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Thermal-alkali and Enzymes for Efficient Biomethane
Production from Co-digestion of Corn straw and Cattle
Manure
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This research evaluated a sequential process of thermal-alkali
pretreatment, enzymatic hydrolysis, and anaerobic co-digestion applied
on a mixture of corn straw (CS) and cattle manure (CM). The results
showed that the optimal conditions of thermo-alkaline pretreatment were
a Ca(OH)2 dosage of 1.5% and temperature of 120 °C. The optimal
conditions of enzymatic hydrolysis in terms of cellulase loading,
operational time, and protease loading were determined. Co-digestion
with enzymes and thermal-alkali pretreatment achieved the highest
methane yield of 0.41 m 3 kg-1-VS from the liquid of hydrolysates. An
maximum applicable organic loading rate (OLR) of 13.7 kg-SCOD m-3 d-1
was found with a soluble chemical oxygen demand (SCOD) removal of
96.4% in an expanded granular sludge blanket (EGSB) reactor. The
optimization of conditions could lead to the industrial-scale treatment of
organic solids with a high energy yield and efficiency.
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INTRODUCTION
Renewable energy has received worldwide attention because of the growing energy
needs and increasing environmental pollution (Ding et al. 2012; Wang et al. 2015; Hassan
et al. 2017; Yuan et al. 2019). Methane as a high-energy fuel (39829 kJ/m3) can be biogenerated from the anaerobic digestion (AD) of agricultural residues and livestock manure,
such as lignocellulosic-rich corn straw and nutrient-rich cattle manure (Song and Zhang
2015; Wei et al. 2015; Yang et al. 2017). Agricultural residues are treated by various
methods for production of energy and animal feed, but the utilization rate is less than 50%
(Yuan et al. 2015; Tsapekos et al. 2017). Livestock manure is often used as a fertilizer for
agricultural fields (Yuan et al. 2015; Haase et al. 2017; Tsapekos et al. 2017). However,
the improper disposal of biowaste is a misuse of resources and source of pollution (Song
et al. 2018). The AD process offers a potential way of converting biowaste into biomethane,
which meets growing energy needs and reduces environmental concerns (Zhang et al. 2015;
Yuan et al. (2019). “Methane from corn straw,” BioResources 14(3), 5422-5437.
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Yuan et al. 2019).
Anaerobic co-digestion (AcoD) of agricultural residues with livestock manure has
attracted increasing attention because of its technological and economic benefits (Mehryar
et al. 2017; Neshat et al. 2017). The AcoD process regulates nutrient balance, carbon to
nitrogen ratio, and buffering ability, eventually improving the biomethane yield (Wei et al.
2015; Awais et al. 2018). Methane production from the AcoD of plant residues with animal
manure is 0.5 to 3 times that from the AD of a single feedstock (Song and Zhang 2015).
The intensive farms, which are usually surrounded by crop fields, can offer sufficient raw
materials for the AcoD process (Wang et al. 2018). However, hydrolysis is a slow process
in the AcoD of plant and livestock wastes. Lignin and crude protein are difficult for
fermentative bacteria to utilize directly during the hydrolysis process, due to their complex
and recalcitrant structures. Pretreatments, which can include mechanical breaking and
physicochemical methods, have been investigated for promoting hydrolysis (Song and
Zhang 2015; Zhang et al. 2016; Yang et al. 2017). Mechanical pretreatments such as
grinding and extrusion are an efficient way to increase the surface area and decrease the
crystallinity of lignocellulosic biomass (Kalamaras and Kotsopoulos 2014).
Physicochemical pretreatment opens the chemical bonds between lignin and other
macromolecular organic compounds (such as cellulose, hemicellulose, and protein) in raw
materials (Krishania et al. 2013).
A combined process of enzymatic hydrolysis and liquid AD is a prospective way
to obtain bioenergy from biowastes (Wang et al. 2015; Yuan et al. 2019). After
physicochemical pretreatment, the remaining organic solids can be accessed by specific
hydrolytic enzymes, producing a large amount of saccharides and other organics from
cellulose and protein into liquid hydrolysates (Wang et al. 2015; Yuan et al. 2019). For
example, Wang et al. (2015) introduced an integrated process of enzymatic hydrolysis and
liquid AD for the methanization of brewers’ spent grain, achieving double the methane
production compared with direct AD of raw material. Nkemka and Murto (2013) conducted
AD of liquid hydrolysates from crop stalk after pre-hydrolysis in an upflow anaerobic
sludge bed reactor, which is used for organic wastewater treatment. Obata et al. (2015)
found that chemical-enzyme treatment showed a better performance on the hydrolysis of
seaweed when compared with chemical only treatment. Jin et al. (2016) reported that the
reducing sugar yield of catalpa sawdust was increased by 1185.7% under the optimal
condition of thermal-Ca(OH)2 pretreatment and enzymatic hydrolysis. In summary,
previous research has concentrated on applying enzymatic hydrolysis to a single feedstock,
such as plant residues or animal manure, for bioenergy production (Cekmecelioglu and
Uncu 2013; Odnell et al. 2016; Abada et al. 2018). However, the application of enzymatic
hydrolysis to a mixed feedstock for biomethane production has not been reported.
The aim of this study was to evaluate a sequential process of thermal-alkali
pretreatment, enzymatic hydrolysis, and anaerobic co-digestion applied on the mixture of
corn straw (CS) and cattle manure (CM). First, the optimal conditions of thermal-alkali
pretreatment and enzymatic hydrolysis were examined. The effects of thermal-alkali
pretreatment and enzymatic hydrolysis on the methane potential (for characterizing a
substrate’s influence on the anaerobic digestion process) were evaluated by a series of tests.
The liquid hydrolysates with different organic loading rate (OLR) were continuously fed
into an expanded granular sludge blanket (EGSB) reactor to examine the methane yield.
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EXPERIMENTAL
Raw Materials
The CS was collected from a corn field located in Yancheng, Jiangsu province,
China. The CS was oven-dried at 105 °C until it reached a constant weight and then
chopped into approximately 2-mm-long pieces. The fresh CM was collected from a
livestock farm near the corn field. The CM was stored in plastic bucket at -18 °C. The
characterizations of raw CS and CM are shown in Table 1.
Table 1. Characterization of Raw CS and CM
Parameters
Raw CS
Raw CM
Total Solids (TS) (%)
98.84 ± 0.92
29.41 ± 0.31
Volatile Solids (VS) (%TS)
96.21 ± 0.33
86.13 ± 0.25
Total Carbon (TC) (%TS)
47.14 ± 0.34
37.76 ± 0.21
Total Nitrogen (TN) (%TS)
0.98 ± 0.07
2.41 ± 0.08
Cellulose (%TS)
39.23 ± 0.21
25.21 ± 0.20
Hemicellulose (%TS)
31.65 ± 0.15
20.14 ± 0.13
Lignin (%TS)
11.93 ± 0.02
18.67 ± 0.03
Protein (%TS)
6.13 ± 0.07
15.06 ± 0.08
Hydrogen (%TS)
4.32 ± 0.12
4.02 ± 0.04
Sulfur (%TS)
0.41 ± 0.05
0.32 ± 0.01
Results are shown as mean ± sd (n = 3); Corn straw (CS); Cattle manure (CM)

Thermal-alkali Pretreatment
Thermal-Ca(OH)2 pretreatment was performed on the mixtures of CS and CM. In
a previous study, the animal manure and straw residues were digested at a mass mixing
ratio of 5:5, which was determined as the appropriate mixture for anaerobic co-digestion
(Li et al. 2014). In this study, 10 kg mixtures of CS and CM (1:1) were placed in a stainless
steel tank with a working volume of 30 L and stirred at a constant speed (n = 40 rpm) by
speed anchor type mixer. The tank was equipped with a pH probe and heating system. In
this process, a series of tests were carried out (Fig. 1). The temperature was kept at 60, 90,
120, and 150 °C, and the time maintained for 3 h. The additions of Ca(OH)2 content were
0.5, 1.0, 1.5, and 2.0% of the water of the mixtures. A control group without any
pretreatment was established to compare the experimental results of the thermal-Ca(OH)2
pretreatment. After the thermal-Ca(OH)2 pretreatment, the pretreated mixtures under
optimum temperature and time conditions were stored and then used for enzymatic
hydrolysis. The changes of total chemical oxygen demand (TCOD), soluble chemical
oxygen demand (SCOD), solubilization, cellulose, hemicellulose, and protein content after
the thermal-alkali pretreatment under different conditions are shown in Table 2.
Enzymatic Hydrolysis
Sufficient concentrations of applied alkali break down cellulose and crude protein
crystallinity and hydrolyze the hemicellulose. Cellulose and protein are the main
macromolecular organics in pretreated mixtures, and they are difficult to degrade via AD.
Thus, two kinds of enzymes (Cellucast® and Alcalase® provided by Novozymes (China)
Biotechnology Co., Ltd, Tianjin) were used for the enzymatic hydrolysis after thermalalkali pretreatment.
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Table 2. Influence of Different Thermo-alkali Pretreatment Conditions on Mixed Substances
T (°C)
Ca(OH)2 (%)
TCOD (mg L-1)
SCOD (mg L-1)
Solubilization (%) Cellulose (%)
Untreated
20,332 ± 232
4012 ± 21
23.12 ± 2.11
—
0.5%
60
20,327 ± 132
4289 ± 31
1.70 ± 0.05
22.21 ± 1.21
0.5%
90
20,323 ± 122
6394 ± 41
14.60 ± 2.10
20.41 ± 1.02
0.5%
120
20,324 ± 321
7830 ± 71
23.39 ± 3.24
18.33 ± 2.03
0.5%
150
20,331 ± 423
8042 ± 91
24.69 ± 4.33
18.22 ± 2.11
1.0%
60
20,327 ± 321
4387 ± 34
2.30 ± 0.46
21.34 ± 1.13
1.0%
90
20,323 ± 324
6851 ± 73
17.40 ± 2.25
18.41 ± 2.14
1.0%
120
20,324 ± 523
8923 ± 82
30.09 ± 4.29
17.50 ± 1.01
1.0%
150
20,341 ± 213
9216 ± 92
31.89 ± 3.34
17.31 ± 1.12
1.5%
60
20,337 ± 342
4697 ± 41
4.20 ± 0.39
19.32 ± 3.11
1.5%
90
20,327 ± 213
7160 ± 61
19.29 ± 3.19
16.23 ± 1.01
1.5%
120
20,325 ± 243
9902 ± 93
36.09 ± 4.34
15.41 ± 1.03
1.5%
150
20,326 ± 242
9951 ± 133
36.39 ± 3.53
15.10 ± 1.14
2.0%
60
20,332 ± 313
4713 ± 43
4.30 ± 0.60
18.91 ± 2.12
2.0%
90
20,331 ± 313
7340 ± 71
20.39 ± 2.24
15.95 ± 2.03
2.0%
120
20,330 ± 213
10032 ± 94
36.87 ± 4.35
15.21 ± 1.11
2.0%
150
20,333 ± 342
10082 ± 124
37.19 ± 3.49
14.83 ± 1.12
Temperature (T); Total chemical oxygen demand (TCOD); Soluble chemical oxygen demand (SCOD)
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Hemicellulose (%)
18.61 ± 0.12
15.53 ± 0.13
13.24 ± 0.11
11.11 ± 0.03
10.90 ± 0.06
14.11 ± 0.23
12.23 ± 0.03
10.31 ± 0.04
10.12 ± 0.13
12.91 ± 0.05
11.33 ± 0.12
8.41 ± 0.07
8.22 ± 0.05
12.31 ± 0.11
11.13 ± 0.12
8.34 ± 0.05
8.14 ± 0.03

Lignin (%)
8.63 ± 0.14
8.32 ± 0.17
7.91 ± 0.13
7.52 ± 0.14
7.42 ± 0.23
7.93 ± 0.27
7.31 ± 0.05
6.94 ± 0.14
6.81 ± 0.02
7.33 ± 0.14
7.04 ± 0.11
6.61 ± 0.09
6.43 ± 0.02
7.11 ± 0.06
6.73 ± 0.08
6.31 ± 0.07
6.22 ± 0.13
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Thermal-alkali pretreatment
Temperature (60, 90, 120, 150℃);
10 kg solution of Ca (OH )2 (0. 5, 1.0, 1.5, 2.0%);
Time (3 h)

CS
and
CM

TCOD, SCOD, Solubilization, Cellulose,
Hemicellulose, Protein were analyzed and A
optimum conditions were selected
Enzyme (Cellucast®) Hydrolysis
Dosage (80, 110, 140, 170 FPU g-1-VS); Time (12, 15, 18, 20 h)
Reducing sugars were analyzed and
optimum conditions were selected

B

Enzyme (Alcalase®) Hydrolysis
Dosage (4, 6, 10, 18 FPU g-1-VS); Time (2, 3, 4, 5 h)

Mixtures
of slurry

Amino acids were analyzed and optimum
C
conditions were selected

Fig. 1. Processing flow of corn straw (CS) and cattle manure (CM) mixtures under different
treatment conditions

The working conditions of Cellucast® and Alcalase® were pH of 5.5 to 6.5,
temperature of 50 °C to 60 °C and pH of 8.5 to 9.5, temperature of 55 °C to 80 °C,
respectively. Enzymatic hydrolysis was conducted in the stainless steel tank with working
volume of 25 L and continuous stirring (n = 40 rpm). The tank was equipped with a pH
probe and heating system. Cellulase and protease hydrolysis were conducted under the
following conditions (Fig. 1): enzyme loading of 80, 110, 140, 170 FPU g -1-VS and 4, 6,
10, 18 FPU g-1-VS, respectively, enzyme time of 12, 15, 18, 20 h and 2, 3, 4, 5 h,
respectively. The pH was adjusted by adding HCl or NaOH. After the enzymatic hydrolysis,
the liquid and solid fractions were separated using a multifilament filter cloth (Yongning
model no: PP2400 Zhejiang, China). The samples for subsequent tests were taken after
each processing step and stored at 4 °C (Fig. 2).
Anaerobic Digestion Tests
Batch tests of methane potential
The batch tests of methane potential were performed on the fractions of 1, 2, 3, 4, 41 and 4-2 from the process steps shown in Fig. 2. Each fraction was conducted in a glass
bottle with a total volume of 2.0 L and working volume of 1.0 L. The inoculum used in the
batch tests was obtained from a pilot-scale digester located in Yancheng, Jiangsu province,
China. The TS of the inoculum was 6.9%, where 71.3% was the VS. The substrate to
inoculum ratio was 1 to 2, in terms of VS. The six bottles were placed in a shaking water
bath. The shaker maintained a mesophilic temperature of 35 ± 2 °C at a speed of 60 rpm.
The tests were terminated when no biogas production was detected. All treatments were
repeated three times.
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Methane production in EGSB reactor
The liquid hydrolysate (4-1) for producing methane was examined in a lab-scale
EGSB reactor under a continuous mode. The plexiglass-made EGSB reactor had a diameter
of 60 mm, height of 120 cm, total volume of 3.4 L, and working volume of 2.0 L. The
operational temperature was maintained at 35 ± 1 °C by an automatic thermostat (Shinko,
model PCD-33A, Osaka, Japan). A gas-washing device installed at the column top was
used to collect the gas. The anaerobic granular sludge used for inoculum was taken from a
full-scale upflow anaerobic sludge blanket that treated food processing wastewater
(Yancheng, Jiangsu province, China). The granular sludge was stored at 35 ± 2 °C until
fully degassed. The EGSB reactor was initially inoculated with 1.5 L anaerobic granular
sludge with biomass VS of 3.87 g L-1 (VS/TS = 0.93). A peristaltic pump (Longer, model
BT100-2J, Baoding, China) introduced constant liquid hydrolysates into the reactor at the
column bottom. The hydraulic retention times (HRT) was reduced from 16 d to 1 d, which
corresponded to an increase in OLR of liquid hydrolysates from 2.18 kg SCOD m-3 d-1 to
35.21 kg SCOD m-3 d-1, as displayed in Table 3. The composition and volume of the gas
and other biochemistry parameters such as NH4+-N, SCOD, and volatile fatty acids (VFAs)
were measured.

Fig. 2. Schematic diagram and material flow for anaerobic digestion (AD) from pretreated corn
straw (CS) and cattle manure (CM) mixtures

Analytical Methods
The pH was measured using a pH meter (Mettler-Toledo, model FE20, Shanghai,
China). The TS, VS, TN, NH4+-N, hydrogen, and sulfur were analyzed according to the
standard methods (APHA 2005). The TC content was determined by TOC analyzer
(Elementar, model Liqui TOC II, Hanau, Germany). The TCOD and SCOD concentrations
were determined as previously reported (Cho et al. 2013; Nkemka and Murto 2013). The
chemical composition of the CS and CM was determined as described by Van Soest et al.
(1991) using a raw fiber determination extraction system (Lai-Heng, model L-807, Beijing,
China). The contents of cellulose, hemicellulose, and lignin were analyzed by fiber
determination analyzer (Model CXC-06, Shanghai, China). The amount of reducing sugars
and amino acids were measured by a HPLC system (Agilent Infinity 1260, Santa Clara,
CA, USA). The methane contents in the biogas were analyzed using a gas chromatography
(Agilent, model 6890, Santa Clara, CA, USA). The contents of the VFAs were determined
by a gas chromatograph (Shimadzu, model GC-2010 Plus, Kyoto, Japan). Liquid samples
were centrifuged at 10000 rpm for 10 min at room temperature and filtered through a 0.45
μm fiberglass filter for VFAs analysis.
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The solubilization efficiency of the thermal-alkali pretreatment was calculated by
Eq. 1,
Solubilization (%) = (SCODaf - SCODbe) / (TCODbe - SCODbe) × 100

(1)

where SCODaf was the SCOD after the thermal-alkali pretreatment, SCODbe is the SCOD
before the thermal-alkali pretreatment, and TCODbe is the TCOD before the thermal-alkali
pretreatment.
The SCOD removal was calculated by Eq. 2,
SCOD removal (%) = (SCODin - SCODef) / SCODin × 100

(2)

where SCODin and SCODef were the influent and effluent SCOD values, respectively,
during the anaerobic digestion process.

RESULTS AND DISCUSSION
Optimization of Thermal-alkali Pretreatment
The main objective of the pretreatment was to break the complex structures of
lignocellulosic materials, to solubilize lignocellulosics, and to enhance subsequent
enzymatic hydrolysis. In this research, Ca(OH) 2 was selected for thermal-alkali
pretreatment due to its low cost and excellent performance. The results after thermal-alkali
pretreatment are presented in Table 2. The initial TCOD and SCOD of the unpretreated
raw mixtures were 20,300 mg L-1 and 4010 mg L-1, respectively. In all pretreatments to
which mixtures were applied, the SCOD was increased noticeably from 4010 mg L-1 to
10080 mg L-1 (Table 2). The solubilization increased with increasing Ca(OH)2 dosage, but
when the Ca(OH)2 dosage reached 1.5%, the solubilization did not significantly increase
when further increasing the Ca(OH)2 dosage. Moreover, thermal-Ca(OH)2 pretreatment
effectively reduced cellulose (from 3.94% to 35.86%), hemicellulose (from 16.55% to
56.26%), and lignin (from 3.59% to 27.93%). Hemicellulose was more easily solubilized
than cellulose and lignin, possibly because the hemicellulose in the mixtures reacted more
strongly with thermal-alkali pretreatment. The results are similar to previous research in
which the reductions of cellulose, hemicellulose, and lignin of catalpa sawdust were 6.3%,
33.4%, and 5.0% after thermal-Ca(OH)2 pretreatment, respectively (Jin et al. 2016).
Furthermore, the reductions of cellulose, hemicellulose, and lignin increased little when
the dosage of Ca(OH)2 was increased from 1.5% to 2.0%, which were similar to the varying
trends of solubilization.
Temperature is also an important factor when investigating thermal-alkali
pretreatment. More SCOD was produced at higher temperature, and the reduction of
cellulose, hemicellulose, and lignin increased with increasing temperature. The maximum
content of SCOD (10082 mg L-1) and the maximum reductions of cellulose, hemicellulose,
and lignin (35.86%, 56.26%, and 27.93%, respectively) were achieved at 150 °C. However,
the content of SCOD and the reductions of cellulose, hemicellulose, and lignin changed
slightly from 120 °C to 150 °C. Considering the above results and the overall cost of the
process, the optimal parameters were 1.5% Ca(OH) 2 and 120 °C.
Optimization of Enzymatic Hydrolysis
Hydrolysis is the rate-determining step during anaerobic digestion. Enzymatic
hydrolysis is essential for the hydrolysis of complex organic matters into simple
Yuan et al. (2019). “Methane from corn straw,” BioResources 14(3), 5422-5437.
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compounds. Cellulase and protease may be effective in enhancing hydrolysis. Figure 3
shows the effects of cellulase loading and hydrolysis time on the reducing sugar yield of
the thermal-alkali pretreated mixtures with optimum conditions. The conditions chosen for
the cellulase hydrolysis were based on reducing sugar yield. The reducing sugar yield
changed remarkably with cellulase dosage and hydrolysis time. The highest reducing sugar
yield (511.4 mg g-1) occurred at 20 h and 170 FPU g-1-VS. Jin et al. (2016) found that the
maximum reducing sugar yield of 518.1 mg g-1 was achieved with 150 FPU g -1 dry biomass
cellulase for 96 h, which was consistent with the results in this research. At 12 h and 15 h,
the reducing sugar yield increased with an increase in cellulase loading, indicating the
insufficiency of the enzymatic hydrolysis. When the hydrolysis time reached 18 h, the
change of reducing sugar yield was weakened with increased cellulase loading.
Additionally, under the higher cellulase loading (> 140 FPU g-1-VS), the reducing sugar
yield of pretreated mixtures remained almost unchanged at 18 h and 20 h, suggesting that
the accessible cellulose surface was saturated with hydrolytic enzymes at an enzyme
loading of 140 FPU g-1-VS and the yield of reducing sugar nearly reached the maximum
level after 18 h. The enzymatic hydrolysis time of 18 h and the cellulase loading of 140
FPU g-1-VS were the best conditions in view of the reducing sugar yield.
Figure 4 shows that the variation tendency of amino acid yield was similar with the
reducing sugar yield of cellulase treated mixtures. The amino acid yield improved with the
increased enzyme loading and hydrolysis time. Protease converts proteins to peptides and
amino acids and improves the hydrolysis efficiency (Bjarnadóttir et al. 2018). Figure 4
clearly shows that more amino acid was generated with longer hydrolysis time for the same
protease loading. The amino acid yield was unchanged after 4 h. When the hydrolysis time
reached 5 h, the maximum amino acid yield (23.12 mg g -1) was achieved at 18 FPU g-1VS. Moreover, the conversion line became flat from 10 FPU g -1-VS to 18 FPU g-1-VS after
4 h, indicating that the protease surface was saturated with hydrolytic enzymes when the
enzyme loading reached 10 FPU g-1-VS. Based on the above results, the optimal conditions
of 10 FPU g-1-VS and 4 h were selected for protease hydrolysis.
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Fig. 3. Effect of cellulase loading and enzymatic hydrolysis time on reducing sugar yield
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Fig. 4. Effect of protease loading and enzymatic hydrolysis time on amino acid yield

Batch Tests of Methane Potential
The methane yields of raw mixtures, thermal-alkali pretreated mixtures, and
pretreated mixtures subsequently hydrolyzed by cellulase and protease are presented in Fig.
5. The methane yield from raw mixtures (process 1) was 0.22 m3 kg-1-VS. The methane
production from the raw material after process 1 had a slow rate, as the raw mixtures
contained slowly degrading lignocellulose. Thermal-alkali was used to pretreat a large
group of feedstock, such as agricultural residuals and municipal solid waste, and the
methane yield was increased by 3.2% to 230% (Zheng et al. 2014). In this research, through
the thermal-alkali pretreatment (process 2), the methane yield increased by 31.82% to be
0.29 m3 kg-1-VS, which was similar to the previous research. Compared with thermal-alkali
treatment, the cellulase hydrolysis (process 3) increased the methane yield by 13.79%. The
crystalline structures of cellulose were broken down by the thermal-alkali treatment, and
thereby the accessibility of hydrolytic enzymes to cellulose was improved. Therefore,
methanogens could obtain the fermentable sugars from hydrolysates and produce more
methane. Wang et al. (2015) found that protease slightly improves methane production by
1.47%. In contrast, in this research, the protease (process 4) showed an increase of 63.64%
in the methane yield compared with process 1 and reached 0.36 m3 kg-1-VS. This difference
was possibly because Wang et al. (2015) directly added amylase and protease to the
substances, allowing some essential enzymes to be degraded by protease. In this research,
the thermal-alkali pretreated mixtures were treated by cellulase followed by protease. The
methane yield from the liquid fraction (process 4-1) was 0.41 m3 kg-1-VS, which was
consistent with the expectation, because the liquid fraction contained quite a few
hydrolysable sugars and soluble organic substances after filtration. The methane yield from
the solid fraction (process 4-2) was 0.19 m3 kg-1-VS, which was lower than the methane
Yuan et al. (2019). “Methane from corn straw,” BioResources 14(3), 5422-5437.
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production from the raw mixtures produced in process 1. The methane production of
mixtures after process 4-2 was low, probably due to the slowly degrading lignin in solid
fraction. Nkemka and Murto (2013) reported that the methane potential of the mixtures
was higher than that of only wheat straw, indicating that co-digestion improves the methane
production than the mono-digestion of feedstock due to better nutrient balance of the
former one (Li et al. 2014). Nitrogen is an essential nutrient for microorganisms, livestock
manure usually contains high TN, co-digestion of livestock manure and crop residues can
supply a proper C/N ratio for microorganisms (Wei et al. 2015; Awais et al. 2018). Overall,
the liquid process fraction (process 4-1) produced the highest methane.
0.5
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Fig. 5. Process performance during anaerobic digestion of liquid of hydrolysate in EGSB reactor

Methane Production from Liquid of Hydrolysate in EGSB Reactor
An appropriate OLR could provide sufficient nutrients for methanogens to
mineralize organic matters into methane and carbon dioxide. In this research, the maximum
applicable OLR was explored to improve the degradation of organic matter. The
experiment was composed of five stages according to different OLRs, as shown in Fig. 6
and Table 3. The methane production rate (MPR) was usually used as an indicator to
evaluate the efficiency of biogas production. The MPR of the five stages had a similar
increasing trend as the AD process progressed (Fig. 6). The MPR of the 4-1 fraction
increased from 0.74 L Lreactor-1 d-1 to 4.79 L Lreactor-1 d-1 when OLR increased from 2.18 kgSCOD m-3 d-1 to 13.66 kg-SCOD m-3 d-1, while the MPR under OLR of 35.21 kg-SCOD
m-3 d-1 was increased from 4.98 L Lreactor-1 d-1 to 5.13 L Lreactor-1 d-1 first and then decreased
to 4.42 L Lreactor-1 d-1. This phenomenon was consistent with the results obtained by Wang
et al. (2015). Mu et al. (2017) found that methane yield increased with the increase of
OLRs. In contrast, in this research, the methane yield decreased from 0.31 L g -1-SCOD to
0.23 L g-1-SCOD with the increase of OLRs. This result may be because the organic
materials were washed out at short HRTs and high OLRs, and thus methanogens had less
time to convert the hydrolysate into biogas. Table 3 shows that the methane content of
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biogas was approximately 67.92% with OLR increasing from 2.18 kg-SCOD m-3 d-1 to
13.66 kg-SCOD m-3 d-1, corresponding to the SCOD removal ranging from 93.52% to
96.41%.
An optimal NH4+-N concentration could provide a balanced nitrogen source for the
growth of methanogens. Nkemka and Murto (2013) indicated that ammonia inhibition
could be avoided by controlling the concentration of NH4+-N at less than 1 kg m-3. As
indicated by Table 3, the concentration of NH4+-N increased from 0.28 kg m-3 to 1.01 kg
m-3 when OLR increased from 2.18 kg-SCOD m-3 d-1 to 13.66 kg-SCOD m-3 d-1, which
was beneficial for methanogens to produce more methane. In stage V, the concentration of
NH4+-N was 2.78 kg m-3, resulting from the rapid increase of OLR, which caused an
accumulation of ammonia and reduced the production of methane. The stability of
anaerobic digestion was directly associated with the VFAs (Hassan et al. 2017). Neshat et
al. (2017) indicated that the VFAs of 1.5 to 2.0 kg m-3 could inhibit anaerobic digestion.
As shown in Table 3, the concentration of VFAs of effluent was below 0.20 kg m -3 when
OLR increased from 2.18 kg-SCOD m-3 d-1 to 13.66 kg-SCOD m-3 d-1. Kalamaras and
Kotsopoulos (2014) found that the VFAs in the co-digestion of wheat straw with cattle
manure was far below the inhibitory concentration of VFAs, as co-digestion with mixtures
could produce ammonia to neutralize VFAs. The rapid increase of OLR led to an increase
in the VFAs concentration of effluent (Table 3). The highest VFAs concentration of
effluent was achieved at the OLR of 35.21 kg-SCOD m-3 d-1, which was 0.24 kg m-3. The
increase in VFAs concentration negatively affected the methane production (Fig. 6 and
Table 3), indicating a close relationship between VFAs concentration and methane
production. In this research, the maximum applicable OLR was 13.66 kg-SCOD m-3 d-1,
which was a comfortable environment for biomass growth.
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Table 3. Operating Conditions and Process Performance during Anaerobic Digestion of Liquid of Hydrolysate
Treatment HRT
OLR
SCOD
SCOD removal
VFAs of effluent
NH4+-N
CH4
Methane Yield
-1 -1
-1
-3
stage
(d)
(g COD L d )
(g L )
(%)
(kg m )
(kg m-3)
Content (%)
(L g-1 COD)
Stage I
16
2.18
34.80 ± 0.22
94.41 ± 0.21
0.06 ± 0.04
0.28 ± 0.11
66.80 ± 0.21
0.31 ± 0.01
(1-15 d)
Stage II
10
3.42
34.19 ± 0.23
93.52 ± 0.33
0.14 ± 0.03
0.48 ± 0.02
67.43 ± 0.23
0.30 ± 0.03
(16-30 d)
Stage III
5.5
6.17
33.91 ± 0.19
95.32 ± 0.31
0.17 ± 0.01
0.72 ± 0.03
68.12 ± 0.12
0.28 ± 0.02
(31-45)
Stage IV
2.5
13.66
34.15± 0.12
96.41 ± 0.52
0.19 ± 0.01
1.01 ± 0.12
69.32 ± 0.19
0.27 ± 0.03
(46-60)
Stage V
1
35.21
35.21 ± 0.21
85.12 ± 0.23
0.24 ± 0.03
2.78 ± 0.14
48.21 ± 0.12
0.23 ± 0.01
(61-75)
Hydraulic retention times (HRT); Organic loading rate (OLR); Soluble chemical oxygen demand (SCOD); Volatile fatty acids (VFAs)
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CONCLUSIONS
1. A sequential process was applied on the mixture of CS and CM. Thermal-alkali
pretreatment and enzymatic hydrolysis helped to open chemical bonds in the cellulose,
hemicellulose, and protein, which were further converted into small molecule organics
(reducing sugar and amino acid) in the hydrolysates.
2. The solubilization and reductions of cellulose, hemicellulose, and lignin increased with
increasing Ca(OH)2 dosage and temperature. A high methane yield was achieved from
liquid hydrolysates during the batch tests of methane potential of thermal-alkali
pretreatment and enzymatic hydrolysis.
3. The maximum applicable OLR (13.66 kg-SCOD m-3 d-1) provided a comfortable
environment for biomass growth and improved the degradation of CS and CM
hydrolysates in an EGSB reactor. This study provides an optimal control and selection
of conditions to treat organic solids. The optimization of conditions could be a
promising reference for the industrial-scale treatment of organic solids with a high
energy yield and a high efficiency.
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