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Abstract: Lignocellulosic biomass is recalcitrant due to its heterogeneous structure, which is one of the
major limitations for its use as a feedstock for methane production. Although different pretreatment
methods are being used, intermediaries formed are known to show adverse effect on microorganisms
involved in methane formation. This review, apart from highlighting the efficiency and limitations
of the different pretreatment methods from engineering, chemical, and biochemical point of views,
will discuss the strategies to increase the carbon recovery in the form of methane by way of amending
pretreatments to lower inhibitory effects on microbial groups and by optimizing process conditions.
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1. Introduction

Rapid growth in human population, biodiversity, and natural resources losses, environmental
pollution, and climate change [1] have led researchers and policy makers to pay attention to sustainable
energy policies for reduction the effect of greenhouse gas emissions [2]. In addition, depletion of fossil
reserves is occurring at faster rate as there is an accelerated increase in the consumption of fossil fuels
due to industrialization and motorization of the world [3].

Today, fossil fuels still serve as the primary global energy resource and account for more than
88% of the primary energy usage [4] and their combustion result in the emission of greenhouse
gases, especially CO2 [5]. Thus, replacing fossil fuels with renewable sources of energy provides the
opportunity to tackle these phenomena by limiting the increase of global temperature [6]. Renewable
energy is defined as the contribution of renewable energies to the total supply of primary energy,
including the equivalent of primary energy from hydroelectric sources (excluding storage by pumping),
geothermal, solar, wind, tidal, and wave energy. It also includes the energy derived from solid biofuels,
biodiesel, other liquid biofuels, biogas and the renewable fraction of municipal waste. Likewise,
biofuels are defined as fuels derived directly or indirectly from biomass [7]. Biomass as referred as
the fourth largest energy source (after coal, oil, and natural gas), and the largest and most important
renewable energy option today and can be used to produce different forms of energy [8]. Biomass
has the advantage to be considered as carbon neutral because the quantity of CO2 released during
combustion is the same as that absorbed by the plant during photosynthesis [9]. The largest potential
feedstock for bioenergy production is lignocellulosic biomass, which represents the most economical
and highly renewable natural source in the world.
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1.1. Classification of Types of Lignocellulose

Lignocellulosic biomass is a biological material obtained from living or recently living organisms [7].
A brief summary of different types of lignocellulosic residues generated in Mexico are presented in
Table 1.

Table 1. A brief summary of lignocellulosic residues generated in Mexico.

Lignocellulosic Residues Amounts of Residues Produced per Year in México

Straw from rice, wheat, soy, oats & corn 78,534,119.08 tons
Stump, sawdust, plant & tree branches 8.2 million m3 as rolls

Sugar beet & Sugarcane residues 16,935,954.03 tons
Urban solid residues 102,895 tons

Municipal sewage sludge 7200 million m3

Residues from nuts, pistachios, peanuts & pine nuts 74,249.575 tons
Manure from cows, pigs, poultry, turkey & sheep 142,139,944.5 tons

The amount of residues produced per year in Mexico were obtained from the data on crop production, which was
multiplied with the coefficient of waste generated for each residue. Data on production was consulted from the web
portal of Agri-Food and Fisheries Information Service (SIAP), Government of Mexico [10].

1.2. Chemical Composition of Lignocellulosic Biomass

During the growth, plant biomass produce primary and secondary walls; primary wall is involved
in structural functions like protection, signal transduction, and interactions with neighboring cells;
besides, it contains low proportion of cellulose but a greater presence of pectin, meanwhile, secondary
wall is composed principally of lignocellulose [11] (see Figure 1).
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Lignocellulosic biomass is composed of three main biopolymers: cellulose, hemicellulose and
lignin [12]. The individual composition of different lignocellulosic substrates on dry basis is presented
in Table 2 and the structure is presented in Figure 2.
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Table 2. Composition of different lignocellulosic substrates; cellulose, hemicellulose, and lignin content
(%) on dry basis.

Lignocellulosic Substrates
Composition (% Dry Basis)

Cellulose Hemicellulose Lignin References

Bamboo stem 43.04 22.13 27.14 [13]
Birch 40.1 ± 0.6 17.5 ± 0.2 24.2 ± 0.1 [14]

Corn cob 42.0 ± 0.1 45.9 ± 0.9 2.8 ± 0.2 [15]
Corn stalk 36.4 ± 0.1 30.3 ± 0.1 6.9 ± 1.4 [16]

Corn stover 42.21 22.28 19.54 [17]
Corn straw 49.3 ± 1.8 28.8 ± 1.4 7.5 ± 0.4 [18]

Cotton Stalk 41.6 ± 0.5 23.6 ± 0.4 23.3 ± 0.7 [19]
Eucalyptus 52.07 ± 2.6 24.51 ± 1.1 25.2 ± 1.1 [20]

Empty fruit bunch 34.9 26.64 31.1 [21]
Giant reed 41.5 ± 2.6 20.5 ± 0.6 18.4 ± 1.4 [22]

Grass 47.12 ± 3.2 36.01 ± 3.17 11.55 ± 0.3 [23]
Maize straw 38.33 ± 0.8 29.76 ± 1.35 3..82 ± 0.5 [24]

Meadow grass 41.28 ± 5.3 28.14 ± 3.2 30.14 ± 7.9 [25]
Miscanthus 36.3 ± 2.1 22.16 ± 1.9 22.55 ± 2.5 [26]
Oat straw 35.0 28.2 4.1 [27]

Oil palm empty fruit bunch 38.5 ± 1.9 26.1 ± 1.1 11.6 ± 1.6 [28]
Pinewood 38.2 ± 0.3 24.1 ± 0.7 34.4 ± 0.3 [29]

Poplar 46.0 ± 0.1 16.7 ± 0.1 26..6 ± 0.3 [14]
Rice hulls 36.0 12.0 26.0 [30]
Rice straw 37.8 ± 0.2 29.6 ± 0.7 14.8 ± 0.4 [31]
Rye Straw 36.5 ± 0.1 NR 21.3 ± 0.1 [32]

Sawdust waste 31.5 ± 1.3 26.1 ± 2.1 24.9 ± 1.7 [33]
Sorghum straw 26.93 ± 1.2 32.57 ± 1.9 10.16 ± 1.8 [34]

Spruce 24.7 ± 0.2 10.2 ± 0.1 35.0 ± 0.3 [35]
Sugarcane bagasse 46.1 ± 0.7 20.1 ± 0.9 20.3 ± 0.6 [36]

Sunflower stalk 34 ± 0.6 20.8 ± 0.8 29.7 ± 0.6 [37]
Water hyacinth 36.84 ± 0.8 27.7 ± 0.2 10.7 ± 0.4 [38]

Wheat straw 43.4 26.9 22.2 [39]
Willow sawdust 35.6 ± 0.9 21.5 ± 0.9 28.7 ± 0.2 [40]

NR: Not Reported.
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Cellulose is the major component of plant cell structure and is a homo-polymer made of
β-1,4-glycosidic bonds, which give stiffness and stability, characteristic to l structure of the cell wall [41].
The principal unit of cellulose, D-pyran glucose, makes the crystalline and amorphous regions in
the cellular arrangement. The orientation and direction that have the chains of cellulose is of vital
importance and determine their function. In the primary wall are the first type of alpha helical,
(lower molecular weight than the secondary wall) allowing the cell storing sugars and fluids [42].
On the other hand, secondary wall cellulose chains are rigid and straight to give the molecular structure
to the cell [43].

Lignin is formed from the oxidation of phydroxycinnamyl alcohols: p-coumaryl, coniferyl,
and sinapyl. The formation of lignin involves three routes of biosynthesis: the shikimate pathway,
the phenylpropanoid pathway and the synthesis of monolignols [46]. The units of lignin formation are:
guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) [47]. The structure formed by three-dimensional
and amorphous heteropolymers of lignin helps the cell in situations of stress, whether due to structural
or metabolic damage, also serves as protection of the cell wall against pathogens [48].

2. Biogas as a Sustainable Energy

The implementation of biomass as sources of renewable energy technology is considered as
sustainable technology in meeting energy needs and as well as to minimize the emission of greenhouse
gases. In addition, biomass use presents the advantage of cost–benefit viability and reduce the waste
flow into the environment [49].

The production of biogas from lignocellulosic substrates through the transformation of volatile
organic solids (VS) by anaerobic digestion is proven to be an alternative source of energy. The potential
of biogas from waste can substitute current use of natural gas in many regions [50]. Biogas is
produced through a bioprocess involving four steps—i.e., hydrolysis, acidogenesis, acetogenesis,
and methanogenesis—using a microbial consortium containing many different types of bacteria and
archaea [51] as shown in Figure 3. Composition of biogas slightly varies depending on the type of
feedstock used in anaerobic digestion. It is mainly composed by CH4 (40–75%) and CO2 (25–60%),
with minor impurities such as H2S, NH3, among others [52]. Furthermore, CO2, the second major
component can be sequestered and used to produce chemicals [53].
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Hemicellulose can also be found in the primary cell wall in contrast to the cellulose which is
present mainly within the secondary wall [44]. It is in turn the second most abundant polysaccharide
compound in nature. It has as sub units D-xylose, mannose, L-arabinose, galactose, and glucuronic
acid which have links "β-1,4-glycosidic bonds in main chains; "β-1.2 -,"β - 1.3-, "β-1.6-glycosidic bonds;
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with a number, less than 200 units of polymerization (polyxylose, galactoglucomannan, glucomannan).
Xylan is the main polysaccharide present in hemicellulose in plants [45].

However, the heterogeneity in chemical composition of lignocellulosic biomass implies
an important technological and operational challenge [54] and use of either mechanical, chemical,
physiochemical, or biological pretreatments has been shown to improve their biodegradability [55].

3. Pretreatment Methods in the Chain of Biogas Production

Pretreatment or fractionation is an important tool to alter the structure of lignocellulosic biomass
to make the holocellulose (cellulose + hemicellulose) bioavailable for bioconversion [56].

The main objective of pretreatment is the disruption of the physical barriers of the cell wall to
depolymerize and to reduce the cellulose crystallinity [57]. Regardless of the type of biomass,
pretreatment has been identified as the crucial step, both technically and economically, in the
bioconversion of lignocellulosic biomass for its use in biorefinery [58]. The pretreatment method must
have to be economical as both for operating and capital costs could be more than 40% of the total
processing cost [59].

A large number of pretreatment methods for biomass have been studied, which can be broadly
classified into (1) mechanical processes and this refers to reduce particle size; (2) chemical processes
through the use of diluted acids, alkalis, or organic solvents; (3) physicochemical processes such as
steam explosion and hot water; and (4) biological processes through the use of microbial consortia or
by enzymatic means [60] as shown in Figure 4.
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3.1. Mechanical

The mechanical pretreatment is the reduction of the particle size by methods such as milling,
chipping, or grinding [61]. Mechanical pretreatment is well-known method to improve biogas
production, however it is yet considered to be an expensive method, due its high energy
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requirements [62]. The size reduction of lignocellulosic biomass is an essential step to increase
the accessible surface area and the porosity of the particles, besides reducing the crystallinity of the
cellulose and improves the efficiency of the next processing step and global production chain [63].
One advantage of mechanical pretreatment is that it does not produce any secondary inhibitory
substances, which suggest that could be suitable for methane production or any other bioprocess [64].
Dahunsi [64] reported that mechanical pretreatment applied to six different lignocelluloses caused
breakdown of structural material and increased the methane yield up to 22%. However, it is observed
that excessive size reduction of lignocellulosic biomass can lead to a lower efficiency of methane
production [61]. Process efficiency in terms of cost-energy, operational aspects such as the right particle
size, processing time of mechanical pretreatment, and the mechanical speed for size reduction must be
standardized. It can be observed from literature that there is no universal particle size suitable for
biomethanation process and it varies according to the type of the substrate and the process used for
biomethanation. Dumas et al. [65] found negligible differences in biogas yield of wheat straw having
the particle size in the range from 0.7 to 0.2 mm, and that the methane yield did not show any increase
at particle size of 0.048 mm. Sharma et al. [66] compared the effect of different particle size, viz., 0.088,
0.40, 1.0, and 6.0 mm of various agricultural residues—such as wheat straw, rice straw, Mirabilis leaves,
cauliflower leaves, Ipomoea fistulosa leaves, dhub grass, and banana peel—and observed that the highest
biogas yield was observed with residues having a particle size 0.88 mm. They further reported that
there was no statistical difference in biogas yield between 0.4 and 0.088 mm. However, De la Rubia et
al. [67] observed the highest methane yield in sunflower oil cake at particle size 1.4–2.0 mm, which was
17% higher than the particle size in the range of 0.355–0.55 mm. Chandra et al. [68] also observed the
particle size of 0.30 mm of wheat and rice straw did not show any significant increase in methane
yield in comparison to the particle size 0.75 mm of both straws. However, both particle sizes showed
an increase than the untreated particle size of 1.5 mm.

Tsapekos et al. [69] tested six different mechanical pretreatments, which generated particle size in the
range of 0 to >20 cm. They reported that the mechanical pretreatments which generated particle size larger
than >20 cm, equivalent to 33% and 41% of the total of biomass did not show any significant increase in
yield than untreated biomass. The methane yield was significant higher and improved by 25% where the
amount of biomass with particle size greater than >20 cm was the about only 22% of the total of biomass.
Similarly, Herrmann et al. [70] found a close correlation between particle length and methane yield while
comparing different particle length of the same crop material. Krause et al. [71] studied two different
particle sizes, <2 mm and >20–100 mm, in different substrates like softwood, hardwood, and cotton and
found that increase in methane yield was positively correlated with reduced particle size.

On the other side, the processing time on particle reduction is not only important in energy terms,
but also influence the efficiency of the bioconversion of lignocellulosic biomass [59]. Rodríguez et
al. [63] compared 30 and 60 min of mechanical pretreatment, and reported a 21% increase in methane
yield for 60 min and that 30 min pretreatment did not improve the methane yield. For the cost reduction
of the energy involved in mechanical pretreatments, the speed of the milling equipment must be
considered [72]. Tsapekos et al. [25] evaluated different speeds of milling, in the range of 200 to 1200
rpm on methane yield from meadow grass and observed that there was no difference due to the milling
speeds tested. They observed 27% increase in methane yield in treatments than the untreated biomass.

The methane yield from different mechanically pretreated lignocellulosic substrates is presented
in Table 3. It can be observed that different particle sizes were found to be optimum for different types
of lignocellulosic biomass. In the case of wheat straw, particle size of 2 mm increased the methane yield
to an order of 83% [73]. Likewise, barley straw presented an increase of 54% and 41% of methane yield
at particle size of 5 mm and 20 mm, respectively [73]. It can also be observed that particle sizes larger
and smaller than the range between 2 and 5 mm, presented a decrease in methane yield [68,73,74].
The observed variations on the effect of particle size, time, and speed of milling pointed out that
apparently the best strategy for the mechanical pretreatment depends on the type the lignocellulosic
material and a universal strategy cannot be recommended.
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Table 3. Effect of mechanical pretreatments on methane yield from lignocellulosic biomass.

Substrates Particle Size Methane Yield
(Untreated)

Methane Yield
(After Treatment) Reaction System References

Barley Straw
5 mm 240 mL/g VS 370 mL/g VS Glass reactor 2 L [73]

20 mm 240 mL/g VS 339 mL/g VS Glass reactor 2 L [73]
50 mm 240 mL/g VS 286 mL/g VS Glass reactor 2 L [73]

Crop feedstocks (winter
rye, sorghum, forage rye,

maize, triticale)
6–33 mm 278 mL/g ODM 403 mL/g ODM Stirred tank

reactor 3 L [70]

Maize stalks
2 mm 246 mL/g VS 272 mL/g VS Glass reactor 2 L [73]

20 mm 246 mL/g VS 254 mL/g VS Glass reactor 2 L [73]

Meadow grass
2 mm 297 mL/g VS 376 mL/g VS Bottle 0.5 L [25]

<200 mm - 347 mL/g VS
(increase 20%) Bottle 0.5 L [72]

0–200 mm 303 mL/g VS 372 mL/g VS Bottle 0.5 L [69]

Rice straw
0.3 mm 58.1 mL/g VS 62.7 mL/g VS - [68]
0.75 mm 58.1 mL/g VS 65.7 mL/g VS - [68]
50 mm 197 mL/g VS 203 mL/g VS Glass reactor 2 L [73]

Switchgrass 2–10 mm 127.4 mL/g VS 170.7 mL/g VS Bottle 0.5 L [75]

Water hyacinth

0.001 mm - Increase 20%
(from 50 to 70%) Digester 0.45 L [76]

0.05 mm - Increase 16%
(from 50 to 66%) Digester 0.45 L [76]

1.0 mm - Increase 10%
(from 50 to 60%) Digester 0.45 L [76]

2.5 mm - Increase 5%
(from 50 to 55%) Digester 0.45 L [76]

Wheat straw

0.3 mm 167.8 mL/g VS 245.6 mL/g VS Reactor 2 L [74]
1.2 mm 167.8 mL/g VS 264.7 mL/g VS Reactor 2 L [74]
0.3 mm 67.1 mL/g VS 70.3 mL/g VS - [68]
0.75 mm 67.1 mL/g VS 93.1 mL/g VS - [68]

0.088–0.759 mm 183.4 mL/g VS 252.8 mL/g VS Lab Flask [65]
2 mm 182 mL/g VS 334 mL/g VS Glass reactor 2 L [73]

50 mm 182 mL/g VS 285 mL/g VS Glass reactor 2 L [73]

Waste paper 60 min of
beating time 132 mL/g VS 215 mL/g VS Flask 0.5 L [63]

3.2. Chemical Pretreatments

Chemical pretreatment of lignocellulosic biomass with acids, alkalis, and organic solvents [77]
are considered as one of the most promising, since they can be quite effective in degrading more
complex-structured substrates [78]; further improves the bioavailability of carbohydrates by removing
lignin and/or by decreasing the degree of polymerization and cellulose crystallinity [79]. Chemical
pretreatment has gained larger attention because they usually less expensive and result in faster rates
and better efficiencies in enhancing the degradation complex organic molecules.

3.2.1. Acid

The main objective of dilute acid treatment is to achieve greater access to carbohydrate fractions
of cellulose by hydrolyzing the hemicellulose [80]. Low acid concentration at 0.2% to 2.5% v/v and
temperatures between 130 ◦C and 210 ◦C are employed [81], a common practice is the use of autoclave
at 121 ◦C for 1 h [82,83]. On the contrary, low temperature (room temperature) is used while using high
reagent acid concentration (above 30% v/v). High acid concentrations could cause corrosion problems
and as a result high maintenance costs [84] and further, generate inhibitor compounds at high rate
and therefore increase the purification costs. Many studies confirmed that the dilute acid treatment
is the most promising technology for lignocellulose pretreatment [85]. According to Syaichurrozi et
al. [86], pretreatment of Salvinia molesta pretreatment by 2%, 4%, and 6% v/v of sulfuric acid (H2SO4)
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increased methane yield around 100% in comparison to untreated, however no yield differences were
reported between the tested concentrations. Similarly, Song et al. [18] observed that 2% sulfuric acid
pretreatment of corn straw resulted in the highest methane concentration of 175 mL/g VS. Further,
they reported that use of 2% hydrochloric acid and 4% acetic acid yielded lower methane production
than sulfuric acid, of 163 and 145 mL/g VS respectively. Germec et al. [87] found that the optimum
acid concentration for pretreatment of spent tea leaves was 1.58% v/v. In relation to the temperature
and reaction time, Germec et al. [87] observed that 131◦C for 20 min was efficient than 121 ◦C for
1 h, which was also suggested by Saha and Cotta [83]. On the other hand, Syaichurrozi et al. [86]
recommended the dilute acid pretreatment at room temperature of 30 ◦C for 2 days.

3.2.2. Alkaline

Alkaline pretreatment shows high efficiency [88], especially in the delignification process [89].
Alkaline pretreatment produces a swelling reaction in the cell wall allowing an increase in the internal
surface area, and simultaneously decrease of polymerization degree and crystallinity of cellulose [84].
To take full advantage of these alkaline effects, critical process parameter such as alkaline loading,
reaction temperature, and quantity must be optimized [90].

High concentrations of alkaline reagent lead to degradation and decomposition of polysaccharides.
Low concentrations at low temperature and at atmospheric pressure are recommended [30].
Furthermore, it does not generate toxic compounds such as furfurals and hydroxymethylfurfurals
(HMF), and hence higher efficiency is observed in the biomethanation process.

Although, there is still discrepancy on the choice of alkaline reagent, in terms of the greatest
advantages, considering the cost of the reagent, performance, and manipulation [91], sodium hydroxide
is preferred because it catalyzes under mild conditions, effectively attacks the linkage between lignin
and hemicellulose in lignin-carbohydrate; in particular it cleaves the ether and ester bonds in the
lignocellulose structure and also effective in the cleavage of the ester and carbon-to-carbon bonds in
lignin molecules [92–94]. Jiang et al. [22] and Xihui et al. [95] optimized the NaOH loading rate to
increase the methane yield. Jiang et al. [22] varied the NaOH concentration between 0.5% and 2%
w/v for pretreatment of giant reed, and observed an increase in methane yield from 217 mL/g VS to
355 mL/g VS after pretreating at 2% w/v. Likewise, Xihui et al. [95] achieved the highest methane yield
of 201 mL/g VS from Pennisetum hybrid at 2% w/w of NaOH, and they tested the alkali pretreatment at
concentrations of 2%, 4%, 6%, and 8% w/w.

However, sodium discharge might be environmentally harmful as they can lead to negative impacts
such as soil salinization. KOH, although is three times more expensive than NaOH, it represents
is an alternative solution. Romero-Güiza et al. [96] reported an increase of 128% methane yield
from 0.7% w/w KOH pretreated wheat straw than the untreated wheat straw. Moset et al. [97]
compared NaOH and KOH pretreatment (0.5 to 8%) of wheat straw on biogas yield and reported the
highest methane yield of 374 mL/g VS and 370 mL/g VS with 2% NaOH and 0.5% KOH respectively,
and untreated straw recorded a methane yield of 303 mL/g VS. These results indicated that requirement
of lower concentration of KOH could offset its high cost. In addition, KOH is easily recovered, and its
discharge might have a potential soil amendment value since potassium is a nutrient required for plant
growth [96]. Thomas et al. [26] suggested the alternative option of using CaO. However, they observed
that NaOH was more efficient than CaO and increased the methane production in the range of 24 and
55% from the pretreated Miscanthus x giganteus, M. sacchariflorus, and M. sinensis, while the increase
was between 19 and 30% for Cao treated samples. However, CaO is an interesting alternative alkali
reagent as it is already used to mitigate soil acidity and is also less expensive than NaOH.

Calcium hydroxide is another common alkali reagent used, Gu et al. [98] tested five different
concentrations of Ca(OH)2: 6%, 8%,10%, 12%, and 15%, in which the highest biogas production from
obtained at 8% and 10% pretreated rice straw and recorded a biogas production of 564.7 mL/g VS and
574.5 mL/g VS, respectively, which is 34.3% and 36.7% higher than untreated biomass.
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3.2.3. Organosolv

Organosolv pretreatment emerges as the only technology capable of isolating each component
of the lignocellulosic biomass, attaining relatively pure lignin that can be sold as a by-product
or converted into higher-value products in a biorefinery concept [99]. Organic solvents—such as
methanol, ethanol, acetone, acetic acid, peracetic acid, and so on—are used with or without the
addition of a catalyst reagent [100]. The catalysts used include mineral acids (hydrochloric, sulfuric,
and phosphoric acids) and organic acids (oxalic, acetylsalicylic, and salicylic acids) [101]. Although
catalyst addition aids in higher pretreatment efficiency, use of a catalyst could have a negative impact
on the environment [102], i.e., chemical catalyst as acid causes acid-catalyzed degradation of the
monosaccharides into furfural and 5-hydroxymethyl furfural followed by condensation reactions
between lignin and the reactive aldehydes [103]. Acid catalysts are added in order to increase the rate of
lignin removal and decrease pretreatment temperature, because acid catalysts cleave acid-labile bonds
(α–aryl ether and arylglycerol–β-aryl ether bonds), which help stabilization of lignin fragments [101].
However, the use of chemical catalysts involves issues, such as equipment corrosion and the need of
processing downstream effluents, resulting in high water consumption [103]. Formic acid is a promising
catalyst as it is believed to have fewer corrosive effects than stronger mineral acids and further to avoid
production of inhibitors that are normally formed when acetic acid is employed [104].

The organosolv process causes hydrolysis of the internal bonds in lignin and between lignin and
hemicellulose. The organic solvents also cause hydrolysis of the glyosidic bonds in hemicelluloses and
to a smaller extent in cellulose [103]. The preferred conditions of organosolv process is generally in the
following ranges: a cooking temperature of 180–195 ◦C, a cooking time of 30–90 min and liquor to
solid ratio ranging from 4:1 to 10:1 [105].

As mentioned previously, organic acids have been suggested as an alternative to inorganic ones,
to avoid corrosion and decrease the energy demand during acid recovery. Amnuaycheewa et al. [106]
pretreated the rice straw with organic acids—such as acetic acid, citric acid, and oxalic acid—and make
a comparison with hydrochloric acid as inorganic acid. It was found that pretreatment with oxalic acid
reagent yielded 2.68 and 1.25 times higher reducing sugars than untreated and HCl-treated rice straw,
respectively. Further, the accumulated methane yields obtained from pretreatments of organic acids
were 2.47–2.53 times higher than the inorganic acid one.

A critical issue with organosolv pretreatment is the risk of operating at high pressure and the
solvents volatility due to their low boiling point of the organic solvents. A system of solvent recovery is
necessary to reduce the cost of operation and to avoid their residual inhibitory effect on microorganisms.
Teghammar et al. [107] recovered more than 98% of organic solvent N-methylmorpholine-N-oxide
(NMMO or NMO), which was used for pretreatment of softwood spruce, rice straw, and triticale straw
at 130 ◦C for 1–15 h. Further, they reported an increase in methane production between 400% and
1200%. Kabir et al. [108] studied the use of recycled NMMO for pretreatment of barley straw and
forest residues and observed similar performance as the fresh NMMO on barley straw. However,
pretreatment of forest residues with recycled NMMO resulted in 55% reduction of methane yield.

Among solvents, low boiling point alcohols, especially ethanol, have attracted more attention
because of their high effectiveness on lignocellulosic biomass, as well as the simplicity of their recovery
by distillation [109]. Other advantages are lower cost and lower toxicity to humans compared to
solvents as methanol [104,110].

3.2.4. Ionic Liquids

Ionic liquids are environmental friendly and represent a new class of solvents which have high
polarities, a low melting point, non-volatility, and design-ability [111]. Ionic liquid-based pretreatment
gained attention due to their effectiveness on a range of biomass types, even in the scale-up from lab
scale to small pilot scale, and their ability to disrupt lignin and decrystallize cellulose [112].

Ionic liquids have unique properties compared to traditional solvents, including a low vapor
pressure, which avoids atmospheric emissions by eliminating solvent losses through evaporation.
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They also have a relatively high thermal stability, low flammability, and possibility of recycling,
which contributes to the reduction of waste [111].

Ionic liquids can be easily prepared using different cations and anions, resulting in hydrophobic
or hydrophilic types, according to the desired application [113]. Cations of methylimidazolium and
methylpyridinium with allyl-, ethyl-, or butyl-chains are commonly used. Meanwhile, the most
effective anions are halogens, formates, acetates, amides, imides, thiocynates, phosphates, sulfites,
sulfonates, and dichloroaluminates [114]. Kim et al. [115] studied the transition of the crystalline
structure when lignocelluloses such as cotton stalks, hemp stalks, and acacia pruning were pretreated
with 1-ethyl-3-methylimidazolium acetate (EmimOAC) or 1-ethyl-3-methylmidazolium chloride
(EmimCl), and the results indicated that type of anion in the ionic liquid significantly influenced the
efficiency of lignin and hemicellulose removal. Acetate anion showed greater cellulose extraction from
lignocellulose substrates.

There are various parameters affecting the process of biomass pretreatment using ionic liquids:
for instance, physiochemical properties of ionic liquid, reaction time and temperature, ratio of biomass
to ionic liquid, biomass type, and water content of sample. Physiochemical property like viscosity is
probably the most negative parameter of the process because extremely viscous solution is formed
during pretreatment and significantly affect the industrial application of ionic liquids [116].

A disadvantage of ionic liquids is their high cost, therefore, a strategy to follow is the recycling
to compensate their high production costs [117]. To make ionic liquid pretreatment economically
feasible, [118] a recovery of >97% of ionic liquid used and >90% waste heat recovery is recommended.
Xu et al. [20] evaluated the efficiency of reuse of ionic liquids 1-allyl-3-methylimidazolium chloride
(amimCl) and 1-butyl-3-methylimidazolium acetate (bmimOAc) on eucalyptus and reported that
four reusing cycles were effective, where hydrolysis efficiencies of 54.3% for (amimCl) and 72.8% for
(bmimOAc) were observed. After their fourth reuse, ionic liquids showed deteriorations by relatively
lower sugar conversion and lignin removal. Gao et al. [35] evaluated the water hyacinth pretreated
with 1-N-butyl-3-methyimidazolium chloride [BmimCl]/dimethyl sulfoxide (DMSO) at 120 ◦C for
120 min and reported an increase in methane yield by 97.6% compared with non-pretreated water
hyacinth. The ionic liquids and co-solvents were successfully recovered.

On the other hand, Xie et al. [119] simulated a process for biogas upgrading using three
imidazolium-based ionic liquids 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[hmim][Tf2N], 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [bmim][Tf2N] and
1-Butyl-3-methylimidazolium hexafluorophosphate [bmim][PF6] and reported a 11% reduction in
energy consumption in [bmim][Tf2N], which suggest the promising potential of ionic liquid technology
for biogas upgrading.

3.2.5. Alkaline Hydrogen Peroxide

The alkaline reagent can be combined with hydrogen peroxide. The use of H2O2 improves the
enzymatic digestibility in a wide range of lignocellulosic biomass with the main intention of improving
the enzymatic hydrolysis yields [120]. H2O2 is used as a bleaching agent of lignocellulosic biomass.
During the pretreatment, many free radicals are released but has the advantage of not leaving residues
in the biomass because it degrades into oxygen and water and hardly forms secondary products.
Thus, an oxidative fragmentation occurs, as well as lignin removal from the lignocellulosic matrix by
attacking lignin side chains [121]. Alkaline hydrogen peroxide improves the performance in terms of
delignification and enzymatic digestibility than single alkali reagent [122]. However, this method is
limited due to the need to maintain constant pH during the process to avoid hemicellulose elimination,
and is one of the most important parameter to achieve process efficiency [117].

Alkaline hydrogen peroxide is a delignification process, but not only improves the
depolymerization of lignin, but also has the advantage of requiring mild conditions of temperature and
pressure [123], which reduces the formation of inhibitors [124]. Ayeni et al. [125] studied the operating
conditions of alkaline hydrogen peroxide pretreatment of sugarcane bagasse and reported optimum
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pretreatment conditions were 0.3% hydrogen peroxide concentration, 100 ◦C for 4.6 h. Siciliano et
al. [126] confirmed the use of low concentration of oxidant at room temperature significantly improved
the anaerobic treatability of olive mill residues and reported methane yield up to 0.328 L/g of COD
(chemical oxygen demand) removed. Similarly, Katukuri et al. [127] reported 49% increase in methane
yield over untreated substrate of Miscanthus floridulus by using 0.8% of H2O2.

On the other hand, Alencar et al. [128] evaluated the H2O2 recycling strategy and tested the
efficiency of recycled H2O2 in five successive reuse cycles and reported a decrease in efficiency at each
cycle of reuse than the previous.

Methane yield from different residues after pretreatment by acid, alkali, organosolv, and H2O2

treatment is presented in Table 4.

Table 4. Effect of different chemical pretreatments on methane yield from different
lignocellulosic biomass.

Subastrates Pretreatment Conditions Methane Yield
(Untreated)

Methane Yield (After
Pretreament)

Reaction
System References

Corn Straw

Sulfuric acid 2% v/v 100.6 mL/g VS 175.6 mL/g VS Flask 1 L [18]

Hydrochloric acid 2% v/v 100.6 mL/g VS 163.4 mL/g VS Flask 1 L [18]

Acetic acid 4% v/v 100.6 mL/g VS 145.1 mL/g VS Flask 1 L [18]

Hydrogen peroxide 3% v/v 100.6 mL/g VS 216.7 mL/g VS Flask 1 L [18]

Sodium hydroxide 8% v/v 100.6 mL/g VS 163.5 mL/g VS Flask 1 L [18]

Calcium hydroxyde 8% v/v 100.6 mL/g VS 206.6 mL/g VS Flask 1 L [18]

Ammonia 10% v/v 100.6 mL/g VS 168.3 mL/g VS Flask 1 L [18]

Cotton gin
waste

Citric acid 0.5 mmol/g VS substrate 95.4 mL/g VS 147.1 mL/g VS Flask
0.25 L [78]

Hydrogen peroxide 0.5 mmol/g VS substrate 178.0 mL/g VS 247.5 mL/g VS Flask
0.25 L [78]

Ethanol 0.5 mmol/g VS substrate 172.5 mL/g VS 241.5 mL/g VS Flask
0.25 L [78]

Juice industry
waste

Citric acid 0.5 mmol/g VS substrate 180.4 mL/g VS 353.5 mL/g VS Flask
0.25 L [78]

Hydrogen peroxide 0.5 mmol/g VS substrate 275.0 mL/g VS 385.6 mL/g VS Flask
0.25 L [78]

Ethanol 0.5 mmol/g VS substrate 214.3 mL/g VS 332.8 mL/g VS Flask
0.25 L [78]

Olive pomace

Citric acid 0.5 mmol/g VS substrate 200.1 mL/g VS 183.2 mL/g VS Flask
0.25 L [78]

Hydrogen peroxide 0.5 mmol/g VS substrate 178.7 mL/g VS 172.3 mL/g VS Flask
0.25 L [78]

Ethanol 0.5 mmol/g VS substrate 193.0 mL/g VS 157.5 mL/g VS Flask
0.25 L [78]

Salvinia
molesta

Silfuric acid 2% v/v 11.2 mL/g VS 16.6 mL/g VS Bottle
0.6 L [86]

Silfuric acid 4% v/v 11.2 mL/g VS 17.4 mL/g VS Bottle
0.6 L [86]

Silfuric acid 6% v/v 11.2 mL/g VS 17.8 mL/g VS Bottle
0.6 L [86]

Switchgrass Sodium hydroxide 7 g/L 112.4 mL/g VS 132.5 112.4 mL/g VS Bottle
0.5 L [75]

Water hyacinth

Silfuric acid 5% v/v; 60 min residence time 58 mL/g VS 64 mL/g VS Flask 1 L [129]

NMMO 85%
120 ◦C; 3 h 274 mL/g VS 304 mL/g VS Serum bottles

0.125 L [130]

Wheat straw

Ethanol 50%
180 ◦C; 1 h 274 mL/g VS 316 mL/g VS Serum bottles

0.125 L [130]

Sodium hydroxide 1.6% w/w 30C; 24 h 274 mL/g VS 315 mL/g VS Serum bottles
0.125 L [130]

Citric Acid 0.5 mmol/g VS substrate 159.1 mL/g VS 163.7 mL/g VS Flask
0.25 L [78]

Winert waste

Hydrogen 0.5 mmol/g VS substrate peroxide 171.3 mL/g VS 190.2 mL/g VS Flask
0.25 L [78]

Ethanol 0.5 mmol/g VS substrate 190.7 mL/g VS 239.5 mL/g VS Flask
0.25 L [78]
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3.3. Physicochemical Pretreatments

Physicochemical methods are used to solubilize lignocellulosic components of the structure
based on temperature and moisture content and to make the lignocellulosic material easily exposed
for hydrolysis step, and avoiding the formation of inhibitors. Although these methods are more
complicated to implement, their significant effect on the pretreatment of lignocellulose feedstock
promises high yield in the subsequent bioprocesses [131]. In general, physical pre-treatment requires
greater energy expenditure, making it an expensive process and consequently not very profitable on
an industrial scale. Therefore, this review focusses on process optimization and the conditions to
reduce energy-time-costs of this process.

3.3.1. Steam Explosion

Steam explosion consists of exposure to hot steam for few minutes, followed by an explosive
decompression of the biomass, which is effective in breakage of the fibrous rigid structure of straw
and woody biomass [132,133]. To facilitate auto hydrolysis reactions, the biomass is treated with
saturated steam at a temperature of 160–260 ◦C and at a corresponding pressure of 0.69–4.83 MPa
for several seconds up to few min [59,133]. The difference between pretreatment with steam and the
explosion with steam, is the rapid depressurization and cooling of biomass at the end of the steam
explosion, which causes hydrolysis of hemicellulose into water soluble oligomers or to individual
sugars [134]. Nges et al. [135] used steam explosion pretreatment on Miscanthus lutarioriparius under
conditions of 0.3 M NaOH and at 0.5 mm particle size, and reported 57% increase in methane yield in
comparison with the untreated substrate. Li et al. [136] evaluated steam explosion pretreatment on
Miscanthus lutarioriparius under five different conditions: 0.5 MPa 153 ◦C 5 min, 1.0 MPa 180 ◦C 5 min,
1.5 MPa 198 ◦C 3 min, 1.5 MPa 198 ◦C 5 min, and 1.5 MPa 198 ◦C 10 min to improve the anaerobic
biodegradability and reported 5.9%, 19.9%, 51.3%, 49.7%, and 49.8% increase in biochemical methane
potential respectively.

3.3.2. Hydrothermal

Of late, hydrothermal pretreatment has gained importance, as it is efficient in penetration of the
biomass, cellulose hydration, and removal of hemicellulose and part of lignin. The major advantages
are that there is no requirement of chemicals and corrosion-resistant material for the reactor [137].
Typically, it can remove most of hemicellulose and part of lignin in biomass by degrading them into
soluble fractions and loosen the recalcitrant structure as well [138]. The temperature is the most
important factor influencing the pretreatment effect [139]. Typically, hydrothermal pretreatment is
conducted in range of 90–260 ◦C [130]. Phuttaro et al. [140] suggested hydrothermal pretreatment
at 175 ◦C for 15 min of reaction time on Napier grass increased the methane yield by 25% than the
untreated. They also reported the formation of inhibitors like 5-hydroxymethylfural and furfural at
200 ◦C, which significantly inhibited methanogenesis. Similarly, Rajput et al. [141] tested 120, 140,
160, and 180 ◦C for pretreatment of wheat straw and established that the optimal temperature for
hydrothermal pretreatment of wheat straw was 180 ◦C, which showed a 53% increase in the methane
yield in comparison with untreated. Hashemi et al. [142] pretreated hydrothermally Safflower straw at
120, 150, and 180 ◦C for 1, 2, and 5 h and the highest biomethane yield was obtained at the least severe
pretreatment conditions (120 ◦C for 1 h), which showed 98.3% improvement in comparison to the
untreated straw. On the other hand, Luo et al. [143] examined hydrothermal pretreatment of rice straw
at different temperatures from 90 to 130 ◦C. Both 100 ◦C and 130 ◦C pretreatments presented similar
methane yield of 127.6 and 124.6 mL/g VS, respectively, which were 22.90% and 19.83% higher than
untreated rice straw. Antwi et al. [144] evaluated hydrothermal pretreatment on cocoa pods residues
at temperatures in the range of 155–220◦C and at reaction time between 5 and 15 min and reported
an optimum methane yield of 526.38 mL/g VS at 150 ◦C for 15 min and opined that higher severity
conditions resulted in lower biogas yield.
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3.3.3. Ammonia Fiber Explosion (AFEX)

AFEX is a physicochemical pretreatment under varying water loading, ammonia loading, reaction
temperature, and residence time. In this pretreatment, liquid ammonia and the steam explosion process
are applied. The advantage of this process is that it does not require small particle size for efficiency
and further, inhibitors are not formed during the process. However, the limitation is that less efficiency
has been reported in the pretreatment of high lignin containing biomass [61].

To reduce costs and protect the environment, ammonia is recycled after pretreatment. Wang et
al. [145] achieved 99.3% of efficiency in ammonia removal after pretreatment of wheat straw at 0.70%
ammonia and at 105 ◦C. They observed the methane yield of 538.1 mL/g VS after pretreatment,
which was 31.9% higher than untreated wheat straw. Hashemi et al. [146] carried out a detailed study
using 10% v/v of aqueous ammonia pretreatment on sugarcane bagasse and at varying temperatures in
the range of 50 to 70 ◦C, reaction time of 12 and 24 h and ethanol addition at different concentrations of
5, 25, and 50% v/v. They reported that the highest methane yield of 299.3 mL/g VS compared with
105.6 mL/g VS of untreated material was obtained under process conditions of 70 ◦C for 12 h with 10%
ammonia and 50% ethanol.

The effect of physiochemical treatment on biogas yield is presented in Table 5. It can be observed
that steam explosion pretreatment of Miscanthus lutarioriparius at 198 ◦C for 3 min recorded an increase
in methane yield of 51%, but no differences were found by increasing the pretreatment time to 5 and
10 min [135] Luo et al. [143] employed hydrothermal pretreatment of the rice straw at 100 ◦C for 10 min
and observed 222% increase in methane yield.

Table 5. Effect of different physicochemical pretreatments on methane yield from different
lignocellulosic biomass.

Substrates Pretreatment Conditions Methane Yield
(Untreated)

Methane Yield
(After Treatment) Reaction System References

Cocoa pods
residues Hydrothermal 150 ◦C 196.3 mL/g VS 289.3 mL/g VS Bottle 0.5 L [144]

Harvested hay Steam explosion 175 ◦C; 10 min 243 mL/g VS 281 mL/g VS Digester 0.25 L [134]

Miscanthus
lutarioriparius

Steam explosion 0.5 MPa; 153 ◦C;
5 min 181.2 mL/g VS 192.3 mL/g VS Reactor 0.5 L [136]

Steam explosion 1.0 MPa; 180 ◦C;
5 min 181.2 mL/g VS 217.9 mL/g VS Reactor 0.5 L [136]

Steam explosion 1.5 MPa; 198 ◦C;
3 min 181.2 mL/g VS 274.1 mL/g VS Reactor 0.5 L [136]

Steam explosion 1.5 MPa; 198 ◦C;
5 min 181.2 mL/g VS 272.0 mL/g VS Reactor 0.5 L [136]

Steam explosion 1.5 MPa; 198 ◦C;
10 min 181.2 mL/g VS 272.2 mL/g VS Reactor 0.5 L [136]

Reed biomass
Steam explosion 160 ◦C; 5 min 188 mL/g VS 226 mL/g VS Digester 0.25 L [147]
Steam explosion 200 ◦C; 15 min 188 mL/g VS 355 mL/g VS Digester 0.25 L [147]

Rice straw Hydrothermal 100 ◦C; 10 min 92 mL/g VS 280 mL/g VS Glass Bottle 1 L [143]

Safflower straw Hydrothermal 120 ◦C; 60 min 96.5 mL/g VS 191.4 mL/g VS Glass bottle 0.118 L [142]

Sugarcane
Bagasse

Ammonia
10% + ethanol 50%; 70 ◦C; 24 h 105.6 mL/g VS 299.3 mL/g VS Bioreactor 0.118 L [146]

Wheat straw

Hydrothermal 120 ◦C; 60 min 388.9 mL/g VS 483.3 mL/g VS Serum bottle 0.3 L [141]
Hydrothermal 140 ◦C; 60 min 388.9 mL/g VS 511.2 mL/g VS Serum bottle 0.3 L [141]
Hydrothermal 160 ◦C; 60 min 388.9 mL/g VS 552.7 mL/g VS Serum bottle 0.3 L [141]
Hydrothermal 180 ◦C; 60 min 388.9 mL/g VS 611.7 mL/g VS Serum bottle 0.3 L [141]

Ammonia
0.7%; 55 ◦C 407.8 mL/g VS 491.7 mL/g VS Reactor 0.25 L [145]

Ammonia
0.7%; 105 ◦C 407.8 mL/g VS 538.1 mL/g VS Reactor 0.25 L [145]

3.4. Biological Pretreatments

Biological pretreatment offers an alternative choice to replace chemical pretreatment; however,
its very slow reaction rate is unattractive from commercial point of view [148]. Different microorganisms
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are used for lignocellulose pretreatment, such as; white, brown, and soft rot fungi. Although, brown rot
fungi participates in lignin decomposition [149], white rot fungi are well known and most effective
microorganism for delignification process [150]. In general, most of the fungi degrading lignocellulose
secrete accessory enzymes like cellobiose dehydrogenase, aryl alcohol oxidase, glyoxyl oxidase, copper
oxidase, and hydrolytic enzymes, which cause the simultaneous or selective degradation of cellulose
and hemicellulose along with lignin. These enzymes provide free radicals and intermediates that help
in lignin and polysaccharide degradation [151]. Schroyen et al. [152] evaluated the impact of biological
pretreatment with different enzymes such as laccase, manganese peroxidase, and versatile peroxidase,
at different incubation times—0, 6, and 24 h. Pretreatments did not yield high concentrations of
phenolic compounds, inhibitors of methane production. The laccase enzyme showed 25% increase in
biomethane production after 24 h of incubation, meanwhile, pretreatment with peroxidase enzymes
increased biomethane production by 17%, but aided in reducing the incubation time from 24 to 6 h.
Liu et al. [153] evaluated fungal pretreatment of two forest residues, viz., hazel and acacia branches
and as well as two agricultural residues, viz., barley straw and sugarcane bagasse using Ceriporiopsis
subvermispora in order to improve the methane production. They reported that manganese peroxidase
and laccase produced by the fungus increased the methane yield by 100% in comparison to untreated
hazel. Although fungal pretreatments of lignocellulosic biomass are environmentally and economically
friendly, it is a relatively time-consuming process and Liu et al. [153] observed that a special bioreactor
should be designed to create aerobic and aseptic conditions for fungal pretreatments. It is also
reported that selection of substrate specific and as well as effective strain and culture conditions
can reduce treatment time and carbohydrate losses [154]. Dollhofer et al. [155] reported that biogas
production from lignocellulosic biomass can be accelerated after pretreatment with Neocallimastix
frontalis, an anaerobic fungus isolated from rumen fluid of a cow and of a chamois.

The byproducts formed after biological pretreatments normally do not inhibit subsequent
hydrolysis, since the pretreatment is carried out at moderate reaction conditions, and also has other
environmental benefits like low inputs (energy, chemicals) and outputs (inhibitors and wastes) [156].
However, as mentioned earlier, its process time is long compared to the others [148,157]. As a result,
several studies select different microbial populations for hydrolysis of their specific substrates [158].
Shah and Ullah [39] selected strains producing lignin peroxidases and laccases and decreased 48.2%
of lignin from wheat straw within 7 days of batch incubation; and observed 407.1% increase of the
methane yield in comparison with the untreated wheat straw.

Microbial pretreatment, when compared to enzymatic pretreatment, demonstrates much better
outcome in anaerobic digestion process due to their higher functional diversity and tolerance to
environmental factors—i.e., temperature and pH. Barua et al. [38] isolated bacterial strains from soil
(Bordetella muralis VKVVG5), the gut of silverfish (Citrobacter werkmanii VKVVG4), and millipede
(Paenibacillus sp. VKVVG1); and employed these bacterial strains to accelerate hydrolysis of water
hyacinth. Citrobacter werkmanii VKVVG4 pretreatment of water hyacinth at a density of 109 CFU/mL
for 4 days increased the solubilization by 33.3%. On the other hand, several others report the use of
anaerobic lignocellulose degrading consortia. Kong et al. [159] reported that anaerobic consortium
TC-5 resulted in 45.7% degradation of wheat straw and showed an increase of 22.2% and 36.6% of
methane yield under mesophilic and thermophilic conditions, respectively. Rumen fluid was found to
be effective in increasing the yield from rapeseed stems and leaves by 47% within 24 h of treatment
time [160]. Yuan et al. [19] used a thermophilic microbial consortium MC1 to pretreat the cotton stalk.
The results indicated that the concentrations of soluble chemical oxygen demand and volatile organic
products increased significantly in the early stages of the pretreatment, reaching the maximum methane
yield of 128 mL/g VS after 6 days of MC1 pretreatment. However, with 122 mL/g VS, the methane
yield was not significantly different. Ali et al. [33] observed a 72.6% increased higher methane yield
over control from saw dust treated with a microbial consortium LCDC isolated from rotten sawdust.
They also reported a significant reduction of lignocellulose compounds within 10 days of pretreatment.
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Enzymatic pretreatment by using oxidative and hydrolytic enzymes produced by bacteria and
fungi such as exo-, endo- glucanases, cellobiase, xylanase, pectinase; ligninolytic enzymes such as
laccase, manganese, and versatile peroxidases; as well as α-amylases and protease is advantageous in
comparison to bacterial/fungal pretreatments [161]. The enzymatic pretreatment method is gaining
more interest due to the relatively short reaction time and the low nutrition requirement for the
enzymatic reactions. In addition, the enzymatic pretreatment does not require expensive equipment for
the processing. However, the activity of the enzymes and the efficiency of their reactions depends on
several factors including the composition of the lignocellulosic substrate, temperature, pH, incubation
time, and bioreactor configuration [157]. Additionally, the high enzyme cost remains a challenge facing
the economic feasibility of this pretreatment methods for improved biogas production at an industrial
scale [157,161]. However, the efficiency is well documented by Brémond et al. [162], who reported
an increase of the methane yield by 111% from mix of corn stover after 18 h of reaction time using
a blend of cellulase enzymes.

The conditions and effect of biological pretreatment on methane yield from different lignocellulosic
substrates is presented in Table 6. In general, biological pretreatment shows an increase up to 50% in
comparison with untreated lignocellulosic biomass.

Table 6. Effect of different biological pretreatments on methane yield from different
lignocellulosic biomass.

Substrates Pretreatment
Conditions

Methane Yield
(Untreated)

Methane Yield
(After Treatment)

Reaction
System References

Corn stover

Fungi, Pleurotus eryngii,
30 days 301.5 mL/g VS 360.4 mL/g VS Bottle

0.25 L [148]

Fungi, Pleurotus
ostreatus, 30 days 294.3 mL/g VS 300.6 mL/g VS Bottle

0.25 L [148]

Fungi, Trametes
versicolor, 30 days 362.2 mL/g VS 222.83 mL/g VS Bottle

0.25 L [148]

Rapeseed stems
and leaves Rumen fluid, 24 h 485.5 mL/g VS 507.9 mL/g VS Reactor

1 L [160]

Sawdust Microbial consortium,
10 days 89.9 mL/g VS 155.2 mL/g VS Digester

5 L [33]

Water Hyacinth
Microbial, Citrobacter
werkmanii VKVVG4
109 cfu/mL; 4 days

338 mL/g VS 373 mL/g VS Bottle
1 L [38]

Wheat straw

Fungus culture,
0.3 OD; 7 days 78.1 mL/g VS 396.1 mL/g VS - [118]

Microbial consortium,
TC-5,

12 days
229.8 mL/g VS 314 mL/g VS Reactor

0.18 L [159]

Willow
sawdust

Fungal, Leiotrametes
menziesii, 30 days 95.5 mL/g VS 62.4 mL/g VS

Serum
bottle
0.16 L

[40]

Fungal, Abortiporus
biennis, 30 days 95.5 mL/g VS 136.7 mL/g VS

Serum
bottle
0.16 L

[40]

3.5. Other Pretreatments

Several other pretreatments such as ozonolysis, microwave irradiation, and high voltage pulse
discharge have also been reported recently to increase the methane yield from lignocellulosic biomass.
Ozonolysis is one of the most promising chemical oxidative pretreatments for lignin degradation with
minimal losses of hemicellulose and cellulose contents [163], but most of the reported literature is on



Appl. Sci. 2019, 9, 3721 16 of 29

its application related to pulp. Dománski et al. [164] reported a specific methane production of 291
LCH4/kg VS using ozonolysis pretreatment of rye straw with an ozone dose of 100 g O3/m3 for 60 min.

Microwave irradiation is known as an efficient technique in disrupting complex structures such as
sludge and thereby increases the accessibility and bioavailability to enhance methane production [165].
Zhao et al. [166] reported a methane yield of 221 mL/g of water hyacinth after a pretreatment of 500 W
for 14.6 min, which was about 38.3% more than the substrate pretreated with hot water. However,
after an economic analysis, they reported that it is not economically viable. Previously, Pellera and
Gidarakos [167] observed that pretreatment of winery waste, cotton gin waste, olive pomace, and juice
industry waste by microwave did not show an increase in methane production. However, they observed
that structural changes in cotton gin waste and olive pomace, whereas increased solubilization in the
case of winery and juice industry waste. Kainthola et al. [168] evaluated the microwave pretreatment
at different temperatures and exposure time, the ranges were 130–230 ◦C and 2–5 min, respectively.
They obtained a specific methane yield of 325.7 mL/g VS of microwave pretreated rice straw, which was
equivalent to a total net energy gain of 2388.5 J/g VS. They further reported that high heating rate with
less residence time reduced the formation of inhibitory compounds.

High voltage pulse discharge has been a promising strategy for pretreatment of wastes and can
shorten the processing time, from 24 h to 30 min, and the operation is more convenient than acid and
alkaline pretreatments in the sense that there is no need to adjust pH after pretreatment [169]. Zou et
al. [169] showed that methane production was higher by 50% from on food wastes in comparison with
acid and alkaline pretreatments. Baijuan et al. [170] reported a gas production of 9587 mL, 27% higher
than the untreated hybrid Pennisetum by applying a high voltage plus discharge for 60 min.

3.6. Combined Pretreatments

An appropriate combined pretreatment would not only improve the digestibility of lignocellulosic
materials at a relatively low operating cost but also maximize the utilization of the lignocellulosic
components [171]. A number of studies have shown that a combination of two pretreatments such
as biological pretreatment with chemical or physical methods is more effective when compared to
pretreatments with a chemical or biological method alone [172]. Although fungal pretreatment can
provide a cost-effective feasibility for methane production, the low rate of hydrolysis and the reaction
time of the process have made this method commercially inapplicable, but in combination with
other pretreatment methods like mechanical or chemical there is an improvement to overall process
productivity [173]. A study conducted by Mustafa et al. [174] used a combination of milling and
biological pretreatment of rice straw with Pleurotus ostreatus, resulted in 30.4% of lignin removal and
reported a methane yield of 258 mL/g VS, which is equivalent to 165% increase in methane yield
compared to untreated rice straw. Gomez-Tovar et al. [27] used mild acid pretreatment (2% of HCl)
in combination with an enzymatic pretreatment, which solubilized 96.8% of hemicellulose, 77.2% of
cellulose, and 42.2% of lignin from oat straw; additionally, this combination produced a variety of
sugars that could serve as substrates in the biomethanation process.

In general, chemical, physicochemical, or biological pretreatment is followed after mechanical
pretreatment to improve the efficiency [75]. However, the combination is not restricted to different
types of pretreatment, it can be even the use of two different chemical treatments; i.e., pretreatment
with dilute acid for hemicellulose hydrolysis and then a pretreatment with dilute alkali for lignin
removal; or alkaline hydrogen peroxide pretreatment is the combination of alkali reagent plus oxidant
reagent [60]. Chen et al. [175] suggested combining dilute acid treatment of lignocellulose with dilute
alkali to eliminates the need for acid/ base neutralization of lignocellulose biomass, which could also
reduce the inhibitory effect of degradation products. The most common pretreatment combinations
are physicochemical and thermochemical [176]. Sharma et al. [177] compared dilute acid and alkaline
pretreatment, both at temperature of 150 ◦C and reported the maximum yield of 38 g/L of reducing
sugars at 0.8 M sodium hydroxide after 30 min of incubation time, compared to 31 g/L of reducing
sugars using dilute acid.
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In some cases, even a combination of three pretreatments can be efficient. Moset et al. [97]
combined mechanical, thermal, and chemical pretreatments for wheat straw. The advantage of the
combination of three pretreatments was that there is no need for vigorous mechanical pretreatment with
regard to particle size, reduced the concentration of chemicals required and low temperature process
is sufficient to achieve greater efficiency. It clearly suggests that combination of right pretreatment
conditions help to improve the energy and the economic balance of pretreatment step.

Table 7 summarizes the pretreatments addressed in which the mechanism of action on
lignocellulosic biomass is pointed out, as well as the percentage of improvement for each. It can be seen
that mechanical pretreatment improves up to 83% methane yield and can be seen as a pretreatment
to be carried out in the first instance, to subsequently combine with other pretreatment to achieve
a greater improvement.

Table 7. A brief summary on the effect of pretreatment methods on methane yield from
lignocellulosic biomass.

Pretreatment Method Mechanism of Action
Methane Yield

Increase (%)
(Substrate)

References

Mechanical Milling, chipping,
grinding

Increases accessibility and surface
area. Reduces the crystallinity of

cellulose

Up to 83
(Wheat straw) [73]

Chemical

Acid Hydrolyze hemicellulose Up to 74
(Corn straw) [18]

Alkaline
Lignin removal, decrease of
polymerization degree, and

crystallinity of cellulose

Up to 105
(Corn straw) [18]

Organosolv Allow isolation of each
lignocellulose component

Up to 400
(Softwood spruce,

rice straw and
triticale straw)

[107]

Ionic liquids Disrupt lignin and decrystallize the
cellulose

Up to 97
(Water hyacinth) [35]

Alkaline hydrogen
peroxide

Lignin removal and improves
enzymatic digestibility

Up to 115
(Corn straw) [18]

Physiochemical

Steam explosion Hydrolyze hemicellulose and
breakage the lignocellulos structure

Up to 88
(Reed biomass) [147]

Hydrothermal Ligning and hemicellulose removal Up to 204
(Rice straw) [143]

AFEX
Lignin removal, decrystallize

cellulosa, and hydrolyze
hemicellulose

Up to 183
(Sugarcane bagasse) [146]

Biological
Fungal,

microbial,
enzymatic

Delignification process and lignin
decomposition

Up to 400
(Wheat straw) [39]

3.7. Limitations

It can be observed that the efficiency of pretreatment methods depends on the feedstock and its
composition. It is a complex issue to determine the optimal pretreatment method(s) of lignocellulosic
biomass. Regardless of the pretreatment method to be employed, the particle size reduction of
lignocellulosic biomass is the most common primary pretreatment method employed. Though,
in general, the mechanical pretreatment is significantly related to increase methane yield, one of
the disadvantages of mechanical process is its inability to remove the lignin, a critical barrier with
regard to bioavailability of carbohydrates for biomethanation. Neumann et al. [176] suggested that
lignocellulosic biomass must be reduced to 1–2 mm to eliminate limitations during hydrolysis; however,
size reduction is a very expensive operation that consumes about 33% of the total electricity demand
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for the whole process. Considering the high energy requirement of mechanical pretreatment and the
rise of energy cost, it is not economically sustainable. Thus, reducing the energy requirements and
increasing efficiency of grinding and milling of biomass would help to improve the economics of the
whole process.

In the case of chemical pretreatment, cost of reagents, and operation such as the extra step for
neutralization and the requirement for corrosion resistant reactors are the known limitations [178].
Additionally, the formation of inhibitory compounds is a point to be considered since it can inhibit or
significantly reduce the conversion efficiency of hydrolyzates of lignocellulosic biomass to methane.
Thus, achieving higher efficiency and lowering the formation of inhibitory compounds at by combining
lower concentration of chemical reagents with other pretreatments could aid in cost reduction. In the
case of alkali pretreatment, it is effective in solubilization of lignin and the presence of a small amount
of residual alkali in the treated biomass aids in neutralizing the pH reduction during the acidogenesis
phase of biomethanation process. Therefore, alkaline pretreatment is more compatible with subsequent
anaerobic digestion when compared to acid pretreatment [179].

On the other hand, organic solvents permit the recovery of individual components of lignocellulosic
biomass, which make an improvement in capital cost in a biorefinery concept. However, large amounts
of downstream wastes and specialized equipment are limitations [102]. Ionic liquids are superior to
organic solvents for use in a wide range of applications and in extreme conditions [100], however,
the cost and the need for recycling need is a limitation.

In spite of the advantages, biological pretreatments also have several major drawbacks such
as specific growth conditions, larger space, longer treatment time, and loss of carbohydrates [178].
Biological pretreatment presents low formation of inhibitory compounds and in general its inhibition
effect in the subsequent step of anaerobic digestion is low, when compared with chemical and
physiochemical pretreatments.

3.8. Modeling and Parameters Optimization

Anaerobic digestion is a multi-step process that can be affected by many process conditions such as
pH, temperature, substrate composition, pretreatment method, and digestion time. The optimization
of these parameters may ensure high yields of biogas production [180]. Serious consideration should
be given to the type of the substrate selected for biogas production because it can affect the amount
and quality of the biogas obtained [181].

Although, the lignocellulosic material preparation procedures and pretreatment processes prior
to anaerobic digestion are widely investigated, it is not possible to precisely predict the effectiveness of
a pretreatment method on certain lignocellulosic substrate as many parameters control the process.
However, the use of mathematical models can help to know the interrelationship between the
parameters involved and predict the phenomena occurring in the process [182]. The kinetic of the
anaerobic digestion provides information about the effect of the inhibitory compounds generated by
the pretreatment method on the biodegradability. There are several models of the kinetic analysis
of biogas production process being the Gompertz model, a model well known to study the kinetic
behavior considering the inhibition parameter in the anaerobic digestion process. The Gompertz
equation is used to estimate the biogas yield potential, duration of the lag phase, and maximum biogas
production rate. However, when the hydrolysis reaction is the rate-limiting step of the overall process,
as in the anaerobic degradation of some lignocellulosic substrates, the first order model is commonly
used to estimate the extent of the reaction, and the hydrolysis constant [183].

Dahunsi [64] assessed the possible effect of mechanical pretreatment on the kinetics of the
degradability of elephant grass, wild Mexican sunflower, and siam weed during the digestion
process using a modified Gompertz equation and reported that the pretreatment reduced the lag
period and increased the methane yield by around 22%. They positively correlated the chemical
composition of lignocellulosic substrates to their methane potentials by employing single and multiple
linear regressions models. Mancini et al. [130] also employed the first order model and a model
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based on modified Gompertz equation to evaluate three different chemical pretreatments and their
effect on methane yield from wheat straw. They reported that pretreatment using organic solvent
N-methylmorpholine N-oxide (NMMO) showed a significant biomethane production than untreated
wheat straw and observed that it could be due to the increase in available surface area due to the
pretreatment. Bolado-Rodríguez et al. [183] evaluated different physico-chemical pretreatments on
the production of biogas from sugarcane bagasse and wheat straw, and reported that a combination
of first order and a modified Gompertz equation provided valid information on the availability of
substrate, hydrolysis, and effect of inhibitory compounds. Łukajtis et al. [184] proposed a quadratic
equation to optimize process parameters such as concentration of chemicals, temperature, reaction
time, and particle size in alkaline pretreatment of Salix viminalis L, based on the results obtained.

Although the biomass type is one of the most important factors in biogas production, it is
important to identify the optimal levels of operational parameters of the reactor to increase the methane
yield [185]. In this regard, a widely accepted model of the anaerobic process is the ADM1. It describes
the process by analyzing 28 parameters and using 19 ordinary differential equations. Unfortunately,
it may consume lots of time, and sometimes not possible due to economic and other factors. Rieke et
al. [186] developed an alternate model based on four parameters, instead of the 28 of the ADM1 model
and only two additive differential equations of first order and reported that the difficulties associated
with ADM1 model in switching to different substrate due to the large number of parameters and
equations could be overcome in this new model, and further reduced the simulation time needed.

3.9. Techno-Economic and Environmental Aspects

Techno-economic feasibility is one of the most important parameters for the commercial viability of
biofuels production from lignocellulosic substrates [187]. It is expected that biomass pretreatment cost
represents between 19% and 22% in a biofuel production chain [118]. Several authors have established
techno-economic analysis of different pretreatments to elucidate the profitable conditions under the
concept of a biorefinery. Vasco-Correa and Shah [188] compared the techno-economic feasibility of
commercial scale fungal pretreatment of four feedstocks—perennial grasses, corn stover, agricultural
residues other than corn stover, and hardwood—and observed that the sugar production costs were
1.7, 1.6, 2.0, and 2.8 $/kg for perennial grasses, corn stover, agricultural residues other than corn stover,
and hardwood, respectively. Regarding to chemical pretreatment, Baral and Shah [118] evaluated
the production of fermentable sugars from corn stover, switchgrass, and poplar to access the process
improvement that would enable the commercialization of ionic liquids pretreatment. Unit sugar
production costs ($/kg) for ionic liquids pretreatment of corn stover, switchgrass, and poplar were
estimated to be 2.7, 3.2, and 3.0, respectively. In addition, other study assessed the economic and
technical benefits of steam explosion, dilute sulfuric acid, ammonia fiber explosion, and biological
(enzymatic hydrolysis) pretreatments in corn stover [189]. The results showed an estimated sugar
production costs of ($/kg) 0.43, 0.42, 0.65, and 1.41 for steam explosion, dilute sulfuric acid, ammonia
fiber explosion, and biological (enzymatic hydrolysis) pretreatments, respectively. On the other
hand, Brandt et al. [190] provided economic analysis for converting softwood biomass into sugars
using a fully mechanical pretreatment, using a three-stage milling process. The concentrated sugar
syrup production cost was estimated in $0.496/kg of sugar. However, the environmental impact and
sustainability of the pretreatment processes are not widely reported. Prasad et al. [191] carried out
life cycle assessment analysis on four different pretreatments—viz., liquid hot water, steam explosion,
dilute acid, and organosolv—using GaBi software and reported that dilute acid pretreatment performed
the worst in all impact categories. Although, other three pretreatments performed similarly, liquid
hot water significantly reduced the CO2 emissions and the total sugars production was two times
greater than organosolv and steam explosion pretreatments. However, Safarian and Unnthorsson [192]
reported that steam explosion pretreatment is the most promising and beneficial technology in terms
of economical, environmental and energy points of views and was followed by hot water method for
production of bioethanol from paper and timber wastes. Though in terms of technical performance,
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dilute acid pretreatment was ranked highly, it is not preferable due to low energy performance,
high production cost and high emission of greenhouse gases. Similarly, dilute alkali treatment also
ranked highly on the technical side of bioethanol production, is not preferable due to high emission of
greenhouse gases and other environmental impacts. Recently, Soam et al. [193] reported that an addition
of low dosage alkali pretreatment to enzymatic pretreatment reduced the enzyme dosage by 23–39%,
but observed a negative environmental impact. This clearly suggest that further studies are needed
to select right combination of pretreatments and operation conditions of these combinations need to
be standardized in order to reduce environmental impacts and costs involved in the pretreatment
process. Recently, Rajendran and Murthy [194] also observed that it is important to do a realistic
techno-economic and environmental impact analysis of anaerobic digestion processes as there is a need
to include process mapping, create a database, and identify profitability indicators and geographic
locations of the biogas plants.

4. Conclusions

Lignocellulose substrates are the main feedstocks for biogas production and this anaerobic
digestion process help in sustainable management of wastes and as well as is one of the main
sources of renewable bioenergy. However, the structure of lignocellulosic residues still present
technological barriers due to their limited bioavailability and pretreatment of this recalcitrant substrates
is a key to improve the performance of anaerobic digestion technology. However, as can be seen,
the major limitations are the cost of energy, operational cost, and formation of inhibitory compounds,
which significantly affect the downstream bioprocess of generating biogas or other value-added
products. Though, combination of different pretreatments offers possible solution, it needs to be
specific for the type of substrates and the type of downstream bioprocess to produce bioenergy and
other products. To achieve a techno-economic viability of the use of lignocellulose substrates, the idea
of integrated biorefineries in which two or more bioproducts are generated in the same platform could
be a promising concept.
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