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and Guotao Sunabc

The effect of different temperatures used in microwave pretreatment on enhancingmethane production of

corn straw was comparatively studied in this paper through the analysis of the physicochemical properties

of the pretreated materials and the methane yield during anaerobic digestion. Analytic methods such as

scanning electron microscopy, Fourier transform infrared spectroscopy, and X-ray diffraction were

performed to detect the surface chemistry of the pretreated corn straw. The results indicated that

microwave pretreatment could effectively disrupt the lignocellulosic structure to release cellulose,

hemicellulose, and related derivatives and make them available for the process of anaerobic digestion.

The outcome of the methanogenic assay demonstrated that methane production could be significantly

improved by 73.08% concerning the variation of the temperatures in microwave pretreatment. This study

provides technical support for pretreatment methods of lignocellulose materials and deems that

microwave pretreatment boosts methane yield efficiently during the process of anaerobic digestion of

lignocellulosic materials.
1. Introduction

It is well known that the exorbitant and inappropriate use of
fossil resources and the continuing increase in energy security
concerns have driven researchers to seek renewable and envi-
ronmentally friendly energy resources that could play a crucial
role in the replacement of fossil fuels.1,2 As a promising means
of production for second-generation biofuels from lower-value
and abundant substrates such as lignocellulosic materials,
there are high hopes resting on biogas to not only mitigate the
undesirable impacts of fossil fuels and solve the challenge of
replacing them, but also to signicantly enhance ecological
effects on a global scale.3 Anaerobic digestion technology is one
of the most efficient and environmentally friendly approaches
to obtain biogas with a rich content of methane produced by
lignocellulosic substrates, which will be widely employed to
take the place of fossil fuels.4 280 million tons of corn straw
(CS), an agricultural residue, are produced in China yearly.5 Due
to its high availability, CS is the most abundant biomass energy
resource of lignocellulosic waste that can be used as a substrate
for bioenergy production via anaerobic digestion.6
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It is generally accepted that four major steps based on the
differences in the microorganism are used to describe the
sequential process in the anaerobic digestion of particulate
materials and macromolecules, which include hydrolysis,
acidogenesis, acetogenesis, and methanogenesis.7 Hydrolytic
bacteria decompose complex organic matter into soluble
monomers through their secreted extracellular enzymes.
Acidogenic and acetogenic bacteria take advantage of mono-
mers to generate acetic acid, hydrogen, and carbon dioxide,
which are then used as substrates for methanogenic bacteria to
yield biogas.8 On the other hand, hydrolysis is the most critical
and rate-limiting of these different steps.9

Typically, CS is mainly composed of cellulose, hemicellulose,
and lignin, shaping a complicated organic polymer crystal
structure.10 Unlike starch and sucrose, which can be easily
broken down into carbohydrates, the lignin and hemicellulose
in CS are tightly embedded in the cellulose, resulting in crys-
tallization and lignication, which expresses the low accessi-
bility of cellulose to microorganisms and makes the cell wall
more recalcitrant towards hydrolysis in the anaerobic digestion
process. Meanwhile, the wax layer on the surface of CS is not
benecial to the adhesion of microorganisms, which leads to it
being difficult for the microorganisms to utilize CS to produce
biogas. According to a previous report, only a 20% maximum
sugar yield, in theory, could be gained from hydrolysis of
lignocellulosic biomass without any of the pretreated
approaches.11,12 Therefore, appropriate pretreatment methods
should be introduced to disrupt the heterogeneous matrix and
RSC Adv., 2021, 11, 3575–3584 | 3575
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then partially remove the lignin to increase the specic surface
area and porosity of the cellulosic materials, which favors the
degradation and conversion of lignocellulose materials.13

As a rule, there are numerous kinds of pretreatment methods
that can enhance biogas production from lignocellulosic biomass,
which have been classied into several categories: physical (i.e.,
microwave irradiation, extrusion, and hot water), chemical (i.e.,
alkaline and acidic), and biological (i.e., a fungal thermophilic
microbial consortium) or a combination of two or more of these
methods.14,15 Among these technologies, the microwave pretreat-
ment method is an efficient heating treatment which can shorten
the processing time and consume less energy because of the
thermal and non-thermal effects elicited by the radiation in the
presence of water.16 Thermal effects embody the generation of
internal heat by radiation due to the local temperature rise, which
results in so-called rapid local heating.17 Conversely, non-thermal
effects include the oscillation of polar bonds, which further
leads to the fracture of bonds and the acceleration of chemical and
physical processes.18 Microwave pretreatment can change the
biomass structure, increase the specic surface area, and reduce
the polymerization crystallinity of lignocellulose. It was reported
previously in the literature that the lignin removal rate could reach
6% in microwave pretreatment of 700 W (30 min), which meant
that the hydrolysis rate of the enzyme during the anaerobic
digestion process was improved.19 Beszédes et al. observed that
microwave pretreatment enhances the COD solubilization of dairy-
industry and meat-processing sludge. Besides, the total biogas
yield considerably improved and the initial lag-phase of anaerobic
digestion decreased.20 A 28% increase in methane yield compared
with the control group aer microwave pretreatment of CS was
found by Jackowiak.21 Accordingly, the physicochemical properties
of lignocellulosic biomass aer pretreatment were analyzed by
SEM, FTIR, XRD, etc. Kupryaniuk et al. found that during the
degradation process, the selection of appropriate agents could
signicantly accelerate the degradation of the main structures of
lignocellulose through FTIR.22 Similarly, SEM and FTIR results
revealed the surface disruption and lignin removal impacts of
pretreatment.23 Nevertheless, there are few reports in the literature
on the solid-state characteristics of CS pretreated by different
microwave temperatures and the biogas production of the pre-
treated solid-phase as a substrate in anaerobic fermentation.

In this paper, the microwave pretreatment method was intro-
duced for the sake of considerable methane production. The
physicochemical properties of CS pretreated at different temper-
atures of microwave pretreatment and the methane yield
produced in the subsequent anaerobic digestion were investi-
gated. Moreover, the optimal temperature was selected by
comparing methane yield in the anaerobic fermentation of the CS
solid-phase under various temperature of microwave pretreat-
ment, which offers efficient technical support for the pretreatment
techniques to enhance anaerobic fermentation from CS.

2. Materials and methods
2.1. Substrate

The CS used in this study was collected from an experimental
eld of the Northwest Agriculture and Forestry University in
3576 | RSC Adv., 2021, 11, 3575–3584
Yangling in the Shaanxi Province. Aer drying at 65 �C to
a constant weight, it was milled to pieces in an 18 mesh using
a laboratory-scale grinder. The ground CS was sealed in a plastic
bag and stored at 4 �C before use. The total solid (TS) content,
volatile solid (VS) content, and carbon/nitrogen ratio (C/N) of CS
in this paper were 96.15%, 88.26% (based on the dry matter),
and 42.35, respectively.

The inocula for anaerobic digestion were derived from
domestication in the laboratory at 35 �C, a substrate with a TS of
1% (pig manure : bovine powder ¼ 1 : 1) and 5 g L�1 sodium
acetate was added. The domestication was considered to be
nished when the daily gas production was lower than 1% of
the cumulative gas production. The pH value, TS content, and
VS content of the inocula were 7.6, 6.53%, and 3.47% (based on
the dry matter), respectively.
2.2. Experimental setup

2.2.1. Microwave pretreatment. Microwave pretreatment
was conducted in a microwave hydrothermal synthesizer (XH-
800SE, Xianghu Science Co., Ltd; China; 0–1600 W power
output; 2.45 GHz frequency; pressure range, 0–6MPa; temperature
range, 0–260 �C). A vessel with a volume of 100 mL in the cavity
was equipped with pressure and temperature sensors on the top.
The ve pretreatment groups in the experiment, which consisted
of the different pretreatment temperatures of 120 �C, 150 �C,
180 �C, and 210 �C with the corresponding input power and
untreated straw and the duration of the microwave pretreatment
set at 10 minutes, were labeled as M120-10, M150-10, M180-10,
M210-10, and CK, respectively. The heating time was recorded
when the temperature of the vessel reached the setup level. The 5 g
dry matter and 50 mL deionized water (with a solid to liquid ratio
of 1 : 10) were thoroughly stirred and then poured into the vessel
for microwave heating. The slurry in this vessel started cooling
down to ambient temperature aer 10 minutes of heating and
then the solid and uid fractions were separated by ltration with
a funnel. The pretreated particles were washed repeatedly with
deionized water and dried in a constant temperature oven at
105 �C for 24 hours. Then the resultant solid fraction was further
subjected to analysis of the physicochemical properties and the
anaerobic digestion experiment was carried out.

2.2.2. Biochemical methane potential (BMP) assays. The
experiment in batches was carried out in a 500 mL wide-
mouthed bottle with a 400 mL working volume. A 400 mL
digested solution consisting of 24 g (relating to the dry matter)
pretreated or raw materials to satisfy the 6% TS concentration
and 120 mL inoculums as well as a certain amount of distilled
water. The pH value and C/N of the digestive solution were
adjusted to be about 7.0 and 30.0 with sodium hydroxide and
ammonium chloride, respectively. The headspace of the wide-
mouthed bottle was ushed with pure N2 gas for 2 minutes to
remove the oxygen. Subsequently, those bottles were sealed
with rubber stoppers at once and a biochemical methane
potential experiment was performed in an incubator with
a constant temperature of 37 �C. Besides, each assay was set up
with three parallel groups to determine the reproducibility of
the experiments, and the average value of the three groups was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic figure of the anaerobic fermentation equipment.
(1) Sampling vent; (2) valve; (3) airway; (4) gas-sampling vent; (5)
aqueduct; (6) graduated cylinder; (7) biogas-collecting flask; (8)
constant temperature trough; (9) fermentation flask.
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used in the analysis. During the experiment, all the digesters
were manually shaken twice a day for 20 seconds. The volume of
biogas produced was measured by the water displacement
method,24 which is elucidated in Fig. 1, and the biogas
composition was analyzed using gas chromatography (GC-
2014C; Shimadzu, Japan).
2.3. Analysis and calculations

2.3.1. Physicochemical analysis. The TS and VS contents of
the CS and inoculum were determined according to the stan-
dard methods, in which TS and VS were measured by the
change of quality dried at 105 �C for 24 h and 550 �C for 4 h,
respectively.25 The solid recovery was determined by weighing
the samples before and aer pretreatments, aer drying in a hot
air oven at 105 �C for 24 h. A portable pHmeter (DZS-706; INESA
Scientic Instrument Co., Ltd, China) was used for measuring
the pH during the anaerobic digestion process. The elemental
composition of CS was determined by using an elemental
analyzer (EA3000; Euro Vector, Italy). The chemical constitution
of cellulose, hemicellulose, and lignin was quantied via Van
Soest's method.26 The methane concentration was determined
by gas chromatography (GC-2014C; Shimadzu, Japan).27

2.3.2. The properties of corn straw. A scanning electron
microscope (TM3030; Shimadzu, Japan) was applied to observe
the microstructural changes of the pretreated and untreated
samples for the CS. During SEM analysis, the dehydrated
samples were bonded to the stub with carbon-tape, and then
images were formed aer sputter-coating with metal nano-
particles.28 The pretreated and untreated CS samples used for
Fourier transform infrared spectrophotometry (Nicolet iS10;
Thermo Fisher Scientic, USA) analysis were ground into
a powder and then ground with KBr in the ratio of 1 : 100, which
were pressed at approximately 10 MPa pressure to form
a uniform 13mm diameter sample disc for further analysis. The
spectra were detected in the wavelength ranging from
4000 cm�1 to 400 cm�1 at the resolution of 0.5 cm�1. The
background spectrum of pure potassium bromide was sub-
tracted from the sample spectrum. All the spectra were
measured at ambient temperature.29 The crystallinity index
(CrI) of the untreated and pretreated CS samples was deter-
mined by X-ray diffraction (XRD) analysis (D8 ADVANCE A25;
Bruker, Germany) operated at 40 kV and a tube current of 40
© 2021 The Author(s). Published by the Royal Society of Chemistry
mA. Samples were recorded over the range of 2q ¼ 10–50� at
a scan speed of 5� min�1 with a step size of 0.02�. The CrI was
calculated according to the following eqn (1)30

CrI ¼ [(I002 � Iam)/I002] � 100 (1)

where I002 (crystallinity fraction) is the intensity from the 002
planes at 2q ¼ 22.2� and Iam (amorphous fraction) is the intensity
of the backgroundmeasured at 2q¼ 18.7� (ref. 31 and 32) without
considering the inuence of lattice distortion, themicrocrystalline
size can be calculated according to Scherrer's formula

D ¼ KL/(b cos q) (2)

where D represents the size of the microcrystal perpendicular to
the direction of the reector (nm), L denotes the X-ray wave-
length (0.154 nm), K is Scherrer's constant (0.9), q characterizes
the diffraction angle (�), and b delegates the corresponding half-
height width of the diffraction peak.

2.3.3. Data analysis. The method which was described by
Van Soest33 was used to determine the cellulose, hemicellulose,
and lignin content in CS. Acid detergent ber (ADF), neutral
detergent ber (NDF), the residue aer 72% H2SO4 treatment,
and acid detergent lignin (ADL) were determined to calculate
the contents of cellulose, hemicellulose, and lignin. The
calculation equations are as follows:

Hemicellulose (%) ¼ NDF (%) � ADF (%) (3)

Lignin (%) ¼ ADL (%) (4)

Cellulose (%) ¼ ADF (%) � residue after 72% H2SO4 (%) (5)

The modied Gompertzian model34 was employed to t the
cumulative methane yield curves for each pretreatment group
during batch anaerobic digestion to obtain the maximum CH4

production potential (P), CH4 production rate (R), and lag phase
(l) as shown in eqn (5)

M ¼ P � exp{�exp[(R � e)/P � (l � t) + 1]} (6)

whereM is the cumulative CH4 production (mL per gVSadded) over
time t (day), P is the maximum CH4 potential (mL per gVSadded), R
is the maximum CH4 production rate (mL per gVSadded per d), l is
the lag phase (day) and ‘e’ is exp(1) ¼ 2.71828. The three param-
eters P, R, and l were obtained by the nonlinear t program in
Origin 2021. The regression value (adj-R2) and root mean square
error (RMSE) were used to measure the degree that the kinetic
model tted the methane production curve.

All the data in this paper were analyzed by SPSS 22.0, and the
corresponding gures were drawn by Origin 2021 for Windows.
3. Result and discussion
3.1. Effects of microwave pretreatment on the chemical
properties of corn straw

3.1.1. The difference in chemical constitution. The
compact structure of lignocellulosic biomass is attributed to the
RSC Adv., 2021, 11, 3575–3584 | 3577
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Table 1 The effect on the chemical compositions of corn straw before and after microwave pretreatment under different temperaturesa

Temperature

Composition (%) Removal percentage

Cellulose Hemicellulose Lignin Cellulose Hemicellulose Lignin

CK 29.57 � 0.18 22.15 � 0.99 13.73 � 3.20 — — —
M120-10 37.71 � 0.46C 28.33 � 0.34Aa 10.79 � 2.13Aa 3.48 � 0.13 3.20 � 0.04 40.53 � 0.18
M150-10 38.07 � 0.32C 26.79 � 0.97Ab 7.69 � 2.00Ab 6.20 � 0.01 11.87 � 0.05 59.19 � 0.14
M180-10 41.03 � 0.29B 16.59 � 0.92B 6.84 � 0.00Abc 11.23 � 0.01 49.61 � 0.04 66.48 � 0.08
M210-10 45.44 � 0.56A 11.72 � 0.67C 4.68 � 0.62Ac 15.27 � 0.01 70.82 � 0.01 81.20 � 0.05

a Different capital and small letters in the same line show a signicant difference in p < 0.01 and p < 0.05, respectively.
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cell wall polysaccharide link with lignin through the covalent
bonds that form a lignin carbohydrate complex, in which both
cellulose and hemicellulose are apt to decompose and
conversely, lignin is difficult to degrade.35 Consequently, it is
Fig. 2 Scanning electron microscope images of the microwave pretreate
(C), 180 �C, 10 min (D), and 210 �C, 10 min (E).

3578 | RSC Adv., 2021, 11, 3575–3584
necessary to study the change of chemical composition before
and aer pretreatment.

Table 1 displays the change of the chemical components of
lignocellulose before and aer pretreatment at different
d corn straw and the control. CK (A); 120 �C, 10 min (B); 150 �C, 10 min

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The difference of weight loss (A), FTIR spectra (B), and XRD patterns (C) of corn straw before and after microwave pretreatment with
various temperatures.
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temperatures for CS. An ideal pretreatment method not only
makes substrates biodegradable but also retains the maximum
available carbohydrates for further production of biofuels.36 It
can be seen from Table 1 that the cellulose and hemicellulose
contents based on dry matter increased, accompanied by
a reduction in lignin content. This is due to the fact that lignin
became adjoined to the carbohydrate structures (cellulose and
hemicellulose) through certain chemical bonds such as a-ether
bonds, phenyl glycosidic bonds, acetal bonds, and ester
bonds.37 The remaining cellulose and hemicellulose were
released and hydrolyzed into small molecules, which are then
available for hydrolytic enzymes to improve the quality of biogas
during anaerobic digestion. In contrast to the lignin removal
rate of 40.53–81.20%, the percentage of cellulose and
Table 2 The peak assignments of the FT-IR spectrumof 850–3450 cm�1

temperatures

Number Wavenumber (cm�1) Functional group

1 3410 –OH stretching v
2 2920 –CH and –CH2 u
3 1735 C]O asymmetric
4 1641 C]C stretching v
5 1600 C]C vibrating o
6 1431 –CH2 bending vib
7 1250 C–O–C stretching
8 1035 C–O stretching vi
9 895 –CH bending vib

© 2021 The Author(s). Published by the Royal Society of Chemistry
hemicellulose removed was 3.48–15.27% and 3.2–70.82%
compared with CK, respectively. The maximum cellulose
content of 45.44% was obtained in the M210-10 group, this
comes at the expense of a lot of cellulose and hemicellulose.
Conversely, the M120-10 group retained most of the cellulose
and hemicellulose content, but the lignin removal percentage
was very low. According to the analysis of the signicant
difference, all pretreatment groups expressed signicant or
extremely signicant differences. There was an extremely
signicant difference between the M180-10 group and M210-10
group for components of hemicellulose and cellulose (p < 0.01).

All in all, this pretreatment method has satised the
requirement to remove lignin and preserve cellulose and
of corn straw before and after microwave pretreatment under different

Assignment

ibration —
p stretching vibration Cellulose
bending vibration of xylan Hemicellulose and lignin
ibration of the aromatic ring Lignin
f the aromatic skeleton Lignin
ration Lignin
vibration Lignin
bration Cellulose and hemicellulose
ration in the plane Cellulose

RSC Adv., 2021, 11, 3575–3584 | 3579
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Table 3 The crystallinity index and crystallite size of untreated and
microwave pretreated corn straw with various temperatures

Treatment CrI (%) 2q (�) b (�) D (nm)

CK 23.58 21.71 2.94 2.74
M120-10 30.17 21.83 2.14 3.76
M150-10 27.59 22.02 1.98 4.06
M180-10 36.01 21.83 2.47 3.27
M210-10 43.25 22.39 1.51 5.35
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hemicellulose and can be proposed as a promising method for
pretreatment in the anaerobic digestion process.

3.1.2. The difference in microstructure. A scanning elec-
tron microscope was employed to observe the surface
morphology of the samples aer microwave pretreatment under
various temperatures concerning that of the control group.
Fig. 2 exhibits the changes in surface morphology before and
aer pretreatment. The raw material shows a condensed and
smooth bundle surface structure with many ber layers that
plays a defensive role in microbial degradation. A signicant
change was that the cell walls of untreated CS were somewhat
destroyed and the initial smooth and rigid structure became
loose and separated, which could be seen in the CS surface
morphology aer microwave pretreatment. Coarseness and
debrillation of the CS surface increased as the temperature
increased. Especially, themicrographs in Fig. 2(E) were found to
be more swollen and have more ber fragments appearing on
the surface. It is also worth mentioning that although the M120-
10 treatment group showed some damage to the structure of CS,
its internal tissue exposure was less and thus it was difficult for
microorganisms to use it directly. Relatively, the rest of the
treated group show an outstanding result. These performances
also illustrated the partial lignin removal and the increase in
cellulose and hemicellulose exposed to the surface, which is
consistent with the results regarding the chemical composition
changes of pretreated CS.

3.1.3. The difference in corn straw degradation. Fig. 3(A)
exhibits the weight loss of the CS aer microwave pretreatment
under different temperatures, which implies that microwave
pretreatment has a signicant effect on the degradation of the
lignocellulosic structure. The degradation rate ranged from
24.32 to 44.86% of the weight loss for CS with the temperature
increasing from 120 to 210 �C. Obviously, the maximum weight
loss of 44.86% could be found in the M210-10 group compared
with other groups. Especially, weight loss leads to partial lignin
removal for biomass during the pretreatment process from the
standpoint of Wyman.38 According to a one-way analysis of
variance, all microwave treated CS showed extremely signicant
differences (p < 0.01) except for the sample M120-10 group and
M150-10 group (p < 0.05). Meanwhile, there was no signicant
difference between the M150-10 group and the M180-10 group
(p > 0.05). Hence, the results above suggested that the micro-
wave pretreatment was substantially conducive to break the
lignocellulosic structure and remove lignin from CS.

3.1.4. The difference in functional groups. FTIR can be
employed to qualitatively analyze the change of chemical
composition in lignocellulose structures aer pretreatment.39

For a more detailed characterization, the FTIR spectra for raw
materials and pretreated samples are shown in Fig. 3(B), while
the spectrum peak assignments are listed in Table 2 according
to the literature.40–42 The intensity of the vibration located at
3410 cm�1 attributed to O–H stretching that exists in the raw
samples became weaker as the pretreatment temperature
increased, indicating that the intermolecular and extra molec-
ular hydrogen bonds of the cellulose were broken down, which
was conducive to the degradation of cellulose because the
destruction of hydrogen bonding can change the cellulose
3580 | RSC Adv., 2021, 11, 3575–3584
structure of CS and increase the accessibility of cellulose during
anaerobic digestion. Similarly, the vibration detected at
2920 cm�1 represented the –CH and –CH2 stretching vibration,
indicating that partial carbon chains were destroyed resulting
in a partial loss of cellulose aer microwave pretreatment.
Additionally, the carbonyl bands in the region 1735 cm�1 were
attributed to the hydroxyl C]O stretching vibration, which
belonged to the ester functional groups with the function of
linking celluloses and hemicelluloses related to carboxylic
compounds and ketones.43 This feature was easy to observe in
raw CS, but it gradually vanished in all the pretreated samples,
which proved that the removal of a large portion of lignin was
ascribed to the destruction of the carbonyl. The intensity of the
vibrations at 1641 cm�1 and 1600 cm�1 is ascribed to C]C
stretching of the aromatic ring and the C]C aromatic skeleton
vibration from lignin. The intensity decreased at different levels
among those samples aer microwave pretreatment. Similarly,
the intensity at 1431 cm�1 could be detected in treated samples,
which also implied the effective removal of lignin. The intensity
of the vibration at 1250 cm�1, representing the C–O–C stretch-
ing vibration, appeared evidently in raw samples and corre-
spondingly decreased as pretreatment temperature increased,
which corroborated the removal of lignin. However, the inten-
sity of the vibration at 1035 cm�1 is representative of the C–O
stretching vibration in cellulose and hemicellulose. The inten-
sity was slowly reduced, which implied that the contents of
cellulose and hemicellulose were degraded by microwave
pretreatment. There was no signicant difference to observe in
the intensity of the peak at 895 cm�1 which represents the C–H
bending vibration in the plane of cellulose.

Besides, the lateral order index (LOI) based on the absor-
bance ratios at wavenumbers 1431 cm�1 and 900 cm�1 was used
to semi-quantitatively analyze the changes in the physico-
chemical character of lignocellulosic biomass aer pretreat-
ment. The LOI values of the 5 experimental groups were 4.78,
1.82, 1.70, 2.17, and 1.89, respectively, whereas they signi-
cantly decreased aermicrowave pretreatment, which indicated
that the highly ordered cellulosic network was transformed into
a more amorphous state.44

3.1.5. The difference in cellulose crystallinity. For ligno-
cellulosic biomass including the crystalline structure and non-
crystalline structure, cellulose is considered to be crystalline,
while hemicellulose and lignin are regarded as an amorphous
substrate.31,45 The X-ray diffraction pattern was performed to
measure the relative amount of cellulose crystallinity of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Daily biogas production from untreated and microwave pre-
treated corn straw under diverse temperatures.
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untreated and pretreated samples as displayed in Fig. 3(C). It
can be seen from Fig. 3(C) that the X-ray diffraction peaks of the
cellulose of pretreated samples were sharper than that in
untreated CS and the diffraction intensity was improved aer
pretreatment. Besides, the primary peak of each sample was
clearly shown at 22.2� for 2 theta, respectively. The major peak
from the 002 planes represents the diffraction intensity in the
crystal region.

Table 3 lists all the CrI results of all the samples. The CrI
values of the pretreatment groups M120-10, M150-10, M180-10,
and M210-10 were 30.17%, 27.59%, 36.01% and 43.25%,
respectively, which implied a 17–83.42% increase compared
with 23.58% of the untreated samples. The maximum CrI value
of the M210-10 group was 43.25% which is 1.83 times as much
Fig. 5 The yield of cumulative methane production (A) and total methan
with various temperatures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
as the CK group. The increasing CrI values indicated an increase
in cellulose content, which conrmed the similar development
observed in the chemical composition of CS. The phenomenon
whereby the crystallinity index of the raw materials was
improved by pretreatment has also been reported previously in
the literature.46 This is because the reduction of lignin cladding
exposes the complete crystal structure of the defective crystal
region, which makes the crystal region clearer and thus
increases the crystallinity index. Furthermore, the decrease of
diffraction intensity in the amorphous region and the increase
of diffraction intensity in the crystalline region may also be
attributed to the recrystallization in the cellulose crystalline
region.47 Table 3 also shows the crystallite size and the position
of the 002 planes in the CS aermicrowave pretreatment. As can
be seen from Table 3, the position of the 002 plane microcrystal
in cellulose remained unchanged, but the size (D) of the vertical
002 plane microcrystal increased, which indicated that micro-
wave pretreatment did not change the original crystal shape of
cellulose, but only affected the microcrystalline size. Therefore,
the X-ray diffraction analysis also conrmed the partial removal
of amorphous structures such as hemicellulose and lignin via
microwave pretreatment.
3.2. Effect of microwave pretreatment on anaerobic
digestibility

3.2.1. Daily biogas production. The amount of daily biogas
produced by anaerobic digestion from untreated and pretreated
CS is shown in Fig. 4. The daily biogas yield of all the pretreated
groups was almost similar. The daily biogas production from
anaerobic digestion of pretreated CS for treatment groups CK,
M120-10, M150-10, M180-10, and M210-10 increased on the
second day, which made a rst biogas production peak of 554,
644, 794, 603, and 480 mL, respectively. Aer a certain degree of
decline, it reached the secondary biogas production peaks of
469, 499, 631, 504, and 312 mL respectively. Finally, the daily
e production (B) from untreated and microwave pretreated corn straw

RSC Adv., 2021, 11, 3575–3584 | 3581
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Fig. 6 Curve fitting of the Gompertz model to the methane produc-
tion data of corn straw before and after microwave pretreatment
under different temperatures.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
1 

20
21

. D
ow

nl
oa

de
d 

on
 2

02
5-

11
-0

9 
 1

2:
00

:2
0.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
biogas production continued to decline with small uctuations
until almost no biogas was produced from anaerobic digestion.
For the maximum daily biogas production, the pretreatment
group M150-10 was signicantly higher than the other groups,
while the pretreatment group M210-10 was the worst among all
the groups. This was also attributed to the higher temperature
of the microwave pretreatment, which destroyed the lignocel-
lulosic structure, accompanying the consumption of partial
fermentation substrates such as hemicellulose. It is inferred
that microwave pretreatment can increase the daily biogas yield
from these observations.

Finally, one-way ANOVA showed that there were extremely
signicant differences among all the experimental groups
except for the signicant differences among the CK, M180-10,
and M120-10 groups for the maximum production of daily
biogas.

3.2.2. Cumulative methane production. The change in the
cumulative methane production from the anaerobic digestion
of raw and pretreated CS is shown in Fig. 5(A). As can be seen
from Fig. 5(A), each group showed the trend of a slow increase
in the preliminary stage, a signicant increase in the mid-stage,
and a gradual decrease in the late-stage until it tended to be
gentle for cumulative methane production during anaerobic
fermentation. There was no obvious difference between the
M120-10 group and the M180-10 group for the tendency of
Table 4 Kinetic parameters and goodness of fit to methane production
obtained from the modified Gompertz model evaluation

Parameter CK M120-10

P (mL per gVSadded) 152.78 210.25
R (mL per gVSadded per d) 10.51 14.02
l (day) 3.33 2.56
Adj-R2 0.999 0.999
RMSE (%) 0.862 1.28

3582 | RSC Adv., 2021, 11, 3575–3584
cumulative methane yield, while the M150-10, M180-10 and
M210-10 groups had a discrepancy aer 4 days based on the CK
group. Especially, the M150-10 group was observed with
a notable gap compared with the CK group. Fig. 5(B) shows that
the total methane production for CK, M120-10, M150-10, M180-
10, and M210-10 groups are 150.36, 207.37, 260.25, 190.53, and
128.24 mL per gVSadded, respectively. The M150-10 group
showed the highest maximum cumulative methane yield, fol-
lowed by the M120-10 and M180-10 groups. The M150-10 group
reached the maximum cumulative methane yield, which is
73.08% higher than the CK group. Additionally, the cumulative
methane production of the M120-10 group increased by
37.92%, but the M210-10 group actually decreased on account
of some removal of cellulose and hemicellulose as substrates for
anaerobic digestion in the pretreatment process.

There was an extremely signicant difference (p < 0.01)
between the M150-10 group and other groups determined
through the analysis of signicant difference, while the M180-
10 group and M120-10 group showed a signicant difference
(p < 0.05). It was concluded that microwave pretreatment could
enhance the cumulative methane yield from the anaerobic
digestion of CS. Additionally, the degree of improvement was
closely related to the temperature of microwave pretreatment.

3.2.3. Kinetic analysis. The results which were applied to t
the cumulative methane production from the anaerobic diges-
tion of ve substrates with the Gompertz model are presented in
Fig. 6. The evaluation of model parameters obtained by kinetic
analysis is shown in Table 4. According to Table 4, all the
coefficients of determination (adj-R2) were above 0.99, which
indicated that the selectedmodel tted the cumulative methane
production well. The root mean square error (RMSE) was
observed to be 0.786–1.75%, which is less than 25%, implying
that the model error was within the acceptable range.48 The
predicted maximum methane production (P) values from the
model corresponding to anaerobic digestion of ve substrates
were 152.78, 210.25, 262.78, 190.32, and 130.61 mL per
gVSadded, respectively. The value of P also expressed a 24.57–
71.99% increase compared with that in the CK group. However,
a slight decrease appeared in the M210-10 group, which indi-
cated that a higher temperature was not conducive to increasing
methane production. The lag-phase time (l) values dened the
time required for anaerobic microorganisms to adapt to the
fermentation system. The values of l from 2.06 to 3.22 days
showed a 3.30–38.14% shortening of the period in comparison
to the 3.33 days in the CK group, which corresponds to previous
literature.49 The value of l also conrmed the signicant
from corn straw under different microwave pretreated temperatures

M150-10 M180-10 M210-10

262.78 190.32 130.61
18.83 14.84 8.90
2.99 3.22 2.06
0.999 0.999 0.999
1.75 1.59 0.786

© 2021 The Author(s). Published by the Royal Society of Chemistry
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advance aer microwave pretreatment of the methane produc-
tion efficiency.

4. Conclusions

Microwave pretreatment in a certain temperature range was
benecial to the decomposition of the lignocellulose structure,
improving coarseness and debrillation in the surface
morphology, reducing the mass fraction of lignin, and
increasing cellulose and hemicellulose contents. Besides, the
specic degradation of the chemical composition of corn straw
was detected at marker bands in the performed FTIR studies. An
augmentation of the cellulose crystallinity and crystallite size
for corn straw was observed in the XRD studies. The above
analysis showed that microwave pretreatment enhanced the
degradation degree of corn straw, which was benecial to
boosting utilization during anaerobic digestion. By comparing
it to the CK group, the best results based on the methanogenic
tests were obtained in the M150-10 group for a methane
production yield with a 73.08% improvement. The values of l
from the tting parameters in the modied Gompertz equation
were reduced, which also helped to prove that microwave
pretreatment is an effective way of improving the efficiency of
the anaerobic digestion of biomass.
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