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Abstract

The biofuel yield from lignocellulose biomass depends strongly on the fermentable sugar yield from the hydrolysis step.
Enzymatic hydrolysis, the preferable hydrolysis method, gives low sugar yield due to the lignin existence and the cellulose
crystallinity. To increase the sugar yield, pretreatment is required to breakdown the recalcitrant nature of lignocellulose
biomass. This review paper presents a comprehensive critical review of the lignocellulosic biomass (LCB) pretreatment
methods for enhanced fermentable sugar yield. There is a need for an effective and cost-efficient pretreatment method that
curbs inhibitory products and reduces the use of chemicals and energy. This paper highlighted recent advances in agricultural-
based LCB pretreatment; discussed current challenges, advantages, and disadvantages; and suggested future solutions for
agricultural-based biofuel production. Examined methods include pulsed electric energy (PEE), ionic liquid, co-solvent
enhanced lignocellulosic fractionation pretreatment, and deep eutectic solvent. Each method was reviewed by its conditions
(indicate the use of energy and chemicals), sugar yield, and inhibitory products. The review also researched the synergistic
effect of combining more than one pretreatment method as a potential approach to overcome the drawbacks of the individual
methods. In addition, the paper suggested improvement for each method and identified the research gaps to be bridged. Also,
a comparison, summary, and research perspectives were provided.
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1 Introduction

Biomass-derived fuels are one of the feasible options to
reduce carbon emissions while providing energy security
[1, 2]. Greenhouse gas emissions can be decreased by 86%
using ethanol produced from lignocellulose biomass [3].
In Canada, wheat is being used for ethanol production in
Alberta, Manitoba, and Saskatchewan, while corn is being
used in Manitoba, Ontario, and Quebec [4]. In 2018, 80% of
ethanol production in Canada was from corn and the rest was
from wheat. Canada’s 2019 ethanol imports were 1.4 billion
liters. Agricultural residues such as straw are low-cost lig-
nocellulose biomass (LCB), and they are readily available.
The yearly worldwide lignocellulose biomass residues were
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estimated to be more than 220 billion tonne [5]. In Canada
alone, it was estimated that the average availability of agri-
cultural residues is to be in the range of 24.5—48 million dry
tonnes per year [6]. Canadian Prairie Provinces have 72% of
lignocellulose biomass with Saskatchewan alone accounting
for 36% of the total agricultural residues. Utilizing these
amounts could provide ethanol average production of 6.6-13
billion liters per year. Other chemicals such as phenol and
furfural can also be produced [7, 8]. Table 1 shows the
potential of bioethanol production from Canadian lignocel-
lulose biomass materials [9]. Agricultural residues, forest
mill residues, and forest harvest residues together make up to
20.3 billion liters of ethanol per year. Flax straw is difficult
to degrade into the soil and it wraps around the equipment
during the seeding process. That is why the residual straw
is burnt which causes pollution.

The main obstacle for lignocellulose biomass to biofuel
commercialization is the recalcitrant nature of LCB [10].
The main constituents of LCB are cellulose, hemicellulose,
and lignin. The presence of lignin and the crystalline struc-
ture of cellulose affect the conversion of LCB to biofuels
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Table 1 Lignocellulose biomass
production in Canada and
estimated bioethanol production

[9]

Feedstock

Feedstock potential production (dry Bioethanol produc-

tonne/year) tion (billion liters/
year)

Agricultural residues 2.7-18 0.3-4.9

Forest mill residues 2-5.4 0.2-1.6

Forest harvest residues 9.8-46 1.2-13.8

Energy crops (conservative) 9.5-17.3 0.9-4.7

Energy crops (aggressive) (Up to) 433 (Upto) 117
Disturbance crops 9.3-12.3 2.8-3.6

[11]. The most common steps for LCB to biofuel process
are pretreatment, hydrolysis, fermentation, and separation
[12]. The pretreatment step is aimed to increase the exposure
of the cellulosic material. The hydrolysis step is meant to
produce reducing sugars from the pretreated LCB, mostly
using enzymes. Then, the sugars are converted to biofuel via
fermentation and finally the biofuel is purified. Among these
steps, pretreatment step was identified as the most technical
challenging and it affects the yield of biofuel production
significantly [10]. In addition, LCB has different sources and
therefore different compositions which imply that different
pretreatment conditions are needed for each feedstock for
optimum biofuel yield [13, 14]. Another challenge of LCB
pretreatment is its cost which was estimated to be 19% of the
total biofuel production cost [15].

The efficient pretreatment method can be described as
the one of low energy requirements, maximum fermentable
sugar yield, and low inhibitors [16]. The presence of inhibi-
tors, such as furfural, 5-hydroxymethyl-2-furaldehyd (HMF),
acetic acid, and phenolic compounds affects the hydrolysis
and the fermentation [17]. The enzymatic digestibility of
LCB can be enhanced by lignin removal and decreasing
the crystallinity of cellulose. The objective of this paper is
to review the pretreatment technologies of lignocellulose
biomass for maximum biofuel yield, the opportunities and
challenges associated with each method, current status, and
the future trends.

2 Lignocellulose biomass characteristics

Lignocellulose biomass is classified into three types: agri-
cultural waste (e.g., wheat straw, bagasse, and corncob),
woody residues (e.g., sawdust and bark), and energy crops
(e.g., switch grass and miscanthus) [18]. LCB is composed
mainly from cellulose, hemicellulose, and lignin. Cellulose
accounts for the largest composition of LCB (40-50%) while
hemicellulose accounts for 25-35% and lignin for 15-20%.
There are also small quantities of other constituents such as
pectin, proteins, extractives, and ash [19, 20].
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Cellulose is a homopolymer sugar with a polymerization
degree of 10,000 or higher, and linear structure consists of
D-glucose units connected by f-1,4-glucosidic bonds [20].
Those bonds are hydrogen and van der Waals [21]. Most
of cellulose is of crystalline structure which makes the cel-
lulose insoluble in aqueous solution as well as resistant to
hydrolysis [21, 22].

Hemicellulose is a heteropolymer sugar with a polymeriza-
tion degree of less than 200 [23]. It consists of aldopentoses
(xylose and arabinose), aldohexoses (mannose, glucose, and
galactose), and sugar acids (4-O-methyl-d-glucuronic acid and
d-glucuronic acid) [20]. The bonds linking hemicellulose to cel-
lulose and lignin are covalent bonds. Xylans are the major class
of hemicellulos and are found mainly in annual plants like straws
and grasses [24]. Softwoods are composed mainly of glucoman-
nan. The hydrolysis of hemicellulose is easier than cellulose due
to its amorphous structure and the few hydrogen bonds involved.
The existence of branches of short lateral chains of different
sugars in the hemicellulose differentiates it from cellulose [25].

Lignin is a polymer of amorphous structure that confines
cellulose and hemicellulose fractions [23]. The function of
lignin is to act as a bonding and water proofing agent for the
plant and as a protector from microorganisms and insects
attack. It is a non-sugar polymer composed of phenylpro-
pane units [20]. These units are sinapyl alcohol (syringyl
propanol), coumaryl alcohol (p-hydroxyphenyl propanol),
and coniferyl alcohol (guaiacyl propanol) [26]. The exist-
ence of these units depends on the type of LCB, for example,
hardwood lignin has guaiacyl propanol as the main build-
ing blocks while softwood lignin has coniferyl and sinapyl
alcohol as the main building blocks. All of these units are
bonded by aryl-ether and C—C linkages. Lignin provides
strength and protection to the plant and helps the transport of
water in the plant. Therefore, lignin hinders the degradation
of the cellulose during the hydrolysis. Lignin itself cannot
be hydrolyzed nor fermented.

Straw species are known to be of uniform composition in
comparison to wood species [23]. However, straws’ cellulose
content is lower than that of wood. Table 2 gives examples of dif-
ferent lignocellulose biomasses and their compositions. As it can
be seen from the table, cotton seed hair has the highest cellulose
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Table 2 Main composition LCB Cellulose (%) Hemicellulose (%) Lignin (%) Ref

of different lignocellulose

biomasses Wheat straw 30 50 15 [27]
Paper 85-99 0 0-15 [27]
Corn cobs 45 35 15 [27]
Grasses 25-40 35-50 10-30 [27]
Nut shells 25-30 25-30 30-40 [27]
Softwood stems 45-50 25-35 25-35 [27]
Hardwood stems 40-55 24-40 18-25 [27]
Olive leaves 6.98-15.38 5.69-9.16 15.15-17.38 [28]
Cotton seed hairs 80-95 5-20 0 [27]
Rice straw 40.66 20.6 12.3 [29]
Switch grass 449 31.4 12 [30]
Coastal Bermuda grass 25 35.7 6.4 [30]
Sugar cane bagasse 36.8 30 26.6 [31]
Corn stover 33.03 25.86 22.76 [32]

content of 80% or more. Paper is not a raw lignocellulose bio-
mass because it is processed and all or most of hemicellulose and
lignin are removed. That is why the cellulose content is very high
compared to other LCB. The use of lignocellulose biomass for
biorefinery depends on its availability as well as its compositions.

3 Lignocellulose biomass to biofuel

LCB can be converted into intermediates and final prod-
ucts by different processes: thermal, chemical, thermo-
chemical, biological, and a combination of them [21].
It can be combusted to provide heat, gasified to provide

Pretreatment

(C))

syngas, or converted to bio-oil. The most common pro-
cess for biofuel production is through the biological pro-
cess in which LCB is converted to fermentable sugars
through the hydrolysis and then the sugars are converted
to biofuel through the fermentation as shown in Fig. 1.
The saccharification and the fermentation can be com-
bined in one step which is known as simultaneous sac-
charification and fermentation (SSF).

Enzymatic hydrolysis is attractive due to the minimum
inhibitory products, and it is environmentally benign [33].
However, the process efficiency is dependent on the LCB
characteristics [5, 25]. LCB structure and lignin existence
can reduce the yield of fermentable sugars by blocking

Hydrolysi
Biomass —>| Preparation Y ro.y51s (.)r >| Fermentation Separation > DBiofuel
saccharification
(&)
Effluents
Simultaneous saccharification
Pretreatment

and fermentation (SSF)

Fig. 1 Block flow diagram for the conversion of biomass to biofuel
without pretreatments (1) and (2) and with pretreatments (3) and (4).
Paths (1) and (4) show the flow diagram of separated saccharification

and fermentation of biomass. Paths (2) and (3) show the flow diagram
of simultaneous saccharification and fermentation of biomass
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the enzymes from accessing the cellulosic materials. This
resistance is known as biomass recalcitrance. Thus, a pre-
treatment step is required to expose cellulose by removing
lignin and also to decrease cellulose crystallinity (Fig. 2)
[13, 34]. Many pretreatment methods have been devel-
oped and are classified into physical, physicochemical,
chemical, and biological. Each one of these methods
has advantages and disadvantages. The pretreatment can
result in removal of lignin and/or hemicellulose (totally
or partially) and some of the cellulose. The pretreatment
conditions need to be adjusted to reduce sugars losses and
the production of inhibitory products such as acetic acid,
furfural, and HMF [16]. In general, the most important
pretreatment factors are the processing time, amount of
chemicals and solvents required, and energy consumption.

4 Pretreatment technologies

LCB pretreatment methods are classified to physical, chemi-
cal, physicochemical, and biological pretreatments (Fig. 3).

4.1 Physical pretreatment
Physical pretreatment is defined as the pretreatment that

does not employ chemicals or microorganisms for LCB pre-
treatment. The physical pretreatments being used are many

Hemucelhabose

Lignocellulose biomass

Energy
Chemicals
Microorganisms

v
3 Pretreatment p——————3  Hydrolysis

such as mechanical comminution, irradiation, and pulsed
electric field.

4.1.1 Mechanical pretreatment

Mechanical pretreatment or comminution reduces the mate-
rial size and makes the cellulosic component more acces-
sible for the enzymes [16, 25]. It does not remove the lignin
component from the LCB. Size reduction can be through
chipping, milling and grinding. Chipping can reduce the
LCB size to 10-30 mm, and grinding or milling can reduce
it to 0.2-2 mm [27]. Size below 0.4 mm was found to have
no effect on the hydrolysis [35, 36]. Moreover, reducing the
particle size excessively results in increasing the production
of inhibitory products such as volatile fatty acids [37].
Dahunsi studied the comminution pretreatment effect on
different grasses for methane production enhancement [38].
Two stages were used: the first one at a rotation speed of
800 rpm and the second one at 400 rpm. This resulted in
methane yield increase of 22%. Also, the study showed that
the pretreatment can be scaled up and it is economically
feasible. These studies indicate that multiple stages with dif-
ferent machines affect the recalcitrance structure of LCB and
could be investigated for bioethanol production too. Another
study investigated biogas yield enhancement from meadow
grass using two different machines [39]. The rotated plas-
tic sweeping brush against steel roller provided a yield

Products

v

Sugars yield
Inhibitors yield
Degradation products
Waste

Enzymes

Fig. 2 Illustration of lignocellulose biomass pretreatment and the hydrolysis process
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Fig.3 Types of pretreatment
methods
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increase of 20% at 600 rpm. In the other machine, where a
coarse steel roller was used instead of the brush, the yield
was increased by 27% at a speed of 400 rpm. Waste paper
pretreatment investigated with Hollander beater enhanced
the methane yield by 21% at a beating time of 60 min [40].
Although these machines used for biogas production, the
results can be used as a guide to investigate fermentable
sugar yield using similar machines.

The advantage of mechanical pretreatment is that it can
be performed during the harvesting, which is beneficial to
optimize the total energy for harvesting and pretreatment.
As an example, the effect of chopping during harvesting
on biogas yield was studied [41]. It was found that a meth-
ane yield increase of 11-13% is possible with particle size
reduction in the range of 33—6 mm. Chopping length below
7-8 mm requires more energy, and it is not recommended
to guarantee profitability [42]. Tsapekos et al. carried out
the pretreatment of meadow grass using three harvesters,

Deep eutectic
solvent (DES)

disc-mower, an excoriator, and chopper [43]. The results
indicated that using excoriator provided the highest methane
yield increase of 20%. Similar investigation can be carried
out for bioethanol production.

The energy consumption for size reduction is a function
of the material’s type, the final particle size, the machine
type, and the moisture content [44]. For example, the energy
required to obtain corn stover with a particle size of 9.5 mm
is 3.2 Wh/kg while for hardwood size of 1.6 mm, it is 130
Wh/kg [16].

Extrusion pretreatment results in a high shearing which
affects the lignocellulose biomass. The extrusion forces are
due to compression and transport of the biomass material
through the extruder [45]. LCBs with moisture content of
more than 15-20% are recommended to be pretreated with
colloid mills and extruders, whereas hammer and knife
mills are recommended for LCBs with moisture content of
10-15% [44]. The energy required by knife mill to reduce
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hardwood, straw, and corn stover sizes to 3.2 mm was found
to be 50, 6.4, and 20 kWh/tonne, respectively [46]. On the
other hand, hammer mill required 115, 21, and 9.6 kWh/
tonne for hardwood, straw, and corn stover, respectively. In
general, the required energy increases as the moisture con-
tent increases and the desired particle size decreases. The
required energy for hemp grinding to increase methane yield
by 15% was found more than steam pretreatment [47].

4.1.2 Wave-assisted pretreatment

Wave-assisted pretreatment, also known as irradiation pre-
treatment, can be microwave, ultrasound, electron beam, or
gamma ray [48]. Gamma radiation increased the reducing
sugars from rice straw by 142.74% [49]. Gamma radiation
was found to disrupt the structure of the lignocellulose bio-
mass and affect its thermal stability, and mechanical proper-
ties such as tensile strength and elongation are decreased (by
20% and and 14% for Jute fiber, respectively) [50, 51]. These
effects are due to chemical reactions such as chain scission
and cross-linking induced by radiation. Freed radicals are
produced due to the ionization and cause the degradation of
the lignocellulose biomass. The studies identified two types
of radicals: short-lived and long lived [52, 53]. The short-
lived radicals are produced in the amorphous regions, and
they decay rapidly causing the primary degradation of the
lignocellulos. The secondary degradation of the lignocellu-
lose is caused by the long-lived radicals which are produced
in the crystalline regions and their decay continues for days
(20 days) [54]. Combined pretreatment of gamma ray and
dilute acid increased glucose release from wheat straw by
69.7% [55]. The feasibility of the gamma ray pretreatment
can be improved by accelerating the rate of the aftereffect
degradation (secondary degradation).

The microwave irradiation was proved to affect the lig-
nocellulose recalcitrant nature, and it could replace the
conventional heating method. The advantages of this pre-
treatment are the easy operation, short processing time, and
the disruption of cellulose structure [56]. The performance
of microwave pretreatment depends on the electromagnetic
energy storage ability of LCB and the conversion of the
stored energy into heat [48]. Microwave pretreatment was
used for wheat straw and switchgrass at 150 °C for meth-
ane production enhancement [57, 58]. The yield of methane
from wheat straw was increased by 28% in comparison to
the untreated sample. However, no yield improvement was
observed for switchgrass and only the time to reach 80%
of ultimate methane volume was decreased by 4.5 days.
Increasing the microwave temperature was proved in some
studies to have an adverse effect on biogas production rate
and yield compared to conventional heating as it was tested
for grass and agricultural straws [59, 60].

@ Springer

Microwave is usually used as an assistant technique to
other pretreatments such as acid or alkaline pretreatments
[61-66]. For instance, the pretreatment of rice straw using
glycerine medium and microwave at a power of 240 W
increased the amount of reducing sugars from enzymatic
hydrolysis by more than 200% [67]. Microwave-assisted
alkaline pretreatment increased the sugar yield from switch
grass by 53% in comparison to the conventional heat-
ing [68]. Microwave-NaOH pretreatment increased the
bioethanol yield from microcrystalline cellulose to a maxi-
mum of 58.91% of the theoretical yield [69]. The effect of
microwave, microwave—alkali, microwave—acid, and micro-
wave—acid—alkali pretreatments on the hydrolysis of sugar-
cane bagasse was investigated [70]. The acid used was 1%
H,SO,, and the alkali used was 1% NaOH. The fermentable
sugar yield was increased by the microwave—acid—alkali pre-
treatment with a significant effect observed for the alkali.
This proves that using of microwave as an assistant tech-
nique decreases the amount of chemical needed; however,
most of these studies do not provide a relationship or for-
mula between the pretreatment conditions and the perfor-
mance which could be done through the optimization. Also,
providing an overall energy balance will help in comparing
the feasibility of microwave to conventional heating. Micro-
wave is also used as an alternative to conventional heating to
supply heat required by chemical pretreatment [71].

Ultrasound waves is another type of irradiation pretreat-
ment, and it was found to affect the physical and chemical
properties of LCB [72-74]. Ultrasound pretreatment breaks
the cellulose and hemicellulose by creating cavitation bub-
bles of small size at first which then grow to unstable size
where they collapse resulting in changing of the biomass
structure [75]. The main factors of this pretreatment are fre-
quency, duration, reactor type, and solvent type [76]. Among
these factors, sonication duration was found to have the max-
imum effect on the pretreatment performance [77]. Yachme-
nev et al. performed ultrasound pretreatment on corn stover,
and they found that the enzymatic hydrolysis was enhanced
significantly [78]. In another study, the released sugar yield
from corn stover using sonication at 20 kHz was 10% more
than the untreated sample [79]. Ultrasound pretreatment at
high power was reported to increase the oxidation extent
and improve the degree of nano-fibrillation of the cellulose
[80, 81]. Patil et al. found that a power of 50 W is required
to obtain a reducing sugar yield of 7.46 mg/ml from sawdust
at 4%(w/v) solid loading, 50% duty cycle, 1 h, and 50 °C
[82]. Combined microwave and ultrasonic pretreatment was
applied for wheat straw, and it showed that the delignifica-
tion efficiency of the wheat straw was decreased by 50%
because of lignin condensation [83].

Irradiation pretreatment is usually tested in ovens
equipped with microwave sources. However, there were
some successful efforts to make the pretreatment continuous
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to facilitate its scale up and commercialization [32, 84].
Although irradiation pretreatment has a short time [82], it
was reported to be costly and facing problems of treating
large volumes and scaling up [74, 85]. In addition, maintain-
ing uniform heat distribution and avoiding hot spots with the
LCB are challenging. Selection of an optimum size of the
biomass and the stirring/shaking during the irradiation may
help in avoiding such problems.

4.1.3 Pulsed electric energy

Pulsed electrical energy (PEE) pretreatment has been used
for gene delivery, microbial inactivation, permeation to save
energy during drying, and components extraction [86]. The
main parameter of PEE is the field strength (E) which is the
voltage applied per unit distance between two electrodes.
PEE is classified, based on the applied voltage characteris-
tics, into pulsed electric field (PEF) and high-voltage elec-
trical discharge (HVED). PEF method is characterized as a
non-destructive and low-temperature technique. The PEF is
based on application of a short burst electrical field with spe-
cific characteristic on the LCB sample suspended between
two electrodes as demonstrated by Fig. 4 [86]. Plant tissues
need field strength and time ranges of 500-1000 V/cm and
107*-107! s, respectively, while smaller cells require field
strength and time ranges of 20-50 V/cm and 107°-1073 s,
respectively. The temperature rise during the PEF was found
to be less than 10 °C [19]. Square and exponential decay
waveforms are the most commonly used pulse geometries.
Among the two, square pulses are more efficient in terms of
minimizing energy absorption and system heating [87]. On
the other hand, HVED is a high voltage technique which
makes it more destructive with high-temperature increase.
Applying low-frequency pulses of high strength is energy
efficient and minimizes the temperature elevation. Lindmark
et al. investigated biogas production from ley crop silage
with PEF pretreatment [88]. The pulse energy was kept

Pulse Generator

sl

s

Electrodes

constant at 67.2 J. The yield of biogas was increased by
16%, and the energy efficiency was 200% at a field strength
of 96 kV/cm and number of pulses of 65. The PEF pretreat-
ment of switchgrass and wood chip species was studied at
a field strength of 2.5-10 kV/cm, a number of pulses of
1000-10,000, pulse width of 100 us, and pulsing frequency
of 3 Hz [89]. Red dye uptake was used as a permeability
measure. The highest dye uptake for switchgrass occurred at
a field strength of 8 kV/cm or higher while it was at 10 kV/
cm for wood chip. The number of pulses was 2000 pulses
for both performances. PEF increased the solute yield from
sugar beet tails by 63.05% using a field strength of 450 V/
cm for 10 ms [90]. The bioethanol content of the distillate
was increased by 3.15%.

There are many PEF studies carried out on biomass other
than LCB for production of biogas. Garoma et al. studied
the PEF pretreatment of algal biomass as a feedstock for
anaerobic digestion process [91]. The methane production
was increased by 27.6-110% at an intensity range of 5.4-35
kWh/m®. Carlsson et al. used a field strength of 24 kV/cm
with a pulse energy of 67 J for the pretreatment of munici-
pal solid waste and resulted in increasing the biogas yield
by 40% [92]. PEF pretreatment of waste activated sludge
(WAS) for the enhancement of anaerobic digestion was car-
ried out in a reactor of coaxial electrode and 7-ring elec-
trodes [93]. The biogas production was 2.5 times higher than
untreated sludge. This was due to the destruction of sludge
cells as shown by SEM analysis.

PEF pretreatment was also employed to increase chemi-
cals extraction from LCB. Loginova et al. investigated the
effect of PEF on the extraction kinetics of soluble matter
from chicory [94]. According to their results, the activation
energy was decreased from 263 kJ/mol with only thermal
treatment to 30-40 kJ/mol with addition of PEF pretreat-
ment which enhanced the diffusion process. Bouras et al.
studied the impact of PEF on the extraction of polyphenols
from Norway spruce bark [95]. The extracted phenol was

Biomass

Oscilloscope

e

Fig.4 Pulsed electric field (PEF) pretreatment system
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increased more than eight times using a strength of 20 kV/
cm and a pulse width of 10 ps. The temperature elevation
was below 7 °C. The results strongly recommended the
replacement of the milling pretreatment by the PEF because
it requires less energy. Zhao et al. studied the optimization
of polysaccharides extraction from corn silk using PEF pre-
treatment [96]. The optimum yield of polysaccharides was
7.31%+0.15% at the strength of 30 kV/cm, pulse width of
6 us, and liquid-to-solid ratio of 50.

The PEF pretreatment time proved to affect the pretreat-
ment performance significantly. Millisecond and micro-
second pulses were applied for the enhancement of the
extraction of betanines from red beet, and it was found that
the product yield increased by 6.6 times using millisecond
pulses (at 0.6 kV/cm and 40 ms) and by 7.2 times using
microsecond pulses (at 6 kV/cm and 150 ps) [97]. The
results also showed that the microsecond pulses require far
less amount of energy than the millisecond pulses to obtain
the same yield. For example, the amount of energy required
to obtain a yield of 775 ng/g was found to be 6 kl/kg for
microsecond pulses (at 75 ps and 4 kV/cm) and 20 kJ/kg for
millisecond pulses (at 40 ms and 0.4 kV/cm).

HVED has been used for electroporation and breaking
of cell walls to facilitate the extraction of hemicellulose,
lignans, polyphenols, and proteins [98—102]. Brahim et al.
studied the effect of HVED pretreatment on the delignifi-
cation of rapeseed straw [103]. The delignification yield
obtained was in the range of 32.2 to 42.3% for treatment
time of 10 to 40 min and an energy level range of 204 to
814 klJ/kg. The HVED performance was compared to micro-
wave and ultrasound, and the results showed that in order to
obtain the same delignification yield (35%), an energy level
of 4.5 times and 9 times more than HVED is required for
ultrasound and microwave, respectively. This was attributed
to the high strength of the shock waves and bubbles cavita-
tion produced by HVED [104]. El Kantar et al. worked on
finding the best pretreatment conditions for the extraction of
polyphenol and fermentable sugars from orange peels treated
with HVED [105]. The reducing sugar yield was increased
by 19% by changing the energy input from 44 to 222 kJ/kg.
HVED was also combined with other pretreatments, such
HVED-soda, to enhance the enzymatic hydrolysis [106]. An
electric field without pulsing was also applied during enzy-
matic hydrolysis of rice straw [107]. Electric field strength of
12 V/m increased the conversion efficiency by 32.6% com-
pared to without electric field hydrolysis.

In summary, pulsed electric energy has short process-
ing time, low energy requirements, and less waste. How-
ever, the application of PEE to lignocellulose biomass to
enhance biofuel production in the literature is quietly lim-
ited. Although the existed experimental studies indicated a
promising enhancement of using PEE for LCB pretreatment,
the industrial application is still limited. More studies are
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needed to develop guidelines for PEF pretreatment consider-
ing the LCB type, the desired products, and the integration
of PEF in the overall biofuel process. Also, the economic
aspects of the process need to be studied.

4.2 Chemical pretreatment

Chemical pretreatments are based on using chemicals to
facilitate the structure break down and lignin removal. The
following sections discuss the different chemical pretreat-
ment methods.

4.2.1 Ozonolysis pretreatment

Ozone has high reactivity with lignin because of the exist-
ence of functional groups of high electron density and dou-
ble bonds [108]. Therefore, it affects the recalcitrant nature
of the LCB and makes cellulose accessible for enzymes
[109]. The effect of ozonolysis pretreatment on the LCB
main components is in the order lignin, hemicellulose, and
cellulose [110]. A linear correlation was found between
ozone consumption and lignin removal [111]. The acid-
ity of the pretreated biomass was observed to increase (pH
decrease from 6.5 to 3.0) as a result of carboxylic acids
formation. The ozonolysis of poplar sawdust for enzymatic
hydrolysis resulted in glucose yield equal to the theoretical
yield [109]. It was also found that the optimum moisture
content of the sawdust was important for the degree of solu-
bilization. The sugar yields from the enzymatic hydrolysis
of wheat straw and rye straw were 88.6% and 57% with ozo-
nolysis in comparison to only 29% and 16% without ozo-
nolysis [108]. Travaini et al. used ozonolysis pretreatment
for ethanol production from sugarcane bagasse [112]. The
enzymatic hydrolysis gave glucose and xylose yields of up to
77.55% and 56.94%, respectively, with a total sugar yield of
2.98 g per g of ozone. Santos et al. investigated the ozonoly-
sis of coffee husks (CH) and the maximum yield of methane
(36 NmL CH,/g CH) was obtained at the liquid/solid ratio of
10 ml/g, pH of 11, and ozone loading of 18.5 mg O5/g CH
[113]. The yield increased to 49 NmL CH,/g CH by using
two-stage ozonolysis.

The advantage of ozonolysis is that no furfural and HMF
are produced [114]. However, the formation of carboxylic
acids from sugar degradation, which are inhibitory to the
fermentation, was reported [115]. There are also inhibi-
tory compounds produced from the degradation of lignin
such as vanillin and vanillic acid [116].Washing of the pre-
treated biomass with water was found to remove the inhibi-
tory products as well as some of the carbohydrates such as
xylan [114].Although high sugar yield is obtainable with
ozonolysis pretreatment, the ozone requirement is large
which increases the pretreatment cost. Ozone production is
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an energy intensive process (1.65 MJ/100 g ozone) [112].
Finding an effective way to recycle the unused ozone will
help in reducing the pretreatment cost. The pretreatment cost
can be decreased by considering the recovery of some of the
degradation products as a value-added products [116].

4.2.2 Dilute acid pretreatment

Pretreatments with concentrated acids (30% or more) were
used for hemicellulose removal and hydrolysis of cellulose
[117]. However, using concentrated acid is toxic, is corro-
sive, and requires acid recovery which makes the pretreat-
ment expensive [118]. Thus, dilute acid pretreatment has
been employed instead of concentrated acids. Sulfuric acid
is the most used because it is cheap. It was used with dif-
ferent lignocellulose biomass materials include rice hulls,
peanut shells, sugarcane bagasse, and cassava stalks [119]
as well as saline crops [120], oat hull [121], and oat husks
[122]. In a study by Sun and Cheng, dilute sulfuric acid
pretreatment for enzymatic hydrolysis of rye straw and Ber-
muda grass was investigated [123]. The yield of arabinose,
galactose, and xylose increased with the increase of acid
concentration and the pretreatment time. The glucose yield
from rye straw did not change significantly with the pretreat-
ment conditions while it did increase from Bermuda grass as
the pretreatment conditions severity increases. Overall, the
hydrolysis of Bermuda grass was easier than rye straw which
attributed to the different structure and components of both
materials. Castro et al. employed sulfuric acid pretreatment
for rapeseed straw hydrolysis over a temperature range of
140-200 °C, pretreatment time of 0-20 min, and acid con-
centration range of 0.5-2% (w/v) [124]. Total conversion
of cellulose was achieved at a temperature of 200 °C, time
of 27 min, and 0.4% (w/v) H,SO,. However, the concentra-
tion of inhibitory products in the hydrolysate was high and
the study suggested the use of a detoxification procedure
to improve the fermentation process. Dilute sulfuric acid
pretreatment has some drawbacks such as strongly catalyzes
the formation of furfural, HMF, vanillin, and acetic acid as
reported by Agrawal et al. using pilot scale plant for wheat
straw hydrolysis [17]. These products inhibit the enzymatic
hydrolysis by decreasing the availability of enzymes [125].

Many other dilute acid pretreatments were studied to
overcome the sulfuric acid pretreatment problems. Corn
stover was pretreated by HNO;, and the result showed that
96% xylose yield is achievable at 0.6% HNO;, 150 °C, and
1 min [126]. Skiba et al. studied dilute HNO; pretreatment
of oat hulls at acid concentration of 4% (w/w) and solid
loading of 33.3 g/l [127]. At these conditions and with the
assistance of lignin removal with water washing, a reducing
sugar yield of 93% was obtained. Dilute phosphoric acid
pretreatment of wheat bran and wheat straw was also inves-
tigated [128, 129]. Characterization of pretreated cauliflower

wastes showed that the H;PO, helps in hemicellulose and
lignin removal which resulted in increasing cellulose acces-
sibility [130]. In addition, according to XRD and SEM anal-
ysis, the pretreatment caused significant change in cellulose
porosity and crystallinity index which increased the sugar
release. Yu et al. found that adding mechanical pulveriza-
tion step to dilute phosphoric acid resulted in changing the
crystallinity index and porosity of corn stover which led to
the enhancement of enzymatic hydrolysis and increasing
the sugar yield by 106.95% [131]. The pretreatment of corn
stover with H,SO, was better than with H;PO, due to the
high hemicellulose removal achieved by H,SO, pretreatment
[132]. These results agree with what was found by Nair et al.
for the pretreatment of wheat bran and whole-stillage fibers
at 100 °C [133]. The advantage of using phosphoric acid is
that the solid waste can be used as a fertilizer.

Organic acids have also been used for dilute acid pre-
treatment, and their performances were compared to mineral
acids. Among the organic acids investigated, maleic acid
showed a superior performance in comparison to sulfuric
acid, succinic acid, citric acid, and acetic acid [134, 135].
The maleic acid pretreatment resulted in the highest glucose
yield and much less degradation products. These findings
were confirmed by Lu and Mosier who investigated the pre-
treatment of corn stover using maleic acid and sulfuric acid
[136]. The pretreated corn stover with maleic acid showed
lower xylose degradation by 3—10 times in comparison to
sulfuric acid. The xylose yield with maleic acid under the
optimum conditions reached 95% with a furfural amount
5 times less than that of sulfuric acid. In other studies, dif-
ferent acids (H,SO,, H;PO,, HCl, HNO;, and trifluoro-
acetic acid) were used for the pretreatment of loblolly pine
(soft wood) [137]. Trifluoroacetic acid pretreatment gave
the highest sugar yield of 70% at 150 °C and pH of 1.65,
whereas mineral acid (H,SO,, H;PO,, HCI, and HNO;) yield
was about 60%. It was observed that increasing the pretreat-
ment temperature leads to the production of degradation
products such as furfural and 5-hydroxymethyl-2-furalde-
hyd (HMF) and the lowest degradation product amount was
obtained for trifluoroacetic acid pretreatment. Kootstra et al.
compared the performances of fumaric, maleic, and sulfuric
acid for the pretreatment of wheat straw using the enzy-
matic digestibility and degradation products formation as a
measurement criteria [138]. The organic acid performance
was much better than that of the mineral acid as they gave
less amount of furfural at 20% solid loading. The study also
found that furfural formation increases with the increase of
the solid loading for organic and mineral acids. The good
performance of organic acids in terms of high fermentable
sugar yields and less degradation is attributed to their weak-
ness in comparison to mineral acids [139]. The dissociation
constant of acid (Ka) was found to affect the sugar release
and degradation products formation [140]. The higher the
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Ka value the higher the degradation products level. There-
fore, organic acid pretreatment has less degradation products
than the mineral acids.

Dilute acid pretreatment is associated with equipment
corrosion, formation of degradation products, and waste
from acid neutralization. These drawbacks affect the feasi-
bility of dilute acid pretreatment.

4.2.3 Alkali pretreatment

The main advantage of the alkali pretreatment is the del-
ignification of LCB materials [118]. In addition, it can be
performed at low temperature (room temperature and lower)
[141, 142]. It also eliminates all the acetyl groups as well as
reduces the cellulose crystallinity [143]. The chemistry of
the alkaline-based pretreatment revealed that the molecules
of ester bonds have a saponification reaction which results
in the disappearance of those bonds and increasing of pore
structure of the lignocellulose material [144].

The alkaline pretreatment depends on the feedstock, the
base, and the pretreatment conditions. Sodium hydroxide has
gotten the most attention. It was used for the pretreatment of
solid residue of olive mill [145]. The saccharification was
enhanced 2.5 times at the optimum pretreatment conditions
of 100 °C, 20 g solid/g NaOH, and 1 h. The sugar release
from sorghum bicolor straw at 2% NaOH was increased by
5.6 times and 4.3 times at 121 °C for 60 min and 60 °C for
90 min, respectively [146]. Low-temperature NaOH pretreat-
ment was investigated for the enhancement of sweet sor-
ghum bagasse enzymatic hydrolysis [147]. The sugar yield
from the pretreated bagasse reached 98.7% at 2.5 M NaOH
and room temperature for 120 min. The lignin removal was
found to be strongly affected by the temperature and reached
90% at 50 °C. A comparison between NaOH, H,SO,, H,0,,
and ozone pretreatments showed that NaOH-based pretreat-
ment gave the highest lignin removal and cellulose conver-
sion [148].

Lime is one of the bases studied for the alkaline pretreat-
ment. It was used for the pretreatment of switchgrass [35],
poplar wood and newspaper [149], corn stover [150, 151],
Jatropha seed cakes [152], and wheat straw [153]. Lime pre-
treatment is effective at high temperatures and short-time or
long pretreatment time and low temperatures [154]. Washing
is needed to remove the lime and then the lime is recovered
by carbonating the washing water. Yan et al. investigated
lime pretreatment of sweet sorghum bagasse and compared
the performance to NaOH pretreatment [155]. The results
showed that the cellulose conversion upon enzymatic hydrol-
ysis of lime pretreated bagasse was 1.62 times that of NaOH
pretreated bagasse which was attributed to the ability of lime
to increase the porosity of bagasse as well as the reduction of
carbohydrates caused by calcium ions. Combined NaOH and
lime pretreatments of switchgrass provided glucose yield of
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59.4% and xylose yield of 57.3% at 0.02 g lime/g biomass,
0.10 g NaOH/g biomass, and 6 h [156]. Similar yields were
obtained using NaOH only at a loading of 0.2 g NaOH/g
biomass; however, the advantage of the combined pretreat-
ment is that lower NaOH loading (50% less) was needed.
Other bases were explored for alkaline pretreatment such
as potassium hydroxide [72, 143] and ammonia [157-160].

Alkali pretreatment, in addition to lignin removal,
removes hemicellulose and part of cellulose [161]. There-
fore, it needs to be applied at low pretreatment severity
which results in low delignification. Another solution is to be
preceded by another pretreatment such as hot liquid water or
dilute acid which degrades the hemicellulose content and the
remaining solid can be post-treated with alkali at mild condi-
tions to remove lignin. Rice straw was pretreated with 3%
(v/v) H,SO, and then followed by 4% (v/v) NaOH resulted
in 55% removal of lignin and 90% removal of the hemicel-
lulose (Fig. 5) [162]. Ethanol yield from separated xylose
and the cellulose obtained after alkali post-pretreatment
were 0.468 g/g and 0.40 g/g, respectively. In another study,
a biorefinery strategy of 4 stages was developed to produce
xylose, ethanol, and adhesive from corncob [163]. Xylose
was produced from the hemicellulose fraction using dilute
acid pretreatment (H,SO,). The residue was transferred to
the second stage where it was converted to lignin-rich liquor
and cellulose using dilute alkali pretreatment (NaOH). The
cellulose was converted to ethanol in stage 3 via hydrolysis
and fermentation while lignin-rich liquor was converted to
phenol formaldehyde resin adhesive in stage 4 via resinifi-
cation. With by-product utilization and process integration,
the overall revenue of the biorefinery strategy proposed by
this study is 111.3 times the revenue of the process without
lignin utilization. Moreover, waste water and greenhouse
gas emissions intensity per USD were decreased by 57.8%
and 98.9%, respectively. This is promising results and can
be applied to other lignocellulose biomass.

The alkaline-based pretreatment helps basically in the
delignification of the biomass [148]. However, it has some
limitations such as the formation of salts which are not
recoverable and can be incorporated into the biomass mate-
rials [34, 118]. Therefore, extra treatment is needed, such
as neutralization and washing, to remove those salts [141].

4.2.4 Organosolv pretreatment

The organosolv pretreatment or organosolvation pretreat-
ment uses an organic solvent with or without a mineral
acid [164-166]. Ethanol, methanol, and ethylene glycol are
examples of solvents commonly being used. In some stud-
ies, pressurized CO, was used instead of mineral acid [167,
168]. The organosolv pretreatment helps in LCB delignifi-
cation which increases cellulose conversion to more than
90% [169]. The organosolvation of rice straw was studied
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Fig.5 Block flow diagram of combined dilute acid and alkali-based pretreatment biorefinery

for maximization of acetone, butanol, and ethanol yield at
75% (v/v) ethanol and 15% (w/w) sulfuric acid [170]. The
highest sugar yield was found for straw pretreated at 150 °C
for 60 min. However, the highest yields of acetone, butanol,
and ethanol were obtained for straw pretreated at 180 °C
for 30 min. Chen et al. compared four different solvents
(acetoline, auto-catalyzed ethanol (ACE), formiline, and
sulfuric acid—catalyzed ethanol (SACE)) for the pretreat-
ment of wheat straw [171]. The highest delignification and
the lowest xylose degradation were obtained for formiline
and acetoline. The highest ethanol yield was obtained for
formiline while the lowest was for acetoline. Tan et al. inves-
tigated the pretreatment of hybrid Pennisetum using four
organosolvs (acetone, ethanol tetrahydrofurfuryl alcohol
(THFA), y-valerolactone (GVL)) at 100 °C, 2 h, 0.05 mol/l
H,SO,, and liquid-to-solid ratio of 12:1 [172]. The highest
enzymatic digestibility (87.5%) was obtained with THFA
which was 131.5% higher than the untreated biomass. The
TGA results showed that acetone and GVL pretreatment
decreased the thermal stability of the pretreated material
while THFA and ethanol decreased the thermal stability
of only the isolated lignin. A ternary solvent composed of
acetone, phenoxyethanol, and water (or APW) was studied
for the pretreatment of amorpha [173]. Cellulose recovery
of 80.94% and lignin removal of 95.6% were achieved at
the optimized conditions (APW volume ratio of 5:11:4,
130 °C, 70 min, 0.15 M H,SO,, and 20 (v/w) liquid-to-solid
ratio). SEM results showed that the pretreatment caused
tissue separation in the cellulose fraction. The crystallin-
ity index of the treated amorpha was 10.74% lower that the
raw amorpha which indicates to the decrystallization effect
of the pretreatment. The APW pretreatment was applied to
sugarcane bagasse, pine, and corn cob and resulted in over
92% delignification. The pretreatment of sugarcane trash was
investigated using glycerol and oxalic acid, and the opti-
mum conditions were found to be 80% v/v glycerol, 170 °C,
and 300 mM oxalic acid [174]. At these conditions, cel-
lulose recovery of 71.7% was achieved. In addition, 96.8%

and 83.9% of hemicellulose and lignin, respectively, were
removed. In another study by Romani et al., the results indi-
cated that the most significant organosolv parameters using
ethanol are time and temperature [175]. The maximum etha-
nol yield was 98.73% obtained at 192.5 °C, 86 min, and 65%
ethanol aqueous concentration.

Organosolv has also been used in a combination with
other pretreatments such as liquid hot water [176], steam
explosion [177], alkaline [178], organic acid and alkaline
hydrogen peroxide [179], and microwave [180]. The alka-
line—organosolv pretreatment of corn stover using sodium
hydroxide—methanol solution resulted in enzymatic digest-
ibility of 97.2% for glucan and 80.3% for xylan [178]..

Using of mineral acids is known to be related to the for-
mation of inhibitory products and equipment corrosion.
Therefore, efforts were made to replace those acids with
higher efficient solvents. In this regard, organic amine was
used with aqueous ethanol for the pretreatment of corn
stover [181]. Seven amines were investigated, namely
diethylamine, triethylamine, isopropylamine, n-butylamine,
isobutylamine, ethylenediamine, and n-propylamine. Among
these amines, n-propylamine provided the highest deligni-
fication and sugar yield of 81.7% and 83.2%, respectively.
Ethanol-hydrazine hydrate pretreatment of corn stover was
reported at a solid/liquid ratio of 0.1 g/ml, 60% ethanol
concentration, and hydrazine hydrate loading of 10 mmol/g
solid [182]. A lignin removal of 77.94% and sugar yield of
90.27% were obtained.

The advantage of the organosolvation is that high del-
ignification rate can be obtained which increases cellulose
accessibility. In addition, pure lignin can be separated which
could be used for the production of chemicals. However,
organosolvation requires the used solvents to be recov-
ered and recycled which may lead to waste generation and
increase the cost of the process. Another reason to remove
the solvents after an organosolv pretreatment is to prevent
any inhibitory action to the enzymatic hydrolysis and the
subsequent fermentation.
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4.2.5 Co-solvent enhanced lignocellulosic fractionation
pretreatment (lignin-first pretreatment)

Co-solvent enhanced lignocellulosic fractionation (CELF)
pretreatment or lignin-first pretreatment uses a miscible
solution of dilute acid and tetrahydrofuran (THF)-water to
efficiently isolate lignin from the biomass [183]. This results
in clean lignin product and also facilitates the recovery of
cellulosic fraction for sugars production. The mechanism
of CELF pretreatment is that THF acts with water as one
solvent, and the interactions between it and lignin become
equivalent to that between lignin molecules [184]. There-
fore, equilibrium shift occurs and lignin dissolves. CELF
affects primarily the lignin component of the lignocel-
lulose biomass [185]. The CELF pretreatment of wood
chips removed 85% of the lignin and solubilized over 90%
of xylan. CELF does not affect the cellulose crystallinity
significantly (3% decrease of Crl). The difference between
organosolv pretreatment is that organosolv affects, in addi-
tion to lignin removal and xylan solubilization, cellulose
structure. y-Valerolactone (GVL) pretreatments resulted in
52% lignin removal and 70% xylan solubilization, respec-
tively. Crl was decreased by 18%, and the cellulose degree
of polymerization was decreased by 48%. The performance
of CELF was compared with the dilute acid pretreatment at
similar conditions [186]. The delignification of corn stover
and Populus by CELF was 73.6% and 80.6% higher than
dilute acid pretreatment for both materials. Due to the cor-
rosion and formation of undesired products related to the
use of dilute acids, some studies investigated CELF in the
absence of acids (only THF-water) [187, 188]. The lignin
removal from corncob residues was over 71.9%.

The advantage of CELF pretreatment is that simultaneous
saccharification and fermentation (SSF) can be performed on
the treated biomass and high biofuel yield can be obtained
[189]. For instance, application of CELF on corn stover
achieved ethanol yield of 89.2% in comparison to 73% using
dilute acid pretreatment [190]. More details on the CELF
pretreatment are available in the literature [191-194]. CELF
isolates lignin which can be sold as a by-product or con-
verted to value-added products and sold. This can improve
the feasibility of the pretreatment. However, an optimization
is required between the lignin removal and the yield of total
sugars of the pretreated materials.

4.2.6 lonic liquid pretreatment

Tonic liquids (ILs) are thermally stable and have a minimum
environmental impact due to their extremely low volatil-
ity [195-197]. It was found that ionic liquids help in cellu-
lose dissolution by breaking the intramolecular hydrogen-
bonding of the LCB [198, 199]. Amoah et al. compared the
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pretreatment of sugarcane bagasse using five different ILs:
1-ethyl-3-methylimidazolium diethylphosphate ([Emim]
[DEP]),1-ethyl-3-methylimidazolium acetate ([Emim]
[OAc]), 1-butyl-3-methylpyridinium acetate ([Bmim]
[OAc]), 1-ethyl-3-methylimidazolium chloride ([Emim]
[C1]), and 1-butyl-3-methylpyridinium chloride ([Bmpy]
[C1]) [200]. The highest sugar yields were obtained with
[Bmpy][Cl] which resulted in ethanol yield of 84%.

The main problem with ILs is their high cost; therefore,
methods of using aqueous ILs were investigated. Swatloski
et al. found that the presence of water decreased cellulose
solubilization significantly as cellulose dissolution was not
possible at water concentration greater than 1% (w/w) [198].
This is attributed to the competition between water and ILs
for hydrogen-bonding with cellulose. The recovery of fer-
mentable sugars from wheat straw was 71.4% at the opti-
mum conditions of 158 °C, 3.6 h, and 49.5% (w/w) ionic
liquid concentration [201]. The digestibility of cellulose and
xylan was found to change proportionally with time, tem-
perature, and ionic liquid concentration. These results show
that a cost-effective aqueous IL pretreatment is possible with
optimization of the processing conditions. Hu et al. stud-
ied the effect of 50% (w/w) 1-butyl-3-methylimidazolium
tetrafluoroborate—water mixture on the corn stack hydrolysis
[202]. The enzymatic hydrolysis efficiency was increased by
81.68% at 150 °C for 5 h. Although the crystallinity index
was increased, the performance enhancement was explained
to be due to the breakdown of lignin—polysaccharide bond-
ing as well as the increase of the specific surface area.
The digestibility improvement of IL-treated biomass was
explained by FTIR and XRD analysis of energy cane bagasse
treated with 1-ethyl-3-methylimidazolium acetate [197].
The pretreatment conditions were 5% (w/w) ILs concentra-
tion at 120 °C for 30 min which provided xylan and glucan
digestibility (64.3% and 87.0%, respectively) much higher
than untreated biomass (2.8% and 5.5%, respectively). FTIR
analysis showed that the crystallinity of treated biomass was
changed significantly. This was confirmed by XRD which
showed that the crystallinity index of treated biomass was
decreased by more than 56%. These results explain that ILs
help in both delignification and decreasing the cellulose
crystallinity.

The high cost of ionic liquids makes the combination with
other pretreatments attractive. The combined pretreatment
of rice straw using ionic liquids and ammonia was studied
to achieve a synergy effect to make the pretreatment feasible
[203]. The results showed that the ammonia-ILs (1-ethyl-
3-methylimidazolium acetate) provided 97% glucose con-
version upon enzymatic hydrolysis. This conversion was
higher than individual ammonia pretreatment (52%) and IL
pretreatment (76%). In addition, the IL was recycled over 20
times with glucose conversion of 78% of the 20th recycled
IL. Also, the enzyme loading could be lowered and still high
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glucose conversion is achievable (92% and 83% glucose con-
version for 50% and 10% enzyme reduction, respectively).
Hu et al. studied ultrasound-assisted IL pretreatment of
soybean and corn straw [204]. Two ILs were synthesized
namely 1-allyl-3-methylimidazolium chloride ([AMIM]
Cl) and 1-H-3-methylimidazolium chloride ([HMIM]CI).
It was found that [HMIM]CI had the highest reducing
sugar yield of 26.635% and 25.015% for soybean and corn
straw, respectively. Addition of surfactant was reported to
enhance the ILs pretreatment [205]. For instance, addition
of 3% (w/w) polyethylene glycol 4000 with 1-butyl-3-methyl
imidazolium chloride increased the saccharification of sug-
arcane bagasse by 23% in comparison to IL-treated sam-
ple. The optimum conditions for polyethylene glycol 4000
with 1-butyl-3-methyl imidazolium chloride were found in
another study to be 154.6 °C, 60 min, and 5% (w/w) of poly-
ethylene glycol concentration [206]. Many ILs combined
pretreatments were reported such as IL-alkaline pretreatment
[207], oxidative ionic liquid pretreatment [208], aqueous
acidified ionic liquid pretreatment [209], microwave-assisted
aqueous ionic liquid pretreatment [210, 211], and ultrasound
and surfactant-assisted ionic liquid pretreatment [212].

Imidazolium ionic liquids are known to be the most
efficient liquid for LCB pretreatment. However, they are
expensive and can be inhibitory to the enzymatic hydroly-
sis [213, 214]. Moreover, they are toxic to the fermentation
process as they inhibit the microbial growth even if they
present at a very low concentration. Therefore, they must
be washed completely which requires a large amount of
water or to use ionic liquid-tolerant yeasts [215]. Since
cholinium IL is renewable and it has lower cost and toxic-
ity than imidazolium IL, it was studied for the pretreatment
of bamboo powder [216]. The cellulose saccharification
obtained was 80% at IL/biomass ratio of 3—10 g/g. There
was no difference in the composition of the treated biomass
and untreated biomass. This explains that the cellulose
saccharification improvement was because of structural
changes which were confirmed by PXRD as it showed a
decrease in the crystallinity index for IL/biomass ratio
greater than 3 g/g. An et al. attributed the excellent per-
formance of cholinium to its ability to remove lignin and
xylan [217]. They also found that the ILs can be recycled
and reused with a saccharification yield of 75% for the
eighth cycle. Choline acetate was investigated for sugar-
cane bagasse saccharification enhancement [31]. The cel-
lulose conversion to glucose was 98.7% at 110 °C for 6 h.
This result is close to what was obtained by Ninomiya et al.
(95% cellulose conversion for 5 h) [218]. Although the
cellulose conversion was slightly lower than other pretreat-
ments (comminution, microwave, and alkaline), the energy
profit ratio (energy produced/energy required) was the
highest (4.04) which demonstrates that the choline acetate
pretreatment is energy efficient.

Morpholinium ILs are less toxic and cheaper than imi-
dazolium ILs [219]. Kahani et al. synthesized two mor-
pholinium ILs: morpholinium acetate ([Morph][Ac]) and
N-allyl-N-methylmorpholinium acetate ((AMMorph][Ac])
[220]. Rice straw was used as a feedstock, and dimethyl sul-
foxide (DMSO) was used as a co-solvent. [AMMorph][Ac]
provided glucose and ethanol yields of 98.1% and 90.8%,
respectively, at 120 °C and IL-to-DMSO ratio of 70:30
for 5 h. The ethanol yield obtained with [AMMorph][Ac]
was the highest compared to 8% NaOH, 85% H;PO,, and
1-butyl-3-methylimidazolium acetate pretreatments. These
results show that the use of dimethyl sulfoxide as a co-sol-
vent decreases the required amount of IL.

4.2.7 Deep eutectic solvent pretreatment

Deep eutectic solvent (DES) is a green solvent and was
introduced for the first time in 2003 by Abbott et al. [221].
The first DES was formed by mixing hydroxyethyl trimeth-
ylammonium chloride (choline chloride) and urea and the
resulted mixture is a liquid at ambient conditions with a
freezing point (12 °C) much lower than the individual com-
ponents (302 °C for choline chloride and 133 °C for urea).
This characteristic is described as eutectic which occurs
at urea to choline chloride molar ratio of 2. The proper-
ties of DES depend greatly on the capability of the mixed
components to form hydrogen bonds. Based on these find-
ings, many other DESs were introduced from mixtures of
quaternary ammonium salts and amides with unusual sol-
vent properties similar to ionic liquids but sustainable and
biodegradable. For example, DES can be synthesized from
lignin-derived acids such as p-coumaric acid [222]. The
mechanism of DES pretreatment the cleavage of ether bonds
which leads to lignin depolymerization and thus its separa-
tion [223, 224]. This was confirmed by '*C NMR spectra of
the DES-extracted lignin and lignin standard [225].
Francisco et al. investigated the suitability of DESs for the
pretreatment of LCB [226]. The results showed that some of
the tested DESs such as lactic acid—choline dissolved part
of the lignin with low or no dissolution of cellulose. The
study did not come out with a single conclusion as the per-
formance was different among different DESs. The study
recommended the understanding of hydrogen bonds of DESs
and pretreatment optimization. The DESs do not remove
only lignin, but also fractions of hemicellulose and cellulose
are solubilized [227, 228]. The pretreatment conditions can
be optimized to produce lignin of a high purity for commer-
cial use. It was also reported that acetic acid and furfural
were detected in the mixture after the pretreatment of wood
biomass [225]. This is due to the sugar degradation caused
by the pretreatment conditions. Addition of water to DES
was proven to enhance the delignification, remove part of the
hemicellulose, and improve the enzymatic digestibility [222,
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228, 229]. This was attributed to the increase of the solvent
thermal stability after addition of a suitable amount of water
to the DES (depends on the DES type) [230]. Table 3 pro-
vides a summary of some DES pretreatments along with
their performances. The main challenge of DES pretreat-
ment is the long processing time as it can be up to 24 h or
more. The recovery of DESs and their recyclability need
to be investigated to provide an overall evaluation of the
pretreatment. The difference between IL and DES pretreat-
ment is that DES selectively removes lignin while IL causes
cellulose dissolution [231].

DES efficiency was found to be improved when cou-
pled with alkali post-treatment [241]. p-toluene sulfonic
acid-choline chloride (p-TsOH/ChCI) was studied for pre-
treatment of poplar sawdust (PL) and miscanthus (MC)
at 100 °C, 400 rpm, 20 min (MC), and 40 min (PL) and
then followed by NaOH post-treatment (1% NaOH, solid
loading ratio of 1:80, 2 h, and at room temperature). The
coupled pretreatment resulted in a glucose yield (on dry
biomass) of 43.2% and 42.51% for poplar sawdust and mis-
canthus, respectively. The improved enzymatic hydrolysis
yield was attributed to the xylan and lignin removal of
over 90%. These results were confirmed by XRD and FTIR
analyses. The process feasibility can be further enhanced
with lignin utilization and recyclability of DES and NaOH.

Combined physical and DES pretreatment was also
reported in the literature. Ultrasound pretreatment was com-
bined with three different DESs, specifically choline chloride-
lactic acid (ChCI/LA), choline chloride/glycerol (ChCl/G),
and choline chloride/urea (ChCl/U) [242]. The reducing
sugar yields obtained from oil palm empty fruit bunch were
36.7%, 35.8%, and 35.3% for ChCI/LA, ChCl/U, and ChCl/G,
respectively. These results were obtained at 50 °C, sonication

Table 3 Examples for DES pretreatment of LCB

power of 210 W, for 15 min. ChCI/LA significantly changed
the structure of the biomass. The improved performance of
ChCI/LA compared to other DESs was ascribed to its the
low surface tension and low viscosity. Another study applied
choline chloride-glycerol (ChCI-G) to sugarcane bagasse with
assistant of ultrasonic waves [243]. The reducing sugar yield
improved by 32.6% in comparison to ChCl alone at optimum
conditions of 5.72% (w/w) biomass loading and 60% sonica-
tion amplitude for 7.79 min.

The effect of the number of chlorine atoms in the DES
was investigated by applying DES containing monochlo-
roacetic acid (MCA) and dichloroacetic acid (DCA) [244].
ChCI-MCA and ChCI-DCA were applied to oil palm
fronds and resulted in a delignification yield of 75.96%
and 74.89% at 120 °C for 1 h. Enzymatic hydrolysis of
biomass pretreated with ChCI-DCA resulted in 89% glu-
can conversion after 24 h only while biomass pretreated
with ChCI-MCA resulted in 82% glucan conversion after
72 h. These results prove that increasing the number of
chlorine atoms of DES shortens the time of the enzymatic
hydrolysis.

4.3 Physicochemical pretreatment

Physicochemical pretreatments are physical methods with
assistance of chemicals or vice versa. These methods include
carbon dioxide explosion, liquid hot water, autohydrolysis,
and ammonia fiber explosion [56].

4.3.1 Liquid hot water pretreatment

Chemical pretreatments are characterized to be of a high
waste generation. Liquid hot water pretreatment (LHW)

DES LCB Conditions Performance Ref

Glycerol-choline chloride Corncob 2:1 molar ratio, 90 °C, 24 h 96.4% glucose yield [232]

Glycerol-choline chloride Lettuce leaves  2:1 molar ratio, 150 °C, 16 h 94.9% glucose yield and 75% xylose ~ [233]

yield

Glycerol-choline chloride Switchgrass 2:1 molar ratio, 120 °C, 1 h 88.9% glucose yield [234]

Choline chloride-formic acid (ChCl-  Loblolly pine  1:2 ChCI/FA molar ratio, 155 °C,2h  Glucose yield increased by 600% [235]
FA)

Ethylammonium chloride-ethylene Oil palm trunk  1:2 EAC/EG molar ratio, 100 °C,48 h  56% glucose conversion [236]
glycol (EAC-EG)

Choline chloride-oxalic acid dihydrate Wheat straw 1:1 molar ratio, 60 °C, 24 h 57.9% lignin removal [237]

Choline chloride-oxalic acid dihydrate Luffa sponge 90°C,25h 89.3% lignin removal [238]

Choline chloride-p-coumaric acid Herbal residues 1:1 ChCI/PCA molar ratio, 160 °C, 36.54% digestibility increase [222]
(ChCI-PCA) 5 h, 1:10 solid/liquid ratio

Choline chloride-monoethanolamine Wheat straw 1:6 molar ratio, 70 °C, 9 h, 1:10 solid/ 71.4% lignin removal [239]

liquid ratio
Choline chloride-lactic acid Poplar sawdust  1:2 ChCl/LA molar ratio, 130 °C, 75.8% glucose yield [240]

1.5h

@ Springer



Biomass Conversion and Biorefinery (2024) 14:6155-6183

6169

was studied as alternative technique for expensive chem-
ical-based pretreatments [245]. The pretreated biomass
can be transferred to the hydrolysis step without any fur-
ther processing. Different reactor types were used for LHW
including batch autoclave, continuous-flow reactor [246],
and semi-continuous fixed bed reactor [247]. The semi-con-
tinuous fixed bed reactor has several advantages in com-
parison to others as it provides better contact between the
solid and LHW and no LCB size reduction is needed which
saves energy.

Wheat straw pretreated with LHW at 188 °C for 40 min
resulted in enzymatic hydrolysis yield of 79.8% [248]. Based
on variables analysis, two-step pretreatment was proposed
which expected to result in enzymatic hydrolysis yield of
90.6%. Palm-oil residues were treated by LHW for etha-
nol production and the economic feasibility was used as
a criteria for pretreatment conditions selection [249]. The
maximum profit was achieved at conditions (185 °C and 15%
solid loading for 30 min) different than those for the highest
ethanol yield. Pangsang et al. used LHW with palm empty
fruit bunch and palm fiber [250]. The sugar yield increased
by more than 200% under the optimum conditions (3 MPa
and 200 °C for 15 min).

LHW can be used in a combination with solvents such as
ethanol [251], with milling [252], and mechanical extrusion
[253] to increase the sugar yield. Using of 1,4-butanediol
(BDO)-LHW at 200 °C for 40 min with BDO concentration
of 20% (v/v) increased the enzymatic digestibility of bam-
boo by 14% compared to LHW alone [254].

The liquid hot water pretreatment is environmentally
friendly as no chemicals are required. Therefore, no waste
is generated to be washed and disposed of. LHW also has
low degradation product formation at low temperatures. The
main disadvantage of LHW is that it is energy intensive (3.5
higher than HCL pretreatment [255]) which increases it is
cost (capital and operating).

4.3.2 Steam explosion (autohydrolysis)

In explosion pretreatment, the biomass is treated with high
pressure (160-260 °C) steam for short time (few seconds
to few minutes) and then the pressure is swiftly changed to
atmospheric which results in the explosion of the biomass
[27]. Steam explosion helps in decreasing lignin and hemi-
cellulose contents of LCB and increasing cellulose accessi-
bility [256]. Qiu and Chen applied steam explosion to wheat
straw and used laccase for the hydrolysis of the pretreated
straw [257]. A cellulose conversion of 84.23% was achieved
at 1.3 MPa for 5 min. An enzymatic hydrolysis of rice straw
treated with steam explosion provided a reducing sugar
concentration of 85.4 mg/g which was 129.6% higher than
the untreated rice straw [49]. Zhao et al. found that using
steam explosion pretreatment decreased the concentration

of enzymes required for the hydrolysis by 80% (from 100
to 20 U/g) [258].

Steam explosion requires high energy. Therefore, it is
necessary to use it with other pretreatments to make it fea-
sible. Employing of acid pretreatment followed by steam
explosion was found highly effective for enzymatic sacchari-
fication [259, 260]. The enzymatic digestibility reached 73%
for rice straw and 90.1% for corn straw. Grass silage treated
with steam explosion at 1% acid loading and 190 °C for
10 min provided 98% sugar yield [261]. Steam explosion
was also combined with hydrogen peroxide [262] and alka-
line [263]. Combined steam explosion and NaOH for the
pretreatment of sugarcane trash and aspen wood was found
to prevent the formation of furfural [264].

The pretreatment severity does not affect only the cel-
lulose; it also affects the inhibitors formation. Martin et al.
studied the inhibitors formed during steam explosion of
Norway spruce in the presence of sulfuric acid or SO,
[265]. Most of inhibitor formation was found related to
the presence of SO,. Studying the effect of inhibitors con-
centration in the range of 12-20% TS (total solid) revealed
that formaldehyde concentration was very toxic for yeast
as it inhibited the yeast growth when its concentration was
just 12% TS.

4.3.3 Ammonia fiber explosion

Ammonia fiber explosion (AFEX) was found to affect the
biomass crystallinity [266] and enhance the enzymatic
hydrolysis even at low enzymes loading [267]. In AFEX,
ammonia at high pressure and moderate temperature is
released into a biomass material [268]. AFEX-pretreated
Bermuda grass at 100 °C for 30 min resulted in a sugar
yield of 94.8% upon hydrolysis [268]. Abdul et al. investi-
gated the effect of AFEX on the enzymatic hydrolysis of oil
palm empty fruit bunch fiber [269]. The glucan conversion
of the treated sample (1:1 ammonia/solid, 135 °C, 45 min,
50% moisture content) was 90%. It was also observed that
the crystallinity index changed due to lignin removal and
relocation. AFEX was also studied in a combination with
other pretreatments such as diluted acid [270] and hydrogen
peroxide [271, 272].

AFEX was found to increase the microbial growth. Pablo
Rojas-Sossa et al. showed that the AFEX treated corn stover
increased the microbial growth three times compared to
untreated feedstock [273]. Furthermore, AFEX treated corn
stover provided 22% more biogas production compared to
untreated corn stover. A comparative techno-economic anal-
ysis showed that the cost of AFEX pretreatment was more
than steam explosion and dilute sulfuric acid [274]. This is
because of the high-pressure equipment required as well as
the energy and the ammonia costs.
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4.3.4 Supercritical CO, pretreatment (CO, explosion)

Supercritical carbon dioxide (SC-CO,) has been used as a
low cost, environmentally benign, and recoverable extractive
solvent pretreatment [275]. SC-CO, pretreatment increased
the glucose yield from Avicel by 50% [276, 277]. 1t was
proved that CO, penetrates the crystal lattice of the biomass,
and then due to the release of high pressure CO,, explosion
happened and the structure of the biomass is disrupted [278].
This increases the surface area of the exposed cellulose for
enzymatic hydrolysis. The pretreatment can be performed
at low temperature (50-80 °C) but at high moisture con-
tent (75%) [279]. However, the low-temperature pretreat-
ment takes longer time (24—48 h) than the high-temperature
pretreatment (0.5-2 h at 160-170 °C). The pretreatment
pressure was found to be a very important parameter. The
effect of pretreatment pressure on rice straw was studied in
the range 10-30 MPa [280]. The maximum glucose yield
(32.4+£0.5%) was obtained at 30 MPa, 110 °C, liquid-to-
solid ratio of 1, and 30 min. Scanning electron microscopy
(SEM) observations revealed that the pretreatment changed
the porosity and the structure of the material with fibers
being fluffy and soft which increased cellulose accessibility.

The effect of water on SC-CO, pretreatment was investi-
gated by Kim and Hong for the pretreatment of hardwood and
softwood [281]. They concluded that the sugar yield increases
as the moisture content of the treated biomass increases. The
maximum sugar yields were 84.7+2.6% for hardwood and
27.3+3.8% for softwood at 73% moisture content, 21.374 MPa,
165 °C, and 30 min. This is because the presence of water
swells the biomass assisting the CO, penetration. The pretreat-
ment of dry wheat straw with SC-CO, at 190 °C and 30 min
provided sugar yield of 14.91%, while the wet wheat straw
treated with SC-CO, at 185 °C and 30 min provided sugar yield
of 20.84% (g sugar/g solid) [282]. Combined pretreatment of
dry wheat straw using steam explosion (at 200 °C for 15 min)
and SC-CO, (at 12 MPa and 190 °C, for 60 min) resulted in
the highest sugar yield (23.46%). SC-CO, was also combined
with ionic liquid (1-butyl-3-methylimidazolium acetate) at
90 °C, 9 MPa, no moisture, and 30 min for the pretreatment
of sugarcane bagasse [283]. The total reducing sugar from the
combined pretreatment was higher than separate pretreatments
(SC-CO, and ionic liquid). This improvement was attributed
to the additional disruption of cellulose structure caused by the
ionic liquid. In the presence of ionic liquid, SC-CO, can be
performed at low temperature and results in a high sugar yield.
The combined pretreatment of ethanol-ionic liquid (organosolv)
and SC-CO, (at 180 °C, 25 MPa, and 2 h) resulted in a better
performance than SC-CO,/ionic liquid [284]. The ratio of the
sugarcane bagasse to ionic liquid was lower (1:1) in comparison
to another study reported in the literature [283]. The economic
and environmental analyses are required for the overall evalu-
ation of the pretreatment.
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4.4 Biological pretreatment

The biological pretreatment is based on using microor-
ganisms, mainly fungi, to delignify the lignocellulose bio-
mass materials [285]. In addition to lignin removal, white
fungi were found efficient for the removal of other chemi-
cals such as ester-linked p-coumaric, ester-linked ferulic
acids, ester-linked phenolic acids, and aromatics [286].
The most used fungi types are brown-rot, white-rot, and
soft-rot fungi [287, 288]. Among these three, white-rot
fungi are the most used for microbial pretreatment. The
effect of 19 different white-rot fungi on the wheat straw
hydrolysis was investigated [289]. It was found that only 4
of them provided a significant increase in the sugar yield
as shown in Table 4. Lee et al. used three white fungi
for the pretreatment of softwood biomass (Ceriporia lac-
erata, Stereum hirsutum, and Polyporus brumalis) [290].
Stereum hirsutum pretreatment resulted in the maximum
sugar yield increase (6.41%) and the highest delignifica-
tion (14.52%) after 8 weeks. Cellulose degradation was
observed for all fungi. Pretreatment of rice straw with
Dichomitus squalens resulted in 58.1% enzymatic digesti-
bility within 15 days [291]. XRD and SEM analyses of the
fermented biomass showed that the pretreatment changed
the crystallinity and structure of the biomass.

Microbial pretreatment in the presence of water is known
as solid state cultivation. The effect of moisture was investi-
gated using Phanerochaete chrysosporium with cotton stalks
[292]. It was found that increasing the moisture content from
65 to 75% increased the lignin removal by 6%. Salts addition
as nutrients was also investigated and the improvement was
insignificant. Shi et al. compared the solid state cultivation
(SSC with 75% moisture content) and submerged state cul-
tivation (SmC) for the pretreatment of cotton stalks using P.
chrysosporium [293]. They found that both methods facili-
tated lignin removal (35.53% for SSC and 19.38% for SmC).
The cellulose conversion of the treated biomass (10.98% for
SmC and 3.04% for SSC) was lower than untreated biomass
(17.93%). Washing and heating of the treated biomass were
found to increase cellulose conversion (14.94% for SmC and
17.81% for SSC).

A summary of biological pretreatments of different LCB
materials using different fungi is given in Table 4. The bio-
logical pretreatment is environmentally friendly with less
pretreatment severity than other methods. The main disad-
vantage of the biological pretreatment is that it requires long
time (in weeks). The pretreatment time of wheat straw by
Phanerochaete sordida 37 and Pycnoporus cinnabarinus
115 can be reduced by 1 week in an oxygen environment
[289]. In a comparative study, Baral et al. found that the
sugar production cost with biological pretreatment was the
highest compared to steam explosion, dilute sulfuric acid,
and AFEX [274].
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Table 4 Biological pretreatment for different LCBs
LCB Conditions Performance Ref
Wheat straw 28 °C, 5 weeks, 1:1 (ml/g) fungi/solid 35.2% sugar yield [289]
Fungi: Pleurotus ostreatus
28 °C, 4 weeks, 1:1 (ml/g) fungi/solid 32.6% sugar yield
Fungi: Pleurotus sp. 535
28 °C, 5 weeks, 1:1 (ml/g) fungi/solid 32% sugar yield
Fungi: Pycnoporus cinnabarinus 115
28 °C, 5 weeks, 1:1 (ml/g) fungi/solid 35.9% sugar yield
Fungi: Ischnoderma benzoinum 108
Softwood Pinus densiflora 30 °C, 8 weeks, 0.1/50 (g/g) fungi/solid 15.03% sugar yield [290]
Fungi: Ceriporia lacerata 13.1+0.4% lignin removal
30 °C, 8 weeks, 0.1/50 (g/g) fungi/solid 14.91% sugar yield
Fungi: Polyporus brumalis 11.6+0.3% lignin removal
30 °C, 8 weeks, 0.1/50 (g/g) fungi/solid 21.01% sugar yield
Fungi: Stereum hirsutum 14.5+0.4% lignin removal
Cotton stalks 39 °C, 8 weeks, 5% 10° spores/ml 27.6% lignin removal [292]
Fungi: Phanerochaete chrysosporium
Rice straw 29 °C, 15 days, 1.5 x 10* spores/ml 58.1% enzymatic digestibility [291]
Fungi: Dichomitus squalens
Corn straw 25 °C, 15 days, 10 ml fungi/10 solid 24.1+1.1% lignin removal [294]
Fungi: Trametes versicolor 29.7 +1.4% cellulose loss
25 °C, 15 days, 10 ml fungi/10 solid 20.0+0.9% lignin removal
Fungi: Ganoderma lucidum 26.3 +1.2% cellulose loss
25 °C, 15 days, 10 ml fungi/10 solid 29.5 4+ 1.4% lignin removal
Fungi: Echinodontium taxodii 7.6+0.9% cellulose loss
Willow sawdust 27+0.5 °C, 2 weeks, 16.4+0.1% lignin removal [295]
Fungi: L. menziesii
27+0.5 °C, 2 weeks, 1.1+0.2% lignin removal
Fungi: A. biennis
Oil palm empty fruit bunch 30 °C, 2 weeks, 68% lignin removal [296]

Fungi: Schizophyllum commune

31.7% cellulose content increase

5 Pretreatment-generated inhibitors
and their effect

By-products of lignocellulose pretreatment affect the hydrol-
ysis and the fermentation processes. The effect of dilute
acid pretreatment’s by-products (such as lignin, acetic acid,
HMEF, vanillin, and furfural) on the enzymatic hydrolysis
of avicel was investigated for three commercial enzymes,
namely AD from Advanced Enzymes, India; CL from Novo-
zymes, USA; and AC from Genencor, Denmark [17]. The
presence of lignin decreased the hydrolysis 10% for AD,
36% for AL, and 17% for AC. Acetic acid inhibitor action
differs from enzyme to another, and it increased gradually
with the increase of acetic acid concentration except with
AD enzymes which experienced a sharp decrease. The effect
of acetic acid, furfural, HMF, and vanillin at different con-
centrations after 24 h of hydrolysis is shown in Table 5. The
effect of inhibitors after 48 h of hydrolysis showed similar
trend. It can be concluded that the inhibition effect depends
on the type of enzyme, inhibitor concentration, and hydroly-
sis time. Studying of the inhibition mechanism will provide

more understanding of its action and will help to develop
methods to decrease its effect.

Alkali pretreatment and dilute acid pretreatment were
applied to different types of the biomass, namely Doug-
las fir, poplar, switchgrass, sorghum stalk, bmr sorghum
stalk, and corn stover [297]. Alkali pretreatment was car-
ried out at 1% (w/v) NaOH, 121 °C, and 10% solid loading
for 30 min. Acid pretreatment was performed at 2% (v/v)
H,S0,, 121 °C, 10% solid loading for 30 min for poplar and
Douglas fir biomass and at 1% (v/v) H,SO,, 140 °C, 10%
solid loading for 30 min for the other biomass. The results
showed that sugar loss of alkali pretreatment is larger than
acid pretreatment for all types of biomass in the study. This
was attributed to the hydrolysis of hemicellulose fraction
associated with alkali pretreatment. Moreover, the phenolics
produced during alkali pretreatment were larger than those
from acid pretreatment for all biomass types, except corn
stover. Phenolic compounds are products of lignin degrada-
tion. Formation of acetic acid and formic acid seemed to
be dependent on the type of biomass as no specific trend
observed related to the pretreatment type. The highest acetic
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Table 5 The effect of inhibitors

Hydrolysis yield at 100 mg/1

Hydrolysis yield at 500 mg/l  Hydrolysis yield at

e i i i i i 0meh )

incubation [17] Enzymes AC AD CL AC AD CL AC AD CL
Furfural 57 29 69 52 21 66 58 40 74
HMF 55 25 70 51 18 61 58 40 74
Vanillin 49 21 60 44 18 51 58 40 74
Acetic acid 46 18 68 43 16 66 58 40 74

acid (12.2%, g/g biomass) and formic acid (3.1%, g/g bio-
mass) were produced from alkali pretreatment of poplar. The
lowest acetic acid (1.5%, g/g biomass) was produced from
acid pretreatment of Douglas fir while the lowest formic
acid (0.3%, g/g biomass) was produced from acid pretreat-
ment of Douglas fir, acid pretreatment of sorghum stalk,
and alkali pretreatment of corn stover. HMF and furfural
formation were very low (<0.01%, g/g biomass) for alkali
pretreatment in all biomass samples and acid pretreatment in
Douglas fir and poplar. These results indicate that biomass
type affects the formation of inhibitors. Ferulic acid, fer-
mentation inhibitor, was detected as a by-product of NaOH
pretreatment of rice straw [298]. Detoxification was used to
study the inhibition effect of the ferulic acid on the fermenta-
tion of the hydrolysate. It was found that with detoxification
using AEPA, 5, the ferulic acid content decreased by 94.4%
which increased the bioethanol yield by 153.31%. AEPA,,
was produced from the residue of rice straw hydrolysis.
Examples of inhibitors produced by different pretreatments
are shown in Table 6.

6 Outlook and future trends

As described in this review, the inhibitors and degradation
product levels are strongly dependent on the pretreatment
severity. Also, the pretreatment severity affects the capital
cost of the treatment as high pressure, temperature, and

corrosion resistant equipment are required. To avoid these
problems, methods of high treatment severity should be
either improved or avoided completely. Examples for these
are ammonia fiber explosion, dilute acid, liquid hot water,
and steam explosion. Biological pretreatment seems attrac-
tive as they remove lignin efficiently and have low energy
requirement. However, it is slow which makes it expensive.
Supercritical CO, pretreatment can benefit from the recent
deployment of carbon capture facilities. The biofuel unit
needs to be built in the vicinity of a capture plant which will
reduce the pretreatment cost associated with CO, produc-
tion, transportation, and storage. Combined pretreatment
methods are the future trends of LCB pretreatment as they
seem to help in cancelling the negative impacts of individual
methods. For instance, using microwave with dilute acid pre-
treatment instead of conventional heating, lime with NaOH,
and organosolv with liquid hot water gave a promising result.

As reviewed in this paper, the performance of the most
pretreatment methods is studied and analyzed. However,
there is a lack in the literature regarding the energy effi-
ciency and the overall economic analysis of these methods.
Studying these will provide quantitative measures for the
comparison and possibility of commercialization of the
pretreatment.

There are other external factors related to the down-
stream processes (hydrolysis and fermentation). These fac-
tors include inhibitor tolerance, enzymes, bacteria or yeast
efficiencies, use of detoxification, and the hydrolysis and

Table 6 Examples of inhibitors produced by different pretreatment methods

Pretreatment Biomass Detected inhibitor Effect Ref
Ammonia fiber explosion Corn stover Phenolic compounds Washing before hydrolysis increased [299]
glucose yield by 29.9%
Dilute acid using H2SO4  Oil palm empty fruit bunch Furfural and acetic acid Lactic acid yield was increased by [300]
26.6% after furfural detoxification
Liquid hot water Switchgrass HMF, furfural, coumaric acid, syringic Butanol yield increased by 100% after  [301]
acid, vanillin, and cinnamaldehyde detoxification
Ozonolysis Sugarcane bagasse Formic acid, acetic acid, oxalic acid, Washing is needed before hydrolysis [302]
and phenolic compounds
Dilute acid using H,SO, Corn stover Furfural, HMF, formic acid, acetic Detoxification before hydrolysis [303]

acid, levulinic acid, vanillin, syringal-
dehyde, and hydroxybenzaldehyde

increased glucose yield by 17.2% at
25% (w/w) solid loading
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fermentation approaches (combined or separately). Studying

the effect of these factors will help in defining the minimum

requirements of a pretreatment for maximum biofuel yield.
In summary, the future research focus should be on:

e The combination of different pretreatment methods:
As an example, combination of physicochemical and
chemical pretreatments was investigated. A mixture of
Na,S and Na,COj; (green liquor) was applied after steam
explosion for bamboo [304]. The optimum combined
pretreatment (31.01% total titratable alkali, 28.01 min,
166.41 °C) resulted in ethanol yield of 20.3% dry matter.
FTIR analysis showed the absence of most of chemical
bonds of lignin in the residue of the combined pretreat-
ment. The cellulose content was shown to be preserved
in the residue. The addition of green liquor pretreatment
further decreased cellulose degree of polymerization
by more than 27.9%. Another example of the synergis-
tic effect of the combined pretreatments is ionic liquid
(1-ethyl-3-methylimidazolium acetate, 25% w/w) pre-
treatment followed by a biological pretreatment (Cupri-
avidus basilensis B-8) [305]. The reducing sugar yield
increased by 41.7% in comparison to the sole ionic liquid
pretreatment. The significant increase of sugar yield was
attributed to the structural changes and decreased crys-
tallinity of cellulose by ionic liquid and the removal of
lignin by bacteria. In another study, ionic liquid (1-butyl-
3-methylimidazolium chloride) pretreatment assisted
with p-toluenesulfonic acid of herb residue resulted in
a saccharification yield of 98.9% and delignification
yield of 79.9% [306]. This Saccharification yield of the
co-pretreatment was achieved at 1.0% acid and 79% IL
at 130 °C for 2 h. The untreated, acid pretreated, and
ionic liquid pretreated saccharification were signifi-
cantly lower than co-pretreatment (21.1% for untreated,
31.8% for ionic liquid pretreatment, and 39.3% for acid
pretreatment). Moreover, the lignin produced from the
co-pretreatment was of high quality and can be utilized
for different application. The improved performance was
found due to the synergistic effect of the co-pretreatment
in decreasing cellulose crystallinity and destructing the
surface structure of the cell wall.

e Complete characterization of the LCB before and after
pretreatment instead of focusing only on one or two com-
ponents of the products. This includes the exact com-
ponents and their compositions, crystallinity, and other
structural changes.

e Finding the optimum operating conditions of each
method as well as its mechanism will help in developing
ways for more enhancements.

e The potential of easy to separate by-products such as
lignin: biomass-derived DES was found to provide
high-quality lignin in addition to the improvement of

enzymatic hydrolysis [240]. Choline chloride-lactic acid
(ChCI-LA) was applied to poplar sawdust at ChCI/LA
molar ratio of 1:2 and 130 °C for 1.5 h. The lignin recov-
ery was 48.6% and glucose yield 75.8%. The recovered
lignin can be used for the production of phenolic com-
pounds.

e In another example of by-product utilization, the residue
of enzymatic hydrolysis of rice straw was used to produce
detoxification adsorbent for the ferulic acid produced
from alkali pretreatment [298].

e Development of lignin utilization technologies: The pre-
treatment cost can be reduced by utilizing the by-products
and residues of the biorefinery process and converting
them into valuable products; for instance, porous carbon
can be produced from the enzymatic hydrolysis residue
of sugarcane bagasse pretreated with sulfuric acid [307].
The glucose yield and activated carbon yield obtained
were 23.4% and 7.1%, respectively. The porous carbon
can be used for the manufacturing of super-capacitors.

e Fast pretreatment methods without chemicals such as
pulsed electric field are promising. Mechanistic study
and techno-economic analysis of such methods will pro-
vide overall evaluation of the method.

e The ability to treat large volumes in a continuous opera-
tion mode

e The integration between the pretreatment, hydrolysis,
fermentation, and lignin utilization processes

e Studying of the lignocellulose biomass at molecular level
for further understanding of the pretreatment action

7 Conclusions

Lignocellulose biomass materials are promising feedstock
for biofuel production. The conversion of these materials
to biofuels is through the enzymatic hydrolysis to produce
fermentable sugars and then the subsequent fermentation of
those sugars to biofuel. Hydrolysis feasibility is affected by
many factors such as enzymatic digestibility, sugar degra-
dation, lignin removal, inhibitors, and energy and chemical
requirements. Therefore, it is necessary to use a pretreatment
step to increase the sugar yield with no or minimum sugar
loss and inhibitors formation. The pretreatment’s objective
is to expose the cellulose, thus increasing its enzymatic
saccharification. This can be achieved by removing the
lignin and decreasing the cellulose crystallinity. The pre-
treatment methods are classified into physical, chemical,
physicochemical, and biological. Physical methods include
mechanical comminution, pyrolysis, irradiation, and pulsed
electric energy (PEE). These methods have many advantages
such as no chemicals used to be disposed of, recovered, or
recycled. Also, no inhibitors and degradation products were
directly related to the pretreatments. The disadvantages of
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the physical methods are their energy requirement and the
low performance which make it less efficient and expen-
sive. It can be used as assistant method in a combination
with chemical or physicochemical methods. Among all of
the physical methods reviewed, PEE pretreatment method
seems to be promising as it affects the LCB permeability at
a very short time (seconds). However, more investigation
is needed to study the effect of PEF on the cellulose struc-
ture and lignin, fermentable sugar yield, optimum operat-
ing conditions, and the economic feasibility. The chemical
pretreatments have drawbacks of inhibitors and degradation
product formation, waste generation, chemical recovery and
recycle, and equipment corrosion. In addition, washing is
required to prevent the effect of the used chemical on the
downstream processes. All of these disadvantages affect the
techno-economic feasibility of the chemical’s methods.

Physicochemical pretreatments are high-temperature and/
or high-pressure methods which require special equipment.
This increases their capital and operating costs. Moreover,
the high-temperature operation increases the formation of
inhibitors and degradation products. Biological pretreat-
ments have high lignin removal and low energy requirement.
However, they degrade part of the cellulose too. Moreover,
they are very slow with pretreatment time up to weeks.

In order to have technically sound and economically fea-
sible pretreatment, combined pretreatments can be used to
maximize the sugar yield while minimizing inhibitor pro-
duction and the cost. Optimization is a key to decide on the
efficiency of a pretreatment.
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