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Abstract
Lignocellulosic biomass conversion to biofuels such as ethanol and other value-added 
bio-products including activated carbons has attracted much attention. The development 
of an efficient, cost-effective, and eco-friendly pretreatment process is a major challenge 
in lignocellulosic biomass to biofuel conversion. Although several modern pretreatment 
technologies have been introduced, few promising technologies have been reported. Micro-
wave irradiation or microwave-assisted methods (physical and chemical) for pretreatment 
(disintegration) of biomass have been gaining popularity over the last few years owing to 
their high heating efficiency, lower energy requirements, and easy operation. Acid and alkali 
pretreatments assisted by microwave heating meanwhile have been widely used for differ-
ent types of lignocellulosic biomass conversion. Additional advantages of microwave-based 
pretreatments include faster treatment time, selective processing, instantaneous control, and 
acceleration of the reaction rate. The present review provides insights into the current re-
search and advantages of using microwave-assisted pretreatment technologies for the con-
version of lignocellulosic biomass to fermentable sugars in the process of cellulosic ethanol 
production.

Key words: lignocellulosic biomass, microwave pretreatment, activated carbon, bioenergy, 
ethanol

1. Introduction

Lignocellulosic biomass typically comprises agricultural residues such as corn stover, 
wheat straw, and rice straw; agricultural by-products such as hulls, bran, and bagasse; and 
energy crops such as switchgrass, Miscanthus, mixed grasses, and hybrid poplar [1]. In re-
cent years, a tremendous amount of research on the development of technologies for efficient 
lignocellulosic biomass conversion to biofuels (e.g. ethanol, butanol) and other value-added 
bio-products (e.g. activated carbons) has been performed. Lignocellulosic material pre-
dominantly consists of three bio-polymers, cellulose, hemicelluloses, and lignin. Typically, 
most of the lignocellulosic biomass from agriculture consists of about 40%-50% cellulose, 
20%-30% hemicellulose, and 10%-25% lignin, as shown in Table 1 [2,3]. Cellulose is an 
unbranched linear polymer of β-(1→4)-D-glucopyranose units. Hemicellulose is a branched 
linear polymer derived from anhydrides of various sugars. However, it possesses a low 
degree of polymerization and therefore exhibits low mechanical and chemical resistance. 
Hemicellulose is always accompanied by cellulose and lignin, and does not exist in free 
form (Fig. 1). Lignin is a non-carbohydrate polymer and it acts as a barrier for solutions 
or enzymes by linking to both hemicelluloses and cellulose. The lignin molecule is a very 
complex, cross-linked, 3- dimensional polymer formed from phenolic units, and it provides 
strength and structure to the plant cell walls. 
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hazelnut shell, cotton stalks, sugar beet bagasse, sawdust, 
bamboo, oil palm fiber, waste apricot, and coconut husk. The 
conversion of locally, abundantly available solid biomass 
waste into activated carbon would lend greater economic 
value by providing an alternative to costly activated carbon. 
Because of the rich carbon content of lignin, lignocellulosic 
biomass is a better choice to be used as precursor for pro-
ducing activated carbon [4]. Activated carbon derived from 
lignocellulosic biomass is widely used for waste water treat-
ment, air pollution treatment, chemical processes, and ad-
sorption of volatile organic compounds [5]. Activated carbon 
is a well-known adsorbent due to its unique and versatile 
properties, namely high surface area, microporous structure, 
and favorable pore size, which allow access of gases/liquids 
into the internal pore surface and a high degree of surface 
reactivity [6].

The preparation of activated carbon from lignocellulosic bio-
mass generally involves two main steps. The first step is char 
production from biomass with a carbonization/pyrolysis pro-
cess, wherein moisture and volatile compounds are removed 
from the biomass [7]. Carbonization is usually done by pyroly-
sis in an inert atmosphere at temperatures lower than 500˚C [8] 
From char, activated carbon can be produced using three dif-
ferent types of activation processes: physical (e.g. CO2, steam), 
chemical (e.g. KOH, ZnCl2, strong base, Cu(NO3)2, H3PO4) and 
physicochemical (e.g. NaOH/CO2, Ce/CO2, CaO/steam, metal 
nitrate/steam). The activation process leads to the production of 
activated carbon with high porosity, large surface area, and high 
pore volume [6]. 

Graphene is the name given to a two-dimensional sheet 
of sp2-hybridized carbon. Porous graphene-like nanosheets 
with a large surface area were synthesized via a simul-
taneous activation-graphitization route from renewable 
biomass waste coconut shell [9]. Parshetti et al. [10] dem-
onstrated a novel method to produce porous graphene-like 
nanosheets from lignocellulosic fiber of oil palm empty 
fruit bunches (EFB) by a thermal graphitization technique 
for CO2 capture. Recently, a simple, eco-friendly, and scal-
able method of obtaining graphene from dead camphor 
leaves (Cinnamomum camphora) using one-step pyrolysis 
was reported [11]. In this method, under a flowing nitrogen 
atmosphere, dead camphor leaves were heated to 1200°C 
at 10°C/min and then cooled to room temperature with-
out external disturbances. With the help of π–π interaction 
with D-Tyrosine and centrifugation, few layer graphene 
was separated from the final pyrolytic components.

3. Biomass-to-Fuel Conversion via Hydrolysis/
Fermentation Pathway

Lignocellulosic materials have strong potential to be used 
as raw materials for the fermentative production of biofuels. 
Bioethanol from lignocellulosic biomass (also called second-
generation ethanol) shows some distinct advantages compared 
to first-generation ethanol as lignocellulosic biomass does not 
compete directly with crops grown for food, and therefore land 
use efficiency can be increased. In addition, the manufacture of 
chemicals and production of energy from biomass on a large-

2. Biomass-Derived Activated Carbon & Graphene

Activated carbon is a carbonaceous material that is pre-
pared by the carbonization/pyrolysis of high carbon con-
tent materials, such as wood, petroleum, coal, etc. In order 
to reduce environmental pollution and the production cost, 
the preparation of activated carbon using renewable and less 
expensive precursors has attracted the interest of research-
ers worldwide. The precursors of interest are primarily agri-
cultural and industrial lignocellulosic byproducts and forest 
wastes, such as rice straw, coconut shell, rubber-seed shell, 

Table 1. Composition of lignocellulosic materials and wastes 
[2,3]

Lignocellulosic 
material

Cellulose 
(%)

Hemicellulose 
(%)

Lignin 
(%)

Hardwood stems 40-55 24-40 18-25

Softwood stems 45-50 25-35 25-35

Nut shells 25-30 25-30 30-40

Grasses 25-40 35-50 10-30

Paper 85-99 0 0-15

Newspaper 40-55 25-40 18-30

Leaves 15-20 80-85 0

Wheat straw 30 50 15

Corn cobs 45 35 15

Switchgrass 45 31.4 12

Rice straw 35-45 18-25 10-25

Tobacco chops 22-30 15-20 15-25

Miscanthus 35-40 16-20 20-25

Arundo donax 30-38 18-22 8-20

Fig. 1. Lignocellulose structure containing cellulose, hemicellulose, and 
lignin.
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(i.e. effective disruption of biomass structure) and suffer from 
relatively low sugar yields and severe reaction conditions (high 
temperature and/or high pressure). 

A pretreatment process featuring mild reaction conditions 
is highly desired because it would reduce sugar degradation 
and inhibitor formation and also lower initial capital costs 
[28]. The pretreatment step in biomass conversion is rela-
tively expensive [29], and accounts for as much as 18% of 
the total ethanol production cost [1,30,31]. Enhancing yields 
through improved pretreatment would reduce all other unit 
costs. Therefore, the cost of production can be significantly 
reduced by increasing the pretreatment efficiency. At pres-
ent, pretreatment processes are designed to facilitate the sub-
sequent hydrolysis, thereby yielding maximum sugars with 
minimum fermentation inhibitory compounds. Pretreatment 
technologies are being investigated on both laboratory scale 
and in pilot plants all over the world.

3.1.1 Characteristics of an ideal pretreatment process
An ideal pretreatment should be affordable, with low en-

ergy and resource consumption, and should not produce any 
waste streams. It is necessary to promote high digestibility 
of cellulose, and must have high versatility for feedstock. In 
addition, there should be low sugar decomposition, low wa-
ter or high solids, and low chemical consumption during the 
process. Furthermore, it should have low operational risk and 
must be safe to operate and the cost of construction materials 
should be low. It should further promote cost effective down-
stream processing.

4. Fundamentals of Microwave Heating Tech-
nology 

Microwave heating involves a complex mechanism that de-
pends on numerous factors i.e., propagation of microwaves gov-
erned by Maxwell’s equations for electromagnetic waves, the 
interactions between microwaves and dielectric properties of 
material, and the heat dissipation governed by heat and mass 
transfer. The electric field of commonly used irradiation fre-
quency (2450 MHz) oscillates 4.9 × 109 times per second, and 
the sympathetic agitation of the molecules generates heat [32]. 
Therefore, dielectric properties govern the ability of materials 
to heat in microwave, including the dielectric constant (ε’) and 
dielectric loss (ε”). The ability of a material to convert electro-
magnetic energy into heat energy at a given frequency and tem-
perature is calculated using: 

scale basis could be possible due to its abundant availability 
[12]. Biomass-to-fuel conversion is accomplished through dif-
ferent steps, namely pretreatment, hydrolysis, fermentation, and 
separation/distillation, as shown in Fig. 2.

3.1. Pretreatment of biomass

Pretreatment of lignocellulose is a key step for efficient con-
version of biomass to fuels. It affects the efficiency and meth-
odology of the subsequent saccharification process [12]. The 
primary goal of pretreatment is to overcome the recalcitrant 
nature of cellulosic biomass [13]; an example of disruption of 
the higher order structure of lignocellulose upon pretreatment is 
depicted in Fig. 3 [2,14]. The pretreatment step is also aimed at 
increasing the surface area and pore volume, as well as reduc-
ing cellulose crystallinity. The recalcitrant nature of lignocellu-
losic biomass severely impedes the yield of fermentable sugars 
during hydrolysis. Biomass recalcitrance is due to two main 
physical factors, the crystalline structure of cellulose and matrix 
polysaccharides and the lignin coat of the cellulose fibril, which 
acts as a physical barrier to enzymatic attack on cellulose [15]. 
Chemical effects of pretreatment include increased solubility 
and depolymerization of lignocellulose polymer structures, and 
breakage of crosslinking between macromolecules [16].

The pretreatments can be classified into physical [17] or 
physicochemical [18], chemical [19], and biological [20] meth-
ods or combinations thereof [21-23]. The effectiveness of each 
type of pretreatment is presented in Table 2 [24-27]. Each type 
has unique advantages and disadvantages. However, most of the 
available pretreatment methods fail to achieve the desired result 

Fig. 2. Steps in conversion of lignocellulosic biomass to fuels.

Fig. 3. Disruption of recalcitrant structures of lignocellulose upon 
pretreatment. Modified from Kumar et al. [2] and Hsu et al. [14].
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heating are given in Table 3. 
Microwave irradiation of biomass is a promising pretreatment 

process because it utilizes thermal and specific (non-thermal) ef-
fects generated by microwaves in aqueous environments [38]. 
Low temperature pretreatment is generally preferred to avoid 
hemicellulose degradation and to improve the pentose yield 
[39]. Due to its non-thermal and thermal effects, microwave ra-
diation has successfully been applied for biomass pretreatment. 
These effects can cause fragmentation and swelling, leading to 

ε’’ / ε’ = tan δ (1)

where δ is the dissipation factor of the sample, ε” is the dielectric 
loss, which measures the efficiency with which heat is generated 
from the electromagnetic radiation, and ε’ is the dielectric con-
stant, which gives the ability of a molecule to be polarized by an 
electric field [33]. A high value of the dissipation factor δ indi-
cates large susceptibility to microwave energy. Microwave heat-
ing has the capacity to induce explosions among the particles 
and therefore improves the disruption of recalcitrant structures. 
Change in the ultra-structure of cellulose has been reported after 
irradiation [34]. 

Microwave irradiation is highly effective and energy saving 
[35]. There are several advantages of microwave heating over 
conventional heating systems. These include reduced process 
energy requirements, selective processing, and precise control 
[36]. In addition, the heating is volumetric and rapid because the 
heat is generated internally through direct interaction between 
the electromagnetic field and components of the heated mate-
rial [37]; i.e., microwaves couple directly with the molecules 
of the entire reaction mixture. In contrast, conventional heating 
is a slow and inefficient method of transferring energy into the 
reacting system. Some strengths and weaknesses of microwave 

Table 2. Various physical, chemical, and biological methods for the pretreatment of lignocellulosic biomass [24-27]

Pretreatment 
process Types Effective for

Physical 
pretreatment

Mechanical comminution: milling (hammer, disc or attrition, compression), 
grinding, chipping, extrusion, pressing

Particle-size reduction 
Reducing cellulose crystallinity and degree 
of polymerization

Autohydrolysis: uncatalysed steam-explosion, liquid hot water, hydrothermolysis, 
steam and mechanical sheer, pyrolysis, dry heat expansion, moist heat expansion

Hemicellulose degradation
Lignin transformation

High energy radiation: gamma, electron beam, microwave, photooxidation Increasing the accessible surface area of 
cellulose to enzymes

Chemical 
pretreatment

Alkali- sodium hydroxide, ammonium hydroxide
Acids-dilute or concentrated sulphuric acid, dilute or concentrated hydrochloric, nitric, 
phosphoric acids

Hemicellulose hydrolysis to xylose and 
other sugars; alters lignin structure

Oxidizing agents: peracetic acid, sodium hypochlorite, sodium chlorite, hydrogen 
peroxide
Solvents: methanol, ethanol, butanol, phenol, ethylamine, hexamethylenediamine, 
ethylene glycol

Increasing the accessible surface area
Removal of hemicelluloses and lignin

Gases-ammonia, chlorine, nitrous oxide, ozone, sulfur dioxide. Reducing lignin content

Biological 
pretreatment Cellulolytic microorganisms-bacteria, fungi, and actinomycetes Degradation of lignin and hemicelluloses

Cellulolytic enzymes- endoglucanases, exoglucanases, β-glucosidases
Increasing the accessible surface area; 
hydrolysis of cellulose into fermentable 
sugars

Hemicellulose degrading enzymes: endoxylanases, exoxylanase, xylosidase, α-L-
arabinofuranosidase, 1,4- β -D-mannanase, 1,4- β –mannosidases, α-galactosidase

Hemicellulose hydrolysis to xylose and 
other sugars

Lignin degrading enzymes: lignin peroxidase, manganese peroxidase, laccases The delignification of wood and agricul-
tural residues

Table 3. Strengths and weaknesses of microwave heating for 
pretreatment process

Strength Weakness

Rapid internal heating Uneven distribution of microwave 
energy

Instant control Overheating

Acceleration of reaction rate Non-uniform heating or thermal 
runaway

Selective interaction with 
active groups

Need for electrical energy, high 
energy costs
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treated wheat straw were 100 g L−1 substrate, 40°C, 15 mg (cel-
lulose) g−1 (substrate), initial pH 5.3, and 72 h. Under these 
conditions, the ethanol concentration reached 34.3 g L−1and the 
ethanol yield was 69.3%. The SSF optima for the conventional 
alkali pretreated wheat straw were 100 g L−1 substrate, 40°C, 
20 mg (cellulase) g−1 (substrate), initial pH 5.3, and 96 h. Under 
the optimum conditions, the ethanol concentration and the etha-
nol yield were 31.1 g L−1 and 64.8%, respectively. In another 
study, the microwave pretreatment conditions were optimized 
for ethanol production from wheat straw [48]; under optimal 
pretreatment conditions, a ratio of biomass to liquid of 80 g kg−1, 
a NaOH concentration of 10 kg m−3, and microwave power of 
1000 W for 15 min, the ethanol yields were 148.93 g kg−1 for 
treated and 26.78 g kg−1 for untreated straw.

Operating parameters that affect sugar recovery in micro-
wave-assisted pretreatment of biomass recently have been dis-
cussed by Ethaib et al. [49]. They reported that biomass loading, 
microwave power level, and irradiation time are the important 
factors affecting microwave pretreatment efficiency, which re-
flects sugar recovery. A typical experimental setup for dilute 
acid pretreatment of biomass under a microwave irradiation en-
vironment is given in Fig. 4. 

In a study on switchgrass, pretreatment using microwave-
based alkali method yielded high sugar levels compared to 
conventional heating [50]. In a similar study, microwave-based 
alkali pretreatment of switchgrass and coastal bermudagrass 
resulted in better sugar yields during subsequent enzymatic 
hydrolysis; as high as 82% glucose and 63% xylose yields for 
switchgrass and 87% glucose and 59% xylose yields for Ber-
muda grass were reported [38].

Microwave-assisted alkali pretreatment (10% NaOH, 4:1 
liquid-solid ratio, at temperature 90°C and pretreatment time 
of 8 min) was shown to enhance the enzymatic digestibility of 
banana pseudostem; the total yield of reducing sugars reached 
84%, compared to convectional heating mode of pretreatment 
(10% NaOH, 3:1 liquid-solid ratio, at temperature 90°C and pre-
treatment time of 1.5 h), which yielded only 65% sugars [51]. 
Recently, microwave-assisted alkali pretreatment using 3% 
(w/v) NaOH at 180 W for 12 min was found to be effective in 
reducing lignin content (74%) and holocellulose (24.5%) from 

degradation of lignin and hemicellulose in biomass [40]. Micro-
wave energy for biomass pretreatment was first introduced by 
Ooshima et al. [41], who used it to pretreat different hardwoods 
and softwoods. 

5. Pretreatment Using Microwave Radiation

5.1. Microwave-assisted physical pretreatment

A novel, environment-friendly, and effective pretreatment 
for biomass was reported using combined ball milling and mi-
crowave irradiation [42]. It has been shown that combined ball 
milling for 1 h with microwave irradiation for 20 min can re-
place BM3 (ball milling for 3 h) and BM6 (ball milling for 6 
h) with the same or higher glucose yield while saving 54.8% 
and 77.4% energy consumption, respectively. Furthermore, no 
chemicals are required for this process.

5.2. Microwave-assisted chemical pretreat-
ment

A significant improvement in the total reducing sugar yield 
from rice straw and bagasse has been reported using microwave 
pretreatment [41]. In this process, rice straw and bagasse with 
water content of 84% or 94% were irradiated with 2450 MHz 
microwaves (170°C-200°C for 5 min) in sealed glass vessels. 
This pretreatment resulted in enhanced substrate accessibility, 
1.6 times greater in the rice straw and 3.2 times greater in the 
bagasse, for enzymatic hydrolysis compared to the untreated 
samples. Likewise, pretreated bagasse and rice hulls using mi-
crowave radiation yielded 77%-84% of total available reducing 
sugars [43]. Microwave pretreatment substantially improved the 
recovery of fermentable sugars from sugarcane bagasse [44]. 
Microwave-assisted dilute nitric acid pretreatment has been 
shown to enhance the enzymatic digestibility of rice straw by 
14% when compared to the convection heating mode, and a 
reduction of the pretreatment time from 60 min to 7 min was 
also observed [45]. Microwave-assisted pretreatment (30 min at 
700 W) of rice straw soaked in dilute alkali has resulted in an 
increase in glucose yield of 65% and total carbohydrate conver-
sion of 79% compared with alkali-alone pretreatment [46]. 

Microwave-assisted alkali pretreatment has also been re-
ported to be a potential alternative to wheat straw pretreatment 
for enzymatic hydrolysis [22]. In the aforementioned study, the 
wheat straw exhibited a weight loss of 48.4% and a composition 
of cellulose 79.6%, lignin 5.7%, and hemicellulose 7.8% after 
25 min microwave-assisted alkali pretreatment at 700 W, com-
pared with a weight loss of 44.7% and a composition of cellu-
lose 73.5%, lignin 7.2%, and hemicellulose 11.2% after 60 min 
conventional alkali pretreatment. Greater amounts of lignin and 
hemicellulose were removed from wheat straw with microwave-
assisted alkali pretreatment in shorter pretreatment time com-
pared with the conventional alkali pretreatment. Production of 
ethanol at higher concentration and yield from microwave-as-
sisted alkali pretreated wheat straw compared to conventional 
alkali pretreated wheat straw has been reported [47]. In this 
study, under simultaneous saccharification and fermentation 
(SSF), optimal conditions for the microwave-assisted alkali pre-

Fig. 4. Block diagram of a typical microwave-assisted dilute acid pre-
treatment of biomass (based on experimental setup by Chen et al. [40]).
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30 min, while external heating in an autoclave gave a sugar yield 
of 41.8%. The study also highlighted the effects of (peroxo) 
metal complexes as a microwave sensitizer and a delignifying 
agent for pretreatment of woody biomass. 

Microwave irradiation was shown to enhance the dissolution 
of lignocellulosic materials in ionic liquids and subsequent frac-
tionation of cellulose and lignin [60,61]. Microwave irradiation 
can facilitate the pretreatment of cellulose in ionic liquids [62].

5.3. Microwave-assisted two-stage pretreat-
ment

Recently, better monomeric sugar release was reported from 
Kans grass (Saccharum spontaneum) and Giant reed (Arundo 
donax) upon two-stage microwave pretreatment (microwave/
NaOH pretreatment followed by microwave/H2SO4 pretreat-
ment) [63]. The reported results are shown in Table 4. Impres-
sively high sugar yields were reported from Miscanthus sinensis 
by the two-stage pretreatment consisting of microwave-assisted 
ammonia and phosphoric acid treatments [64]. The reported re-
sults are shown in Table 5. In a two-stage pretreatment, overall 
reduced sugar yield of 0.83 g/g dry biomass was reported upon 
microwave-alkali followed by acid pretreatment. However, with 
isolated treatments, fermentable sugar yield of 0.665 g/g and 
0.249 g/g dry biomass was observed using microwave-alkali and 
microwave-acid pretreatments, respectively [44].

Microwave-assisted NaOH pretreatment effectively removed 
approximately 85% of lignin content in Mission grass (Pennis-
etum polystachyon), using 3% (w/v) NaOH, and 15:1 liquid-to-
solid ratio (LSR) at 120°C temperatures for 10 min. As a result, 
in the subsequent second stage, release of impressively high fer-
mentable sugar content (34.3 ± 1.3 g per 100 g of dried biomass) 
upon microwave-assisted H2SO4 pretreatment was reported us-
ing 1% (w/v) H2SO4, and 15:1 LSR at 200°C temperature for 

EFB of oil palm [52]. Subsequent enzymatic hydrolysis using 
microwave irradiation (microwave-assisted enzymatic reaction) 
at 100 W output power, temperature of 41°C-45°C, and incu-
bation of 4 h was shown to have a profound influence on the 
yield of reducing sugar (411 mg g–1 of treated EFB biomass) 
compared to non-microwave enzymatic hydrolysis (178 mg g–1 
of treated EFB biomass, after the incubation period of 48 h). 
Intanakul et al. [53] observed that microwave pretreatment (240 
W, 10 min, at atmospheric pressure) enhances the removal of 
hemicellulose and lignin from cellulose in rice straw and ba-
gasse. The key factor for separation was found to be high tem-
perature (175°C-210°C) in the medium, which was achieved 
through microwave irradiation without a high pressure build 
up. Substantial reduction (up to 64%) of hemicellulose content 
and a moderate reduction (15%-17%) of lignin content were ob-
served in oil palm trunk and oil palm frond lignocellulosic bio-
mass after a microwave-alkali pretreatment method [54].

Microwave-assisted pretreatment of kenaf with 2% or 5% al-
kali (NaOH) was shown to be effective in delignification and 
decrystallization of fibers, and contributed to making the kenaf 
pulp more amenable to cellulase activity [55]. Microwave-as-
sisted alkali irradiation has been reported to be an efficient pre-
treatment method to enhance cashew apple bagasse digestibility 
[56]. Tseng et al. [57] used the Taguchi method for statistical 
optimization of microwave-based heating of cellulosic biomass. 
This eight-order auto-regressive eXogeneous model helped to 
increase heating efficiency and reduce pretreatment time. Mi-
crowave-assisted KOH pretreatment (400 W for 30 min) sig-
nificantly removed the recalcitrance of bamboo with low levels 
of fermentation inhibitors compared to acid pretreatment [58]. 
Selective delignifying capability of the H2O2-activated ammoni-
um molybdate system energized by microwave radiation was re-
ported [59]. In this study, a maximum sugar yield of 59.5% was 
reported by microwave irradiation of beech wood at 140°C for 

Table 4. Two-stage microwave pretreatment of Kans grass and Giant reed

Lignocellulosic substrate Pretreatment condition Resultant effect Reference

Kans grass
(Saccharum spontaneum) Stage 1: microwave-assisted NaOH pretreatment at 80°C/5 min, 5% (w/v) 6.8 g/100 g of biomass [63]

Stage 2: microwave-assisted H2SO4 pretreatment at 200°C/10 min, 
0.5% (w/v) H2SO4

33.8 g/100 g of biomass

Giant reed 
(Arundo donax)

Stage 1: microwave-assisted NaOH pretreatment at 120°C/5 min, 
5% (w/v) NaOH 6.8 g/100 g of biomass [63]

Stage 2: microwave-assisted H2SO4 pretreatment at 180°C/30 min, 
0.5% (w/v) H2SO4

31.9 g/100 g of biomass

Table 5. Two-stage microwave pretreatment of Miscanthus

Biomass Pretreatment condition Sugars yield Reference

Miscanthus sinensis Single-stage: 1.0% (w/v) NH4OH, 15:1 LSR at 120°C temperature for 15 min 2.9 g of monomeric sugars 
per 100 g of dried biomass [64]

Single-stage: 1.78% v/v H3PO4, 15:1 LSR at 140°C for 30 min 62.3 g/100 g

Two-stage: treatment with NH4OH at 120°C temperature for 15 min followed 
by treatment with H3PO4 at 140°C for 30 min 71.6 g/100 g

LSR, liquid-to-solid ratio. 
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able better energy transfer to the plasma, the microwave-plasma 
coupling efficiency is nearly 100%, power consumption is po-
tentially lower, and allow throughput atmospheric processing is 
possible [73]. Recently, a microwave ‘tornado’-type air-water 
plasma source (Fig. 5) operating at 2.45 GHz and atmospheric 
pressure has been applied for pretreatment of cellulosic material 
[67]; the air-water highly reactive plasma environment provides 
a number of long-lived active species that are able to destroy the 
cellulosic wrapping. Oxygen containing reactive species such 
as O2 (a1 Δg) singlet delta molecules, OH radicals, HNO2, and 
NO2 have been shown to play important roles in the treatment 
process.

6. Effect on Subsequent Enzymatic Hydrolysis

Positive effects of microwave pretreatment on subsequent 
enzymatic hydrolysis have been reported. An increase in ini-
tial enzymatic hydrolysis rate of rice straw was observed after 
pretreatment by combining microwave irradiation with alkali; 
however, the hydrolysis yield remained unchanged [74]. Com-
pared to other methods, microwave-assisted alkali pretreatment 
has been shown to be an efficient way to improve the enzymatic 
hydrolysis accessibility of corncob in a shorter amount of time 
and at a lower temperature; a total sugar concentration of 683.97 
mg/g (or 45.60 g L–1) of pretreated corncob was obtained from 
the optimum pretreatment conditions of 2% NaOH at 100°C for 
30 min in a microwave oven [75]. Microwave-assisted KOH 
pretreatment yielded improvement of enzymatic hydrolysis of 
8.7-fold (20.87%, glucose) and 20.5-fold (63.06%, xylose), re-
spectively, at 48 h compared with untreated bamboo (2.41%, 
glucose; 2.94%, xylose) with a cellulase concentration of 15 
FPU/g glucan [58]. Microwave-assisted dilute acid pretreatment 
has shown remarkable effects in promoting enzymatic sacchari-
fication of water hyacinth; the use of pretreatment conditions of 
1% H2SO4 at 140°C for 15 min followed by enzymatic hydroly-
sis yielded a maximum sugar reduction of 48.3 g/100 g, which 
accounts for 94.6% of the theoretical reduced sugar yield [76]. 

Drastic enhancement of the enzymatic hydrolysis of cellulose 
after microwave pretreatment of lignocellulosic material in ionic 
liquids was recently reported [77]. In this study, the cellulose 
saccharification percentage was approximately 20% for kenaf 
powders pretreated in choline formate, choline acetate, and cho-
line propionate by conventional heating at 110°C for 20 min. In 
contrast, approximately 60%-90% of cellulose was hydrolyzed 
to glucose after microwave pretreatment in the same ionic liq-
uids at 110°C for 20 min. The rate of enzymatic hydrolysis of 
cotton cellulose was increased 50-fold after ionic liquid dissolu-
tion pretreatment with microwave irradiation [78].

7. Conclusions and Recommendations

It can be concluded that emerging microwave-assisted pre-
treatment technologies are more efficient, rapid, and economi-
cally feasible for effective removal of hemicelluloses and lignin 
cover compared to their predecessors. A high capital investment 
is required for microwave equipment; however, the operating 
costs are lower compared to conventional heating methods or 

a very short pretreatment time (5 min) [65]. In the aforemen-
tioned study, the total monomeric sugar yield obtained via the 
two-stage microwave/chemical process was 40.9 g per 100 g of 
dried biomass.

5.4. Microwave-assisted organosolvolysis

Organosolvolysis is a potential delignification process for the 
production of bioethanol from woody biomass. Microwave-as-
sisted organosolvolysis in aqueous glycerol with organic and in-
organic acids has been studied using Japanese cedar wood [66]. 
The pulp obtained by organosolvolysis with 0.1% hydrochloric 
acid (pKa -6) at 180°C for 6 min has been shown to produce the 
highest sugar yield of 53.1%, based on the weight of the original 
biomass. Whereas with other acids such as phosphoric acid or 
malonic acid having a lower pKa value, a lower sugar yield was 
obtained. 

5.5. Using microwave plasmas

Plasma sources are widely investigated as tools for biomass 
conversion. Atmospheric pressure, non-equilibrium plasmas 
have also been employed to treat different types of biomass in 
order to modify their surface and structure properties [67]. To 
separate the cellulose from the lignin-hemicellulose complex in 
biomass, plasma pretreatment (using flowing afterglow instead 
of direct exposure to the discharge plasma) has been applied. This 
results in increased contact surface and eventually improves the 
bioethanol production process [68-70]. For sugarcane bagasse 
pretreatment, a 2.45 GHz microwave plasma torch operating at 
atmospheric pressure in Ar-steam-air mixtures and in pure air 
plasmas was applied [71]; significant surface modification and 
destruction of the lignin layer due to plasma etching effect were 
observed. Zanini et al. [72] applied cold Ar plasma treatments in 
order to modify the structure of lignocellulosic fibers, and found 
that the chemical structure of lignin can be heavily modified by 
the plasma treatment. Microwave generated plasmas at atmo-
spheric pressure have several advantages compared with those 
created by dc and RF electric fields: microwave discharges en-

Fig. 5. Block diagram of air-water ‘tornado’-type microwave plasmas 
for biomass treatment (based on experimental setup by Bundaleska et al. 
[67]). 
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