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Abstract
Wheat straw is an abundant agricultural waste that is rich in lignocellulose. However, its waxy surface, highly crystallized
structure, and limited surface area make it difficult to be hydrolyzed and used efficiently by microorganisms. Liquid hot water
(LHW) pretreatment was studied to explore the feasibility of improving the methane yield of wheat straw in anaerobic digestion
(AD). The results showed that the crosslinking structure of wheat straw was broken by LHW pretreatment. Some pores and
cracks appeared on the surface of the pretreated wheat straw, increasing the microbial attachment sites. Under different hydro-
thermal temperatures (150–225 °C) and retention times (5–60 min), the degradation of hemicellulose ranged from 27.69 to
99.07%. The maximummethane yield (201.81 mL CH4/g volatile solids) was achieved after LHW pretreatment at 175 °C for 30
min, which was a 62.9% increase compared with non-treated straw. LHWat high temperatures such as 225 °C was not suitable
for the AD of wheat straw. Methane yield results were fitted with the first-order and modified Gompertz equations to evaluate the
hydrolysis rate and inhibitory effects of the pretreated materials in AD.
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Introduction

Bioenergy from renewable sources has been widely proposed
as a solution for the depletion of fossil fuels and the pressures
of greenhouse gas emissions. Lignocellulosic biomass can be
used as renewable energy source due to its large scale, low

cost, and wide availability (Alvira et al. 2010). Wheat straw is
the second largest agricultural waste in the world and is also a
major crop residue in north China (Qian et al. 2016).
According to the data from the International Statistical
Yearbook—2017, the wheat production is 131.69 million tons
in China in 2016, and at the end of 2017, the yield of wheat
straw reached 13.47 billion tons in China (China 2018). A
small portion of wheat straw is used as animal feed or house-
hold fuel in the rural area, and the rest is usually left unused.
This is a significant waste of biomass resources, and therefore,
utilizing wheat straw for biofuel production has been increas-
ingly encouraged (Menon and Rao 2012).

The treatment of biomass through anaerobic digestion
(AD) has many advantages, such as a wide range of raw ma-
terials, diverse products (e.g., biomethane and organic fertil-
izer), environmental benefits, low-cost, and high-energy re-
covery efficiency (Chandra et al. 2012a). Because of these
characters, the AD is widely supported by the Chinese gov-
ernment. The efficiency of biogas production from AD is af-
fected by the characteristics of the raw materials. When ligno-
cellulosic materials, such as wheat straw, are used as AD feed-
stock, their complex structure becomes the major barrier to
acquire energy and improve degradation rates (Kumar et al.
2009). In order to break the recalcitrant structure that consisted
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of lignin, cellulose, and hemicellulose, and produce sugars
that can be directly utilized by fermentation microorganisms,
it is necessary to adopt efficient pretreatments on the
lignocellulose-rich substrates before feeding them to the AD
system (Sambusiti et al. 2013; Wang et al. 2018).

Nowadays, plenty of pretreatment methods have been in-
vestigated on lignocellulosic feedstock (Karagöz et al. 2012;
Yi et al. 2014), including biological, chemical, physical pro-
cesses, or a combination of them. Common methods include
steam explosion (Gang et al. 2011), hydrothermal pretreat-
ment (the liquid hot water method) (Yu-ting et al. 2016; Zi-
mu et al. 2015), acid-base pretreatment (Chandra et al. 2012b;
Ping et al. 2015), ionic liquid pretreatment (Lan et al. 2010;
Sashina et al. 2016; Yihong et al. 2017), and bio-enzymatic
hydrolysis (Zhong et al. 2011). Among them, liquid hot water
pretreatment does not need the addition of chemicals, thus
avoids the corrosion problems and decreases secondary pol-
lution. What is more, it is easy to operate and is usually con-
sidered eco-friendly, green processing technologies (Bolado-
Rodriguez et al. 2016).

There are many reports on using liquid hot water (LHW)
pretreatment of lignocellulose to improve methane yield, and
a variety of the lignocellulosic biomass has been studied, such
as sunflower stalks, sugarcane bagasse, palm oil, and grass (Yi
et al. 2014). Chandra et al. (2012b) heated wheat straw at the
condition of 200 °C for 10 min by LHW, obtaining a 20%
increase in methane productivity compared with the non-
treated straw, but they did not explore other temperatures
and retention times. According to Ferreira et al. (2013), the
optimal pretreatment conditions for wheat straw was at 200 °C
for 5 min, and the methane yield was increased by around
27% compared with the raw materials. Wang et al. (2018)
observed that the methane potential was not significantly im-
proved by heating the rice straw at different temperatures (90
°C, 150 °C, 180 °C, and 210 °C) for 15 min followed by the
LHW pretreatments, and the methane yield was even reduced
by 30% at 210 °C.

In previous studies, more attention was attributed to the
pretreatment temperature, but the pretreatment time,
which is another critical factor of LHW, has not been
commonly studied (Ahmad et al. 2018). Few studies fo-
cused on the effects of LHW on the AD performance
feeding with wheat straw, and the effect of retention time
of LHW pretreatment on methane production was not
clear. During the LHW pretreatment, various compounds
could be produced and inhibit AD microbes. These inhib-
itors included organic acids, furan derivatives (furfural
and 5-hydroxymethyl furfural (5-HMF)), and phenolic
compounds (Bolado-Rodriguez et al. 2016; Fagbohungbe
et al. 2017). Hence, it is necessary to examine the joint
effects of pretreatment temperature and retention time on
AD of wheat straw and identify the optimal pretreatment
intensity with minimal inhibitors to AD.

This study investigated the effects of LHW with different
temperatures and retention times on methanogenic perfor-
mance of wheat straw-based AD. The effects of enhancement
and inhibition were evaluated by the kinetic analysis. The
suitable hydrothermal pretreatment conditions investigated
in this study may provide a valuable reference for the appli-
cation of AD of wheat straw.

Materials and methods

Materials

The wheat strawwas collected from a farm near the Northwest
Agricultural and Forestry University at that time (34° 56′ N,
107° 69′ E). It was first washed to remove particles and then
dried in a blast drying oven at 37 °C. Based on the study of
Ferreira et al. (2014), the dried wheat straw was ground by an
agricultural crusher to particle size of 3–5 cm. Finally, the
straw was stored in a self-sealed bag in a cool and dry ware-
house. The inoculum used in this study was provided by a
mesophilic (operation temperature 35 °C) biogas plant fed
with slaughter wastewater, which is managed by the Peimin
Company (Zhouzhi County, Shaanxi, China). The TS and VS
concentrations of the inoculum were 1.01% and 0.72% (wet
basis), respectively. The TS, VS, and carbon/nitrogen (C/N)
ratio of the wheat straw were 93.06 ± 0.05%, 87.57 ± 0.01%,
and 54.56 ± 0.31, respectively. The elemental composition of
the wheat straw obtained was 42.01 ± 0.09% of carbon (C),
5.65 ± 0.12% of hydrogen (H), 40.14 ± 0.43% of oxygen (O),
and 0.77 ± 0.22% of nitrogen (N).

Pretreatments

The LHW pretreatment were conducted in a set of 500
mL batch reactors assembled from 1/3-in. 304 stainless
steel (Fig. 1). The pressure was 0.4~2.5 Mpa and the final
temperature was in the range of 150~225 °C with a
heating rate of 9 °C/min. Taking time and temperature
as experimental variables, there were in total 14 treat-
ments in this experiment, and each treatment had three
replicates (Table 1). The mass ratio (straw/water) was set
as 1:30. For the LHW pretreatment, wheat straw (5 g)
with deionized water (150 g) was loaded into each reactor
and then sealed with a cap; then, nitrogen gas was used to
purge the headspace of the reactor for 3 min. After pre-
treatment, the microwave oven stopped immediately and
cooled the material until room temperature (Fig. 1). The
aqueous phase and solids were mixed and kept in the
screw reagent bottle, and stored in the refrigerator at 4
°C before used for AD.
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Biochemical methane potential tests

After the wheat straw had been pretreated, all liquid and solid
materials were loaded in AD bottles (with an effective volume
of 400 mL) and biochemical methane potential (BMP) tests
were carried out in a thermostatic water bath at mesophilic
temperature (36 ± 2 °C). The AD experimental setup is shown
in Fig. 2. The inoculum mass fraction was 30% (based on wet
weight) and the total solid (TS) content was 3.2%. Before
starting the test, the bottles were sealed with caps which
consisted of two-hole steel sheets and rubber gaskets. In order
to ensure strict anaerobic environment in the bottles, the bottle
headspace was purged by nitrogen gas inside the gas chamber
for 2 min before the test started. A blank test was also con-
ducted without substrate addition, aiming to check the me-
thanogenic activity of the inoculum and obtain the real meth-
ane production from the straw. Raw substrate without pretreat-
ment (the control test) was used to do AD under the same
condition with the pretreatment tests. The biogas was collect-
ed directly by gas bags. The liquid samples (sampling 3 mL
each time) were taken by injectors through part no. 7 in Fig. 2.

Analytical methods

TS, volatile solids (VS), and soluble chemical oxygen de-
mands (CODs) were measured following the methods given
in Standard Methods for Examination of Water and
Wastewater (APHA et al. 2005). CODs were determined
using closed digestion by method 5220D. The pH values were
measured using a pHmeter (DZS-706, LeiCi). The contents of
hemicellulose, cellulose, and lignin were determined by
ANKOM A220, and were calculated according to Van Soest
method (Vansoest 1992). A scanning electron microscope
(TM-300V, Hitachi, Japan) was used to determine the biomass

structure after pretreatment. Biogas composition was mea-
sured by gas chromatograph (SHIMADZU GC-2014C). The
temperatures of the TCD inlet and the oven were 100 °C and
90 °C, respectively, and the helium was used as the carrier gas
with a flowrate of 30 mL/min.

Determination of kinetic parameters

The kinetics of the methane production was fitted to the first
order model (Eq. (1)) and the modified Gompertz equation
(Eq. (2)). The first-order kinetic equation had been success-
fully applied to simulate the AD process in some previous
reports on anaerobic biodegradability tests (Wei et al. 2018).
Therefore, the obtained first-order hydrolysis constant was
used to judge whether the hydrolysis reaction was the rate-
limiting step of the whole process (Ferreira et al. 2013). When
an inhibitory behavior was observed in AD, the modified
Gompertz model could describe the cumulative methane pro-
duction in batch assays (Bolado-Rodriguez et al. 2016):

B ¼ B0 1−exp −KHtð Þ½ � ð1Þ

B ¼ B0exp −exp
Rme
B0

�
λ−t

� �
þ 1

� �� �
ð2Þ

Fig. 1 The illustration of the
hydrothermal reactor. (1)
Elevating device. (2) Motor. (3)
Pressure meter. (4) Reactor. (5)
String device. (6) Foundation. (7)
Controller. (8) Helium gas

Table 1 Pretreatment
conditions of the
hydrothermal
pretreatment

Temperature (°C) Retention time (min)

5 30 60

150 H1 H2 H3

175 H4 H5 H6

200 H7 H8 H9

225 H10 H11 H12
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In these two equations, B is the cumulative methane pro-
duction (mL CH4/g VS); B0 represents the methane produc-
tion potential (mL CH4/g VS, related to the substrate biode-
gradability); KH is the hydrolysis rate coefficient (d-1); λ is the
lag time (d); t is the time of the assay (d); and the maximum
biogas production rate is Rm (mL CH4/g VS d). B0, Rm, and λ
were used to evaluate the biogas production characteristics of
the AD system.

Results and discussion

Effects of LHW pretreatments on the structure
of wheat straw

Wheat straw is a complex mixture of cellulose, hemicellu-
lose, and lignin. Cellulose and hemicellulose are macromo-
lecular polysaccharide polymers that can be converted into
sugars during hydrolysis (Prasad et al. 2007). Its waxy
surface, highly crystallized stable structure, and limited
available surface area made it difficult to get adhesion by
microorganisms and be hydrolyzed (Feng 2010). It is im-
possible to decompose the dense thick-walled cell tissues
by microbes in a short period of time, and thus, the ligno-
cellulose cannot be effectively utilized.

The internal appearance of the pretreated wheat straw un-
der different hydrothermal conditions was examined by the
scanning electron microscope, as shown in Fig. 3. The figure
shows that under the same retention time, with the increase of
hydrothermal temperature, the dense grid-like skeleton struc-
ture of wheat straw gradually cracked, and pores and cracks
gradually appear on the surface of biomass. The dense skeletal
structure of lignocellulose was broken, and the specific sur-
face area increased by this mechanical fracture, which was
more favorable for the microbes to adhere and the degradation
rate of lignocellulose was increased. At the same temperature,

Fig. 2 Schematic of AD device. (1) Constant temperature water bath
shaker. (2) Temperature sensor. (3) Electronic temperature display. (4)
Temperature sensor module. (5) AD reactor (the screw reagent bottle).
(6) Water stop clamp. (7) Liquid sampling conduit. (8) Gas collection
conduit. (9) Gas collecting bag. (10) Water stop clamp. (11) Gas bag with
double pass valve

H1

H2

H3

H4

H5

H6

H7

H8

H9

H10

H11

H12

Fig. 3 SEM photographs of pretreated wheat straw by liquid hot water
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the same phenomenon occurred with the extension of the re-
tention time, and both temperature and retention time could
affect the decomposition of lignocellulose. With the increas-
ing temperature and the prolonging retention time, the cross-
linking structure of wheat straw gradually collapsed. For ex-
ample, the structure of the biomass in test H12 was seriously
damaged and collapsed, and the grid-like structure could not
be observed. Small spherical aggregates appeared on the sur-
face of wheat straw at test H8. From test H8 to test H12, as the
conditions changed, the number and volume of spherical
aggregates increased. Selig et al. (2007) and Donohoe et al.
(2008) also observed the spheroids on the surface of maize
straw during the pretreated process. These spheroids were
termed pseudo-lignin formed by lignin melting and transfer-
ring out of the cell wall under high-temperature conditions and
then condensing during cooling (Donohoe et al. 2008; Ma
et al. 2015; Shinde et al. 2018).

The changes of lignocellulose contents on wheat straw
under different hydrothermal pretreatment conditions are
shown in Table 2. The results showed that the hemicel-
lulose degradation of the pretreated wheat straw was in-
creased by 27.69–99.07% with the increases of tempera-
ture and retention time. At higher temperatures, water
molecule was ionized and produced more H+ and OH−,
and the H+ accelerate the hydrolysis rate of hemicellu-
lose and part of cellulose, which made hemicellulose
dissociate from original structure through decarboxyl-
ation reaction and formed acetate in the aqueous solution
eventually. Acetates along with H+ promoted hemicellu-
lose to convert into xylol oligosaccharides and xylose in
turn. As is reported before, hemicellulose and some cel-
lulose are hydrolyzed by catalysis of H+, causing the

decarboxylation of hemicellulose to dissolve and over-
flow into aqueous solution to form acetic acid; then,
H+ and acetic acid co-catalyze the hydrolysis of hemicel-
lulose to xylooligosaccharides and xylose (Cara et al.
2007; Wan and Li 2011). So, the steric hindrance of
cellulose to enzymes was eliminated, and the enzymatic
efficiency was improved (Yu-ting et al. 2016), which
might have a certain positive effect on AD.

During the hydrothermal pretreatment process, the lig-
nin and cellulose of wheat straw were also degraded. For
all the tests, the relative fraction of lignin increased prob-
ably because of the decreasing hemicellulose content. The
degradation of lignin in four low-intensity tests (H1, H2,
H4, and H5) was quite low (1.53–5.52%), indicating that
hydrothermal pretreatment in low temperature and short
retention time could not significantly remove lignin. For
tests H7, H8, H9, H10, and H11, the degradation rate of
lignin did not increase but decrease, and the reason might
be mainly due to the formation of pseudo-lignin under
severe conditions (high temperature and long retention
time) (Brownell and Saddler 1987). This was consistent
with the observation of microspheres shown in Fig. 3 by
an electron microscope. Selig et al. (2007) believed that
these attachments of microsphere could enhance the steric
hindrance of cellulase and reduce the enzymatic efficiency.
Although the cellulose content also increased partially, the
degradation of cellulose reached 24.51–80.24%. The ex-
perimental results indicated that the hydrothermal pretreat-
ment broke the compact structure of wheat straw and in-
creased the surface porosity. The destroyed lignocellulose
was more easily degraded into short-chain molecules, and
this should have a positive effect on the AD process.

Table 2 Lignocellulosic composition of untreated and pretreated wheat straw by liquid hot water

Test Pretreatment conditions Yield of solids Components mass fraction (%) Components degradation (%)

T/°C t/min w/w (%) Hemicellulose Cellulose Lignin Hemicellulose Cellulose Lignin

Control – – 1 26.15 39.77 21.61 – – –

H1 150 5 77.78 24.31 38.60 26.25 27.69 24.51 5.52

H2 150 30 69.35 23.91 37.08 29.75 36.59 35.34 4.53

H3 150 60 60.47 22.82 40.58 28.81 47.23 38.30 19.39

H4 175 5 57.67 19.61 34.87 36.9 56.76 49.44 1.53

H5 175 30 54.11 5.24 32.61 37.79 89.16 55.63 5.37

H6 175 60 49.46 2.19 43.82 28.94 95.86 45.50 33.76

H7 200 5 39.68 6.96 38.37 32.06 89.44 61.72 41.13

H8 200 30 36.60 3.75 43.52 35.98 94.75 59.95 39.06

H9 200 60 35.80 2.79 44.87 36.69 96.61 64.12 39.22

H10 225 5 38.47 2.77 42.14 29.22 96.35 63.48 47.98

H11 225 30 36.27 2.73 37.83 35.37 96.21 65.50 40.64

H12 225 60 21.50 1.13 36.56 37.78 99.07 80.24 62.41
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Effects of LHW pretreatments on the AD of wheat
straw

Methane production

The overall effects of different pretreatment conditions on AD
are summarized in Fig. 4. The experimental results showed
that the methane productions of five tests whichwere conduct-
ed under high temperatures (H6, H9, H10, H11, and H12)
were lower than that of the control, while methane produc-
tions of other groups were all higher than the control.
Generally, the methane yield decreased with the increase of
pretreatment time at all pretreatment temperatures, except for
that with 30-min pretreatment time. The optimal methane
yield was obtained at 175 °C, which was also the highest
methane yield obtained within all treatments. With the rela-
tively mild pretreatment temperature, the methane yield first
increased with pretreatment temperature, then decreased after
the time was longer than 30 min. However, at high tempera-
tures of 200 °C and 225 °C, methane yield decreased with
pretreatment time, probably due to the increasing production
of inhibitors and pseudo-lignin.

Carbohydrates from lignocellulose hydrolysis can be easily
d e g r a d e d i n t o i n h i b i t o r s ( s u c h a s f u r f u r a l ,
hydroxymethylfurfural (HMF), and phenol) under a high-
temperature condition, and the increase of temperature can
enrich the types of inhibitors in the AD system (Brownell
et al. 2010; Laser et al. 2002). What is more, these inhibitors
could be further degraded into carbon-rich aromatic structures,
which were viewed as the key intermediates to form pseudo-
lignin (Shinde et al. 2018). Usually, the formation of pseudo-
lignin is detrimental to enzymatic hydrolysis and biological
conversion (Sannigrahi et al. 2011; Shinde et al. 2018; Zhuang
et al. 2017); however, the methane yields of most pretreated
groups were higher than the control. Among all tests, the
optimum condition was test H5, which increased the methane

yield by 62.9% (from 124.51 to 202.81 mL CH4/g VS). For
tests H2, H1, H3, H4, H7, and H8, the LHW pretreatment
enhanced methane production by 16.5–40.8%.

The dynamics of methane production was shown in Fig. 5.
Changes of daily methane production from untreated and
pretreated wheat straw by LHW are shown in Fig. 5a–c. The
hydrothermally pretreated wheat straw started to produce
methane on the first day, and all the teats had a peak period
of methane production in the first 4 days. On the 6th day, the
methane production in pretreatment tests was at a low ebb, and
then came a small peak. It could be inferred that the methane
production characteristics of treated wheat straw showed two
stages: rapid biogas production and slow biogas production.
This result was similar to the result reported by Qiao et al.
(2018), who found that liquid part of chicken manure had a
faster methane production than solid part. The reason for this
phenomenon was that there were sugars and some organic
acids in the liquid after pretreatment which can be directly
utilized by microbes. The acidogenesis of sugars was faster,
and acetic acid could be directly used by methanogens as
substrates to produce methane. So, the substrate utilization
efficiency of the microorganisms was improved. The lignocel-
lulose degradation of the test H1 was the lowest, and the
biogas production cycle was close to that of the control (42
days). Some tests (H2, H4, H6, H8, H9, and H11) ended on
the 19th day, and the test H12 ended on the 16th day.
Comparing with the control, the time of AD was shortened
by 23 days and 26 days, respectively.

In all pretreatment test groups, the first peak of
methanogenesis appeared in test H5 on day 2, which also
was the only peak of the whole AD process. The second ear-
liest peak appeared in H11 on the 12th day, probably because
the microorganisms were inhibited from hydrolyzed interme-
diates of lignocellulosic at the early stage, and then the
methanogenesis was increased due to the enhanced tolerance
of microorganisms. Barakat et al. (2012) demonstrated the
adaptability of microbial consortia to inhibitors. From the
methane production fluctuations of all groups, the
methanogenesis of H6, H9, and H12 was not active compared
with other groups, probably due to the long pretreatment time
(60 min).

For the 5-min pretreatment, in the first 12 days of AD, the
cumulative methane production of H1 was significantly lower
than that in H7 and H4, but it began to catch up and surpass
others from 14 days. The cumulative methane yield of the test
H10was the lowest. These indicated that the decomposition of
lignocellulose at 150 °C (H1) was lower than the decomposi-
tion at high temperature with the pretreatment duration of 5
min. Therefore, the concentrations of sugars and acetic acid in
the liquid phase were lower, causing a lower rate of
methanogenesis at the early stage. Wheat straws pretreated
at 175 °C and 200 °C were easy to be attacked and degraded
by microorganisms and surely had a faster methane
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Fig. 4 Overall methane production from wheat straw with different
hydrothermal pretreatment conditions
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production rate, because the complex structures of lignocellu-
lose were broken more thoroughly than at 150 °C. Under the
5-min treatment, compared with the other temperatures, the
degradation of lignocellulose at 150 °Cwas the smallest, caus-
ing scarce inhibitors and less available organics. Although the
hydrolysis and acidogenesis of the organics in the early stage
were slow, the cumulative methane production was higher
than other treatment groups. There were no significant differ-
ences in cumulative methane yield after the three treatment
retention times in the range of 5–60 min at 150 °C, but the
rate of methanogenesis was higher with longer treated time.
Therefore, prolonging the retention time for lower temperature
conditions was more conducive to the AD process.

Under the retention time of 30min, the methane production
of H5 was the highest. Except for H11, the cumulative meth-
ane productions of the other 3 experimental groups which
were pretreated for 30 min were higher than those pretreated
for 5 min under the same pretreatment condition. This result
could be explained by the increased pretreatment time from 5

to 30 min, which increased the adsorption of water molecular
of hydroxyl in amorphous areas of wheat straw, and resulting
in the swelling in crystalline areas, and destroyed both the
amorphous area and the crystalline area of wheat straw
(Yuanfang et al. 2017). After pretreatment, lignocellulosic
was easier to be converted into shorter chain organic mole-
cules and was easy to be accessed by fermentation microor-
ganisms (Ran et al. 2018), so more methane was produced.

Under the retention time of 60 min, the total methane pro-
duction in each experimental group showed a decreasing trend
with the increase of pretreatment temperature. Studies have
shown that within 1 h under high-temperature conditions,
the dissolved lignin re-adsorbed to the surface of the raw ma-
terial and formed pseudo-lignin (Borrega et al. 2011; Mašura
1987). Pseudo-lignin increased the steric hindrance of cellu-
lase and affected the enzymatic efficiency, thereby affecting
AD efficiency, such as in the tests H6, H9, and H12. In addi-
tion, prolonging the retention time at high temperatures
caused greater degree of degradation of xylan and increased
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the yield of furfural that inhibits the microbial activity. With
the hydrothermal treatment at 180 °C for 20 min, a trace
amount of furfural existed in the liquid, and by increasing
temperature, 5-hydroxymethylfurfural (5-HMF) began to ap-
pear at 200 °C (Zi-mu et al. 2015). Barakat et al. (2012) sug-
gested that the 5-HMF was easier to inhibit the microbial
activity of AD than furfural was. Therefore, at 60 min, not
only the concentrations of inhibitors increased with the in-
creasing temperature, but also the types of inhibitors rose,
which were not conducive to methanogenesis.

CODs and pH

CODs can be used to indicate the amount of organic matter in
the solution. Figure 6 shows the changes in COD concentra-
tions and pH of each AD test. Due to the different reaction

rates, H2, H4, H6, H8, H9, and H11 stopped producing gas on
the 19th day, and the test H12 ended at the 16th day.

In the first 4 days, COD concentrations showed a decreas-
ing trend (Fig. 6a, c, e), which was in accordance to the pH
drop (Fig. 6b, d, f) and methanogenesis (Fig. 5). This phenom-
enon indicated that organic matter was consumed in large
quantities in the first 4 days. After that, the COD concentra-
tions rose slightly, and then decreased slowly, probably due to
the substrate decomposition, and the intermediates were then
consumed by microorganisms. However, due to the absence
of aerobic microorganisms in AD, the COD concentration in
liquid was still at a high level (Fig. 6). During our experiment,
the removal rate of COD concentration was only between
17.52 and 85.32%. In literature, Yong et al. (2017) used mu-
nicipal solid waste as the substrate and achieved a removal
rate of 93.42%. This high removal rate of CODs might be due
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Fig. 6 Changes of CODs in AD
for different pretreatment
condition. aChanges of CODs for
5-min treatment. bChanges of pH
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CODs for 30-min treatment. d
Changes of pH for 30-min treat-
ment. e Changes of CODs for 60-
min treatment. f Changes of pH
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to the different initial substrate concentrations and the exoge-
nous additives.

During the AD process, the pH values of the solution of
each test were first decreased and then increased subsequently,
and the pH of the control (raw material without pretreatment)
was higher than the pretreated group within the first 8 days.
On the one hand, hemicellulose decomposed to sugars and
acetic acid via hydrothermal pretreatment (Montané et al.
2006), and acetic acid made the initial pH of the pretreated
groups lower than that of the control. On the other hand, the
rapid hydrolysis of sugars caused the pH to drop, and the
utilization rate of the acetic acid by the microorganism was
lower than the rate it produced. However, no acidification
during AD was observed, attributing to the low initial sub-
strate loading. With the growth and metabolism of microor-
ganisms, the concentration of organic acids in the liquid was
reduced and the acid production rate was low (figure not
shown), which could lead the pH to gradually increase until
the end of the AD reaction.

Kinetics analysis

The relationship of microorganisms with the degradation of
substrates and the metabolic intermediates could be studied by
kinetic analysis (Donoso-Bravo et al. 2010; Li et al. 2018). In
this paper, the modified Gompertz model and the first-order
kinetic model were tested to fit the methane production

experimental results. Table 3 shows the detailed kinetic pa-
rameters of the models.

The first-order kinetic equation was applicable to the hy-
drolysis stage of the AD process. The larger the KH value is,
the faster the hydrolytic metabolism of the organic substrate
by the microorganism will be (Li et al. 2015). Test H5 had the
largest KH (0.330) and the maximum methane production in
all tests. The KH from the control was only 0.027, confirming
that the hydrolysis rate of AD was increased by hydrothermal
pretreatment. It also indicated that the hydrolysis rate might
have limited the AD of wheat straw, which was in accordance
with the results from Ferreira et al. (2013) and Bolado-
Rodríguez et al. (2016). The first-order rate constant of AD
of wheat straw after hydrothermal pretreatment reached 0.330,
which also demonstrated that hydrolysis is not the rate-
limiting step in AD after hydrothermal pretreatment.

Good simulation results for AD of pretreated wheat straw
were obtained from the modified Gompertz model, indicated
by the high R2 values from 0.94 to 0.99. The value of λ
reflected the speed of the start-up stage in the AD process
and the degree of inhibition at the initial stage. The lower
value means a shorter lag time and a faster rate of anaerobic
degradation (Koch et al. 2015). Some λ values appeared to be
negative, which was changed into zero in order to make it
suitable to the reality. The short lag time indicated a very fast
AD process, which is contributed by the effective pretreatment
and the large amount of inoculum added. Tests H10~H12 had

Table 3 Kinetic model and
parameters of fitting equations of
cumulative methane production
from raw and pretreated wheat
straw

Tests First order model Modified Gompertz model

KH (day−1) R2 B0 (mL/g VS) Rm
(mL/g−1 VS day−1)

λ (day) R2

H1 0.079 0.9769 172.9 7.9 − 2.234 0.9851

H2 0.229 0.9613 175.4 16.9 − 2.055 0.9557

H3 0.238 0.9674 164.4 18.9 − 1.368 0.9516

H4 0.228 0.9747 159.8 18.9 − 1.097 0.9566

H5 0.330 0.9713 195.8 49.2 0.205 0.9784

H6 0.211 0.9599 91.6 13.2 − 0.201 0.9448

H7 0.151 0.9919 144.6 12.1 − 1.265 0.9848

H8 0.198 0.9782 143.2 21.0 0.150 0.9862

H9 0.123 0.9406 76.4 9.2 1.470 0.9924

H10 0.006 0.9641 93.2 4.2 4.190 0.9933

H11 0.048 0.8335 69.6 15.9 7.900 0.9895

H12 0.085 0.8855 42.6 6.6 4.173 0.9873

Control 0.027 0.9777 126.2 5.4 1.628 0.9906

B0, methane production potential; KH, hydrolysis coefficient in the first order kinetic model (Eq. (1)); λ, lag time
(Eq. (2)); Rm, the maximum biogas production rate (Eq. (2)); R2 , coefficient of determination

1. Temperature and time were studied for liquid hot water (LHW) pretreatment. 2. Optimal LHW pretreatment
condition for wheat straw was 30 min at 175 °C. 3. LHW pretreatment above 225 °C inhibited the subsequent
methane production. 4. First-order model evidenced enhancement of hydrolysis during AD. 5. Modified
Gompertz model indicated the production of inhibitors from LHW
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longer lag time than control (tests H10~H12 compared with
the control by λ), indicating significant inhibitions compared
with the control. The lag time of other tests was shorter than
the control, which revealed that the AD process was acceler-
ated, and the adaptability of microorganisms to AD was en-
hanced. The maximummethanogenic rate obtained by the test
H5 was 49.2 mL/ (g VS day), which was the optimal level in
this research. Therefore, the parameters obtained from test H5
can be recommended as the optimal pretreatment condition of
LHW for wheat straw in AD.

According to the two kinetic models, all hydrothermal pre-
treatment conditions of wheat straw increased the hydrolysis
rate of organic substrate and the maximum reaction rate (ex-
cept for H10). However, it did not necessarily increase the
yield of methane or reduce the lag phase time, probably due
to the inhibitors produced during pretreatment.

Conclusions

The increasing intensity of LHW pretreatment (temperatures
from 150 to 225 °C and retention times from 5 to 60 min)
gradually broke the highly crystallized structure of wheat
straw with holes and cracks appeared on the surface. At the
same time, the degradation rate of hemicellulose increased by
27.69–99.07%. The AD of pretreated wheat straw was short-
ened after pretreatment, and thermal pretreatment between
150 and 200 °C and retention times between 5 and 60 min
enhanced the methane production by 16.5–62.9%, with the
optimum condition appeared at 175 °C and 30 min. The effect
of LHW pretreatment at 225 °C was negative to AD at any
pretreatment time. First-order model indicated that LHW pre-
treatment at all conditions increased the rate of hydrolysis in
AD, and the modified Gompertz model successfully modeled
the inhibitions occurred during AD.
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