations of pretreat-

ment possible. Hydrolysis and fermentation can be sepa-

rated where each step can be carried out at its optimum

conditions. Saccharification and fermentation can also be

simultaneous where integration of process steps results in

lower process cost and efficient process design.

Essential Hydrolytic Enzymes

Only microorganisms with sufficient levels of extracellular

cellulolytic system, like endoglucanases (1,4-b-D-glucan-4-

glucanohydrolases, exoglucanases (1,4-b-D-glucan glucan-

ohydrolases, also known as cellodextrinases), cellobiohy-

drolases (1,4-b-D-glucan cellobiohydrolases) and b-

glucosidases (b-glucoside glucohydrolases), are efficient

cellulose degraders [59–61]. Usually the levels of b-glu-

cosidases are lower compared to other degrading enzymes,

so they are often added to process sludge. Endoxylanases

and b-xylosidases degrade xylan into xylose, endoman-

nanases and b-mannosidases degrade mannan and pectin-

ases degrade pectin (Fig. 2) [62]. Cellobiose, a hydrolyzed

product of cellulose, has been found to inhibit the synthesis

of endo- and exoglucanases via feedback loop [63],

therefore it is best to construct a special bioreactor where

cellobiose would be continuously removed from hydrolysis

sludge and degraded to glucose separately [21]. Several

fungi and bacteria can be used for lignin removal from

lignocellulosic substrates and also for the removal of spe-

cific components such as antimicrobial substances [64].

Cellulose degradation is affected by different physical

and chemical factors as cellulases are inducible enzymes.

Optimal pH is unique for each microorganism producing

cellulases, but in general it is best between pH values 4.6

and 7. Generally 50–65 �C is the optimal temperature for

degrading cellulose, while 25–50 �C is best for the growth

of microorganisms. It has been reported that temperatures

above 65 �C cause reduction of cellulase activity due to the

enzyme denaturation [21]. Some thermophilic fungi grow

best at 45–50 �C, and their cellulases are most active at

50–78 �C [66]. Steiner et al. [67] report that the addition of

nitrogen into the process not only increases the amount of

cellulases produced but also increases the price of the

whole process. Kumar et al. [21] showed that also phos-

phorus and carbon are important in the process as potas-

sium dihydrogen phosphate and increasing the

concentration of substrate (source of carbon) accelerated

cellulase production. Among phenolic compounds, there

are certain phenols which induce laccase production (like

gallic, tannin, maleic and salicylic acid), but others have an

inhibitory effect [68]. Sheweita et al. [69] discovered that

sugars like cellobiose, glucose, xylose, saccharose, sor-

bose, methylglucosides and sugar alcohols increase syn-

thesis of cellulases. To certain concentrations, these sugars
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induce the cellulose regulatory protein, termed cellulose

activator molecule (CAM), but higher concentrations are

inhibitory.

Lignocellulolytic Fungi

It has been proved that brown- and soft-rot fungi attack

cellulose and induce only minor alterations in the lignin

structure, while white-rot fungi are more efficient in

degrading lignin and are, therefore, the most studied bio-

mass-degrading microorganism [70, 71]. Soft-rot fungus

Trichoderma reesei is most frequently reported as a suit-

able source of cellulases because of its efficient extracel-

lular cellulase enzyme system [72], but it also has low

glucosidase activity which results in incomplete cellobiose

hydrolysis and inhibition of the enzymes [73]. Filamentous

fungi (Aspergillus niger, Humicola insolens, Thermomo-

nospora fusca, Trichoderma reesei, Trichoderma longibr-

achiatum, Trichoderma koningii) are known as efficient

producers of xylanases, which are excreted into the med-

ium, and their enzyme levels are higher than those of yeast

and bacteria (Bacillus sp.) [74]. Anaerobic fungi are

capable of degrading cellulosic materials by cellulolytic

enzymes from cellulosomes. Also Chytridiomycetes like

Anaeromyces, Caecomyces, Cyllamyces, Neocallimastix,

Orpinomyces, and Piromyces produce lignocellulytic

enzymes [75] like lignin peroxidase, manganese peroxi-

dase and laccase which delignify the substrate [76–78].

Experimental results of Akin and Borneman [79] showed

that anaerobic fungi from rumen are superior hemicellulose

degraders to bacteria and that co-cultivation of anaerobic

fungi and methanogens enhances cellulose degradation.

Co-cultivation results in a higher yield of digestive

enzymes produced and is therefore more efficient for

improved lignocelluloses degradation.

Biological pretreatments involving white-rot fungi are

usually carried out by solid-state fermentation, where the

production of ligninolytic enzymes is higher than in sub-

merged fermentation [80]. Factors like fungal strain,

nutrient composition, moisture, aeration, pH and tempera-

ture affect the enzyme activity and lignin degradation,

therefore monitoring those is needed for an optimal pre-

treatment and successful performance of white-rot fungi

[76].

Lignocellulolytic Bacteria

Also bacteria, which are used in lignocellulosic substrate

pretreatment, produce cellulases and ligninases. Anaerobic

bacteria like Clostridium stercorarium, Butyrivibrio fibr-

isolvens, Acetivibrio cellulolyticus, Bacteroides cellulo-

solvens, Ruminococcus albus, Ruminococcus flavefaciens,

Cellulomonas fimi, and Pyrococcus furiosus produce cel-

lulolytic and hemicellulolytic enzymes. In some anaerobes,

like cellulolytic ruminal bacteria, highly active cellulolytic

and hemicellulolytic enzymes are combined in extracellu-

lar multienzyme complexes, cellulosome [81]. The sub-

strate breakdown is optimized by synergistic action of

different catalytic activities and potent binding domains

[82–84]. Fungal cellulosomes are less studied than bacte-

rial [75, 85, 86]. It has been proved that degrading potential

of cellulosomes is greater than that of free enzymes [65].

Fig. 2 Principal enzymes

degrading lignocellulosic

substrates containing cellulose,

hemicelluloses, lignin and

pectin (summarized from [65])
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Hetero-fermentative bacteria are a better choice as an

inoculum for a bacterial pretreatment of lignocellulosic

substrate [57]. They facilitate the production of interme-

diates for methanogens and are therefore more beneficial

for successful anaerobic digestion compared to homo-fer-

mentative bacteria [87].

The most important mannanase producing bacteria are

Bacillus spp., Streptomyces sp., Colibacillus cellulovorans,

Caldicellulosiruptor sp. Rt8B, and Caldocellum sacchar-

olyticum [88–90], although mannan degraders can also be

found among yeasts and fungi [91]. Microbial mannanases

are usually excreted to the medium [92].

Rumen fluid microbial communities are often used as a

seeding material in anaerobic digestion to increase the

hydrolysis of lignocellulosic substrate and the production

of fatty acids [93]. Anaerobic fermentation of corn stover

by rumen microorganisms in batch reactors resulted in

70 % of high volatile solids conversion efficiency after

240 h incubation at 25–40 �C and 66 % of volatile solids

conversion was achieved by incubating lignocellulosic

aquatic plant cattail (Typha latifolia linn) with rumen

microorganisms for 125 h in batch reactors [94, 95].

Zhong et al. [96] used a community of different

microorganisms for the enhancement of biogas production

from corn straw: yeast, cellulolytic bacteria and lactic acid

bacteria. Yeast (Saccharomyces cerevisiae, Coccidioides

immitis and Hansenula anomala) consumed sugars in the

straw and broke down the crystalline areas in cellulose with

cellulose fibers exposed to celluloytic bacteria (Bacillus

licheniformis, Pseudomonas spp., Bacillus subtilis and

Pleurotus florida) attack. Lactic acid bacteria (Lactoba-

cillus deiliehii) were added for adjusting the pH value. The

results showed that the best pretreatment time was 15 days

at 20 �C with 0,01 % (w/w) of microbial complex dose.

They achieved 33 % higher biogas yield, 75 % higher

methane yield and 35 % shorter digestion time compared

to the untreated corn straw.

Yan et al. [97] achieved 10–20 % enhancement of

methane content in produced biogas and 9 % higher total

biogas yield from rice straw, which was pretreated with

BYND-5 microbial community for 7 days at 30 �C. The

BYND-5 community consisted of Firmicutes (6 %), Bac-

teroidetes (40 %), Deferribacteres (9 %), Proteobacteria

(16 %), Lentisphaerae (2 %), Fibrobacteraceae (2 %) and

uncultured bacterium (25 %).

Enzymatic Lignocellulose Pretreatment

Pretreatment of lignocellulosic substrate to facilitate the

accessibility of holocellulose (cellulose and hemicellu-

loses) is neded to increase the biogas potential of ligno-

cellulosic material. Adding exogenous enzymes can

improve the performance of anaerobic digestion systems,

though they are quite sensible as their activity is affected

by substrate, incubation time, system configuration, tem-

perature and pH [38]. Enzymatic hydrolysis has several

advantages over acid-based hydrolysis methods as the very

mild process conditions give high yields, without any

corrosion problems and the pretreatment cost is lower [14].

The biogas yield has accelerated for 19 %, when sugar beet

pulp was hydrolyzed with a mix of enzymatic preparations

Celustar XL and Agropect pomade with endoglucanase,

xylanase and pectinase activities and for 13 % when the

spent hops were pretreated with the same enzyme mix [98].

Interestingly, the level of enzymatic hydrolysis can be

doubled by ultrasound pretreatment [99]. Despite of usual

lignocellulose degradable enzymes, there are also some

proteins like glycoside hydrolases from family 61, expan-

sions and swollenin [100–102] that contribute to lignocel-

lulose degradation in way that is not completely understood

yet. It is also possible to pretreat lignocellulose substrate

only by adding extracellular extract of fungi which contain

cellulases, hemicellulases and ligninases. Enzymes used

can be either natural or synthetic and they can be immo-

bilized on inert material or float in process sludge. Syn-

thetic enzymes are more stable and have better activity

than natural ones, but are usually too expensive for

industrial application. Sometimes combinations of

enzymes are best for optimal substrate degradation [100,

101] either using customized cocktails of individual

enzymes or commercial, crude mixtures of enzymes [65]

(some of them are listed in Fig. 2). One of the drawbacks

of commercial mixtures is that its content is not fully

characterized [100, 101] and they may contain many non-

essential enzymes [103]. When selecting individual, puri-

fied enzymes, properties like pH and temperature optimum,

stability and specific activity should be considered. High

specific activity results in less enzyme used and therefore

reduced process cost. There are also enzymes with cross-

specifity as they act on more than one substrate [104, 105].

Using a multifunctional enzyme reduces a number of

enzymes needed for full hydrolysis, thus reducing the cost

of the process.

Optimal efficiency and economy of the process can be

achieved only by optimal enzyme and substrate loadings.

Boussaid and Saddler [106] showed that lignin substrates

require higher enzyme loadings as the adsorption of

enzymes to lignin is more difficult. Higher enzyme loadings

are also needed when using commercial enzyme mixtures

because of the lower specific enzyme activity. Amount of

enzymes used for bioconversion of lignocellulolytic sub-

strate is therefore an important factor to consider because it

dictates the cost of the whole process and its efficiency is

measured as grams of sugars produced per mg protein [65].

Kumar and Wyman [107] reported that enzyme loading

depends on the type of substrate pretreatment used before.
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Substrates pretreated with alkalis needed higher enzyme

loadings than pretreatments with acids or hot water for the

same level of hydrolysis achieved. The reason lies in the

hemicellulose that remains after alkali pretreatment and

additional xylanases are needed for full degradation [108].

Further research is focused on enzymes, found in

extremely thermophilic microorganisms, which are insen-

sitive to acid and heat [14] and would be useful in

improving the processing of lignocellulosic biomass.

Comparison of Different Biological Pretreatments

Divergent biological ensilage additives containing yeasts

or enzymes have also been proven to enhance the hydro-

lysis step in the anaerobic digestion process by decom-

posing complex carbohydrate structures of maize [109].

7 weeks long pretreatment of maize with a complex addi-

tive containing hetero- and homo-fermentative bacteria

(Silasil Energy�) as well as enzymes a-amylase, cellulase,

hemicellulase and pentosanase (Sil-all 4 9 4�) or fungi

and yeasts (Microferm�) increased the biogas production

from pretreated maize per organic dry matter for 12,

10 and 15 %, respectively. Adding a common microbial

inoculum (Bonsilage Mais�) containing only homo-fer-

mentative and hetero-fermentative bacteria had no effect

on biogas and methane production compared to the non-

pretreated substrate.

Using vital microorganisms is more efficient than free

enzymes as microorganisms can regenerate and produce

different useful enzymes at same time depending on the

given substrate [38]. The most accelerated biogas produc-

tion and the highest methane yields can be achieved by

combining pretreatment types and using mixed cellulolytic

cultures (Table 1). A pretreatment process where lignin is

separated from cellulose and hemicelluloses is better than

enzymatic hydrolysis of the lignocellulosic biomass. The

removal of lignin increases the rate of hydrolysis;

otherwise lignin inhibits the hydrolysis because of blocking

the access to the cellulose and irreversibly binding to

hydrolytic enzymes [110].

Bruni et al. [52] increased the methane yield for 34 %

pretreating manure fibers with steam and NaOH (160 �C

for 15 min) and subsequent enzymatic treatment with lac-

cases (37 �C for 20 h). Juntarasiri et al. [111] found the

best solution for methane production from redwood

(Pterocarpus indicus Wild) leaves in combination with

industrial wastewater, which was soaking biomass in

NaOH for 24 h, rinsing and then soaking in cellulases for

24 h. This two-step pretreatment resulted in biogas con-

taining up to 78 % methane.

Conclusion

The availability of lignocellulosic biomass as a disposal of

different agri-food industries catapulted it among top eco-

logically friendly candidate substrates for usage in biogas

industry. Limited hydrolysis of lignocellulose is the reason

why this substrate presents uncertainty of techno-economic

feasibility, particularly at large scale production. There

have been quite some pretreatment methods developed.

Mainly physical and chemical methods are nowadays in

use in industrial scale, as research focused on biological

pretreatment methods started much later. The advantages

of slow, but cheap and environmentally friendly biological

pretreatment methods are slowly displacing the disadvan-

tages of quick and powerful but expensive physico-chem-

ical pretreatments. Enzyme hydrolysis is still a major

technological and economical bottleneck in the conversion

of lignocelluloses to biogas. Combinations of pretreatment

types and biological pretreatments using mixed cellulolytic

cultures offer the highest yields of biogas and methane in

biogas production from lignocellulosic substrates. Sub-

strate pretreatments can represent an expensive part of the

Table 1 Comparison of different pretreatment abilities to enhance biogas and methane yields in biogas production from lignocellulosic

substrates

Pretreatment

type

Lignocellulosic

substrate

Pretreatment agent Process type Biogas

production

Methane

production

References

Chemical Manure biofibers NaOH, steam, laccases Batch – ?34 % [52]

CaO – ?66 %

Mechanical Macroalgae Beating Batch ?52 % ?53 % [53]

Biological Corn straw Yeast, cellulolytic bacteria,

lactic acid bacteria

Continuous ?33 % ?75 % [96]

Rice straw BYND-5 microbial consortium Batch ?9 % ?10–20 % [97]

Maize Additive (bacteria ? enzymes) Batch ?12 % – [109]

Additive (bacteria ? fungi) ?10 % –

Additive (bacteria ? yeast) ?15 % –

Combined Leaves NaOH, cellulase Batch – 78 % [111]
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biogas production process, but untreated substrates cost

even more [112], therefore they are at a crucial step in the

production of biogas from lignocellulosic biomass. The

type of the substrate, economic assessment and environ-

mental impact should be considered before choosing of the

optimal pretreatment.
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61. Schülein M (1988) Cellulases of Trichoderma reesei. Methods

Enzymol 160:234–242

62. Meyer AS, Rosgaard L, Sørensen HR (2009) The minimal

enzyme cocktail concept for biomass processing. J Cereal Sci

50(3):337–344

63. Bisaria VS, Ghose TK (1981) Biodegradation of cellulosic

materials: substrates, microorganisms, enzymes and products.

Enzyme Microb Technol 3(2):90–104

64. Srilatha HR, Nand K, Babu KS, Madhukara K (1995) Fungal

pretreatment of orange processing waste by solid-state fermen-

tation for improved production of methane. Process Biochem

30(4):327–331

65. Van Dyk JS, Pletschke BI (2012) A review of lignocellulose

bioconversion using enzymatic hydrolysis and synergistic

cooperation between enzymes—factors affecting enzymes,

conversion and synergy. Biotechnol Adv 30(6):1458–1480

66. Wojtczak G, Breuil C, Yamuda J, Saddler JN (1987) A com-

parison of the thermostability of cellulases from various ther-

mophilic fungi. Appl Microbiol Biotechnol 27:82–87

67. Steiner J, Saccha C, Enzyaguirre J (1993) Culture condition for

enhanced cellulase production by a native strain of Penicillium

purpurogenum. World J Microbiol Biotechnol 10(3):280–284

68. Singh A, Abidi AB, Darmwal NS, Agrawal AK (1991) Single

cell protein production by Aspergillus niger and its evaluation.

Zentralbl Mikrobiol 146(3):181–184

69. Sheweita SA, Ichi-ishi A, Park JS, Liu C, Malburg LM Jr, Doi RH

(1991) Characterization of engF, a gene for a non-cellulosomal

Clostridium cellulovorans endoglucanase. Gene 182(1–2):163–167

70. Sánchez C (2009) Lignocellulosic residues: biodegradation and

bioconversion by fungi. Biotechnol Adv 27:185–194

71. Sun J, Cheng J (2002) Hydrolysis of lignocellulosic materials

for ethanol production. Bioresour Technol 83:1–11

72. Jana SK, Ghosh VK, Singh A (1994) Production and hydrolytic

potential of cellulase enzymes from a mutant strain of Tricho-

derma reesei. Biotechnol Appl Biochem 20(2):233–239

73. Holtzapple MT, Lundeen JE, Sturgis R, Lewis JE, Dale BE (1992)

Pretreatment of lignocellulosic municipal solid waste by ammonia

fiber explosion (AFEX). Appl Biochem Biotechnol 34–35(1):5–21

74. Polizeli MLTM, Rizzatti ACS, Monti R, Terenzi HF, Jorge JA,

Amorim DS (2005) Xylanases from fungi: properties and

industrial applications. Appl Microbiol Biotechnol 67:577–591

75. Dashtban M, Schraft H, Qin W (2009) Fungal bioconversion of

lignocellulosic residues; opportunities & perspectives. Int J Biol

Sci 5(6):578–595

60 Springer Science Reviews (2014) 2:51–61

123

http://www.cigrjournal.org/index.php/Ejounral/article/viewFile/1087/1193
http://www.cigrjournal.org/index.php/Ejounral/article/viewFile/1087/1193


76. Isroi I, Millati R, Syamsiah S, Miklasson C, Cahyanto MN,

Lundquist K, Taherzadeh MJ (2011) Biological pretreatment of

lignocelluloses with white-rot fungi and its applications: a

review. BioResources 6(4):5224–5259

77. Rodrigues MAM, Pinto P, Bezerra RMF, Dias AA, Guedes

CVM, Cardoso VMG, Cone JW, Ferreira LMM, Colaço J, Se-

queira CA (2008) Effect of enzyme extracts isolated from white-

rot fungi on chemical composition and in vitro digestibility of

wheat straw. Anim Feed Sci Technol 141(3–4):326–338

78. Schilling JS, Tewalt JP, Duncan SM (2009) Synergy between

pretreatment lignocelluloses modifications and saccharification

efficiency in two brown rot fungal systems. Appl Microbiol

Biotechnol 84:465–475

79. Akin DE, Borneman WS (1990) Role of rumen fungi in fiber

degradation. J Dairy Sci 73(10):3023–3032

80. Xu F, Chen H, Li Z (2001) Solid-state production of lignin

peroxidase (LiP) and manganese peroxidase (MnP) by Phan-

erochaete chrysosporium using steam-exploded straw as sub-

strate. Bioresour Technol 80:149–151

81. Hyeon JE, Jeon SD, Han SO (2013) Cellulosome-based, Clos-

tridium-derived multifunctional enzyme complexes for

advanced biotechnology tool development: advances and

applications. Biotechnol Adv 31(6):936–944

82. Beguin P, Lemaire M (1996) The cellulosome: an exocellular,

multiprotein complex specialized in cellulose degradation. Crit

Rev Biochem Mol Biol 31:201–236

83. Schwarz WH (2001) The cellulosome and cellulose degradation

by anaerobic bacteria. Appl Microbiol Biotechnol 56:634–649

84. Vodovnik M, Duncan SH, Reid MD, Cantlay L, Turner K,

Parkhill J, Lamed R, Yeoman CJ, Berg Miller ME, White BA,
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