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Abstract
Cassava pulp (CP) is considered as a major and low-cost agro-industrial solid byproduct of cassava starch processing, where 48%
of starch granules was still entrapped in its complex lignocellulosic matrix of cell wall structure with 21% cellulose and 8%
hemicellulose. In this study, the liquid hot water (LHW) pretreatment was aimed to disrupt the cell wall structure of CP and
solubilized hemicellulose and starch into saccharides to enhance biomethane production. Reaction conditions of LHW pretreat-
ment, temperature (160–200 °C), and time (0–30 min) were optimized by response surface methodology. LHW pretreatment at
187 °C for 7 min boosted the highest level of starch and hemicellulose solubilization into the liquid phase, resulting in the
maximized glucose yield of 444 mg/gCP. Starch and hemicellulose were mostly removed from CP at 99 and 79%, respectively,
while 68% cellulose and 10% lignin particularly remained in solid residue. The disrupted cell wall structure and crystalline
cellulose after LHW pretreatment were also observed. Microbial inhibitors such as furfural and hydroxymethylfurfural were
found in low concentration at 31 and 32 μg/mL, respectively. In addition, there were no lag phase and inhibitory effect during
anaerobic digestion of the pretreated CP. Biochemical methane potential of the LHW-pretreated CP showed the methane
production rate and methane yield at 1.6 times and 35% higher than that of non-pretreated CP, respectively, by shortening
anaerobic digestion time from 22 d to 10 d. It was shown that LHW was an efficient chemical-free method for enhancing
biodegradability of CP in conversion to biomethane.
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Introduction

Thailand has been recorded as the global highest cassava
starch exporter. Within the year of 2015–2019, Thailand
exported cassava starch about 3.8–4.2 million tons per year,
thus a large amount of cassava pulp (CP) as a major
agroindustrial byproduct from cassava starch manufacturing
was massively generated [1]. CP is generated during the step
of fiber and pulp separation after starch extraction in cassava
starch processing [2]. The production of one ton cassava

starch generates approximately 2.5 ton of CP with 70–80%
moisture content [3]. By calculation from these data, a huge
amount of CP (9.5–10.5 million tons) was annually generated.
Improper CP treatment and management can cause air pollu-
tion from the unpleasant odor of decayed CP and the contam-
ination of CP leachate to the environment around the factory
[4]. Starch is the main polysaccharide in CP, consisting of 55–
75% starch. Non-starch polysaccharide contains with approx-
imately 15–17% cellulose, 4–6% hemicellulose, 1–4% lignin,
and a number of minor organic compounds such as crude fat
and crude protein [5–11]. Considering to its high organic con-
tent, CP has gained increasing interest to be utilized as a low-
cost raw material for various valuable products, such as
bioethanol [5, 6], biogas [12], hydrogen [9], aromatic com-
pounds, pullulan [13] and organic acids [14].

Biogas production through anaerobic digestion (AD) was
considered as an interesting choice for CP utilization in
Thailand, more than 90% of cassava starch factories in
Thailand used AD for their wastewater treatment system and
biogas production [15]. In addition, the factories’ owner re-
quires a strategy to increase biomethane production from CP.
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Biomethane production through AD consists of four main
steps. The first step is hydrolysis which breakdowns insoluble
carbohydrate, protein, or lipid into their soluble oligomers or
monomers. These products are used as substrates in the sec-
ond step or acidogenesis to produce H2, CO2, volatile fatty
acids (VFAs) and alcohols. Then, acetogenesis as the third
step converts VFAs and alcohol to H2 and acetic acid which
further be utilized in methanogenesis as final step to produce
methane and CO2 [16]. Biomethane, renewable energy, can be
utilized to generate heat and electricity which supplied to the
factory for replacement of fossil fuels utilization [17]. By
using biomethane, the operating cost in factories can be re-
duced as well as mitigation of greenhouse gas (GHG) emis-
sions [18]. However, high recalcitrant starchy-lignocellulosic
content in CP led to limit hydrolysis rate [8] and biomethane
production due to its entrapped starch granules in the complex
lignocellulosic matrix of the cell wall. One challenge of CP
utilization as feedstock for biomethane production is to disrupt
the cellular matrix and release the entrapped starch granules
from the complex lignocellulosic structure for easy access by
anaerobic microbial digestion and improvement of hydrolytic
enzyme. To solve this problem, pretreatment is generally used
to accelerate and increase the rate of lignocellulosic hydrolysis
for enhancing methane production [19].

Biological pretreatment, especially using an enzyme, was
considered as the most applicable way to hydrolyze polysac-
charides into monosaccharides [7]. Since starch was the main
component in CP, starch-degrading enzymes were widely
used. Liquefaction and saccharification processes involved
two enzymes, alpha-amylase and amyloglucosidase [20, 21].
In addition, cellulase, hemicellulase, and cell wall-degrading
enzymes were also used to increase the efficiency of starch
hydrolysis and improve fermentable sugar yields by breaking
down the cell wall structure [7, 22]. The enzymatic process
was an environmental-friendly process, low-energy consump-
tion, high-substrate specificity, and no inhibitor substance pro-
duction. However, this process has limitations such as long
reaction time, high cost, and large space requirement for ap-
plication in the industrial scale [23]. Pretreatment using liquid
hot water (LHW), also known as a hydrothermal or
autohydrolysis process, had gained attention due to no chem-
ical used, with no or minor erosion to the equipment, and short
reaction time.Water in LHW canmaintain in a liquid phase by
operating under the temperature and pressure at 150–230 °C
and 4.9–20 bar, respectively. Hydronium ion occurs by the
autoionization of water and acts as weak acid. Raising the
operating conditions in theses range, the concentration of hy-
dronium ion will increase and effect to breakdown glycosidic
bond of carbohydrate polymer into small compounds like ol-
igosaccharides and monosaccharides. The breakdown of acid
compounds in side-chain of hemicellulose structure represents
as second sources of acid in reaction [24]. LHW pretreatment
resulted in high removal of hemicellulose, high recovery of

hemicellulose-derivative sugar, and low amount of inhibitors
production, such as furfural (FF) and hydroxymethylfurfural
(HMF), comparing to other pretreatment methods [25]. It also
showed a great disruption of cell wall component especially
hemicellulose for other lignocellulosic materials, such as sug-
arcane bagasse [26], wheat straw [27], Eucalyptus grandis
[28], and soybean straw [29]. The products resulted from
LHW pretreatment can be directly used in the fermentation
process without detoxification process due to the low concen-
tration of inhibitors. Moreover, LHW pretreatment has been
considered as one of the most potential technologies to apply
in the pilot and industrial scale for lignocelluloses fraction-
ation and breaking down cell wall structure [24]. Thus,
LHW pretreatment is a promising method on cell wall disrup-
tion and starch solubilization with result in high total sugar
recovery and low inhibitor production to enhance degradation
and methane production in AD. Furthermore, no information
from literature search has been reported for CP pretreatment
by LHW prior AD for methane production.

In this present study, the optimization of LHW pretreat-
ment in CP to disrupt the cell wall structure, solubilize starch,
and recover produced-sugar using response surface method-
ology (RSM) approach was carried out. The temperature and
reaction time of process was considered as the major factors
used in the process optimization, which inscribed central com-
posite design (CCD) and was used for experimental design.
After obtaining the optimum conditions, chemical composi-
tion and morphology of pretreated CP were analyzed and
observed. This research work was intended to investigate the
effectiveness of LHW pretreatment in CP. Furthermore, bio-
chemical methane potential (BMP) assay of LHW-pretreated
CP at optimum condition and non-pretreated CP was also
studied.

Materials and Methods

Cassava Pulp and Sample Preparation

Fresh CPwas collected fromCholcharoen Co., Ltd., Chonburi
Province, Thailand. The sample was preserved in the dry form
without starch gelatinization by drying fresh CP under low
temperature at 50 °C for 48 h by convection oven until its
moisture content was lower than 10%. Then, dried CP was
ground by ultracentrifuge mill and sieved with mesh no.10
(2.00 mm). Dry and ground CP was kept in sealed storage
bags at room temperature prior using.

Moisture, total solid (TS), volatile solid (VS), and ash con-
tents of fresh CP were determined based on the standard meth-
od [30]. Crude fat and protein concentrations were determined
by Soxhlet extraction (Soxtherm®) and Kjeldahl method, re-
spectively, according to AOAC official method [31, 32].
Starch content was determined by the total starch assay kit
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(Megazyme, Ireland) [33]. Cellulose, hemicellulose, and lig-
nin contents were analyzed using calculation of neutral de-
tergent fiber (NDF), acid detergent fiber (ADF), and acid
detergent lignin (ADL) from Van Soest and McQueen and
Nicholsonmethod by using Fibreterm® [34]. Cellulose crys-
tallinity index was analyzed by BRUKER D8 Discover X-
ray diffractometer. Scan was started from 5 to 50 degrees 2θ
and with 0.02 degrees per step [35]. The calculation of cel-
lulose crystallinity index (CrI) used the intensity of crystal-
line peak and amorphous peak, which are approximately
occurred at 22° and 18°, respectively [36]. The CrI was
calculated using the following formula in Eq. 1.

CrI ¼ intensity at 22°−intensity at 18°ð Þ= intensity at 22°ð Þ
ð1Þ

Morphology of CP structure was observed by a scanning
electron microscope (SEM). The sample was gold-coated
using Cressington Sputter Coater 108 Auto, and then it
was observed and photographed by SEM (JEOL JSM-
6610LV). Sugar composition was analyzed by hydrolyzing
sample using laboratory analytical procedure (LAP) of
NREL [37] in which sugar were detected and measured by
high-performance liquid chromatography (HPLC) with re-
fractive index detector and Biorad Aminex HPX-87P column.
Deionized water was used as mobile phase at a flow rate of
0.6 mL/min, with column temperature at 85 °C.

Optimization of Liquid Hot Water Pretreatment

Temperature and reaction time were used as the main factors
for optimization of reaction conditions in liquid hot water
(LHW) pretreatment of CP. Inscribed central composite de-
sign (CCD) was used to design the conditions in optimization.
Temperature and reaction time range were selected at 160–
200 °C and 0–30 min, respectively, by base on the beginning
of breaking down hemicellulose and minimized inhibitors
generation. Twelve experimental runs from CCD were de-
signed as shown in Table 1. The highest amount of total sac-
charides in the clear hydrolysate was used as a response in
optimization. LHW pretreatment with loading 5% TS of CP
was conducted in 600-mL mini benchtop reactor (Parr
Instruments, Moline, USA). The pressure was set as saturated
vapor pressure at a specific temperature by N2 gas with a
vertical shaking system at 500 rpm. The heating jacket elevat-
ed the temperature inside the reactor with a heating rate of
10 °C/min. After reaching the targeted temperature and time
of reactions, the cooling coil was applied to instantly terminate
the heating process and rapidly decrease the temperature. The
control experiment (non-pretreated) was done as the same
procedure but controlled at room temperature. Solid residue
and clear hydrolysate fractions of the pretreated and non-
pretreated CP were separated by filter paper (Whatman

No.1). The solid residue was dried at 50 °C and thenmeasured
for its weight. For clear hydrolysate, it was collected to ana-
lyze its sugar compositions. The concentrations of monosac-
charides, cellobiose, and maltose in the clear hydrolysate were
also measured. In addition, oligo- and di-saccharides were
converted into monosaccharides by H2SO4 before HPLC
analysis for sugar composition, and it was reported as total
sugar [38].

Experimental Validation of LHW Pretreatment at the
Predicted Optimum Condition

The predicted optimum condition obtained from the statistical
analysis of CCD was used to experiment with the validation
step. The experiment was set in triplicate and carried out the
same procedure of LHW pretreatment but controlled at the
predicted temperature and reaction time. The clear hydrolysate
was collected for sugar composition analysis. The presences
of inhibitors, such as furfural (FF) and hydroxymethylfurfural
(HMF), which were probably generated during the pretreat-
ment, were also observed. The inhibitors in the clear hydroly-
sate were measured according to LAP protocol, which used
Biorad Aminex HPX-87H as column and coupled with refrac-
tive index detector. 5 mM of H2SO4 was used as mobile phase
at a flow rate of 0.6 mL/min and 50 °C of column temperature.
All the samples were filtrated with 0.22-μm syringe filter be-
fore injection [38]. The solid residual fraction was analyzed
for its starch content, lignocellulosic composition, cellulose
crystallinity index, and morphology of biomass structure.
Scanning electron microscope (SEM) was used to reveal

Table 1 Experimental conditions and control for LHW optimization
using CCD

Run No. Coded value Actual value Pressure

Temp (A) Time (B) Temp (o C) Time (min) bar

Control 25 30

1 −1 −1 166 4 7.2

2 1 −1 194 4 13.7

3 −1 1 166 26 7.2

4 1 1 194 26 13.7

5 −1.414 0 160 15 6.2

6 1.414 0 200 15 15.5

7 0 −1.414 180 0 10.0

8 0 1.414 180 30 10.0

9 0 0 180 15 10.0

10 0 0 180 15 10.0

11 0 0 180 15 10.0

12 0 0 180 15 10.0
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morphology and the disruption of the intact biomass structure.
The analyzed results would be compared with non-pretreated
CP.

Biochemical Methane Potential (BMP) Analysis

The pretreated CP at the optimum condition was carried out to
determine BMP. In addition, two fractions such as clear hy-
drolysate and solid residual fraction from pretreated CP were
also analyzed for their BMP. Anaerobic inoculum for BMP
assay was obtained from biogas reactor treating cassava starch
wastewater (CholCharoen Co., Ltd.). Non-pretreated CP was
used as a control treatment. BMP assay was conducted in
120 mL-serum vials with the working volume of 80 mL and
the inoculum (VSS) to substrate (VS) ratio of 3:1 [39]. Each
vial was flushed with 99.99% of N2 to remove the oxygen in
the vial headspace before being closed and sealed with the
rubber stopper and aluminum cap. All the vials were kept in
the incubator (37 °C) without agitation. Biogas production
and composition were determined by liquid displacement
method and gas chromatography (GC) with a thermal conduc-
tivity detector (TCD) [40]. The data of methane accumulation
were used in curve-fitting on the modified Gompertz equation
(Eq. 2) using Solver add-in on Microsoft Excel version 2019
[41];

G ¼ Gm exp −exp
Rm e
Gm

λ−tð Þ þ 1

� �� �
ð2Þ

where G is the cumulative methane production at digestion
time (NmL); Gm is the maximummethane production (NmL);
Rm is the maximummethane production rate (NmL/d); e is the
Euler’s number (2.7183); λ is the lag phase time (d); and t is
the digestion time (d).

Statistical Analysis

Minitab® 18.1 and Design-Expert® version 10 software were
used for all statistical analysis, wherein LHW pretreatment
optimization, experimental design, analysis of variance
(ANOVA) response surface plot, and contour plot of the op-
timum point were performed. One-way ANOVA was carried
out for kinetic data in BMP test. Turkey’s test was used in
multiple comparisons with the significant level at 95% (α =
0.05).

Results and Discussions

Characterization of Cassava Pulp

Fresh CP resembles starchy biomass with 21.4% TS and
78.6% moisture, it was characterized by high organic content

(98.3%VS) and a starch-rich composition (47.9% starch) with
20.9% cellulose, 8.1% hemicellulose, and 3.4% lignin as
shown in Table 2. Less amount of crude fat, crude protein,
and ash was found. Lower starch content of CP in this present
study compared with the other studies (approximately 55.5–
75.1%) was due to this factory (Cholcharoen Co., Ltd.,
Chonburi Province, Thailand) has the policy of waste minimi-
zation and cleaner production [42]. Thus, the process efficien-
cy of starch extraction from the cassava root was improved.
High efficiency of starch extraction resulted in a high yield of
cassava starch production and few starch granules trapping in
the cell wall structure, while cellulose and hemicellulose con-
tents were slightly high compared with other studies. The
variation of the lignocellulosic component was probably
caused by the cultivar and the cultivation method of the cas-
sava plant. It was also observed that CP mainly contained
76.9% (dry basis) of carbohydrate polymer, especially starch
and lignocellulosic components.

To consider total monosaccharide constituents in CP, car-
bohydrate polymer was breakdown into monosaccharides by
H2SO4 before measurement and refers as monosaccharide
sugar composition. Glucose was observed as the main mono-
saccharide in CP (56.8%), which was followed with 11.5%
galactose, 9.8% mannose, 7.6% L-arabinose, and 6.9% xy-
lose. These monosaccharides might be derived from starch,
hemicellulose, or other cell wall components. Chaikaew et al.
[10] reported similar results for the monosaccharides compo-
sition in CP, in which glucose was also found as the major
monosaccharides along with the small amounts of xylose,
galactose L-arabinose, and mannose.

Liquid Hot Water (LHW) Pretreatment

The amounts of solid residue (as %TS) and clear hydrolysate
(as mL) resulted from 12-runs of LHWpretreatment at various
operating conditions was shown in Fig. 1. The amounts of
solid residue from those runs ranged from 21.4 to 44.6%.
The experiment run no. 6 (200 °C, 15 min) showed the lowest
amount of solid residue at 21.4%, while the highest amount of
solid residue (44.6%) was observed in the experiment run no.
1 (166 °C, 4 min). Low amounts of solid residue were ob-
served for the operating conditions at temperature and reaction
time higher than 180 °C and 15 min, respectively (run no. 6
and 8). Contrarily, the temperature and reaction time at ≤
180 °C and 15 min resulted in high amounts of solid residue,
as observed in runs no. 1 and 7. More than 50% of solids in
pretreated CP was solubilized into clear hydrolysate, while
control experiment showed low solid solubilization with
97.2% of solid residue remained. In addition, temperature
and reaction time also affected the volume of clear hydrolysate
due to the starch gel was formed during the gelatinization
process. Low volumes of clear hydrolysate were observed in
the experiment of low temperature (≤ 180 °C) and short
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reaction time (< 15 min) at runs 1, 5, and 7. On the other hand,
under higher temperature (≥ 180 °C) and longer reaction time
(≥ 15 min), large molecules like polysaccharides and starch
gel were auto-hydrolyzed by hydronium ion into small mole-
cules, mono- and oligo-saccharides resulted in a large volume
of clear hydrolysate and low solid residue [25].

Clear hydrolysate contained monosaccharides, disaccha-
rides, and oligosaccharides, which were auto-hydrolyzed and

solubilized during LHW pretreatment of CP. Maltose and cel-
lobiose were detected, derived from the hydrolysis of starch
and cellulose. The amount of cellobiose and maltose in the
clear hydrolysate was demonstrated in Fig. 2. Maltose was
detected at the temperature of higher than 180 °C or reaction
time of longer than 15 min. The amount of maltose ranged
from 4 to 49 mg/gCP. The highest amount was observed in
run no. 4 (194 °C, 26 min) followed by no.6 (200 °C, 15 min)

Table 2 Compositional analysis of cassava pulp

Component % dry basis

References Elemike et al.
[5]

Virunanon et al.
[6]

Rattanachomsri et al.

[7]

Sriroth et al.

[8]

Phowan,
Danvirutai
[9]

Chaikaew
et al. [10]

Poonsrisawat et al.

[11]

In this
study

Moisture
contenta

– 85.3 – – 80.2 – 78.1 ± 0.5 78.6 ± 0.3

Total solid
(TS)a

– 14.7 – – 19.8 – 21.9 ± 0.5 21.4 ± 0.3

Volatile solid
(VS)

– – – – – – – 98.3 ± 0.3

Starch 60.8 75.1 60.1 ± 0.1 68.9 ± 4.0 66.4 55.5 62.9 ± 0.0 47.9 ± 0.8

Crude fiber 15.8 – – 27.8 ± 0.2 28.8 35.2 – –

Cellulose – 4.1 15.6 ± 0.2 – – 17.4 17.1 ± 0.1 20.9 ± 0.2

Hemicellulose – 4.2 4.6 ± 0.1 – – 5.1 5.4 ± 0.1 8.1 ± 0.2

Lignin – 1.2 2.8 ± 0.1 – – 4.6 3.4 ± 0.2 3.4 ± 0.1

Crude fat – – – 0.1 ± 0.0 0.2 1.0 – 0.6 ± 0.1

Crude protein 0.8 – – 1.6 ± 0.0 2.1 2.5 1.5 ± 0.0 2.5 ± 0.0

Total ash – 11.9 – 1.7 ± 0.0 2.5 2.3 1.8 ± 0.0 2.4 ± 0.1

a ; % wet basis, −; not determine

Fig. 1 The amount of remaining
solid residue and clear
hydrolysate after LHW
pretreatment at various operating
runs
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and 8 (180 °C, 30 min) at 48, 36, and 13 mg/gCP, respective-
ly. Most of the experimental runs contained maltose in the
clear hydrolysate. While cellobiose was detected in only three
operating runs (no. 4, 6 and 8). High temperature and long
reaction time conditions were considered as the factors result-
ed in a higher amount of maltose and cellobiose since these
conditions could hydrolyze more starch and cellulose struc-
ture. That assumption was supported by the absences of malt-
ose and cellobiose in low temperature or short reaction time
conditions, as shown in run nos. 1 and 7. The detection of
cellobiose in clear hydrolysate at high-temperature condition
was also reported byYu,Wu [43], which reported that glucose
and cellobiose were initially detected at 180 °C for LHW
pretreatment of microcrystalline cellulose, and those amounts
increased along with the increases of reaction temperature to
230 °C.

Figure 2 also illustrated the amount of monosaccharides in
clear hydrolysate as the result of LHW pretreatment. Not only
for maltose and cellobiose results but run no. 4 also found in
the highest numbers of monosaccharides. The concentrations
of glucose, xylose, galactose, L-arabinose, and mannose in
run no. 4 were approximately 54, 6, 13, 10, and 13 mg/gCP,
respectively. Glucose generated the highest proportion than
the other monosaccharides because of the major component
of starch and cellulose in CP. The increases in monosaccha-
rides after pretreatment showed similar patterns to those in
maltose and cellobiose, which increased along with the in-
crease in the temperature and reaction time. It was shown by
the experiment run nos. 3 and 4, which had a different tem-
perature at 166 and 194 °C, respectively. The enormous

amount of glucose and other sugar were shown in run no. 4,
which were 14 and 3–4 times higher than those in run no. 3,
respectively. Longer reaction time applied in run no. 8
(30 min) also resulted in a higher amount of monosaccharides,
compared with that in the run no. 7 (0 min). L-arabinose was a
sugar attached on the side chain of hemicellulose structure
which is easy to breakdown and it contained in a small
amount. The amounts of disaccharides and monosaccharides
after pretreatment increased along with the increase in the
temperature and reaction time. The glycosidic bonds were
broken down by the increase in the hydronium ion generated
from the auto-ionization under high temperature. In addition,
other acids in the hemicellulose component may also contrib-
ute as another source of hydronium ion which were also able
to break down the glycosidic bonds and hydrolyze polysac-
charides into oligosaccharides or monosaccharides [44].

Oligosaccharides compounds were also detected in chro-
matogram during the determination of mono- and disaccha-
rides by HPLC (data not shown). However, it was difficult to
estimate the amount of oligosaccharides in the sample due to
the limitation of the analysis method. In this study, the di- and
oligosaccharides were converted into monosaccharides for
HPLC detection and reported as the total sugar as shown in
Fig. 3. The high amounts of glucose, xylose, galactose, and
mannose were detected, while no L-arabinose was observed.
It indicated that most of the sugar in the clear hydrolysate were
in the form of oligosaccharides, where the amount of glucose
was the highest (398–482 mg/gCP) than the other sugar. The
highest amount of glucose (482 mg/gCP) was observed in run
no. 2 (194 °C, 4 min) and the lowest (398 mg/gCP) in run no.

Fig. 2 The amount of various
disaccharides and
monosaccharides in clear
hydrolysate after LHW
pretreatment in each operating run
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5 (160 °C, 15 min). The high amount of glucose in the clear
hydrolysate wasmainly produced because starchwas the main
component in CP and easily to be solubilized. Cellulose also
contributed as the other source for the amount of glucose [43].
The total amount of monosaccharides, disaccharides, and oli-
gosaccharides in the form of xylose, galactose, L-arabinose,
and mannose increased as approximately 6, 10, 2 and 6 times
higher than monosaccharide portion. Among these four sugar,
the amount of galactose was the highest (52–73 mg/gCP)
followed by mannose (26–35 mg/gCP), L-arabinose (12–
21 mg/gCP), and xylose (7–8 mg/gCP). The LHW pretreat-
ment was assumed to disrupt the cell wall component, partic-
ularly hemicellulose, and result in oligosaccharides. Similar
results of oligosaccharides production from hemicellulose
were reported by other studies, Yu et al. [45]. Yu et al. [28]
also reported that the yields of xylose oligosaccharides from
sorghum bagasse and eucalyptus wood chips were 185 and
74 mg/g substrate, respectively.

The increases in the amount of total sugar showed similar
patterns with the results of disaccharides and monosaccha-
rides. For instance, run nos.1 and 2, the amount of glucose
highly increased from 418 to 482 mg/gCP, whereas xylose,
galactose, L-arabinose, and mannose slightly increased. Other
examples were run nos.1 and 3, which the amount of all sugar
increased. However, elevated temperature and prolonged re-
action time were not always increased the amount of sugar as
shown in run nos. 2 and 4 which demonstrated the amount of
glucose of 482 and 403 mg/gCP, respectively. With the same
temperature of 180 °C, the different reaction time of 0, 15, and
30 min in run nos. 7, 8, and 9 illustrated the increased trends

for the amount of glucose from 0 to 15 min, while it decreased
at 30 min of reaction time. This result implied that sugar in-
creased at a certain point of temperature and reaction time,
while further increases in these parameters could not enhance
the amount of sugar in the clear hydrolysate. The decreases in
the amount of sugar under high temperature or long reaction
time were caused by the degradation of sugar into by-prod-
ucts. C5-sugar (xylose and L-arabinose) and C6-sugar (glu-
cose, galactose andmannose) were degraded into furfural (FF)
and hydroxymethylfurfural (HMF), respectively. In addition,
further degradations of FF and HMF can occur which convert-
ed them into levulinic acid or formic acid, respectively [25].
The conversion of sugar into FF and HMF was an unpleasant
process due to loss of sugar yield. Moreover, these com-
pounds had inhibitory and harmful effects on the microorgan-
isms [46].

Optimization of LHW Pretreatment

The amount of total sugar in clear hydrolysate after LHW
pretreatment of CP was used as a response in statistical anal-
ysis. Prior to the analysis of variance (ANOVA), the normality
of data was tested (Table S1). Xylose data was not demon-
strated the normal distribution, while other sugar was normal-
ly distributed. Since ANOVAwas tested based on normal data
distribution, xylose was transformed using Johnson transfor-
mation prior to the analysis. Formula and transformed data of
xylose were shown in Table S2. Analysis of variance
(ANOVA) of sugar was shown in Table S3-S7. Fisher’s sta-
tistical analysis (F-test) was used. The model of all sugar data

Fig. 3 The amount of total sugar
in term of glucose, xylose,
galactose, L-arabinose and
mannose in clear hydrolysate after
LHW pretreatment in each
operating run
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explained all the variation in the response. From the statistical
analysis, the temperature had a significant effect on the
amount of sugar (especially sugar from hemicellulose struc-
ture) higher than the reaction time. Only xylose and mannose
had a significant effect on reaction time. The interaction be-
tween temperature and reaction time had a significant effect
on the amount of sugar except mannose. The breakdown of
hemicellulose into sugar was affected by temperature and re-
action time.

Lack-of-fit is an important term for data prediction, in
which glucose andmannose passed and qualified for predicted
optimum condition. The mathematical models of glucose and
mannose in Eqs. 3 and 4 were shown as followed, where T is
the temperature and t is the reaction time. R2 of glucose and
mannose were 87 and 97%, respectively, where high R2

means obtained data highly fitted mathematical model, while
adjust R2 were 77 and 94%, respectively, which adjust R2

mostly used to compare other mathematical models with a
different number of factors.

Glucose mg=gCPð Þ ¼ −4695þ 54:1 T þ 33:97 t−0:1417 T2

−0:0956 t2−0:1749 T*t

ð3Þ

Mannose mg=gCPð Þ ¼ 121:6–1:176 T þ 0:290 t

þ 0:00361 T2−0:00905 t2

þ 0:00064 T*t ð4Þ

Figures 4a–b show the contour plot and 3D surface plot
between the temperature and the reaction time of glucose pro-
duction under the optimum condition. The optimum

conditions for the maximum glucose production were at the
temperature of 187 °C and the reaction time of 7 min, which
showed the predicted glucose value of 474 mg/gCP. The con-
tour plot and 3D surface plot of mannose production were
shown in Figs. 5 a–b. The optimum condition for mannose
production was at the temperature of 200 °C and the reaction
time of 23 min, in which the predicted value of mannose was
36 mg/gCP. The optimum temperature and reaction time for
the mannose production was higher than those for glucose
production. High temperature and long reaction time were
required to completely breakdown hemicellulose into soluble
forms. To release all starch from the cell wall, hemicellulose
must be started to be cracking at the temperature of 160 °C
[47]. Several studies also reported that high temperature and
long reaction time were required for breaking down the hemi-
cellulose from wheat straw (184 °C for 24 min) [27] and
sugarcane bagasse (180 °C for 20 min) [26].

Experimental Validation

Since the optimum condition (the temperature and the reaction
time) for LHW pretreatment of CP to produce glucose and
mannose were completely different, glucose was selected.
Because glucose was the main monosaccharide found in all
experimental runs and also the simple carbon source for all
kinds of microbial growth and production of valuable prod-
ucts. The optimization of glucose production was chosen for
the further study of BMP. The validation of the predicted
optimum condition for CP pretreatment was carried out at
187 °C for 7 min.

Fig. 4 Contour plot a and 3D response surface plot b between the temperature and the reaction time for glucose in clear hydrolysate obtained from LHW
pretreatment of CP at 5% TS, saturated vapor pressure and 500 rpm agitation
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The remained solid residue after LHW pretreatment was
approximately 22% TS. SEM revealed the structural morphol-
ogies of pretreated CP compared with non- pretreated CP as
shown in Fig. 6. For non-pretreated CP, starch granules were
seen and trapped inside the cell wall structure. Smooth surface
without cracking or disruption of the cell wall was observed
(Fig. 6a-b). However, no entrapping starch granules were ob-
served in the cell wall of pretreated CP due to the gelatiniza-
tion of starch. SEM illustrated the appearance of disruption
and breakdown of an intact cell wall structure of pretreated CP
(Fig. 6c). The hydrolysis of hemicellulose and cellulose by
LHW pretreatment might cause the cracking appearances on
the cell wall structure. Starch, cellulose, hemicellulose, and
lignin contents in solid residue before and after CP pretreat-
ment were shown in Fig. 7. Starch and hemicellulose were
mostly removed from pretreated CP residue compared with
non-pretreated CP, in which it was reduced from 47.9 to 0.1%
and 8.1 to 1.7% (based on TS of non-pretreated CP), respec-
tively. Starch and hemicellulose highly hydrolyzed from
pretreated CP into aqueous phase and results will discuss in
part of hydrolysate fraction. However, cellulose and lignin
were partially hydrolyzed from pretreated CP. Cellulose and
lignin were slightly reduced from 20.9 to 14.2% and 3.4 to
2.2%, respectively.

Along with the increases in the temperature and the
reaction time of LHW pretreatment, starch was firstly hy-
drolyzed from CP followed by the hydrolysis of hemicel-
lulose and cellulose. It was considered by the complexity
of their structures. Cellulose remained as the main

component in solid residue. The form of amorphous and
crystalline cellulose was determined by X-ray diffraction
and represented in term of the crystallinity index (CrI). The
X-ray diffraction pattern of pretreated CP showed a spike
at 22°, which was higher than that of non-pretreated CP
(Fig. S1). Both samples showed a similar intensity of the
amorphous region. CrI value of non-pretreated CP and
pretreated CP were approximately 21.2 and 46.3%, respec-
tively. The crystalline region of cellulose in pretreated CP
was higher twofold than that in non-pretreated CP.
Increase in CrI after LHW pretreatment was caused by
the removal of starch, hemicellulose, amorphous cellulose,
and lignin components leaving the high amount of crystal-
line cellulose in the solid residue. The increases in CrI after
LHW pretreatment were also observed in other LHW-
pretreated biomass, such as sugarcane bagasse [26, 45].
Due to the complexity and the strong interaction of chem-
ical bonds of cellulose structure, which required a high
temperature of 200 °C and long reaction time of 30 min
to break it down [43], the temperature range of 160–200 °C
and reaction time range of 0–30 min could partially or
completely breakdown hemicellulose into soluble saccha-
rides due to the baffling structures of hemicellulose. This
result was similar to another study [45]. They reported that
86.5% of hemicellulose were removed from sugarcane ba-
gasse at elevated temperature, while high content of cellu-
lose remained in the solid residue [48]. The disruption of
intact cell wall structure (Fig. 6c) and removals of organic
compounds (starch, hemicellulose, amorphous cellulose,

Fig. 5 Contour plot a and 3D response surface plot b between the temperature and the reaction time for mannose in clear hydrolysate obtained from
LHW pretreatment of CP at 5% TS, saturated vapor pressure and 500 rpm agitation
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and lignin components) caused the increase of enzyme ac-
cessibility to the cellulose structure resulting in the en-
hancement of the enzymatic hydrolysis of cellulose [45].

In clear hydrolysate fraction after pretreatment of CP,
sugar in form of disaccharides were observed maltose at

4 mg/gCP, while no cellobiose was detected, in which
monosaccharides form as glucose, xylose, galactose, L-
arabinose, and mannose were found at 4, 2, 4, 9 and
2 mg/gCP, respectively. In addition, total sugar in form
of monosaccharides was determined (Fig. S2). The total

a b 

c 

Starch granule 

Disruption 

Fig. 6 The morphologies of the solid residues from non-pretreated CP at 300x magnification a and 1000x magnification b and pretreated CP under
optimum condition at 187 °C for 7 min at 500x magnification c

Fig. 7 Starch, cellulose,
hemicellulose and lignin content
in solid residue under optimum
condition comparing to non-
pretreated CP
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amount of glucose was 444 mg/gCP, which was 6%
lower than the predicted value. The amount of solubi-
lized glucose in the clear hydrolysate was calculated as
78% of total glucose in CP. Glucose in the clear hydro-
lysate was mostly hydrolyzed from starch (99.8% reduc-
tion, calculated from Fig. 7), which was released from
the cell wall structure after LHW pretreatment as re-
vealed by Fig. 6c and that from partially hydrolysis
from hemicellulose and cellulose at 79.0 and 32.1%
reduction (calculated from Fig. 7) were determined. It
was mainly derived from starch, hemicellulose, and cel-
lulose which referred to the hydrolysis of those com-
pounds from the solid residues and solubilization into
hydrolysate. Furthermore, the amount of xylose, galac-
tose, L-arabinose, and mannose in the clear hydrolysate
was also observed at 28, 113, 35 and 19 mg/gCP, re-
spectively. High total sugar recovery from LHW pre-
treatment was observed comparing with dilute acid pre-
treatment (DAP) on CP [9]. Sugar composition in hy-
drolysate after DAP contained glucose, xylose, and L-
arabinose at 201, 175 and 35 mg/gCP, respectively,
which glucose was twice lower than this study, because
DAP can cause further degradation of sugar in to furan
derivatives and lead to loss of sugar yield.

The amounts of furfural (FF) and hydroxymethylfurfural
(HMF) at optimum condition were 31 and 32 μg/mL,
representing to 0.53 and 0.52 mg of FF and HMF per 1 g of
pretreated CP, respectively. Optimum conditions of high
temperature and long reaction time for LHW pretreatment
did not only increase the number of organic compounds in
clear hydrolysate but also increased the concentrations of
inhibitors as found in the study of López González et al.
[49]. It was reported that the highest concentration of
sCOD was observed at 200 °C for 5 min of reaction time,
followedby150 °C for 20min condition.Even thoughhigher
sCODconcentrationwas obtained, lower yield ofmethane at
pretreatment condition of 200°C for 5 min was mirrored by
the presence of FF andHMFat 1.21 and 0.20mg/mL, respec-
tively. The concentration of inhibitors was considered as the
important criteria for the utilization of clear hydrolysate. The
high concentration of inhibitors prolonged the lag phase of
microorganism growth and was toxic to the microorganisms
by inhibiting the microbial enzyme, damage the cell mem-
brane, or disrupt the cell osmolarity, which then led to cell
death and reduced the maximum methane production [46].
An inhibitory effect of FF and HMF on fermentative micro-
organisms was presented at a concentration of more than
1 mg/mL [50–52]. To overcome that problem, the detoxifi-
cation step must be applied before the utilization of clear
hydrolysate as the substrate in the fermentation process.
However, with a low concentration of inhibitors, clear hy-
drolysate could be directly used in the fermentation process
with no or minor adverse effects on the microorganisms.

Biogas and Methane Production

Pretreated CP contained two fractions of solid residue (SR)
and clear hydrolysate (CH). In this study, pretreated CP
named mixture (MX), SR, and CH at optimum condition were
observed for their biochemical methane potential (BMP). The
cumulative biogas and methane production obtained from the
AD of those pretreated CP and non-pretreated CP were mon-
itored during the 60 d experimental period as illustrated in
Fig.8. No lag times of non-pretreated CP and three samples
of pretreated CP were observed. To determine the effect of
pretreatment on biogas and methane production, MX
(pretreated CP) was compared with non-pretreated CP. No
inhibitory effects of FF and HMF (31–32 μg/mL in CH) after
LHW pretreatment was found and observed high methane
production rate without lag time. During 10 d of the initial
stage (Fig. 8a), higher cumulative biogas production from
MX was observed (220 NmL) compared with non-pretreated
CP (179 NmL). The methane content of MX was sharply
increased up to 61.2%, while non-pretreated CP was to

Fig. 8 Comparison of cumulative biogas a and methane b production
from non-pretreated CP and pretreatment CP (mixture) at optimum
condition including two fractional LHW pretreated CP as solid residue
and clear hydrolysate
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52.2%. The rapid increase of cumulative methane production
in MX was reflected by increased biogas production and
methane content compared with non-pretreated CP. The cu-
mulative of methane production ofMX and non-pretreated CP
were 112 and 87 NmL, respectively (Fig. 8b). After 10 d of
incubation time, biogas and methane production from MX
was slightly increased and reached to steady state, while that
from non-pretreated CP still sharply increase until to d 22 and
then slightly increased. The methane content of MX and non-
pretreated CP were up to 62.1 and 54.4%, respectively. The
cumulative biogas and methane production at d 60 of MX
were 247 and 133 NmL, while that of non-pretreated CP were
238 and 123 NmL, respectively. The accumulated maximum
biogas production from MX was observed within 10 d (220
NmL) compared with non-pretreated CP within 22 d (220
NmL) (Fig. 8a), which corresponded to the accumulated
methane production of 112 NmL and 110 NmL, respectively
(Fig. 8b). The AD times for maximum production of methane
from MX and non-pretreated CP were approximately 10 and
22 d, respectively. It was illustrated that pretreatment of CP
accelerated higher production of methane within a shorter
time compared with non-pretreated CP.

Different trends of biogas and methane production from
two fractional forms of LHWpretreated CP (CH and SR) were
observed (Fig. 8). Biogas and methane production from CH
were rapidly increased at the beginning of AD, while that from
SR were gradually increased as shown in Figs. 8a and b,
respectively. Considering AD of pretreated CP (MX) at d
10, it was demonstrated that total biogas and methane produc-
tion were mainly from CH (72.6 and 70.7%) compared with
SR (18.7 and 17.7%) due to the high availability of soluble
sugar in CH. The higher methane production from CH than
that from SR could be caused by the soluble organic com-
pounds in those samples. CH contained high amounts of sol-
uble saccharides, which microorganisms could easily degrade
and consume. On the other hand, lignocellulose was the main
component in solid residue, which was recalcitrant to be
digested. A similar profile of biogas and methane production
of MX was according to CH and SR. After 10 d until the end
of AD (d 60), cumulative biogas and methane production of
SR were slightly higher shared (18.7 to 22.4% and 17.7 to
21.3%) in MX, while that of CH were stable after d 8–10.

The kinetic parameters for batch-methane production of
pretreated CP compared with non-pretreated CP during 60 d
were shown in Table 3. A modified-Gompertz equation was
used to fit the curve for the determination of methane produc-
tion potential, the maximum methane production rate and
methane yield with R2 greater than 98%. From the kinetic
analysis, a close relationship between the experimental data
and the Gompertz model can be seen, with a coefficient of
determination (R2) of > 0.98. Results indicated that pretreat-
ment (MX) significantly affected the cumulative methane pro-
duction, methane production rate, and methane yield in

comparison to non-pretreated CP without pretreatment. The
AD of MX to methane was completed within 10 d, whereas
non-pretreated CP took 22 d to reach steady state. In addition,
fractions of CH and SR were completed within 10 and 22 d,
respectively.

Significant methane production potentials from different
samples were shown at 95% significant level (α = 0.05).
LHW-pretreated CP (MX) showed the highest of the maxi-
mum cumulative methane production rate of 18 NmL/d com-
pared with non-pretreated CP (11 NmL/d) which resulted to
the methane production potential of MX (131 NmL within 10
d) and non-pretreated CP (123 NmL within 22 d). Methane
production potential of CH (87 NmL within 8 d) was majorly
shared in MX that boost total methane production of MX,
whereas methane production from SRwas only 28 NmLwith-
in 22 d. The CH contained easily digestible organic com-
pounds, such as soluble oligo-, di-, and mono-saccharides,
which could contribute to the higher methane production than
SR fraction. On the other hand, SR contained difficult digest-
ible organic compounds (lignocellulosic compounds).
According to those characteristics, the maximum methane
production rate of CH (13 NmL/d) was faster than that of
SR (2 NmL/d). Methane yield from different samples also
showed significant different (α = 0.05), where MX had the
highest methane yield of 328 NmL/gVSadded within 10 d at
maximum methane production rate 18 NmL/d. Non-
pretreated CP showed the methane yield of 243 NmL/
gVSadded within 22 d and the maximum methane production
rate of 11 NmL/d, which were lower compared to that in MX.
The results showed that the maximum rates, production po-
tential and yield of methane fromMXwere 1.6-, 1.2-, and 1.4-
fold higher than non-pretreated CP, respectively, with a
shorter time for methane production. In addition, methane
yields of CH and SR were 216 and 70 NmL/gVSadded, respec-
tively. The pretreated CP (MX) could be directly used in AD
after LHW pretreatment. These results indicated that LHW
pretreatment of CP resulted in the breakdown of cell wall
structure, autohydrolysis, and solubilization of polysaccha-
rides in CP was able to increase the maximum methane pro-
duction rate that resulted to accelerate the methane production
and the maximum methane yield. The methane production
from LHW pretreated CP while raising the reaction rate of
methane production and shortening AD time to obtain high
methane yield. There were some advantages of using LHW at
187 °C for 7 min as a pretreatment method for CP to produce
methane: (i) with a less extra heat source, it can use excess
heat from cassava starch drying processing and (ii) with less
extra payment and saving operating cost for pretreatment
process.

The methane production and yield from CP depend on its
characteristics, especially the amounts of easily digestible
compounds such as starch, might contribute to those different
results. Panichnumsin et al. [40] reported methane yield of
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non-pretreated CP was 344 NmL/gVSadded. While this study
was lower because of less amount of starch content in CP from
the program of waste minimization and cleaner production for
starch recovery. The application of LHW pretreatment for
several types of biomass feedstock and conversion to methane
by AD was also conducted by the other studies (Table 4). The
methane yield from LHW pretreated CP at 187 °C for 7 min
was 35% higher than non-pretreated CP. It was illustrated that
LHW pretreatment of lignocellulosic biomass feedstock pro-
motes to increase methane yield in the range of 23–63% com-
pared with non-pretreated feedstock. Song et al. [53] reported
that the highest reducing sugar and maximum methane yield
were obtained from LHW pretreatment of corn stover (100 °C
for 30 min). A similar finding was also reported by other
studies that used LHW pretreatment for Sida hermaphrodita
[54], sugarcane press mud [49], and poultry slaughterhouse
waste sludge [55]. The increase in the soluble organic com-
pounds (in term of soluble chemical oxygen demand (sCOD)
or reducing sugar) in hydrolysate could increase the maximum
methane yield compared to the non-pretreated feedstock.

Mass balance of non-pretreated CP and LHW pretreated
CP were calculated by base on 1 kgVS of CP and illustrated
in Fig. 9. After LHW pretreatment of 1 kgVS of CP, 0.965
kgVS of the mixture (0.718 kgVS of clear hydrolysate and
0.247 kgVS of solid residue) was obtained. By that, sugar
derived from these components was mainly found. A small
amount of cellulose and lignin were solubilized. The other

0.035 kgVS or 3.5% was loss during LHW pretreatment.
Consequently, methane production of LHW pretreated CP
was 317 NL/kgVS, which was higher than 30% compared
with non-pretreated CP.

Conclusions

Lignocellulosic CP was pretreated by LHW with free chemi-
cal usage prior to bio-conversion into methane. The reaction
temperature and time as the main factors for LHW conditions
were studied. LHWpretreatment of CP enhanced the releasing
of cell wall-entrapped starch, the solubilization of starch and
hemicellulose, and the partial hydrolysis of the cell wall com-
ponents (cellulose and lignin) in form of oligo- and mono-
saccharides in clear hydrolysate. Glucose was found as a ma-
jor sugar component, mostly derived from the hydrolysis of
starch and a small amount from the lignocellulosic compo-
nent. After LHW pretreatment, starch and hemicellulose were
greatly removed fromCP, while cellulose and lignin remained
in the solid residue. The increasing of soluble sugar in hydro-
lysate and more disruption in the lignocellulosic matrix of a
cell wall structure from pretreatment resulted in higher meth-
ane production yield and maximum methane production rate
comparing to non-pretreated CP. With the low generation of
inhibitors (FF and HMF) during pretreatment, no inhibitory
effect and lag time during AD were observed.

Table 3 Kinetic data of pretreated CP and non-pretreated CP at optimum condition

Sample Non-pretreated CP LHW pretreated CP

Mixture Clear hydrolysate Solid residue

Methane production potential (NmL) 123 ± 2.95b 131 ± 1.81a 87 ± 2.11c 28 ± 0.29d

Maximum methane
production rate (NmL/d)

11 ± 0.77b 18 ± 0.48a 13 ± 0.96b 2 ± 0.70c

Maximum methane production date (d) 22 10 8 22

Methane yield (NmL/gVSadded) 243 ± 4.10b 328 ± 4.36a 216 ± 3.10c 70 ± 0.64d

R2 0.9851 0.9859 0.9882 0.9851

The upper letter represented the multiple comparisons of Turkey’s test with a significant level at 95% (α = 0.05)

Table 4 Comparison of methane yield with other studies from various sources of LHW pretreated feedstock

Sample Conditions Methane yield (NmL/gVSadded) Increase methane yield* (%) References

Cassava pulp 187 °C and 7 min 328 ± 4.36 35 This study

Sugarcane press mud 150 °C and 20 min 341 ± 5.31 63 [49]

Corn stover 100 °C and 30 min 259 ± 22.79 23 [53]

Sida hermaphrodita 150 °C and 15 min 575 36 [54]

Poultry slaughterhouse waste sludge 190 °C and 30 min 480 45 [55]

*the increasing methane yield of pretreated feedstock divided by methane yield of non-pretreated feedstock
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