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Abstract	

	

Present work primarily deals with the exhaustive investigations of rapid de-lignification processes from source-sorted 

organic fractions that are recalcitrant in nature. Organic solid wastes (OSW) belongs to the organic fraction of municipal 

solid wastes (MSW) and they act as enormous potential substrate for alternative source of energy in the form of bio-fuels. 

Nevertheless, these substrates are not easily biodegradable and the degree of biodegradability is solely dependent on the 

composition & characteristic of organic solid wastes in municipal solid wastes. The component responsible for 

recalcitrance of organic solid wastes is lignin that occurs in variable amounts in different plant residues. In order to 

remove the recalcitrance from organic fraction municipal solid wastes and to make it more easily degradable by 

microbial consortia, certain pretreatment techniques have been adopted and they are applied either individually or in 

combined way for enhancement of bio-methanation i.e anaerobic digestion (AD) process. The goal of pretreatment 

method is to make the cellulose in micro-fibrils available for hydrolysis and improve the rate of hydrolysis. This paper 

reviews pretreatment techniques including physical, physico-chemical, chemical, biological methods respectively. The 

various effects of pretreatment on organic solid wastes are discussed separately and pretreatment methods have been 

compared on the basis of cost, efficiency and suitability to substrate.  

	

Keywords:	Organic solid wastes, lignin, pretreatment, hydrolysis, municipal solid waste, recalcitrance.	

 __________________________________________________________________________________________ 

 
 

1. Introduction 

 

Rapid population growth, increase in energy demand and 

global warming led to the scope of further research to 

enhance the availability of alternative sources of energy at a 

faster rate and less cost. Organic sources are available in 

abundance in the environment to be successfully converted 

to bio-fuel and holds great potential as a substitute to fossil 

fuels. Less dependency on fossil fuels& more use of bio-

fuels will not only help in conservation of fossil fuels but 

also indulge in less pollution and incur in less investments 

compared to fossil fuels. Many researchers have reported 

that bio-fuels from organic solid wastes have great potential 

as a substitute for gasoline. Likewise biogas has been 

regarded as a promising alternative source of energy that can 

be utilized for combined heat & power generation, 

liquefaction of biogas to methanol, compressed biogas to be 

used similarly as fuels for car like compressed natural gas 

and purified biogas can be fed into gas distribution grids [1], 

[2]. 

 Anaerobic digestion is one of the ancient &well studied 

techniques for conversion of biomass to bio-fuel namely 

biogas (collectively methane &carbon dioxide) [3]. Among 

all the treatment techniques, anaerobic digestion is regarded 

as the best suitable process for stabilization of organic solid 

wastes [4], due to its very low environmental 

impact[4],[5],[6],[7] and higher energy recovery potential 

[4],[5],[8].Though anaerobic digestion was earlier 

implemented as waste treatment process but in the later 

years energy recovery from wastes gained higher 

importance.Anaerobic digestion refers to a process where 

organic matter is readily degraded synergistically by 

anaerobic microbial consortium in absence of oxygen to 

generate methane (CH4) and carbon dioxide (CO2), 

collectively called biogas. Four main steps associated with 

anaerobic digestion process are hydrolysis, acidogenesis, 

acetogenesis and methanogenesis. Many researchers have 

reported that the rate limiting step of anaerobic digestion 

process is hydrolysis [9] due to formation of toxic 

products(heterocyclic compounds& volatile fatty acids) that 

are inhibitory to anaerobes. For easily biodegradable 

substrates, methanogenesis is the rate limiting step [10], 

[11]. 

 Organic solid wastes include lingo-cellulosic biomass, 

food wastes (FW), waste water treatment plant sludge etc. 

Food waste is the largest fraction of municipal solid wastes. 

A study by Food and Agricultural Organization(FAO,2011) 

predicted that by 2025, food waste and municipal solid 

wastes will increase by 51 and 44 % due to improper solid 

waste management for which global warming is a rising 

issue of the world. FAO also determined that by 2025 global 

methane production will amount to about 3 to 48 G Kg. 

About one-third of food produced for humans in the world is 

lost or wasted globally and amounts to about 1.3 billion ton 

per year. Henceforth it is important to minimize food wastes 

and also develop certain sustainable treatment and 

management schemes [12], [13]. 
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 Lignocellulosic matter is profoundly found in areas of 

agricultural produce like widespread corn and wheat 

production etc. Leaves and yard wastes are major 

lignocellulosic wastes available with very less or almost 

negative cost associated with them. These materials are 

better in respect of compliance with feedstock collection and 

transportation. Compared to other organic matter, these are 

low in moisture content. As food wastes have higher 

moisture content, it is readily biodegradable andperfect 

substrate  for anaerobic digestion process [14],[15].A wide 

array of organic solid wastes such as food waste, municipal 

solid wastes and animal manure have been tested as 

feedstocks in anaerobic digestion. Lignocellulosic matter 

including agricultural crops & forestry residues, energy 

crops have largely gained attention as suitable feedstocks for 

anaerobic digestion due to their profound availability and 

increased needs of energy [16].About 90% of dry weight of 

most plant material is stored in the form of cellulose, 

hemicellulose, lignin and pectin. Lignin is complex polymer 

of aromatic alcohol known as monolignol & the slowest 

decomposing component found in the integral cell wall of 

plants and some algae and responsible for strengthening of 

xylem cells. Most of the lignin turns into humus on full 

decomposition. Moreover, lignin is the only polymer found 

in plant cell wall that is not composed of monomeric 

carbohydrate units. It is tasteless, fibrous material insoluble 

in water and alcohol but soluble in weak alkaline solutions 

and can be precipitated from solution using acids. Lignin 

fills in the space between cell walls & cellulose, 

hemicellulose and pectin components and at the same time it 

is covalently bonded to hemicellulose and cross links other 

plant polysaccharides. There are certain physicochemical 

factors that hinder the biodegradability of biomass and 

thereby affect in yield of hydrolytic product and further lead 

to overall negative impact on biomethanation process. There 

is a general agreement in the literature that presence of 

lignin affects biodegradability but till now quantitative 

relationship between biodegradability and lignin content is 

not well understood and data are inconclusive [17]. A few 

studies reported strong negative linear correlation between 

lignin content and biodegradability of lignocellulosic 

biomass [17]. A study on anaerobic digestion of herbacious 

materials, animal manures and newspaper reported inverse 

linear relationship between volatile solid (VS) destruction 

with a correlation coefficient (r
2
) of 0.94 [18]. A study 

involving short term 48h digestion of over 100 different 

lignocellulosic biomass samples by rumen microbes reported 

weak inverse linear relationship (r
2
 = 0.75) between lignin 

content and volatile solid destruction [19].Another study 

reported poor linear correlation (r
2 

= 0.59-0.69) lignin 

content and methane conversion efficiency of seven 

different types of lignocellulosic biomass including two 

batches of wheat straw, corn stover, napier grass wood grass, 

newpaper and white fir, at a total solids (TS) content of less 

than 1% [20].  

 Cellulose and hemicellulose of biomass should be 

broken down to yield their corresponding monomers 

(sugars), to make it available for the microbes. 

Hemicellulose can be subjected to dilute acid hydrolysis, but 

more extreme conditions are needed for hydrolysis of 

cellulose. The reaction is carried out at high 

temperature(160
0
-230

0
C), acid concentration at 2-5% and 

pressure(~10 atm) although glucose yield is low [21]. 

Compared to this, concentrated acid (10-30%) hydrolysis is 

carried out at lower temperature (<50
0
C), needs longer 

retention times but results in better yield of glucose [22]. 

 In order to improve the digestibility of cellulose, biomass 

needs to be pretreated to expose the cellulose in plant 

fibersto acids or microbial enzymes to break down to 

constituent sugars. Different pretreatment techniques have 

been implemented so far including mechanical 

communition, pyrolysis, ammonia fiber explosion, CO2 

explosion, steam explosion, alkaline pretreatment, biological 

pretreatment, dilute and concentrated acid pretreatment etc. 

Nevertheless, pretreatment is the most cost effective process 

prior to AD, but it has great potential for improvements in 

efficiency and lowering of cost through further research and 

development[23],[24],[25],[26],[27]. 

 

 

2. Properties of Lignocellulosic Biomass 

The properties of lignocellulosic biomass are always 

mentioned in terms of proximate, ultimate and 

compositional analysis (carbohydrates, fats, proteins, 

cellulose and hemicellulose) and these are of importance to 

any biomass to bio-fuel conversion process. Biomass 

feedstocks exhibit a wide range of physical and chemical 

properties but despite their availability from different 

sources, they possess uniformity in their fuel properties.  

 

2.1 Proximate properties 

Generally air-dried biomass contains 15-20 % moisture. Rest 

of the portion is total solids (TS) content in biomass. Total 

solid is composed of volatile solids (VS) and a little fraction 

as mineral content (ash). In any kind of energy conversion 

process, only a part of VS undergoes conversion. Table 1 

represents the proximate properties of major lignocellulosic 

agricultural wastes.  

 

Table 1. Proximate properties of common agricultural 

lignocellulosic biomass 
Bioma

ss 

Proximate 

composition 

 

Volatile 

fraction in dry 

matter, % 

Fixed 

carbo

n 

(%) 

Ash(%) Heating 

value, 

MJ/Kg dry 

wt. 

Maize 

stover 

75.2,93.2,89.7 19.3  7.5,6.9,10.3  16.2,16.5 

Sugarc

ane 

Bagass

e 

70.9  7.0  16.0,14.7,22.1  10.0,14.3  

Sugarc

ane 

leaves 

77.4 14.9  7.7  17.4  

Wheat 

straw 

79.6,91.3,80.6

,(88.9)  

16.8,1

1.7  

8.3,5.3,10.5,7.7,4

.1,(11.1)  

16.8,18.4,17.

0,18.9  

Rice 

straw 

69.3,70-

95,72.7,(84.0)  

17.3,1

1.8  

16.2,14.7,15.5,(1

6.0)  

15.3,14.5  

Rice 

husk 

59.5,(75.7)   21.8,17.1,22.5,22

.2,(24.3) 

12.3, 16.5  

Adapted from [29]. Figures in parenthesis () has been evaluated by 

authors of [29] 

 

 

2.2 Ultimate properties 

Major part of biomass is carbon, oxygen and hydrogen. in 

general, biomass contains 40-45% mass as oxygen, 35-50% 

mass as carbon on dry weight basis of biomass. The ultimate 

properties of biomass govern the quality and quantity of 

product derived in any biomass to biofuel conversion 

process. Table 2 shows the ultimate properties of some of 

the major lignocellulosic agricultural wastes 
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Table 2. Ultimate properties of common agricultural lingo-

cellulosic biomass. 
Bioma

ss 

Elemental Composition 

Carbon, % Hydrogen, 

% 

Oxygen, 

% 

Nitrog

en, % 

Sulp

hur, 

% 

Maize 

straw 

45.6 5.4 43.4 0.3 0.04 

Maize 

stover 

43.7,35.2 5.6 43.3 0.6 0.01 

Sugar

cane 

leaves 

39.7 5.55 46.8 0.2 - 

Wheat 

straw 

46.7,45.5,(45.

8)  

6.3,5.1,(6) 41.2,34.1 0.4,(0.

42) 

0.1 

Rice 

straw 

41.8,36,(41)  4.6,5.3,(5.4

) 

36.6,43.1 0.7,0.3

5-

0.70,(0

.74) 

0.08 

Rice 

husk 

37.9,44.6,38.

2,(36.3) 

4.82,5.6,5.

6,(4.7) 

34.9,49.3

,33.7 

0.43,(0

.60) 

0.17 

Adapted from [29]. Figures in parenthesis () has been evaluated by 

authors of [29] 

 

 

2.3 Compositional properties 

The composition of various constituents (cellulose, 

hemicellulose & lignin) varies with different plant species. 

Further ratio of other constituents in plant species vary with 

age, stages of growth [28]. Table 3 represents the cellulose, 

hemicellulose & lignin content of residues. 

 

Table 3. Cellulose, hemicellulose & lignin content of 

common agricultural residues   
Lignocellulosic 

matter 

Cellulose (%) Hemicellulose 

(%) 

Lignin (%) 

Hardwood 

stems 

40-55 24-40 18-25 

Softwood stems 45-50 25-35 25-35 

Nut shells 25-30 25-30 30-40 

Corn cobs 45 35 15 

Grasses 25-40 35-50 10-30 

Paper 85-99 0 0-15 

Wheat straw 30 50 15 

Sorted refuse 60 20 20 

Leaves 15-20 80-85 0 

Cotton seed 

hairs 

80-95 5-20 0 

Newspaper 40-55 25-40 18-30 

Waste paper 

from chemical 

pulps 

60-70 10-20 5-10 

Primary waste 

water solids 

8-15   

Solid cattle 

manure 

1.6-4.7 1.4-3.3 2.7-5.7 

Coastal 

bermudagrass 

25 35.7 6.4 

Switchgrass 45 31.4 12 

Swine waste 6.0 28 Na 

Adapted from [30] 

 

 Many properties of cellulose depend on its degree of 

polymerization (DP) i.e the number of glucose molecules 

that make up one polymer molecule [79]. Generally 

cellulose obtained from wood pulp has a DP between 300 

and 1700 [79]. DP of cellulose can extend to a value of 

17000 [221]. Cellulose occurs in an organized fibrous 

network within plant cell wall and it is the main structural 

constituent. The structure of cellulose is depicted in fig.1. 

Cellulose occurs in both crystalline and amorphous forms in 

plant cell wall (fig. 2). Mostly it occurs in crystalline form 

though a small portion of unorganized chains of cellulose 

[79], appear in amorphous form. Cellulose is more 

susceptible to enzymatic degradation in amorphous form. 

So, crystallinity index is an important issue with 

lignocellulosic biomass degradation. Moreover, cellulose is 

a linear polysaccharide polymer of glucose (β-1,4-glucan)  

made of cellobiose units. The long chain cellulose polymer 

are linked to each other by hydrogen and Vander Waals 

bonds so called "elementary and micro-fibrils" [79]. The 

hydrogen bonding allows the parallel arrangement of 

cellulose polymer chains. These fibrils are further linked 

together by hemicelluloses and bonded together by lignin 

[34],[35],[36],[37]. 

 
Fig. 1 Structure of single cellulose molecule [79] 

 

 
Fig. 2 Formation of macro- and microfibrils (fibers) of cellulose and 

their position in the wall [79] 

 

 

 Cellulose is hygroscopic in nature and under normal 

conditions of temperature (20
0
C, 60% relative humidity) and 

atmospheric pressure, it absorbs 8-14% water [79]. 

Nevertheless, cellulose is insoluble in water when it swells. 

Cellulose is also insoluble in dilute acid solutions at low 

temperature. Solubility of cellulose is strongly related to the 

degree of hydrolysis achieved. By applying higher 

temperatures, it is possible to solubilize cellulose as the 

energy provided is sufficient to break the hydrogen bond 

that holds the crystalline structure of the molecule (fig. 3).  

 
Fig. 3 Demonstration of the hydrogen bonding that allows the parallel 

arrangement of the cellulose polymer chains [79]. 

 

 
Fig. 4 A schematic representation of hemicellulose obtained from plants 

[79] 
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Table 4. Reviews on different pretreatment methods to 

enhance AD using various substrates 
 

 

Pretreatment methods Important 

findings 

OFMSW All pretreatment methods Physical 

pretreatments are 

widely applied for 

OFMSW, whereas 

other methods are 

not spread at 

industrial level. 

All organic 

substrates 

All pretreatment methods The most popular 

pretreatment 

methods are 

thermal and 

ultrasonic for 

WWTP sludge, 

chemical for 

lignocellulosic 

substrates and 

mechanical for 

OFMSW. 

Lignocellulos

ic substrates 

Thermal,thermo-chemical, 

chemical 

Pretreatments 

could improve the 

digestibility of 

lignocellulosic 

substrates. 

Thermal 

pretreatments as 

well as lime and 

ammonia based 

chemical methods 

are more effective 

in improving the 

digestibility of 

lignocellulosic 

substrates. 

Pulp&paper 

sludge 

Thermal,thermo-

chemical,chemical 

Pretreatments 

could result in 

reduced HRT, 

increased methane 

production and 

reduced sludge 

size. 

WWTP 

sludge 

Ultrasound,chemical,thermal,the

rmo-chemical, microwave 

Pretreatments 

result in enhanced 

biogas 

production(30-

50%) 

Pretreatments 

could yield a 

better digestate 

with high 

recoverable 

nutrients 

Thermal 

pretreatment at 

high 

temperature(>175
0

C) as well as 

thermo-chemical 

methods are more 

effective in 

improving sludge 

dewaterability. 

Adapted from [57] 

 

 The coalescence of several polymer chains leads to the 

formation of microfibrils, which in turn are united to form 

fibres. In this fashion cellulose can obtain a crystalline 

structure. 0 illustrates the structure as well as the placement 

of cellulose in the cell wall [79]. The term hemicellulose is a 

collective term used to represent a family of polysaccharides 

namely arabino-xylans, gluco-mannans, galactans and others 

that are found in the plant cell wall and have different 

composition and structure depending upon their source and 

the extraction method [79]. The most common type of 

polymer that belongs to the hemicelluloses family of 

polysaccharide is the xylan. A molecule of xylan involves 

1:4 likages of xylopyranosyl units with α-(4-O)-methyl-D-

glucuronopyranosyl units attached to anyhydroxylose units 

and to a lesser extent six carbon sugar monomers such as 

glucose. Hemicellulose (fig. 4) is insoluble in water at low 

temperature, however its hydrolysis starts at a temperature 

lower than that of cellulose i.e; cellulose requires much 

higher temperature for solubility
V
. Presence of acid highly 

improves the solubility of hemicelluloses in water. The 

hemicelluloses extracted from plants exhibit higher degree 

of polydispersity and polymolecularity (a broad range of 

size, shape and mass characteristics). However, the degree of 

polymerization doesnot exceed 200 units whereas minimum 

limit can be around 150 monomers. 

 Lignin is a very complex large molecule (fig.5 & 6) 

constructed of phenolic monomer units linked in a three 

dimensional structure. Three phenyl propionic alcohols exist 

as monomers of lignin: (i) coniferyl alcohol (guaiacyl 

propanol) (ii) coumaryl alcohol (p-hydroxyphenol propanol), 

and (iii) sinapyl alcohol (syringyl alcohol). Akyl-aryl, alkyl-

alkyl and aryl-aryl ether bonds links these phenolic 

monomers together. 

 
Fig.5 Dominant building blocks of three-dimensional polymer lignin (1) 

P-coumaryl, (2) Coniferyl-, (3) Sinapyl alcohol [79]  

 

 
Fig.6  A schematic diagram of lignin obtained from spruce [79]. 

 

 

 In general herbaceous plants such as grasses have the 

lowest impermeable and is one of the major drawbacks of 

using lignocellulosic materials in fermentation, as it makes 

lignocellulose resistant to chemical and biological 

degradation [38],[39],[40]. Dividing higher plants into two 

categories, hardwood (angiosperm) and softwood 

(gymnosperm), it has been identified that lignin from 

softwood is made up of more than 90 % coniferyl alcohol 

and the rest being mainly p-coumaryl alcohol units. Just as 

hemicellulose, lignin also exhibit polydispersity. Branching 

and bonding is observed between similar molecules. 0 
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presents a model structure of lignin from spruce pine. Lignin 

in wood behaves as three dimensional network. It plays an 

important role in the cell’s development and endurance. It 

acts as binder between cells creating a composite material 

that has a remarkable resistance to impact, compression and 

bending [79]. Certains solvents have been identified to 

solubilize lignin namely, low molecular alcohols, dioxane, 

acetone, pyridine and dimethyl sulfoxide. Elevated 

temperatures cause thermal softening of lignin which allows 

depolymerization reactions of acidic or alkaline nature to 

accelerate [80]. 

 
Fig.7 Schematic diagram of the role of pretreatment in conversion of 

biomass to bio-fuel [41] 

 

 

3. Degradation of cellulose, hemicellulose and extractives 

 

A study reported degradation of cellulose, hemicellulose and 

extractives during 30-day solid state - anaerobic digestion at 

an S/I ratio of 2 is presented in the following figures 8, 9 & 

10 [17]. Compositional analysis has been done on samples at 

the beginning and day 30 of the solid state – anaerobic 

digestion process [17]. Highest cellulose degradation of 41% 

was observed for solid state – anaerobic digestion of corn 

stover, 36% for wheat straw, 16% for leaves and 6% for 

yard wastes [17]. Similarly, hemicellulose degradation was 

34% for corn stover, 35% for wheat straw, 21% for leaves 

and 7% for yard wastes [17]. It was clearly noted that 

cellulose and hemicellulose degradation was negatively 

related to lignin content of lignocellulosic biomass [17]. 

Lignin is one of the key factors controlling the performances 

of solid state – anaerobic digestion of lignocellulosic 

biomass.  

 

 
Fig 8. Degradation of cellulose [17] 

 

 
Fig 9. Degradation of hemicelluloses [17] 

 

 
Fig 10.Degradation of extractives [17] 

 

 A different trend was observed in the degradation of 

extractives. Highest degradation of extractives was observed 

in leaves (57%) followed by yard waste (56%), corn stover 

(14%) and wheat straw (0%) [17]. Due to low cellulose and 

hemicellulose degradation of leaves and yard wastes, it is 

likely considered that extractives was the main contributor to 

the total biogas generation from leaves and yard wastes [17]. 

However, it is really not possible to correlate fully regarding 

biogas contributors as cellulose, hemicellulose and 

extractives, due to heterogeneous nature of lignocellulosic 

wastes [17]. 

 

4. Goals of pretreatment process 

There are certain goals of pretreatment like breakage of 

lignin, disruption of cellulose crystallinity and increase 

porosity of lignocellulosic materials [23]. Pretreatment must 

also meet some essential requirements like : (1) improve the 

formation of sugars or ability to form sugars by hydrolysis, 

(2) avoid degradation or loss of carbohydrates, (3) avoid 

formation of inhibitory by-products of hydrolysis and 

fermentation processes, (4) be cost-effective [41].  

 

 

5. Classification of pretreatment processes 

 

Pretreatment methods can be suitably classified into few 

kinds: physical (mechanical comminution i.e. milling, 

crushing/grinding), physicochemical (steam-explosion, 
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AFEX etc), chemical (acid & alkali pre-treatment), 

biological etc or a combination of all these [41]. Suitable 

pretreatment techniques are effective for specific biomass or 

waste. Hence, selection of technique is totally dependant on 

the priority of biomass. 

 

 

6. Pretreatment of lingo-cellulosic materials 

 

6.1 Physical pretreatment 

Cellulose crystallinity can be reduced by the application of 

mechanical comminution including grinding or milling, 

chopping. The size of the particles obtained after chopping is 

10-30mm and it finally gets reduced to 0.2-2mm after 

milling or grinding [42]. Ball mill or vibratory ball mill was 

further more effective in reducing cellulose crystallinity, 

improving their digestibility [43]. Mechanical pretreatments 

(fig.11) such as rotary drums have been used as an effective 

technology for organic fraction municipal solid waste 

separation and pretreatment prior to anaerobic digestion 

which could enhance the biogas production by 18-36% 

[44],[45]. A study reported small variations in both methane 

yields per gVS (gram volatile solids) and content of methane 

in biogas while studying the source-sorted organic fraction 

municipal solid wastes, pretreated with different mechanical 

methods like screw press, disc screen shredder, food waste 

disposer and piston press [46]. In a similar fashion, Zhang 

and Banks found no significant enhancement of bio-methane 

production using methods like screw press, piston press etc 

[47]. But a study by Hansen et al. reported that using screw 

press resulted in smaller particle size but shredder & 

magnetic separation yielded in higher methane production 

[48]. A high pressure homogenizer (HPH) increases the 

pressure upto several hundred bar, then homogenizes the 

biomass under strong decompression [49]. Cavitation is 

formed that induces internal energy, which disrupts the cell 

membranes of organic wastes [50]. This kind of 

pretreatment methods are mostly suitable for lignocellulosic 

wastes, manure and waste water treatment plant sludge. Size 

reduction through bead mill, electroporation and liquefaction 

of organic fraction municipal solid wastes have been studied 

at lab scale. A study by Izumi et al. reported size reduction 

by bead mill followed by 40% higher COD solubilization, 

that led to 28% higher biogas production, but excess particle 

size reduction to 0.7mm caused an accumulation of volatile 

fatty acids [51]. Methanogens are highly sensitive to acidic 

intermediates [52], so excess acid accumulation will lead to 

lowering of anaerobic digestion  process performances. 

 Maceration, sonication (ultrasonication) and high 

pressure homogenizer are the simplest pretreatment methods 

for organic solid wastes such as lignocellulosic biomass and 

waste water treatment plant sludges. By applying maceration 

biogas production was enhanced by 10-60% [53]. Upon size 

reduction of lignocellulosic biomass, resulted in 5-25% 

increased hydrolysis yield, solely depending upon the prior 

mechanical pretreatment used [52]. Similarly, maceration of 

fibers in manure upto 2mm resulted in 16% increased yield 

of biogas and further 20% increased yield was obtained with 

0.35mm. Further reduction of particle size resulted in no 

significant enhancement in yield of biogas [54]. Sonication 

before anaerobic digestion process resulted in 24-140% 

enhanced biogas production in batch systems and 10-45% in 

continuous or semi-continuous systems [53]. High pressure 

homogenizer at 600bar resulted in complete disintegration of 

filaments [50]. Higher biogas production was mostly due to 

more extensive solubilization of the particulates.  However, 

all pretreatment techniques does not always confirm the 

enhancement of volatile solid destruction and higher biogas 

production.  

 

 

 
Fig. 11 Mechanical pre-treatment methods to enhance the AD of 

OFMSW: (A) Screw press; (B) disc screen; (C) shredder with magnet 

[57]. 

 

  

 

 

Certain advantages associated with physical pretreatment are 

no odour generation, an easy implementation, better 

dewaterability of biomass, less energy consumption. 

Disadvantages are equipment clogging and scaling and no 

effect on pathogen removal [55], [56].  

 

6.2 Thermal pre-treatment 

Thermal pre-treatment technique have been successfully 

applied at both lab & industrial scale for pathogen removal, 

reduction of viscosity of biomass and easy dewatering of 

biomass/waste [5],[12],[58],[59],[60],[61]
,
. The main effect 

of thermal treatment is disintegration of cell membranes of 

biomass/waste that leads to solubilization of organic 

compounds, i.e macromolecules are broken down to 

micromolecules [62],[63],[64],[65]. Some studies reported 

better potential of organic compounds solubilization at lower 

temperatures, but essentially longer pre-treatment times are 

needed [57]. Different temperature ranges (50-250
0
C) to 

enhance anaerobic digestion of different organic solid 

wastes (waste water treatment plant sludges and 

lignocellulosic substrates) have been studied [57]. Different 

methods of heating like steam, electric and microwave have 

been studied [57]. A study by Mottet et al. reported that no 

significant difference was observed between steam and 

electric heating in solubilization of biopolymers but 

microwave heating showed better results [66]. Better rate of 

solubilization of biopolymers by microwave heating was due 

to polarization of macromolecules [55],[63]. Higher 
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temperature treatments (>160
0
C) of lignocellulosic wastes 

not only results in solubilization of hemicellulose but also 

solubilization of lignin [57]. Certain compounds are released 

which are mainly phenolic compounds and these are highly 

inhibitory to microbial consortium [67]. 

 

 
 

 
 

Fig 12. CBP curves of wastes pre-treated at (A) 70 
0
C; and (B) 80 

0
C for 

various treatment times [74] 

 

 

 A study by Bougrier et al. suggested that pre-treatment at 

higher temperatures (>170
0
C) leads to changes in color of 

the biomass/waste (mainly food waste) due to browning 

reaction (mallaird reaction) that occurs between 

carbohydrates and amino acids; these compounds are very 

complex in nature and difficult for the microbes to be 

biodegraded [68]. Specifically, one such complex compound 

is melanoidin that forms as a result of chemical bonding and 

particle agglomeration [68]. These limitations can occur due 

to prolonged treatment times at lower temperatures or pre-

treatment process carried out at temperatures exceeding 

150
0
C [53],[67],[69],[70],[71]. 

 

 

 
 

Fig. 13 Effect of (A) 70 
0
C; and (B) 80 

0
C thermal time on biomethane 

production during initial 20 days of the BMP test [74] 

 
Fig. 13CEffect of ambient air temperature on the net energy production 

from thermal pretreatment at 80 
0
C for 1.5h [74] 

 

6.2.1 Thermal pre-treatment at higher temperature 

(>110
0
C) 

Some studies reported strong negative results with thermal 

pre-treatment at higher temperatures. Specially food wastes 

and fruit & vegetable wastes suffered higher temperature 

thermal pre-treatment due to formation of melanoidins [61]. 

Pre-treatment at 175 
0
C for food waste and fruit & vegetable 

wastes resulted in 7.9% and 11.7% decrease of biomethane 

production [61] whereas pre-treatment at 120 
0
C of food 

waste resulted in 24% increase of biomethane production 

[72]. Comparatively, a study on thermal pre-treatment of pig 

manure at 110 
0
C resulted in low biogas yield [73]. 

Hardening and darkening(brownish color development) of 
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manure was observed which was due to occurence of 

mallaird reactions [73].    

 

6.2.2 Thermal pre-treatment at lower temperature (<110
0
C) 

Thermal pre-treatment at lower temperatures of 70 
0
C and 80 

0
C have reported better specific biomethane yield considered 

for initial 20 days of anaerobic digestion process (fig 12,13) 

[74]. There is general agreement in the literatures that during 

initial 20 days of anaerobic digestion  process, all degradable 

volatile solids (VS) are degraded and/or completely digested 

[74]. Cumulative biomethane yields for those processes are 

also higher [74]. Protot et al. suggested that thermal pre-

treatment at temperatures below 100 
0
C did not result in 

degradation of complex molecules, but it simply induces the 

deflocculation of macromolecules [64]. Thermal pre-

treatment resulted in increase in solubilization of proteins 

and increased removal of particulate carbohydrates. 

According to EU Regulation EC1772/2002 requires OSW to 

be pretreated at least an hour at 70 
0
C [57]. Similarly, EU 

Regulation EC1774/2002 dictates that FW is catering waste 

and should be pasteurized at >70 
0
C for at least an hour or at 

>133 
0
C for 20-30 min [74]. Several pre-treatment 

temperatures (70-140 
0
C for 1h and 140-150 

0
C for 30min) 

have been applied at variable pre-treatment times of 1.5,4 

and 8h respectively [74]. The net energy production was 

calculated based on the extra energy produced (Eproduced) and 

the required energy for operating the pre-treatments [74]. 

The extra energy from the enhanced bio-methane production 

have been calculated as per the following equation 1[74]. On 

the basis of net energy estimation, enhanced bio-methane 

could cover the required energy for the thermal pre-

treatment at 80 
0
C for 1.5h whereas negative net energy 

production was observed at 120 
0
C (fig.13C) [74].   

 Studies related to household waste and algal biomass 

thermal pre-treatment at 70 
0
C for 60mins and 8h did not 

result in enhancement of biogas production [57],[75],[76]. 

Similarly negligible enhancement of biogas production was 

observed after thermal pre-treatment of sewage at 70 
0
C for 

60mins whereas production of biogas was improved by 20 

times when a pre-treatment temperature was applied for 

60mins at 90 
0
C [75]. Rafique et al. achieved a maximal 

enhancement of 78% higher biogas production with a 

methane content of 60% by pre-treatment at 70 
0
C [73]. 

Similarly, 30% higher biogas yield was obtained with 69% 

methane content [62] and also 50% biogas volume was 

observed to increase with pre-treatment at 70 
0
C prior to 

thermophilic anaerobic digestion [77]. 

 

 

 

Net energy production: 

η** BiomethaneBiomethaneproduced VEE =       (1)
# 

where: 

 

EBiomethane = energy content of biomethane (6.5 KWh/m
3
); 

VBiomethane= extra biomethane produced due to pretreatment 

(m
3
); 

η = conversion factor (0.85 for thermal energy); 

 

 The total required energy for the thermal pretreatment is 

the sum of the required energy (EThermal) to obtain the desired 

pre-treatment temperature and the energy of the pre-

treatment chamber (EChamber) to maintain the heat : 

 

TMCTMCE
WaterWaterFWFWThermal

Δ+Δ= ****     (2)
# 

 

Where : 

 

CFW = heat capacity of dry food waste (1.92 KJ Kg
-10

C
-1

); 

MFW= dry mass of food waste and/or TS (Kg/ton FW); 

CWater= heat capacity of water (4.18 KJ Kg
-10

C
-1

); 

MWater=mass of water in FW(Kg/ton FW); 

TΔ = temperature increase from room temperature to 

desired temperature( 
0
C) 

 

and tskAT *)/(**Δ         (3) 

 

# (1) & (2) adapted from [72]. 

 

where: 

A = total surface area of the pre-treatment chamber (m
2
); 

s = thickness of the pre-treatment chamber wall (m); 

k= heat conductivity of material used of pre-treatment 

chamber (W/m, 
0
C); 

t = pre-treatment time (hours). 

 

 The density of FW varies between 0.3 and 1ton/m
3
 

depending on its characteristics and composition [78]. 

Generally 1ton/m
3
 is taken for research work across the 

globe.  

 

6.3 Pyrolysis 

We use ‘pyrolysis’ as a general term for all processes 

whereby organic material is heated or partially combusted to 

produce secondary fuels and chemical products [222]. The 

input may be wood, biomass residues, municipal wastes etc. 

The products are gases, condensed vapors as liquids etc. 

Gasification is pyrolysis adapted to produce a maximum 

amount of secondary fuel gases. Pyrolysis is the basis of 

several methods that are being developed for producing fuel 

from biomass, which may include either crops grown for the 

purpose or biological waste products from other industries 

[219]. Crops studied as biomass feedstock for pyrolysis 

include native North American prairie grasses such 

as switchgrass and bred versions of other grasses such 

as Miscantheus giganteus. Crops and plant material wastes 

provide biomass feedstock on the basis of 

their lignocellulose portions. Many sources of organic 

matter can be used as feedstock for pyrolysis. Suitable plant 

material includes greenwaste, sawdust, waste wood, woody 

weeds; and agricultural sources including nut shells, straw, 

cotton trash, rice hulls, switch grass; and animal waste 

including poultry litter, dairy manure, and potentially other 

manures. Pyrolysis is used as a form of thermal treatment to 

reduce waste volumes of domestic refuse. Some industrial 

byproducts are also suitable feedstock including paper 

sludge and distillers grain [220]. Biomass is normally treated 

at temperatures higher than 300
0
C and the cellulose 

decomposes directly to gaseous products and residual char. 

Pyrolysis process is enhanced when carried out in presence 

of oxygen. At lower temperature the degradation rate is low 

and less volatile products are formed. The higher the 

temperature, more is the degree of degradation. A study 

reported 80 – 85 % cellulose conversion to reducing sugars 

with more than 50% glucose by mild acid hydrolysis (1N 

H2SO4, 97 
0
C, 2.5h) of pyrolysed product [81]. 
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6.4 Chemical pre-treatment 

Always during the anaerobic digestion process, there 

remains a possibility of increased organic acid accumulation 

after hydrolysis step, which may lead to process inhibition 

and failure of the anaerobic digestion process performances. 

Anaerobic digestion generally requires an adjustment of pH 

by increasing the alkalinity, so alkaline pre-treatment is 

preferred chemical pre-treatment [82]. Chemical pre-

treatment techniques are applied with the motive of 

destroying organic compounds by means of strong/weak 

acids, alkalis and oxidants [57]. Ozonation & acidic pre-

treatments have been applied for biomass / wastes for 

enhancement of biogas production as well as to aid in 

efficient hydrolysis step [41]. This kind of pre-treatment 

method is highly dependant on the substrate characteristics. 

Chemical pre-treatment is suitable for higher lignin content 

substrates like leaves & yard wastes. It is mostly not suitable 

for substrates that are rich in carbohydrates, due to 

accelerated degradation and loss of carbohydrates and 

excessive accumulation of volatile fatty acids [83].  

 

 
Fig14. Experimental ozonolysis setup: (1) oxygen cylinder, (2) 

automatic gas flow control valve, (3) ozone generator, (4) process gas 

humidifier, (5) reactor, (6) ozone UV spectrophotometer, (7) ozone 

catalytic destroyer, (8) iodide trap to test catalyst efficiency, (9) vent, 

(10) pressure regulation valve, (11) three-way valve [41]. 

 

 

6.5 Ozonation 

 

There is no standard protocol and regulation for ozonation 

(fig. 14) pre-treatment of organic solid waste prior to 

anaerobic digestion. Ozone is a strong oxidant and 

decomposes itself to radicals and reacts both directly and 

indirectly with biomass/waste [84]. Direct reaction of ozone 

with biomass/waste is not fruitful; it leads to degradation of 

fermentable sugars thereby results in loss of bio-methane 

production [74]. Indirect reaction of ozone with biomass is 

all about the reaction with hydroxyl ions that causes 

degradation of complex organic compounds like lipids/fats, 

proteins thus resulting in sudden increase in bio-methane 

production [74]. A study reported the use of UV generator 

(model-Fischer) for ozonolysis. The device produced 0.6 

mmol O3 with a flow rate of 35 L/h using ambient air [74].  

It is one of the way of removing lignin from biomass unlike 

other chemical pre-treatment methods, it doesnot produce 

any toxic products [41]. To reduce the potential ozone 

inhibition of anaerobic microbes, the pre-treatment vessel is 

always flushed with nitrogen gas after ozonation [74]. 

Moreover, ozonolysis reactions are carried out at normal 

room temperature and pressure [41] and ozone can be easily 

decomposed by catalytic bed or by increasing the 

temperature i.e., the processes can be designed to minimize 

environmental pollution [85]. Nevertheless, the drawback of 

ozonolysis is that a large amount of ozone gas is needed 

which is not very economic and increases the cost of the 

experiment [41]. Ozonolysis results in the increase of in 

vitro digestibility of the treated material. The degradation is 

limited mainly due to lignin, hemicellulose is slightly 

affected [41]. Ozone have been used to degrade lignin and 

hemicellulose in many lignocellulosic materials such as 

wheat straw [86],  bagasse, green hay, peanut, pine [87], 

cotton straw [88] and poplar sawdust [89].  

 A study reported certain comparative results with 

ozonation pre-treatment and untreated wastes. The net 

methane yield of untreated FW was 440.3 mlCH4/gVS[74]. 

Cumulative methane potential (CMP) curves of untreated 

and ozonated wastes are shown in figure 15A; the anaerobic 

digestion process was continued till 220 days long till 

complete degradation and bio-methanation was completely 

ceased [74]. All ozonated wastes produced less bio-methane 

as compared to the untreated substrate during the initial 15 

days but thereafter higher yield of methane was obtained.  

The specific bio-methane potential (SBP) of 20 days is 

shown in fig 15B. The highest specific bio-methane 

potential enhancement of 9.2 % was achieved with ozone 

dose of 0.068 gO3/gTS, followed by an increase of 7.8 % 

with 0.034 gO3/gTS. Ozonation resulted in 22-46 % 

enhancement of cumulative bio-methane potential as shown 

in fig. 15A.  

 Another study reported 37% increase of cumulative 

methane potential from ozonated source separated organic 

fraction municipal solid wastes. During initial 20days of 

anaerobic digestion process the methane yield was 

maximum (459.9 mlCH4/gVS) for ozone dosage rate of 

0.068 gO3/gTS, followed by 453.9 mlCH4/gVS with 0.034 

gO3/gTS, 447.6 mlCH4/gVS with 0.101 gO3/gTS etc 

(fig.15B). Even though, for initial 20 days ozonation 

resulted in higher bio-methane yield compared to that of 

unteated wastes, the anaerobic digestion process can be 

lethal and inhibitory with high dosage rate of 0.202 gO3/gTS 

[74]. It may be explained by the issue of chances of loss of 

fermentable sugars at higher concentration of ozone. 

Ozonation pre-treatment is not readily suitable to substrates 

with high carbohydrate content but can be attractive method 

of pre-treatment for recalcitrant and more complex organic 

biomass/waste. 
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Fig 15. Effect of ozone on A) CMP curves; and B) SBP of FW during 

the initial 20 days [74] 
 

6.6 Alkaline pre-treatment 

Alkali or some bases can be readily used for the purpose of 

pre-treatment of lignocellulosic wastes [41]. Alkaline pre-

treatment can be carried out at ambient conditions and this is 

advantageous over other chemical methods but at the same 

time it is disadvantageous as the pre-treatment times are in 

the order of hours and days rather than minutes or seconds 

[41]. During alkaline pre-treatment, solvation and 

saponification occurs that induce the swelling of solids 

which increases the specific surface area of substrates and 

thereby more surface exposure becomes easy for the 

anaerobes [12],[67],[90],[91]. When biomass is pre-treated 

by alkali then the biomass itself consumes some of the 

alkali, so higher alkali reagents might be required for 

alkaline pre-treatment of biomass for desired anaerobic 

digestion enhancement in terms of excess bio-methane 

production [67]. COD solubilization is increased by 

saponification of uronic acids and acetyl esters as well as 

neutralization of various acids formed by the degradation of 

particulates [92]. Alkaline pre-treatment processes causes 

less sugar degradation and most of the salts can be 

regenerated or recovered [41]. Potassium, sodium, calcium 

and ammonium hydroxides have been used as alkaline pre-

treatment agents. Among all these, sodium hydroxide has 

been studied the most as pre-treatment agent of 

biomass/waste [93],[94],[95],[96]. In addition, to the effects 

of alkaline pretreatment the anaerobic digestion process 

might be affected by the accompanying cations present in 

these reagents including sodium, potassium, magnesium, 

calcium since the chemicals are added mostly as salts or 

hydroxides of these cations [57]. The inhibitory 

concentrations of these cations are very important to be 

considered for anaerobic digestion process stabilization. 

Kim et al., studied the inhibition of sodium ion 

concentration on thermophilic anaerobic digestion of food 

waste and reported that more than 5 g/L of sodium resulted 

in lower biogas production
97

. Sodium is more toxic to 

propionic acid utilizing bacteria as compared to volatile fatty 

acid degrading bacteria [98]. Potassium ion is more toxic to 

thermophilic anaerobes as compared to mesophilic or 

psychrophilic anaerobes [100]. The inhibitory level of 

potassium begins at 400 mg/L, though anaerobes are able to 

withstand upto 8g/L potassium [99]. Optimum 

concentrations of calcium and magnesium ions have been 

reported to be 200mg/L and 720 mg/L respectively 

[100],[101]. Excess amounts of calcium can cause 

precipitation of carbonates and phosphates which results in 

scaling of reactors, pipes etc and reduces the process 

performance by hampering the specific methanogenic 

activity and results in loss of buffer capacity [102].  

 Anaerobic digestion process can be enhanced directly by 

the addition of trace elements like cobalt(Co), molybdenum 

(Mo), selenium (Se), iron (Fe), tungsten (W), copper (Cu) , 

aluminium (Al) and nickel (Ni) [57]. Fe, was found to be the 

most stable element for stabilization of anaerobic digestion 

process in a single-stage reactor treating food waste [103]. 

45-65 % higher methane production was obtained with 

supplement of trace metals like Co,Mo,Ni,Se and W [104]. 

But supplement of trace metals to biomass is never 

considered as pre-treatment method, rather it is considered 

as an effective method for obtaining higher biogas 

production rates with high methane content [57].      

 Slake lime or calcium hydroxide pre-treatment of 

lignocellulosic biomass resulted in effective yield of 

hydrolyzed product and it is easily possible to recover 

calcium from aqueous reaction systems as insoluble calcium 

carbonate by neutralizing it with less expensive carbon 

dioxide [41]. Further using the lime kiln technology, calcium 

hydroxide can be regenerated. The process of lime 

pretreatment is very simple; it comprises of slurrying the 

lime with water, spraying it onto the biomass and storing it 

in pile for a period of hours to weeks [41]. The particle size 

of the material is 10mm or even less; elevated temperatures 

reduce contact time [41]. The enzymatic hydrolysis of lime 

pre-treated biomass is affected by structural features arising 

from the treatment, known as extents of acetylation, 

lignifications and crystallization [105]. Lime pretreatment 

(fig. 16) causes removal of amorphous substances (lignin 

and hemicellulose) from the lignocellulosic biomass and 

henceforth the crystallinity index is increased [41]. Lime has 

been used to pretreat wheat straw (85 
0
C for 3h) [106], 

poplar wood (150 
0
C for 6h with 14atm of oxygen) [107], 

switch-grass (100 
0
C for 13h) [108]. Pretreatment with slake 

lime (calcium hydroxide) increased the enzymatic hydrolysis 

of corn stover by a factor of 9 compared to that of untreated 

corn stover [41]. Pretreatment with lime can lead to corn 

stover polysaccharide conversions approaching 100%. The 

optimal pretreatment conditions were determined to be a 

lime loading of 0.075g of Ca(OH)2/g of dry biomass, a water 

loading of 5g H2O/g of dry biomass and heating for 4h at 

120 
0
C [41].  

 Lignin removal increases enzyme effectiveness by 

removing the non-productive adsorption sites and by 

increasing access/exposure to cellulose and hemicellulose in 

the microfibrils [41]. Certain correlations between 

enzymatic digestibility and three structural features: (a) 

lignin content, (b) crystallinity, and (c) acetyl content  have 

been reported by Chang et al [106]., that (1) extensive 

delignification is sufficient to obtain high digestibility 

regardless of crystallinity and acetyl content, (2) 

delignification and deacetylation removes parallel barriers to 

enzymatic hydrolysis and (3) crystallinity initially affects the 

rate of hydrolysis but has less effect on the final yield of 

hydrolysis product, i.e sugar. Therefore alkaline pre-

treatment plays an important role in exposing the cellulose 

enclosed within the microfibrils to enzymatic degradation. 

An effective pretreatment process should render the final 

lignin content in biomass to 10% or less after treatment 

[105]. Kim et al [105]., pretreated corn stover with excess 
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slake lime (0.5g of Ca(OH)2 of dry biomass) at both non-

oxidative(N2) and oxidative (O2) conditions at 25, 35, 45, 

and 55 
0
C. Enzymatic digestibility of lime pretreated 

biomass is affected by the structural features of pretreatment 

and hence extensive delignification requires additional 

consumption of reagents (upto 0.17g of Ca(OH)2/g of 

biomass) [41]. Delignification is highly dependant on 

temperature and presence of oxygen. Deacetylation requires 

a week’s time to reach peak irrespective of non-oxidative 

and oxidative methods at 55 
0
C. About 90% of acetyl was 

removed by both the methods at same temperature. The rate 

of enzymatic hydrolysis depends on enzyme adsorption. 

Kong et al [109]., reported that alkalis remove acetyl groups 

from hemicellulose (mainly xylan) therby reduce the 

hindrance of enzymatic hydrolysis and greatly influence 

carbohydrate digestibility. Sugar yield by enzymatic 

hydrolysis is related to acetyl group content.    

 Dilute NaOH treatment of lignocellulosic biomass 

causes swelling, increase in internal surface area, decrease in 

cellulose crystallinity, decrease in degree of polymerization, 

breakage of lignin structure and separation of structural 

linkages between carbohydrates and lignin [81]. A study 

reported increase in digestibility of NaOH treated hardwood 

from 14% to 55% with decrease of lignin content from 24-

55% to 20%. No effect was observed for dilute NaOH 

treatment of softwoods with lignin content greater than 26% 

[43]. Especially dilute NaOH treatment is suitable for 

hydrolysis of low lignin content biomass; viz. straws (10 – 

18 % lignin content) [110]. Combined irradiation and 2% 

NaOH has been applied for pretreatment of corn stalk, 

cassava bark and peanut husk [111]. Glucose yield of corn 

stalk was 20% in untreated samples compared to 43% after 

treatment with electron beam irradiation at a dose of 

500KGy and 2% NaOH, but glucose yields of cassava bark 

and peanut husk were only 3.5% and 2.5% respectively. 

Lopez-Torres and Llorens [91] obtained a 11.5% increased 

methane production with alkaline pretreatment of organic 

fraction municipal solid waste. Neves et al [112]., obtained 

100% of the potential production with alkaline 

(0.3gNaOH/gTS) pretreated barley waste. Patil et al [113]., 

studied the effect of alkaline pretreatment on water hyacinth, 

that possess less lignin content compared to other plants. 

They concluded that alkaline pretreatment had a smaller 

effect than mechanical pretreatments. So, alkaline 

pretreatment is not suitable for substrates with low lignin 

content.  

 Radio-frequency (RF) assisted alkaline pre-treatment 

(0.1g NaOH/g of biomass loading ) at 90 
0
C resulted in high 

xylose yield from xylan than the conventional heating pre-

treatment [114],[115]. The optimum particle size and alkali 

loading were determined to be 0.25-0.50mm and 0.25g of 

NaOH/g of biomass. Several studies have been conducted 

with switch-grass that comprises of 33.6% glucan, 19.3% 

xylan, 21.4% lignin and 3.9% ash. Glucose and xylose are 

the major sugars in switch-grass and yield of these sugars 

were used to estimate the efficiency of pre-treatment 

process. Sugar yield have been expressed as grams of sugar 

released per 100g (dry weight) of original untreated switch-

grass [41]. Microwave or conventional heating was adapted 

for switch-grass soaked in NaOH solutions of different 

concentrations [41]. With alkali loading of 0.05-0.3 g of 

alkali/g of biomass, microwave pretreatment resulted in 

higher sugar yields than conventional heating method [41]. 

Optimum concentration of NaOH for maximum yield of 

sugars is 0.1g/g of dry biomass. Microwave assisted alkaline 

pre-treatment is an efficient way to improve the enzymatic 

digestibility of the switch-grass [41].     

 Ammonia has also been used for pretreatment of 

lignocellulosic biomass to remove lignin. Iyer et al., 

described an ammonia percolation process (temperature: 170 
0
C, ammonia concentration: 2.5-20%, reaction time: 1h) for 

the pretreatment of a corn cobs/stover mixture and switch 

grass [41],[116]. The efficiency of delignification was 60-

80% for corn cobs and 65-85% for switch grass.  

 

 
Fig. 16 Schematic diagram of the jacketed reactor system for lime 

pretreatment under non-oxidative (N2 supply) and oxidative (air supply) 

conditions [41]. 

 

 

6.7 Acidic pretreatment 

Both dilute and concentrated acid pretreatment have been 

studied for organic solid wastes like lignocellulosic wastes, 

food waste etc. Concentrated acids like HCl and H2SO4 have 

been used for pretreatment of lignocellulosic wastes [41]. 

Acidic pre-treatment have been effective for improving the 

rate of hydrolysis by solubilizing lignin and hemicelluloses 

but they are toxic, hazardous and corrosive in nature [41]. 

Corrosion-resistant reactors are needed for acidic pre-

treatment which makes the pre-treatment process very 

expensive and the acid should always be recovered for 

making the process economic [42],[117]. Xylan comprises 

of one-third of total carbohydrate content in many 

lignocellulosic wastes; hence achieving high xylan to xylose 

conversion is necessary to achieve favourable overall 

process economics [41]. Recently developed dilute H2SO4 

pretreatment techniques use less severe conditions for 

conversion of xylan to xylose; dilute sulfuric acid 

pretreatment at concentrations below 4 wt% has been of 

great interest for studies by most researchers as it is very 

cost-effective and inexpensive [118],[119]. Furfural has 

been commercially manufactured from biomass using dilute 

sulfuric acid; the dilute acid hydrolyzes the hemicellulose to 

xylose and other sugars and further breaks down xylose to 

form furfural [23]. High temperature is favorable for dilute 

acid pretreatment and can help in achieving high reaction 

rates [120]. A study reported 100% conversion of cellulose 

to glucose after complete removal and recovery of 

hemicellulose as dissolved sugars after dilute acid pre-

treatment [23]. Other acids like nitric acid, phosphoric acid 

etc. has been tested against variable feedstocks. Crystallinity 

index, though not a function of pretreatment temperature, 

increased as a consequence of acid pretreatment of mixed 

hardwood [121]. This phenomena can be best explained as 

the removal of amorphous cellulose fraction and leaving 

behind the crystalline cellulose fraction. A study by Lu et al. 
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reported upto 77% xylose yield whereas the glucose yield 

was only 8.4%; the optimum conditions for corn stover 

pretreatment were a H2SO4 concentration of 2.0% and a 

reaction time of 43minutes at 120 
0
C [122]. Another study 

involved subjection of corn stover to dilute H2SO4 

pretreatment in a pilot scale vertical reactor with a residence 

time of ~1min at temperatures ranging from 180 to 200 
0
C, 

solids loading between 25% and 35%(w/w) and acid 

loadings of 0.03 – 0.06 g of acid/g of dry biomass [123]. All 

the pretreated samples showed higher pore volumes than 

untreated corn stover. Authors determined that porosity may 

be a factor for low digestibility but it is not a major factor 

for digestibility of lignocellulosic biomass [123].  

 Weak acid hydrolysis is one of the most effective 

pretreatment methods for lignocellulosic biomass. In general 

agreement with literatures there are two types of weak acid 

hydrolysis: (1) High temperature and continuous flow 

process (T> 160 
0
C, 5-10 wt% substrate concentration) 

[124],[125], (2) Low temperature and batch process for high 

solids loading (T<= 160 
0
C, 10-40% substrate concentrate) 

[120]. Mostly dilute sulfuric acid is sprayed onto raw 

material (biomass) at a temperature of 160-220 
0
C for a short 

period of time and held upto few minutes. The 

hemicelluloses are readily hydrolyzed into monomeric 

sugars with soluble oligomers from the cell wall matrix into 

the hydrolyzate. Hemicellulose removal increases porosity 

and improves hemicelluloses digestibility. 

  Hemicellulose is mostly amorphous in nature. Removal 

of this amorphous component increases the crystallinity 

index that affects the initial hydrolysis rates [121]. It has 

been observed that materials subjected to acid pretreatment / 

hydrolysis can be very difficult to ferment because of the 

presence of toxic substances [27]. pH neutralization is 

important for downstream processing that involves 

hydrolysis or fermentation. Dilute acid pretreatment have 

been reported to have negative impact on corn stover 

residues; spherical droplets have been found to form on the 

surface of corn stover. These droplets comprised of lignin – 

carbohydrate complexes formed due to pretreatment under 

neutral and acidic pH at and above 300 
0
C [41],[125].  Acid 

pretreatment process is further costly than physico-chemical 

methods like AFEX, steam explosion and carbon dioxide 

explosion; acid pretreatment further involves the use of 

costly material of construction, high pressures, neutralization 

and conditioning of hydrolysate prior to biological steps, 

slow cellulose digestion by enzymes and non-productive 

binding of enzymes to lignin [41],[124].   

 

 

6.8 Liquid hot water 

Hot water at high temperature and pressure have been used 

to solubilize the components of biomass. Pretreatment with 

liquid hot water is occasionally used. For hot water 

pretreatment, size reduction of the biomass is not needed as 

the lignocelluloses particles break apart when cooked in 

water. Three types of liquid hot water configurations are 

used, namely concurrent, counter-current and flow-through. 

In concurrent pretreatment water and lignocellulose move in 

the same direction and the slurry of biomass and water is 

heated to the desired temperature and held at the 

pretreatment conditions for the desired residence time before 

being cooled. In counter-current pretreatment process, water 

and lignocellulose move in opposite direction through the 

pretreatment reactor. In a flow-through reactor, hot water is 

made to pass over a stationary bed of lignocelluloses. Water 

pretreatments use high pressure to maintain the water in the 

liquid state at elevated temperatures. The residence time for 

this process is usually ~15 mins at temperatures in the range 

of 200-230 
0
C [79]. All of the hemicelluloses is removed in 

the process, along with 4-22 % of the cellulose, 35-60% of 

the lignin [79]. Other names of pretreatment with liquid hot 

water (LHW) are hydro-thermolysis, hydrothermal 

treatment, aqueous fractionation, solvolysis or aquasolv 

[23]. In the process of solvolysis, water is contacted with 

biomass for 15 minutes at a temperature of 200-300 
0
C. 

Readily 40-60 % of the biomass is dissolved in the water. 

About 90% of the hemicelluloses is recovered as monomeric 

sugar when acid was used to hydrolyze the resulting 

liquid[79]. Acetic acid is formed in addition in the process 

that acts as catalyst for polysaccharide hydrolysis [79]. The 

monomeric sugars produced as a result of hydrolysis may 

further decompose to furfural (an inhibitory component of 

fermentation).  

 

 

7. Combined pretreatment methods 

 

7.1 Thermo-chemical pretreatment. 

Different combinations of pretreatment methods have also 

been widely studied in order to improve the kinetics of 

anaerobic digestion process [126], [10]. Thermo-chemical 

pretreatment is one such coupled mechanism to treat 

biomass/waste for enhancement of biogas yield at faster rate 

i.e short duration of time. A study with anaerobic digestion 

of organic fraction municipal solid waste, pretreated by 

microwave heating (higher than 145
0
C) coupled with 

alkaline treatment, resulted in release of more amount of 

refractory material per gCOD; the amount of biogas 

obtained was very low [127]. A very similar incident was 

observed with pig manure pretreated with lime and heated to 

temperatures above 110
0
C [73],[128]. Due to chemical 

pretreatment, excess hydrolyzed product of proteins and 

carbohydrates were formed namely amino acids and sugars 

that reacted among each other and resulted in formation of 

melanoidins. But alkaline pretreatment combined with low 

temperature heating (70
0
C) resulted in 78% increase in 

biogas production with 60% methane content as compared to 

28% increase in biogas production with 50% methane 

content obtained by thermal pretreatment at higher 

temperatures (>100 
0
C) [73].   

 

7.2 Thermo-mechanical pretreatment 

Mechanical pretreatments including maceration, sonication, 

milling, grinding/crushing have been studied together with 

thermal pretreatment techniques [57]. Initially mechanical 

pretreatment mostly helps in reducing the particle size of 

biomass and readily helps in easy volume reduction and 

better means of biomass handling and storage. This 

combination of pretreatment is not common for organic 

fraction municipal solid wastes and have been less studied 

[57]. A study by Zhang et al. reported highest enhancement 

of biogas production (17%) by grinding rice straw upto 

10mm and further heating to 110 
0
C [47]. One disadvantage 

reported was the increased concentration (64%) of ammonia 

in the reactor due to excess protein hydrolysis; which may 

lead to anaerobic digestion process instability due to 

microbial inhibition [129]. Another study reported 70% 

higher biogas yield within a period of 5 days with 

temperature and pressure catalyzed (160-200
0
C at 40 bar for 

60 minutes) pretreatment prior anaerobic digestion [130]. 

Wett et al. studied the disintegration of sewage sludge 

pretreated at 19-21 bar pressure and 160-180 
0
C for 1h 
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[129]. The combined pretreatment resulted in a 75% 

increased biogas production, dewatering characteristics of 

the sludge also improved and the disposal cost was 

minimized by 25%. 

 

7.3 Hydro-thermal pretreatment 

Hydrothermal pretreatment of lignocellulosic biomass for 

enhanced bio-ethanol and biogas production is gaining high 

importance in the 21
st
 century [131]. Water under high 

pressure and temperature can penetrate into the biomass, 

hydrate cellulose and remove hemicellulose and part of 

lignin [41]. The major advantages of hydrothermal 

pretreatment are no addition of chemicals and no 

requirement of corrosion resistant materials for hydrolysis 

reactors in the process. Physical treatment involving 

maceration, milling/or grinding is a very cost-effective 

process. Hence, particle size reduction of biomass may be 

avoided in hydrothermal pretreatment and requires very less 

amount of chemicals for neutralization of the hydrolyzate 

[131]. But certain disadvantages associated with the 

hydrothermal process are energy requirements of 

hydrothermal process, longer residence time may lead to 

charring of biomass, decreases pH of biomass slurry due to 

hydrothermal oxidation of sulfur and phosphorus in biomass 

which further results into production of inorganic acids. The 

methanogens perform well in the pH range of 6.8-7.2. Hence 

addition of a significant amount of alkali to the process 

reduces the risk of acid inhibition. Nevertheless, cation 

concentration of above 1500mg/L exhibits toxicity. So, 

careful addition of alkali to process should be done 

depending upon the inhibitory level for the process. 

Hydrothermal pretreatment followed by addition of 

appropriate NaOH is potentially effective for lignocellulosic 

biomass (rice husk and rice straw). Hydrothermal 

pretreatment of rice straw for 10mins at 200 
0
C followed by 

alkali addition of 5% NaOH reported biogas and methane 

yields of 315.9 L/Kg VS and 132.7 L/Kg VS respectively.   

This method has been widely studied for treating biomass 

including cow manure, pig manure, fruit & vegetable waste, 

food waste and municipal sewage sludge. Hydrothermal 

pretreatment has been used in municipal sewage sludge 

digestion in industrial operation [131]. With hydrothermal 

pretreatment, the municipal sewage sludge was dissolved 

into liquid phase that skips the slow biological enzyme 

hydrolysis [131]. The first hydrothermal treatment plant was 

developed in the year 2002 [132]. In 2008, another 

hydrothermal equipment was built in a municipal waste-

water treatment plant [133]. At 1978, Huang used 

hydrothermal process to improve sludge digestion biogas 

production. Study reported that heating sludge at 175 
0
C 

could increase biogas production by 60 – 70 % [134]. 

Another study by Li and Noikeal evaluated hydrothermal 

effect at different temperature and heating time [135]. 

Hydrothermal pretreatment of lignocellulosic materials have 

been less studied. For hydrothermal pretreatment, with 

organic matters dissolving and hydrolyzing, parts of solid 

organic matters are liquefied as a form of low molecular 

weight organic matter. Under hydro-thermal pretreatment, 

biomass / waste would release organic carbon into liquid 

phase [131]. The procedure of biochemical methane 

potential test for different biomass waste is depicted in fig 

17. 

 
Fig. 17 Procedure of BMP test [131] 

 

A detailed study reported use of cow manure, pig manure, 

municipal sewage sludge, food waste and fruit & vegetable 

waste as feedstocks for anaerobic digestion process with 

prior hydrothermal treatment [131]. Cow and pig manure 

were collected from two breed plants in a suburban district 

in Beijing city [131]. Municipal sewage sludge (MSS) was 

sampled from the Beixiaohe municipal wastewater treatment 

plant. Fruit & vegetable waste was taken from a farmers 

market in Beijing city, where fruit & vegetable waste was 

centrally collected [131]. Food waste was collected from 

student canteen in Tsinghua University [131]. The sampled 

food waste was a mixture of lunch and supper residues 

[131]. The biochemical methane potential test of raw and 

treated cow manure show that after 170 
0
C /1h hydrothermal 

pretreatment, the cumulative biogas production increased 

from 210 to 238 mL/g VS (fig 18A) [131]. After 14days 

anaerobic digestion, the biogas volume curve became 

smooth indicating that all the biodegradable solids have been 

completely digested [131]. The daily biogas yield, show that 

peak occurred on first day for all samples (supernatant, raw 

cow manure, treated cow manure) (fig 19A). Hydrothermal 

pretreatment was not very effective for cow manure as the 

yield of methane in obtained biogas was less, i.e; the 

methane yield did not increase after hydrothermal treatment, 

rather decreased by 6.9% [131]. Protein content of cow 

manure is the least among all other biomass samples [131]. 

The biogas production of pig manure increased by 7.8% 

after hydrothermal treatment [131]. Compositional analysis 

of biogas have been done. Methane yield have been 

enhanced by 14.6% from 253.8 to 290.8 mL/g VS after 

hydrothermal pretreatment (fig 18B). The digestion degree 

of tested samples of pig manure was high compared to that 

of cow manure which can be explained by the higher content 

of proteins and lipids in pig manure [131]. 
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Fig 18 E 

Fig 18. Cumulative biogas production for (A) cow manure, (B) pig 

manure, (C) MSS, (D) FVW and (E) FW [131] 

 

 

 Hydrothermal pretreatment have been highly successful 

for municipal sewage sludge, this can be explained as the 

cellular degradation of municipal sewage sludge due to heat 

treatment releasing soluble organic substances resulting in 

higher biogas yield [131]. The ultimate biogas yield 

increased by 67.8% from 202 to 339 mL/g VS(fig 18 C). 

Peak productions ended within first three days of 

biochemical methane potential test/anaerobic digestion 

process [131]. Highest peak was obtained on the first day of 

the process; 175ml for supernatant, 137mL for the treated 

sample, 32mL for the raw sample (fig 19B). Methane 

content of biogas increased by 65.5 % [131]. The lipid and 

protein content are relatively high compared to that of other 

wastes [131].  

 The biochemical methane potential test of fruit & 

vegetable wastes led to the increase in cumulative biogas 

production by 18.5% from 443 to 525 mL/g VS for raw 

waste after the hydrothermal pretreatment (fig 18D). A little 

amount of biogas have been observed to evolve during the 

last few days showing that hydrothermal pretreatment have 

less impact on the digestion time of fruit & vegetable wastes 

[131]. The daily biogas yield was highest for the supernatant 

followed by treated sample and untreated sample (fig 19C). 

Methane content increased by 16.1 % from 280.9 to 326 

mL/g VS after heating fruit & vegetable wastes [131]. 

Protein and lipid content of fruit & vegetable wastes was at a 
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medium level as compared to other wastes [131]. Among all 

the wastes, crude fiber content was maximum in fruit & 

vegetable wastes[131]. Biodegradable volatile solids were 

higher than refractory volatile solids in crude fibers [131].  

Ultimate biogas production decreased by 3.5% for food 

waste (fig 18E). Hydrothermal pretreatment had very less 

impact on the digestion time as methane production was 

completed within the first two days of the biochemical 

methane potential test process [131]. The highest daily 

biogas yield was 275mL for the raw sample and 250 mL for 

treated sample (fig 19D). The digestion degree of the tested 

food waste samples was high but the efficiency of the 

anaerobic digestion did not improve with hydrothermal 

treatment; the methane production decreased by 6.9% after 

treatment. High methane content of food waste can be 

correlated to the presence of more lipid and protein. Lipid 

content of waste was 2-50 times higher than that of the other 

materials [131].  

 

 

 

 
                                                                                                                    

Fig. 19 Yield of biogas for (A) Cow manure, (B) MSS, (C) FVW and 

(D) FW during the first day of AD process [131] 

 

 

 

7.4 Steam explosion  

This pretreatment method have been studied to open up 

plant fibers and remove biomass recalcitrance (resistance to 

chemical and enzymatic degradation by microbial 

consortium) [224]. So, steam explosion is one such method 

that makes the biopolymer available for subsequent 

processes, i.e fermentation, hydrolysis and densification 

processes [224]. Biomass such as wood are composite 

materials of high mechanical strength [225]. The major 

components are cellulose embedded in a matrix of lignin and 

hemicelluloses [225]. Lignin, hemicellulose and cellulose 

altogether form fiber bundles and are the base for biomass 

tissues such as wood. Their natural function is to bear 

mechanical load.  

 Steam explosion have been discussed as a pretreatment 

process for the production of solid biofuel pellets to increase 

the calorific value and pelletizing properties of biomass 

[224]. In this method, the biomass is subjected to a sudden 

explosive decompression (biomass is treated with high 

pressure saturated steam & suddenly the pressure is reduced) 

[224]. Steam explosion is typically initiated at a temperature 
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of 160 – 260 
0
C, 0.69-4.83 MPa for several seconds to a few 

minutes before the material is exposed to atmospheric 

pressure [42]. The mixture of steam and biomass is held for 

a period of time to promote hemicellulose hydrolysis and the 

process is terminated by a thermal decompression [41].  

 Steam explosion have been studied for lignocellulosic 

biomass like wood. Steam explosion is recognized as one of 

the most cost-effective pretreatment process for hardwoods 

and agricultural residues but it is less effective for softwoods 

[42]. One such process describes that wood chips have been 

fed from a bin through a screw loading valve in a masonite 

gun. The chips have been steam heated to 285 
0
C for 2 mins 

at a pressure of 3.5 MPa [224]. The pressure have been 

rapidly increased to about 7MPa (70 bar) for about 5 

seconds followed by discharging the chips through restricted 

orifices and exploded at atmospheric pressure to a pulp 

[224]. The process causes lignin transformation due to very 

high temperature thereby increasing the potential of 

cellulose hydrolysis [41]. During steam explosion organic 

acids like acetic acid and others are formed [136]. 

Hemicellulose is expected to be hydrolyzed by the produced 

organic acids [136]. Acetic acid is released from the wood 

that causes partial hydrolysis of cell wall components [136]. 

Use of dilute acids like sulfuric or nitric can accelerate the 

process, i.e result in higher hydrolysis rates of the 

hemicelluloses [137],[138],[139]. According to Garrote et 

al., the general advantages of using steam explosion over 

other pretreatment methods are: (1) No chemicals/reagents 

are used except water, (2) Good yield of hemicellulose with 

lesser degraded by-products, (3) Corrosion of equipment is 

minimum due to mild pH of the process, (4) Stages of acid 

handling and recycling are avoided [140]. The conventional 

mechanical maceration requires 70% more energy than 

steam explosion to achieve the same particle size reduction. 

Nevertheless, steam explosion with addition of suitable 

catalyst have been less studied but have been claimed to be 

closest to commercialization.  

The method of steam explosion have been studied for 

environment friendly pulping process [141], as pre-treatment 

for microbial bioethanol or biogas production [142],[143]. 

The method have also been studied as a pretreatment 

measure for increasing heating value, bonding properties and 

hydrophobicity of the wood [144],[145]. During steam 

explosion the lignin is softened, released and gets uniformly 

distributed over the raw material. A study reported 90% 

efficiency of enzymatic hydrolysis obtained in 24h after 

steam explosion of poplar chips compared to only 15% 

hydrolysis yield of untreated chips [146]. Lignin have been 

removed by steam explosion, only upto a certain extent 

[147]. The lignin melts and gets redistributed over the 

materials as a result of depolymerization reactions [147]. 

The removal of lignin and hemicellulose increases the 

volume of the treated sample and the sample becomes much 

more porous that makes easy route for further hydrolysis by 

enzymes or acid [41]. The factors that affect steam explosion 

pretreatment method are residence time, temperature, chip 

size and moisture content [148],[149]. The optimum 

conditions for hemicellulose solubilization may be 270 
0
C 

for 1min (higher temperature, lesser residence time) or  

190
0
C for 10min (lower temperature, longer residence 

time)[148]. Water acts as acid at high temperature 

[150],[151],[152]. A little addition of H2SO4 (or SO2) or CO2 

[0.3-3% w/w] in steam explosion can decrease the 

production of inhibitory compounds, lead to complete 

removal of hemicellulose and improve the efficiency of 

hydrolysis [153],[154]. A study by Kobayashi et al reported 

improvement of fermentation process for the conversion of 

bamboo to methane [155]. Steam exploded bamboo resulted 

in enhanced production of methane (maximum methane 

production achieved was 215mL from 1g bamboo sample) 

with 3.53 M Pa pressure and application for 5 mins [155].   

 Certain limitations associated with the steam explosion 

method are: (1) incomplete disruption of fibers, (2) 

generation of inhibitory components to microbial growth, 

enzymatic hydrolysis and fermentation [156]. As inhibitory 

degradation products are formed pretreated biomass needs to 

be washed with water to remove the inhibitory materials 

along with water soluble hemicelluloses [157]. The major 

role of hemicellulose in the wood is to impart viscoelastic 

properties [157]. Especially wood becomes brittle and rigid 

upon removal of hemicelluloses from it. The removal of 

hydroxyl (-OH) groups makes the surface more 

hydrophobic[157]. Cellulose and lignin are also affected by 

steam explosion conditions. The apparent increase of lignin 

content during heat treatment have been observed due to 

hemicelluloses degradation product, furfural and lignin 

polymerization [157].  

 
Fig. 20 Batch steam explosion reactor [170] 

 

7.5 Carbon dioxide explosion 

This method of pretreatment is based upon supercritical fluid 

explosion of lignocellulosic materials [158]. Supercritical 

CO2 is characterized by “gas-like” mass transfer and “liquid-

like” solvating power, that makes it easier to permeate into 

the micro pores of lignocelluloses [158],[159]. Factors 

affecting the efficiency of the supercritical CO2 pretreatment 

process are: (1) pretreatment temperature, (2) moisture 

content of biomass, (3) pretreatment time and (4) 

pretreatment pressure [159], [160], [161], [162],[163],[164], 

[165],[166],[167],[168],[169]. Pretreatment temperature 

contributes to supercritical CO2 in many ways. On one hand 
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higher temperature have been benefitial to mass transfer, 

softening of lignin and degradation of hemicelluloses, which 

could greatly enhance the final explosion [171],[172],[173]. 

Similarly, on the other hand temperature could also affect 

the properties of supercritical CO2 pretreatment including 

density, diffusion coefficient of CO2 and solubility of water 

in supercritical CO2 [158]. This method is less expensive i.e, 

cost-effective compared to that of steam explosion and 

ammonia treatment methods [41],[158]. Supercritical fluid 

refers to a fluid that is in gaseous form but it is compressed 

at a temperature above the critical point to a liquid like 

density [41]. However, the energy requirements of carbon 

dioxide explosion is less as compared to that of steam 

explosion [41]. CO2 dissolves in water to form carbonic acid 

and the formed organic acid promotes the rate of hydrolysis 

[41]. Supercritical CO2 have been studied by researchers to 

able to penetrate the rigid structure of biomass [41]. CO2 

have been suggested to hydrolyze both hemicellulose and 

cellulose but low temperature prevents appreciable 

decomposition of monosaccharides by the acid [41],[158]. 

Upon explosive release of CO2 pressure, the microfibrils are 

disrupted that offers higher exposure of surface area of the 

substrate to hydrolysis [41]. A study reported pretreatment 

of alfalfa by CO2 explosion method and 75% of the 

theoretical glucose have been released during 24h of the 

enzymatic hydrolysis [174]. Compared to steam explosion 

and ammonia treatment methods, the yield was low but the 

yield was comparatively higher than the untreated wastes. 

Zheng et al found that CO2 explosion was much more cost-

effective compared to that of steam explosion and ammonia 

pretreatment methods [175]. Moreover, CO2 explosion 

method didn’t cause formation of inhibitory products. 

Increased pressure initiated the penetration of CO2 

molecules into the crystalline structure and thereby produced 

more glucose upon hydrolysis. As compared to steam 

explosion method, CO2 explosion is operated at lower 

temperatures hence the monomeric sugars are not degraded 

[41].  

 Effect of pretreatment temperature and pretreatment time 

have been studied for three individual biomass namely corn 

cob, corn stalk and rice straw [158]. The raw materials 

bearing 50% moisture content have been pretreated at 

15MPa pressure and various temperatures ranging from 50 – 

160 
0
C for 30 mins respectively [158]. The outcomes of 

pretreatment process were affected by temperature [158]. 

Yield of reducing sugar increased with increase in 

temperature upto 100 
0
C and further decreased with the 

increasing temperature after 100 
0
C [158]. Moreover, the 

samples pretreated at 100 
0
C resulted in 13.35%, 5.47% and 

5.68% increase in sugar yields for corn cob, rice straw & 

corn-stalk[158]. 

 

The effect of moisture content have been also estimated for 

the above mentioned lignocellulosic feedstocks [158]. 

Experiments have been conducted at 15MPa and 100 
0
C for 

30mins [158]. The biomass had a variable moisture content 

in the range of 0 – 75 % [158]. Maximum yield of reducing 

sugar was obtained at 50% moisture content [158]. The yield 

of reducing sugar increased with increasing moisture content 

upto 50% but further yield of sugar decreased with moisture 

content higher than that of 50% [158]. The highest reducing 

sugar yields obtained with 50% moisture content of biomass 

were 39.15%, 27.97% and 36.60 % respectively for corn 

cob, corn stalk and rice straw [158]. The biomass samples 

with low moisture content, did not show any significant 

difference in yields of reducing sugar as compared to that of 

untreated wastes [158]. Supercritical CO2 is non-polar in 

nature and have weak interactions with the strong hydrogen 

bonds of lignocelluloses especially at low temperature 

(below 200 
0
C) [158]. Water acts as a polar molecule that 

breaks hydrogen bonds of the cellulose under supercritical 

CO2 conditions [158]. Three possible effects of water on 

supercritical CO2 pretreatment may be swelling of 

microfibrils, hemicellulose hydrolysis assisted by carbonic 

acid and cooking effect of saturated steam / vapor pressure 

[158]. More precisely, the water molecules cause swelling of 

the fibers and makes easier and deeper CO2 penetration into 

the biomass [158].  

 

7.6 Ammonia fiber explosion (AFEX) 

In agreement with literature of researchers across the globe, 

AFEX is carried out in liquid ammonia that readily removes 

considerable amount of lignin and hemicellulose from the 

biomass and further leads to decrystallization of cellulose 

(lignin solubilization, hemicelluloses hydrolysis, cellulose 

decrystallization) [23],[41]. Certain distinctive features of 

AFEX pretreatment process are: (1)Ammonia can be 

recovered and reused from the process; remaining ammonia 

in biomass serves as nitrogen source for the microbes in 

downstream processing [174]; (2) AFEX treated biomass 

remains stable for longer periods of time and ammonia 

recovery is 100%. Ammonia recovery is a dry to dry process 

[176]; (3) No degradation of cellulose and hemicelluloses 

[176],[41]; (4) AFEX pretreated biomass are not required to 

be neutralized prior enzymatic hydrolysis [176]; (5) Clean 

sugar streams are produced upon enzymatic hydrolysis of 

AFEX treated biomass [176]. In comparison to other 

pretreatment methods, AFEX is not cost-effective [41]. The 

cost of ammonia and ammonia recovery drives the cost of 

AFEX pretreatment techniques [41]. Like other pretreatment 

techniques, AFEX is also dependant on certain parameters 

whose optimum values are really important for maximum 

throughput of the pretreatment process. 

Ammonia loading, residence time, moisture content and 

temperature are important for AFEX treatment to be 

successful [176]. Essentially AFEX is very similar to steam 

explosion process but the difference lies in implementing 

ammonia to the pretreatment process [41]. A typical AFEX 

process involves the use of liquid ammonia at the rate of 1-2 

Kg/Kg of dry biomass at 90 
0
C for 30 mins [41]. 

Lignocellulosic materials like corn stover, wheat straw, 

wheat chaff etc has been pretreated with AFEX process. The 

biomass is subjected to liquid ammonia at high pressure and 

temperature for a considerable period of time and then 

suddenly the pressure is reduced to provide a thermal 

decompression [41]. Liquid anhydrous ammonia have been 

used for AFEX process of corn stover [41],[176]. The 

process can be carried out in the temperature range of 60-

100 
0
C and 250-300 psi pressure for 5 mins [176]. A study 

reported 2.3 times increase in ethanol yield from AFEX-

treated corn stover over that of untreated sample [177]. 

Optimal conditions of AFEX pretreatment of corn stover 

have been reported to be 90 
0
C temperature, 1Kg ammonia 

per Kg of dry biomass loading, 60% moisture content(dry 

weight basis), 5mins residence time (holding at target 

temperature) [41],[177]. 

 Despite of enhancement or aid in enzymatic hydrolysis 

of AFEX-treated biomass, the method was not very effective 

for biomass with higher lignin content (newspaper and aspen 

chips [156]. Hydrolysis yield of AFEX-pretreated 

newspaper and aspen chips have been reported to be 40% 

and below 50% respectively [156]. During the AFEX 
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treatment process, only a small portion of solid have been 

observed to solubilize which indicated that hemicellulose 

doesnot readily dissolves in liquid ammonia [41]. The 

structure of the treated material gets altered and have been 

observed to indicate increase in water holding capacity and 

higher digestibility [27], further enzymatic hydrolysis 

resulted in 90 % hydrolysis of cellulose and hemicellulose 

especially with Bermuda grass (5% lignin) and bagasse 

(15% lignin)[178]. Switch grass have also been tested by 

AFEX pretreatment [179]. Optimal AFEX treatment 

conditions are 100 
0
C, an ammonia loading of 1Kg 

ammonia/Kg of dry biomass, moisture content of 80%(dry 

weight basis) and residence time of 5mins [179]. Ethanol 

yield have been reported to be 2.5 times higher compared to 

that of untreated sample [179]. Similar study by Lee et al 

reported removal of 50% lignin from corn stover with a 

loading og 12 mL/g of ground corn stover in 4 days [180]. 

Pretreatment temperature is an important parameter for 

AFEX process. The pretreatment temperature determines the 

amount of ammonia vaporized during the explosion 

phenomena and influences system pressure [41],[176]. 

Higher temperature causes more ammonia vapors to flash 

the biomass thereby greater disruption of fiber structure 

occurs [41],[176].   

 
 

Fig. 21 Effect of pretreatment temperature on the hydrolysis of 

lignocellulosic biomass pretreated with supercritical CO2 at 15 MPa and 

moisture content of 50% for 30mins; (a) corn cob; (b) corn stalk; (c) 

rice straw [158] 

 

7.7 Biological pretreatment 

Delignification and reduction in degree of polymerization of 

cellulose and partial hydrolysis of hemicelluloses.Most of 

the pretreatment techniques are very expensive and increases 

the cost of the entire bio-fuel recovery process [41]. Physical 

and thermochemical pretreatment techniques involve use of 

expensive instruments & equipments that require huge 

energy input [181]. Peroxidase and laccase are the enzymes 

responsible for lignin degradation and they occur in specific 

fungi [182]. Biological pretreatment involves both anaerobic 

and aerobic methods[57]. Certain enzymes like peptidase, 

carbohydrolase and lipase are added to AD systems widely 

utilizing OFMSW like paper pulp and WWTP sludge [57]. 

Some researchers consider the hydrolytic acidogenic step 

(first step) of two phase AD process as a biological 

pretreatment method [5],[183],[184],[185]. Two-stage AD 

processes are much more benefitial in terms of higher 

methane production and COD removal rate as compared to 

that of conventional one-stage digesters. In two-stage 

reactors, the sequential reactions occur in separate phases 

namely acid phase in the first stage and methane phase in the 

second stage. Necessary pretreatment applications have been 

applied to the first phase where acidogenesis and 

acetogenesis take place [57]. A double-stage AD process 

consists of hydrolysis stage and methanogenic stage. Certain 

advantages associated with the double stage process are: (i) 

better pH control; (ii) better stability of the process; (iii) 

better VS reduction i.e improved VS removal rate; (iv) 

enhanced specific activity of the methanogens and higher 

biogas yield; (v) easy removal of pathogens 

[8],[186],[187],[188],[189],[190]. A study by Verrier et al. 

reported 90% conversion of vegetable wastes to biogas 

utilizing a two stage reaction system that was capable of 

withstanding higher organic loads; the double stage system 

totally out-performed the performance of same vegetable 

wastes fed into conventional mesophilic and thermophilic 

single stage continuous stirred tank reactors (CSTRs) [191]. 

Adjustment of pH to 7 in first stage i.e neutral is easy for 

two stage system and improves both the total solids (TS) 

loading rate and biogas yield [192]. Nevertheless, despite the 

advantages of double stage AD process certain 

disadvantages do prevail which leads to controversial 

decision of using the conventional single stage reactors. The 

disadvantages associated are: (i) higher cost; (ii) technical 

complexity; (iii) choking of pumps; (iv) possible elimination 

of interdependent nutrients essential for methane producing 

bacteria [193],[194].  

 Biological pretreatment of lignocellulosic biomass using 

rot-fungi or rots is an eco-friendly and economic method 

that doesnot require any energy input for lignin degradation 

[27]. Fungi like brown, white and soft-rots are capable of 

degrading lignin and hemicellulose in lignocellulosic 

biomass, thereby making the cellulose available in the 

microfibrils for further enzymatic or acid hydrolysis [181]. 

Pretreatment of wheat straw was studied by using 19 rot-

fungi and resulted in 35% conversion of straw to reducing 

sugars by Pleurotus ostreatus in 5 weeks [195]. Similar 

conversion was obtained in the pretreatment by 

Phanerochaete sordid [196] and Pycnoporus 

cinnabarinus[181] in 4 weeks. Miah et al. investigated AD 

process for biogas production from sewage sludge pretreated 

with aerobic thermophilic bacteria closely related to 

Geobacillus thermodentrificans [197]. Highest amount of 

biogas (70mL/gVS) with 80-90% methane content was 

achieved at 65 
0
C. Certain fungi are also effective in treating 

the biomass to remove their recalcitrance. One such fungal 

species is Trametes pubescens; that have been subjected for 

pretreatment of wine distillery water waste [198]. This 

fungal pretreatment obtained a 53.3% COD removal 

efficiency which increased the total COD removal efficiency 

of the AD system upto 99.5% [198]. Biodegradation of 

bermuda-grass stems have been improved by 29-32% after 6 

weeks, using Ceriporiopsis subvermispora and by 63-77 % 

using Cyathus stercoreus [199]. Japanese red pine Pinus 

densiflora have been pretreated by three kinds of white-rot 

fungi: Ceriporia lacerata, Stereum hirsutum and Polyporus 

brumalis [182]. After 8 weeks of pretreatment, S. hirsutum 

selectively degraded the lignin present in wood sample 

rather than holocellulose component. Wood-rot fungi have 

also been tested for bio-pretreatment of wood to obtain ease 

in separation of wood components further by ethanolysis 

[200]. Beech wood chips have been pretreated with white-

rot fungi for 2-8 weeks and further applied for ethanolysis to 

separate into pulp and soluble fractions.   

 Elemental analysis of biomass/waste is essential [41]. 

The C/N ratio is important for biomass pretreatment as 

certain amount of nitrogen is required by the microbes to 

degrade each molecule of carbon present in the biomass 

[41]. The requirement of nitrogen for carbon molecule 

degradation depends upon the microflora [41]. In general 

agreement with literature, it have been observed that fungi 

are more capable of degrading lignocellulosic biomass than 
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bacteria as their dependency on nitrogen is comparatively 

lower (C/N ratio for fungi & bacteria are 30:1 & 10:1 

respectively) [201]. Microbial pretreatment of biomass trash 

(sugarcane) renders sugar more accessible for enzymatic 

hydrolysis. Microbes are great bioagents that synthesizes 

cellulases which in turn enzymatically hydrolyzes the 

sugarcane trash [41].  

 Temperature phased anaerobic digestion (TPAD) have 

been studied by researchers and reported that TPAD 

outperformed the conventional AD processes involved with 

dry digestion of source separated OFMSW [202]. This 

method usually consists of a primary digester operated at 

thermophilic or hyper-thermophilic conditions followed by a 

secondary digester operated at mesophilic conditions [57]. 

The advantages of TPAD process is not only higher methane 

yield but also pathogen free digestate that can be directly 

utilized for soil conditioning [203]. A study by Lee et al., 

reported TPAD achievements utilizing FW and excess 

sludge at 70 
0
C temperature of the first reactor and 35 

0
C, 55 

0
C and 65 

0
C respectively for the secondary reactor [204]. 

Best result was achieved with 70 
0
C in the primary reactor 

and followed by 55 
0
C in the second reactor and a solid 

retention time of 4 days. Song et al., compared the biogas 

production and pathogen removal of waste with TPAD and 

conventional single-stage mesophilic and thermophilic 

digester [205]. TPAD resulted in higher (12-15%) VS 

reduction and was observed to be as stable as single-stage 

mesophilic system and at the same time, pathogen removal 

was as high as single stage thermophilic reactor.    

 

7.8 Ammonia pretreatment  

Removal of hemicellulose and cellulose crystallinity is 

possible by pretreatment of lignocellulosic biomass using 

aqueous ammonia at elevated temperatures. Three types of 

pretreatment techniques have been studied namely AFEX 

(ammonia fiber explosion), ARP (ammonia recycle 

percolation) [27],[42] and SAA (soaking in aqueous 

ammonia). In ARP method, aqueous ammonia (10-15%) 

passes through the biomass at elevated temperatures (150-

170 
0
C) [41]. The residence time is maintained as 14 mins 

and a fluid velocity of 1cm/min is followed [41]. Soaking in 

ammonia resulted in loosening of the interactions of lignin 

and hemicelluloses as reported in a study by Kim et al [206], 

[207]. Upon lignin solubilization, the surface area and 

porosity of the biomass increased that rendered easy 

hydrolysis of the hemicellulose and cellulose to fermentable 

sugars by combined action of xylanase and cellulase. The 

study by Kim et al. involved pretreatment of de-starched 

barley hull with 15-30% aqueous ammonia at 30-75 
0
C for 

12h to 77days with no agitation and solid to liquid ratio of 

1:12 [208]. After relevant exposure to soaking in aqueous 

ammonia, the solids were recovered by filtration, washed 

and analyzed. As a result they obtained 66% lignin 

solubilization, yields of 83% glucan and 63% xylan when 

treating biomass with 15% aqueous ammonia at 75 
0
C 

during 48h. Cost of ammonia and ammonia recovery drives 

out the pretreatment technique [178],[209]. The ammonia 

pretreatment causes depolymerization of lignin and also 

cleavage of lignin-carbohydrate linkages. No inhibitory 

products are produced in the process of ammonia 

pretreatment and hence water wash of the pretreated biomass 

is not necessary.  

 

 
Fig. 22 Effect of moisture content of lignocellulose on the hydrolysis of 

lignocellulose pretreated with supercritical CO2 at 15 MPa and 100 
0
C 

for 30mins; (a) corn cob; (b) corn stalk; (c) rice straw [158] 

 

7.9 Ionic Liquids 

 Salts in liquid phase at low temperature (as low as room 

temperature) are known as RTIL (Room Temperature Ionic 

Liquids). Different kinds of RTIL are there and they share a 

common feature; consist of an inorganic anion and organic 

cation. Due to the heterogeneous molecular structure and 

weak bonding they exist in liquid state at room temperature 

[210]. Very few literatures have been found reporting about 

RTILs and yet there is no industrial application of RTIL for 

removal of lignin [211]. Though researchers considered the 

potential of RTIL for removal of lignin and cellulose 

accessibility for hydrolysis [29]. Due to the polarity and in 

general their unique properties, RTIL have been expected to 

behave as selective solvents for lignin removal, without use 

of acid or alkali and thereby formation of inhibitory 

compounds can also be avoided [79]. Due to lack of 

experience of implementing RTIL for lignin removal from 

lignocellulosic wastes disadvantages associated with RTIL 

are certain uncertainities regarding recovery process of 

RTILs, toxicity of the compounds and combination of water 

with RTIL [79].  

 

7.10 Delignification 

 Lignin removal or delignification have been achieved in 

presence of peroxidase enzyme assisted by a strong 

oxidizing agent like hydrogen peroxide, ozone, oxygen or air 

[79],[212]. Delignification process have been successful due 

to high reactivity of the strong oxidizing chemicals with the 

aromatic rings of the polymer lignin [79]. These strong 

oxidizing agents also affect the hemicelluloses fraction on 

biomass and a substantial portion of hemicelluloses may be 

degraded and no longer be available for sugar production 

upon hydrolysis [79]. The most common oxidizing agent 

that have been used is H2O2 [41]. A study reported 

dissolution of about 50% lignin and almost all 

hemicelluloses using 2% H2O2 at 30 
0
C within 8h and 95% 

glucose recovered from cellulose by use of cellulase enzyme 

(saccharification) at 45 
0
C [212]. Wet air oxidation (WAO) 

have also been studied and regarded as an alternative process 

to steam explosion [213]. Wet oxidation method makes use 

of oxygen or air in combination with water at elevated 

temperature and pressure. Nevertheless, WAO have been 

implemented at industrial scale to treat wastes comprising of 

higher organic matter by oxidation of soluble or suspended 
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matter with oxygen in aqueous phase at high temperatures 

(150 – 350 
0
C) and pressure (5 – 20 MPa) [214].  Wet air 

oxidation have been successfully implemented for 

pretreatment of wheat straw and hardwood [215],[216]. 

Carboxylic acids, carbon dioxide and water are the main 

producers formed due to degradation of lignin and 

hemicellulose upon alkaline wet air oxidation. The 

crystalline structure of cellulose have been observed to open 

up during wet air oxidation and hence this method of 

pretreatment have been considered most effective in treating 

lignocellulosic biomass [217]. Likewise, the hemicelluloses 

of wood or saw dust have been observed to solubilize 

completely with wet air oxidation pretreatment method. A 

study reported 65% degree delignification using wheat straw 

as biomass [218]. A reported advantage of wet air oxidation 

method is very feeble production of furfural and 5-

hydroxymethylfurfural, which are potential inhibitors of 

fermentation step.  

 

 

8. Summary  

A wide array of lignocellulosic wastes are available for very 

low or negative cost that are suitable for biofuel production. 

Similarly, different pretreatment techniques are applicable 

for specific wastes and it is always not possible to compare 

the results of pretreatment from one type of material to 

another. Any single pretreatment method may not be 

sufficient for a specific biomass, instead a combination i.e 

sequential pretreatment methods have been more effective . 

Moreover, any particular pretreatment technique may not 

work for all kinds of waste. This justifies that the choice of 

pretreatment method depend on the composition of biomass 

taken for experiment. Pretreatment is the most cost effective 

step prior to anaerobic digestion process. Hence, entire 

process feasibility is dependant on this very crucial step of 

pretreatment. It is always expected to recover the invested 

cost of experiment to overcome at a later stage in terms of 

energy recovery. Maceration / grinding is the most simple 

pretreatment technique that helps in reducing cellulose 

crystallinity, though over particle size reduction have been 

observed to inhibit anaerobic digestion processes due to 

accumulation of organic acids, power consumption is 

usually higher than the inherent biomass energy. Steam 

explosion pretreatment method is easily achievable and 

causes hemicellulose degradation and lignin transformation 

(cost-effective); but this process is not suitable for biomass 

with high lignin content, generates inhibitory compounds for 

microorganisms. Another process namely AFEX (ammonia 

fiber explosion) & carbon dioxide explosion  increases 

accessible surface area of biomass, removes lignin and 

hemicellulose to certain extent and doesnot produce 

inhibitory compounds for microorganisms, but like steam 

explosion this process is not suitable for biomass with high 

lignin content. Pretreatment with inert gas like ozone, O3 i.e 

ozonolysis reduces lignin content and doesnot cause 

formation of inhibitory compounds, but this process is 

expensive as large amount of ozone is required. Acidic and 

alkaline pretreatment is effective for biomass with high 

lignin content. Acidic pretreatment hydrolyzes 

hemicelluloses to xylose and other sugars, alters the lignin 

structure; but high cost, equipment corrosion and formation 

of toxic substances are the disadvantages associated with the 

process. Alkaline hydrolysis is cheaper than the acidic 

process, but longer residence time, incorporation of 

irrecoverable salts into the biomass are the limitations. 

Pyrolysis also aid in effective hydrolysis of cellulose to 

glucose and xylose and produces gas and liquid products; 

high temperature requirement and ash production is the 

major hindrance of the process efficiency. Amongst all the 

processes, most economical and eco-friendly method is the 

biological pretreatment method that degrades lignin and 

hemicellulose with very low energy requirements; the only 

disadvantage of the process is that the rate of hydrolysis is 

very low. Other methods like oxidative delignification (wet 

oxidation using H2O2 followed by base addition), hydro-

thermal process, thermo-chemical process, thermo-

mechanical process etc are more effective in cases of all the 

limitations mentioned above for all individual processes. 

Any effective preatreatment method or combined methods, 

should result in 10% lignin content in biomass. The amount 

of xylose and glucose obtained after hydrolysis is considered 

as the extent of effectiveness of any method or combined 

methods.   Hence, the choice of pretreatment method always 

needs to be altered according to the biomass taken into 

consideration. 
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