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strongly improving methane
production from rice straw: freeze–thaw
pretreatment

Yuanfang Deng,ab Ling Qiu,*ab Yiqing Yao *ab and Mengyao Qinc

Overcoming the complex three dimensional structure of biomass is a major challenge in enhancing

anaerobic digestion (AD) efficacy. Freeze–thaw pretreatment was proposed herein in order to improve

methane production from rice straw. The effect was notable: average methane content for group-A (�4
�C) and -B (�20 �C) were A1 (�4 �C, 12 h): 40.0%, A2 (�4 �C, 24 h): 40.5%, A3 (�4 �C, 48 h): 42.2%; B1

(�20 �C, 12 h): 44.2%, B2 (�20 �C, 24 h): 45.7%, B3 (�20 �C, 48 h): 46.0%, the increases were 88.8–

99.1% and 108.8–117.2%, respectively, compared with control (CK) (21.2%). Total methane production for

group-A and -B were A1: 22.8 mL g�1 TS, A2: 24.7 mL g�1 TS, A3: 27.8 mL g�1 TS; B1: 29.9 mL g�1 TS,

B2: 31.3 mL g�1 TS, B3: 32.0 mL g�1 TS, compared with CK (7.6 mL g�1 TS), the increases were 200.0–

265.8%, 293.4–321.1%, respectively. The technical digestion time (T80) was shortened by 8 days.

Therefore, the maximum methane production was obtained under conditions of �20 �C and 48 h. This

study proposed an efficient pretreatment method that broadens the horizon of improving biomass

conversion into bioenergy.
1. Introduction

As one of the substrates of anaerobic digestion (AD), crop straw is
a cheap and readily available biomass resource. Its main
components include cellulose, hemicellulose and lignin. Lignin's
enveloping effect increases itsmechanical strength, which directly
affects the degradation of cellulose and hemicellulose, resulting
in prolonged hydrolysis time, and makes it difficult for microor-
ganisms to decompose and assimilate, which results in slower
start-up, a longer digestion period, a lower level of organic matter
utilization and biogas production.1 Therefore, the application of
agricultural straws as a material for AD is inhibited. At present,
decomposition of the lignocellulosic structure of agricultural
straws through pretreatment is an indispensable step prior to AD.
Common methods for straw pretreatment include physical,2,3

chemical,4,5 and biological.6–8 Traditional physical and chemical
pretreatment methods have low organic loading rates (less than
20%),9 they are also characterized by high practical operating
costs, high energy consumption, high equipment pressure resis-
tance, and corrosion resistance, and high difficulty in subsequent
slurry treatment. They may even produce toxic byproducts such as
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furfural, phenolic compounds and so on.10,11 Because of its low
energy consumption and high environmental friendliness, bio-
logical method, as a pretreatment method, has become the
mainstream research trend.12,13 However, biological pretreatment
is a slow enzymolysis process, and the treatment period is
generallymore than 15 days. Chemical pretreatment is immediate
and rapid, but the erosion on pretreatment equipment is usually
severe. Exploring a pretreatment method with high-efficiency and
environmental friendship, and high applicability on a large scale
is an inevitable trend in the development of AD.14,15

In this study, low-temperature freezing and thawing, as
a pretreatment method, was proposed, which follows the
mechanism of icing swelling of water and its destruction on
biomass structure, creating a new pretreatment method for AD
with no pollution, low cost, and cleanness, and is of great
signicance to the utilization of biowastes. At present, the
freeze–thaw treatment is mainly used for sewage sludge,16–21 and
also used for microalgae with methane recovery22 and for some
lignocelluosic materials with sugar and ethanol recovery.23

However, the related research on lignocellulosic materials for
methane production via AD is rarely studied so far. In order to
provide more options for enabling AD efficiently, it is necessary
to investigate the effect of freeze–thaw pretreatment on efficacy
of AD with lignocellulosic materials as substrate.

By mimicking the natural environmental conditions or
outdoor low-temperature environment, cold climate was used
for freezing and thawing rice straw, the rice straw was subjected
to freeze–thaw pretreatment in laboratory. The effects of
different freeze–thaw times (12 h, 24 h, 48 h) at �4 �C and
RSC Adv., 2018, 8, 22643–22651 | 22643
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Table 2 Freeze–thaw pretreatment conditions

Samples Temperature (�C) Time (h)

A1 �4 �C 12
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�20 �C on AD of rice straw was investigated, including structure
changes of rice straw, biogas and methane productions,
methane content, total methane production, technical diges-
tion time (T80) and pH change.
A2 24
A3 48
B1 �20 �C 12
B2 24
B3 48
CK — —

Fig. 1 Experimental installation. (1) Temperature controller, (2)
temperature sensor, (3) heating wire, (4) fermentation tank 2000 mL,
(5) thermostatic water tank, (6) gas collecting tank, (7) cylinder.
2. Materials and methods
2.1. Pretreatment

Rice straw was taken from farmland in Huaiyin District and was
naturally air dried and ground with pulverizers installed with
screen of 10 mesh (2.0 mm). The inoculum was obtained from
laboratory-adapted AD sludge with a pH of 7.1, the character-
istics of ground samples and inoculum, including carbon-to-
nitrogen ratio (C/N), total solids (TS), cellulose (C), hemi-
cellulose (H), and lignin (L) are shown in Table 1.

The raw material was pretreated in laboratory. The temper-
ature, time, and moisture at the soaking stage was 30 �C, 4 h,
15 mL g�1, respectively. Deionized water was used as the
medium for soaking. Two freezing temperatures (�4 �C, �20
�C) and three freezing times (12 h, 24 h, 48 h) at each freezing
temperature were carried out (Table 2). Thawed at room
temperature (25 �C), samples with the low temperature freezing
at�4 �C and thawing treatments was set as group A and group B
was the samples with low temperature freezing at �20 �C and
thawing treatments. At the same time samples that was not
soaked for freezing and thawing treatment was set as control
(CK). Each conditions were repeated three time.
2.2. Set-up of anaerobic digestion

Hydrostatic AD devices were used in this study,24 as shown in
Fig. 1, which is mainly composed of a fermenter, a gas collec-
tion bottle, a measuring cylinder, and a constant temperature
water tank. Each test was conducted in a closed fermenter, the
TS% for the feedstock was 10%, and the percentage of inoculum
in the feedstock was 20% based on weight. The headspace of
digesters was ushed with nitrogen gas for about 5 min to
obtain anaerobic condition, aer which digesters were capped
tightly with rubber stoppers and incubated at 30 � 1 �C. The
fermentation time was 27 days, which was determined when
almost the tests had no biogas produced. Each condition was
repeated three times, the standard deviation was thereby
calculated as error bar.
2.3. Analytical methods

2.3.1. Chemical composition analyses. TS and pH were
determined according to the Standard procedure for analyzing
Table 1 Compositions of raw material and inoculum

Parameter Rice straw Inoculum

C/N 42.48 � 0.13 20 � 0.35
TS (%) 95 � 0.42 10 � 0.12
C (%) 37.92 � 0.45 —
H (%) 21.32 � 0.32 —
L (%) 9.82 � 0.43 —

22644 | RSC Adv., 2018, 8, 22643–22651
water and wastewater.25 Total carbon (TOC) was measured
using Shimadzu total organic carbon analyzer (TOC-L, SHI-
MADAZU, JPN). Total nitrogen (TN) was measured by Kay
Method of nitrogen determination.26 Van Soest crude ber
assay was used to determine cellulose, hemicellulose, and
lignin contents.27

2.3.2. Biogas analyses. Biogas production was monitored
every two days by using the method of water displacement, the
water was saturated with sodium chloride.28 When AD was
completed, total biogas volume was calculated. Gas chromato-
graph (GC) (Agilent Technologies, 7890A, Wilmington, DE, USA)
equipped with a 25 m � 530 mm � 20 mm chromatographic
column and a thermal conductivity detector (TCD) was used to
analyze methane content. Hydrogen was used as a carrier gas at
a ow rate of 35 mL min�1. The temperatures of injector port,
detector, and column oven were 75 �C, 150 �C and 40 �C
respectively. 39.9% CH4, 30.1% N2, and 30.0% CO2 constitute
the composition of standard gas.

2.3.3. Scanning electron microscopy. Aer drying, samples
were sputter-coated with gold,29 quanta 450FEG scanning elec-
tron microscope (FEI, USA) was then applied to take photos of
the samples.

2.3.4. Statistical analysis. SPSS 19.0 soware was used to
determine the standard deviations and whether the observed
differences between two or more groups of experimental results
were signicant. Differences were compared with a p-value of
0.05.
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Scanning electron microscope images of the pretreated rise straws and control. (1300 times). (A1): �4 �C, 12 h; (A2): �4 �C, 24 h; (A3):
�4 �C, 48 h; (B1): �20 �C, 12 h; (B2): �20 �C, 24 h; (B3): �20 �C, 48 h; (CK): with no treatment.

Table 3 Effect of freezing and thawing pretreatment on degradation of rice straw composition

Tests

Contents (%) Degradation (%)

C H L C H L

A1 37.24 � 0.57 19.34 � 0.32 9.70 � 0.10 1.8 � 0.20 9.3 � 0.31 1.2 � 0.10
A2 36.55 � 0.45 16.42 � 0.28 9.20 � 0.09 3.6 � 0.11 23.0 � 0.25 6.3 � 0.05
A3 36.44 � 0.47 15.99 � 0.31 8.82 � 0.12 3.9 � 0.10 25.0 � 0.30 10.2 � 0.10
B1 36.97 � 0.37 18.55 � 0.25 9.22 � 0.10 2.5 � 0.10 13.0 � 0.21 6.1 � 0.05
B2 36.37 � 0.41 15.65 � 0.20 8.73 � 0.11 4.1 � 0.17 26.6 � 0.18 11.1 � 0.08
B3 36.29 � 0.42 15.48 � 0.25 8.40 � 0.10 4.3 � 0.31 27.4 � 0.13 14.5 � 0.07
CK 37.92 � 0.40 21.32 � 0.15 9.82 � 0.10 — — —

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 22643–22651 | 22645
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3. Results and discussion
3.1. Pretreatment

3.1.1. The microstructure changes of rice straw with
pretreatment. The apparent structure of rice straw before and
aer pretreatment was observed using SEM. As can be seen
from Fig. 2, the apparent structure of rice straw for CK group is
closely regulated, and there are apparently rough particle
bulges. The surface of the straw is neatly covered by siliceous
projections, silicon cells, and tethered cells, and occasional
cavities are visible. Aer freeze–thaw pretreatment, with the
decrease of freezing temperature and the prolongation of
freezing time, the particulate matter was signicantly removed.
The structure in groups A and B was destroyed to varying
degrees, and the outer surface of siliceous projections, waxes,
Fig. 3 Biogas production from the pretreated rise straws and control. (A

22646 | RSC Adv., 2018, 8, 22643–22651
and cork has been basically removed, the apparent structure
became looser, more holes appeared on the surface of solids
and the size became larger, the surface area increased accord-
ingly. The available surface area is an important factor for the
accessibility of enzyme in subsequent hydrolysis.30 The
increased surface area and the loose structure of solids aer
pretreatment allowed enzymes to penetrate more easily, absorb
faster and hydrolyze lignocellulosic materials more effectively.31

Therefore, freeze–thaw pretreatment has the potential of facil-
itating enzyme hydrolysis and then a higher methane produc-
tion can be obtained.

3.1.2. Degradations of rice straw aer pretreatment. The
composition of rice straw aer freeze–thaw pretreatment is
shown in Table 3. The C, H, and L contents decreased to varying
degrees, and the degradations of C, H, and L are 1.8–4.3%. 9.3–
): Daily biogas production; (B): accumulative biogas production.

This journal is © The Royal Society of Chemistry 2018
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27.4% and 1.2–14.5%, respectively. Notably, the reduction of C
was less than H and L, this result is different from previous
studies,29,32,33 meaning that more C, as the major source for
methane production, can be remained aer pretreatment.
During the freezing process, the swelling of water leads to the
increase of water volume, which can destroy the hydrogen
bonds in the straw, and then reduce the degree of polymeriza-
tion, which is benecial for the dissolution of the polymer, the
dense and hard lignocellulose thereby becomes loose. The
internal area of samples and the volume of holes are conducive
to the attachment, growth and reproduction of microorgan-
isms,34 this will be signicant for the biomass conversion and
thereby the improvement of methane production.

3.2. Anaerobic digestion

3.2.1. Biogas production. The effect of different freezing
conditions on the daily biogas production is shown in Fig. 3A. It
Fig. 4 Methane content from the pretreated rise straws and control. (A)

This journal is © The Royal Society of Chemistry 2018
can be seen that there are peaks of biogas production appeared
for group-A and -B. In group A, the peak of biogas production
occurred on the 13th day, the values were A1: 9.8 mL g�1 TS, A2:
10.0 mL g�1 TS, and A3: 10.9 mL g�1 TS, respectively. However,
the peak in group B appeared on the 9th day, the values of peak
were B1:11.0 mL g�1 TS, B2: 11.2 mL g�1 TS, B3: 11.3 mL g�1 TS,
which was 5 days earlier compared with group A, It can be
observed that the lower the temperature is, the sooner the peak
comes, and the higher the peak reaches. However, for control,
the level of daily biogas production was the lowest among all the
tests, this is due to the complex structure of raw samples which
can not be easily utilized by microbes for biogas production.
From Fig. 3B, the accumulative biogas productions for group A
were: A1: 47.4 mL g�1 TS, A2: 50.9 mL g�1 TS, and A3:
54.8 mL g�1 TS, respectively, and for group B, the accumulative
biogas production were: B1: 57.4 mL g�1 TS, B2: 58.4 mL g�1 TS,
and B3: 58.7 mL g�1 TS, respectively, which were 53.7–77.7%
: Methane content; (B): average methane production.

RSC Adv., 2018, 8, 22643–22651 | 22647
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and 86.0–90.3% higher than control (30.9 mL g�1 TS), respec-
tively. It can be concluded that, at the same freezing tempera-
ture, the accumulative biogas production increased with the
extension of the freezing time. This is due to the existence of
a large number of hydroxyl groups and hydrogen bonds in the
cellulose and hemicellulose molecules of rice straw and its
intermolecular structure, which is benecial for rice straw to
hold water, but the structure of lignocellulose is dense and
contains crystalline area, making it difficult for water molecules
to permeate. However, the water volume in the lignocellulosic
structure expands aer the ice formation, and the capacity of
water holding increases with the extension of freezing time
within a certain range, which is more conducive to the increase
of gap size in samples, the increase of area for microorganisms
to attach.35 On the other hand, at the same time, the accumu-
lative biogas production increased signicantly with the
decrease of freezing temperature (p < 0.05). According to
previous studies, this is due to the lower surface temperature
compared with the internal part of lignocellulose during the
freezing process.35 As the freezing temperature decreases, the
volume of free water in the surface pores rst expands, and the
water molecule in the pores needs to overcome the viscous
resistance while moving, the resulted pressure gradients of
water have a signicant destruction on the lignocellulosic
structure.35 The adsorption of the water molecule occurs only in
the amorphous region of the cellulose, so the bound water that
forms hydrogen bonds with hydroxyl groups in the amorphous
region of cellulose, the internal volume of lignocellulosic
structure will increase due to the decrease of cohesion, the
solids will become so, and swelling will occur.36 Destroying the
lignocellulosic structure of rice straw through the water volume
expansion technology resulted by freeze is benecial for the
improvement of biogas production.

3.2.2. Methane content. Fig. 4A shows the trends of
methane content and Fig. 4B shows the average methane
content.

From Fig. 4A, the methane content of group A showed
a trend of increasing rst and then decreasing followed by
Fig. 5 pH value variation of the pretreated rise straws and control durin

22648 | RSC Adv., 2018, 8, 22643–22651
a stable status. The methane contents peaked on the 13th day,
which were: A1: 59.5%, A2: 59.1%, A3: 62.7%, respectively, and
began to decrease whereaer, and the methane content
remained over 40%. According to Fig. 4B, the average methane
contents were: A1: 40.0%, A2: 40.5%, and A3: 42.2%, which was
88.8–99.1% higher than CK (21.2%). The peak in group B
appeared on the 9th day and 4 days earlier than that in group A
(Fig. 4A), the values of peak were: B1: 62.4%, B2: 64.2%, B3:
65.6%, respectively, the methane content remained over 35%.
The average methane contents were: B1: 44.2%, B2: 45.7%, B3:
46.0% (Fig. 4B), which were 108.6–117.2% higher than that of
CK. The average methane content for CK remained the lowest
level throughout the AD process and the highest value was only
32.5%. Straw is rich in cellulose, hemicellulose and lignin, this
three components are intertwined and form a sturdy spatial
structure that is not easily decomposed by microorganisms and
enzymes.37 General comminution can't provide sufficient
attachment sites for microorganisms, the wax coating on the
solids surface even make microorganisms more difficult to
decompose the straw.38 In addition, the moisture content of raw
straw is only 5%, which lead to oating and crusting problems
during the AD process, making CK not function well.

The increasing trends of average methane content in groups
A and B are in line with the growth curve of methanogens.
Methanogens are the only group of microorganisms that mainly
produce methane under anaerobic conditions. They convert
a few low-carbon compounds into methane with obtaining
energy for their growth. Methanogens cannot use complex
organic matter and can only use the intermediates or nal
metabolites produced by other groups of microorganisms for
their growth and breeding. Therefore, in the early stage of AD,
the proliferation rate is much lower than that of acid-producing
bacteria. From Fig. 4A, it can be seen that the methane contents
for groups A and B and CK in the rst 3 days were low. At this
time, acid-producing bacteria was dominant in the AD system.
The pH decreased signicantly along with the increase in
metabolism of aerobic acid-producing bacteria (Fig. 5), which
further inhibited the growth and reproduction of methanogens.
g anaerobic digestion.

This journal is © The Royal Society of Chemistry 2018
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With the consumption of oxygen in the AD system and the
increase of reducing substances, the redox potential dropped
rapidly, the number of the bacteria decreased sharply and the
number of anaerobes began to increase signicantly.39 At this
time, the number of methanogens, anammox bacteria, and
anaerobic acid-producing bacteria reached the peak value.40

The rapid proliferation of methanogens is a main reason to the
rapid increase of methane content. Following the 9–13th day,
the growth of methanogens enters a stable period, meaning the
balance between the increase rate of methanogens and the
mortality rate occur, the methane content in the AD system
remains in a relatively stable range. Aerwards, the methane
contents began to drop due to the depletion of easily decom-
posable substrates.
Fig. 6 Methane production from the pretreated rise straws and control

This journal is © The Royal Society of Chemistry 2018
3.2.3. pH changes. pH value for a normal AD system is 6–8,
and the optimum pH value is 7.0.41 In an AD system with lower
pH, biogas fermentation microorganisms need more energy to
pump protons out of the cell body to maintain its cytoplasmic in
the neutral pH range, which will cause the decline of biological
metabolic rate.42 The feedstock for groups A and B prior to AD
was neutral. Aer start-up of AD, the pH of AD system quickly
dropped and even fell to 6.3 (B3), because carbon-rich
compounds such as rice straw are prone to acidication
during AD process (Fig. 5).43 In addition, the grow rate of
methanogenic bacteria is lower than those of fermentative and
acetogenic bacteria, therefore methanogenic bacteria are
sensitive to changes in the growth environment.44 Therefore, as
can be seen from Fig. 5, within the rst 3 days of AD, the daily
. (A): Daily methane production; (B): total methane production.
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biogas production maintained at a low level (#1.3 mL g�1 TS)
with the decrease of pH value. pH for groups A and B began to
recover steadily from the 4th day onwards. The methanogens
increased along with the proceeding of AD and began to
increasingly use the metabolites (mainly acetic acid)
produced by aerobic microbial, the pH of AD system gradually
recovered accordingly and maintained in a alkaline level.45

Compared with CK, groups A and B could more quickly
complete the hydrolysis and acidication stage and enter the
methanogenic stage, indicating that the freeze–thaw
pretreatment plays a key role in relieving excessive acidica-
tion during AD process.

3.2.4. Methane production. As shown in Fig. 6A and B, the
trends of daily methane production and total methane
production for groups A and B and CK are similar to that of daily
biogas production and average methane content. In addition to
the accumulative biogas production and average methane
content as aforementioned, total methane production can be
used for directly evaluating the efficiency of energy conversion
from biomass. In this study, the total methane production for
groups A and B and CK were A1: 22.8 mL g�1 TS, A2: 24.7 mL g�1

TS, A3: 27.8 mL g�1 TS; B1: 29.9 mL g�1 TS, B2: 31.3 mL g�1 TS,
B3: 32.0 mL g�1 TS; 7.6 mL g�1 TS, respectively (Fig. 6B).
Compared with CK, the increases of groups A and B were 200.0–
265.8%, 293.4–321.1%, respectively. The maximum of total
methane production was obtained at conditions of �20 �C and
48 h. Therefore, the pretreatment proposed in this study
signicantly enhanced the biomass conversion with up to
321.1% increase of methane production, which is benecial for
improving the applicability of AD technique.

The technical digestion time (T80) can be used to indicate the
biodegradability of the substrate.46,47 T80 is the time required to
reach 80% of total gas production.48,49 The AD in this study
lasted for 27 days. T80 values for groups A and B and CK were A1:
15 days, A2: 15 days, A3: 15 days; B1: 15 days, B2: 15 days, B3: 15
days; 23 days, respectively. Therefore, T80 for groups A and B
aer pretreatment was shortened by 8 days (p < 0.05), which
means the proceeding of AD was signicantly accelerated by the
pretreatment, and a certain amount of biomass can be anaer-
obically converted to bioenergy with shorter time.

As a result, the pretreatment helped signicantly improving
the methane production and accelerating the proceeding of AD.
4. Conclusion

The low temperature freeze–thaw pretreatment proposed herein
enhanced the AD efficiency: the total methane productions at
�4 �C and �20 �C were 200.0–265.8%, 293.4–321.1% higher,
respectively, compared with CK (7.6 mL g�1 TS). Compared with
CK (21.2%), the average methane contents for groups A and B
were 88.8–99.1% and 108.6%–117.2% higher, respectively. The
lower the pretreatment temperature was, the sooner the peak of
biogas production came, the higher the peak value reached. pH
of AD system rebounded more quickly, which played a key role
in relieving the over-acidication that usually occur during AD
process.
22650 | RSC Adv., 2018, 8, 22643–22651
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11 M. Quéméneur, J. Hamelin, A. Barakat, J.-P. Steyer,
H. Carrère and E. Trably, Int. J. Hydrogen Energy, 2012, 37,
3150–3159.

12 P. M. Christy, L. Gopinath and D. Divya, Renewable
Sustainable Energy Rev., 2014, 34, 167–173.

13 S. Van Kuijk, A. Sonnenberg, J. Baars, W. Hendriks and
J. Cone, Biotechnol. Adv., 2015, 33, 191–202.

14 X. Li, J. Zhao, D. Wang, Q. Yang, Q. Xu, Y. Deng, W. Yang and
G. Zeng, Chemosphere, 2016, 144, 160–167.

15 M. Mora-Pale, L. Meli, T. V. Doherty, R. J. Linhardt and
J. S. Dordick, Biotechnol. Bioeng., 2011, 108, 1229–1245.

16 J. Müller, Water Sci. Technol., 2001, 44, 121–128.
17 A. Montusiewicz, M. Lebiocka, A. Rożej, E. Zacharska and
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