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Abstract
Preventing the further degradation of monomeric or oligomeric sugar into by-product during biomass
conversion is one of the challenges for fermentable sugar production. In this study, the performance of
subcritical water (SCW) and enzymatic hydrolysis of coconut husk toward reducing sugar production
was investigated using a severity factor (SF) approach. Furthermore, the optimal condition of SCW
was optimized using response surface methodology (RSM), where the composition changes of lignocellulose and sugar yield as responses. From the results, at low SF of SCW, sugar yield escalated as increasing SF value. In the enzymatic hydrolysis process, the effect of SCW pressure is a significant factor enhancing sugar yield. A maximum total sugar yield was attained on the mild SF condition of 2.86.
From this work, it was known that the SF approach is sufficient parameter to evaluate the SCW and
enzymatic hydrolysis of coconut husk. Copyright © 2020 BCREC Group. All rights reserved
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1. Introduction
Over the past decades, due to the significance of generating renewable clean energy, the
techniques of fermentable sugar production are
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the subject of exhaustive research to produce bioethanol, biogas, and biohydrogen [1–3]. Fermentable sugar can be produced from potential
lignocellulose waste, such as: coconut husk,
which contains cellulose and hemicellulose in
high levels [4]. Moreover, the abundant annual
production of coconut husk allows this waste to
be used for industrial-scale in Indonesia [5].
However, the high lignin content of 41.19% in
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coconut husk causes ineffective enzyme accessibility, resulting in decreasing fermentable sugar production [6].
Supercritical fluid technology, as the latest
technology for hydrolysis and extraction, become the promising method to be developed [7–
10]. Subcritical water (SCW), the most moderate process of supercritical fluid, is well-known
to be able to break down the complex lignin of
biomass efficiently and has been proven to be
technically feasible instead of the acid/base
method due to its advantages, namely short
time, less corrosion and environmentally
friendly [11–13]. One of the challenges of the
SCW process is the further degradation of glucose and other oligomers, which are faster than
the cellulose decomposition rate by an increase
of severity condition [14–16]. Hence, the operating conditions of SCW should be optimized to
obtain sugar and reduce operating costs.
Generally, the operating conditions of SCW
were evaluated by one-by-one factors separately [17–20]. Severity factor (SF) parameter has
been widely utilized to identify the effect of
time, temperature, and pH parameters from
the pretreatment process to maximize the degree of liquid biomass and sugar yield [21,22].
SF has been successfully applied for any kind
of pretreatment method: hydrothermal [23,24],
steam explosion [25,26], and hydrothermal
with adding acid catalyst [27]. For enhancing
the efficiency of the process, SCW can be evaluated using the severity factor (SF) level, which
relates to the parameter combination of reaction time, temperature, and pH [28–30]. Under
mild conditions, the subcritical process produces a longer chain oligomer, which decreases in
length by increasing the severity factor [23,30].
However, sugar degradation simultaneously escalates as severity increases. The precision control of severity should be conducted to minimize
the formation of inhibitor components, such as:
furfural and acid compound as well as maximize sugar hydrolysis [21,31].
From previous work, one of the attractive
gas for further investigation of the SCW process is nitrogen because of its low price and inert property [5,32]. The study of nitrogen as
pressurizing gas at SCW has been studied by
previous researchers that only focus on medium to high severity of the hydrothermal process [32,33]. From the reviewed literature, no
previous works that studied the severity behavior of the nitrogen pressurized-SCW process on
the hydrolysis of coconut husk.
As the problem mentioned earlier, the objective of this research is to evaluate the severity
of the process parameter of SCW and

enzymatic hydrolysis towards reducing sugar
yield. The effect of SF on sugar production, holocellulose removal, and treated coconut husk
structure was investigated.
2. Materials and Methods

2.1 Materials
CCH used in this work was collected from
Manado City, North Sulawesi, Indonesia. The
physical treatment before the SCW process
was adapted from Muharja et al. [5]. Dinitro
salicylic acid (DNS) and other chemicals were
purchased from Sigma Aldrich, Japan.
2.2 Methods
2.2.1 SCW process
Six grams of coconut husk was mixed with
120 mL distilled water inside the stainless reactor, as described by Muharja et al. [32]. The
temperature was increased until the subcritical
condition of the water attained. Temperatures
were varied at 110-190 °C; the pressure of ultra-high purity (UHP) nitrogen (N2) (PT. Aneka Gas, Sidoarjo, Indonesia) was maintained at
20-80 bar for 20-60 min. SCW process was run
by using a batch operation. SCW pressurized
by carbon dioxide (CO2) gas was also utilized in
this study to evaluate the type of pressurizing
gas. All experiments were carried out in a triplicate run.
Sugar yield data in this study are presented
as SF values, which combine the effects of temperature and time parameters of the pretreatment process into one equation (see Figure 1).
The proportion between temperature and time,
also known as severity, is a crucial factor in the

Figure 1. Representation of severity factor as
the relationship of the temperature and time
of SCW condition used in this study.
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pretreatment process. The R0, severity factor, is
expressed using a log function, as shown in Eq.
(1), where t corresponds to the reaction time,
and T is the SCW temperature [21]. Moreover,
sugar yield was defined by Eq. (2).
(1)


 (T − 100 )  
log R0 = log t exp 
 14.75  




 mass of sugar obtained by DNS ( g ) 
Sugar yield (%) = 
  100
 mass of initial coconut husk ( g ) 

(2)
2.2.2 Optimal process conditions in the SCW
process
Box-Behnken design with five replicates at
the center point was applied to optimize the
critical factor to enhance reducing sugar production in the SCW process. Optimization was
conducted only in the range of mild to high severity level. The effect of three independent
variables (temperature (X1), time (X2), and
pressure (X3)) at three levels (X1 from 150 to
190, X2 from 20 to 60 min, and X3 from 60 to
100 bar) on the reducing sugar concentration as
the response was investigated by using Minitab
16 software package (Minitab Inc, ITS Surabaya, Indonesia). Fitting of the model and experimental data was evaluated by value of R2.
2.2.3 Enzymatic hydrolysis
Enzymatic hydrolysis was subjected to the
solid of SCW-treated at the low SF using commercial cellulase and xylanase (Sigma Aldrich,
Japan) based on previous work conditions [34].
Enzymatic hydrolysis was conducted at a pH of
3, the temperature of 60 °C in the modified incubator shaker, which was shaken at 125 rpm
and run for 48 h.
2.2.4 Analytical and characterization methods
The SCW hydrolysis produced two products:
the liquid and solid product. The reducing sugar of the liquid product was analyzed by employing the DNS method [35]. The chemical

composition of the native coconut husk was analyzed using proximate analysis. The composition of hemicellulose was analyzed gravimetrically based on the previous method [5]. Furfural content was analyzed by a modified GC-FID
method which was described previously by using GC-2010 Plus Shimadzu, Kyoto, Japan.
[36]. Native and pretreated samples were examined by Scanning Electron Microscopy
(SEM) Evo MA 19 (Carl Zeiss, England) to observe the microstructure of the sample and XRay Diffraction (XRD) to evaluate crystallinity
index (CrI) of cellulose using X’Pert PRO
(PANalytical B.V, Holland).
3. Results and Discussion
3.1 Composition Analysis of Coconut Husk
The results of chemical composition analysis (in mass percent) of coconut husk are shown
in Table 1. The chemical property analysis is
needed to predict the behavior and potential of
coconut husk when used as a biofuel [37].
Crude fiber represents carbohydrates that are
not easily digested, namely cellulose, hemicellulose and lignin. Meanwhile, nitrogen-free extract represents non-structural carbohydrates,
such as: starch and monomer/oligomeric sugars
[38].
More specifically, the hemicellulose and cellulose content in this study was 34.52%. This
result is close to the result of the study by Prado et al. [4], which consisting of polysaccharides glucans, xylan, galactant, arabinan, and
mannan. From these results, it can be concluded that the sugar and holocellulose components
contained in coconut husks have the potential
to be converted into fermentable reducing sugars for biofuel production.
3.2 Severity Behavior of SCW Process Pressurized by N2
Figure 2 presents the effect of the severity
factor (SF) of the SCW process pressurized by
N2 gas on the sugar concentration following the
SCW process. Sugar yield in this study is presented as a function of SF values. At low SF of

Table 1. Proximate analysis of the native coconut husk.
Water content

Protein

Fat

CF

Ash

NFE

Reference

13.68±0.05

5.77±0.39

3.0±0.4

69.6±5.51

1.05±0.9

6.9

[38]

14.46±0.05

2.40±0.2

1.5±0.3

68.99±4.04

0.92±0.01

11.73

[4]

14.35±0.1

3.06±0.3

0.71±0.05

74.57±3.2

2.03±0.1

5.28

This study

Note: CF is Crude Fiber. NFE is a nitrogen-free extract
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2.07 to 3.05, it is shown that sugar concentration increased from 0.5 to 3.8 g/L. Sugar concentration obtained at this range was proportional to the extracted hemicellulose. This result suggests that at this level, sugar was obtained from a monomer of hemicellulose only.
This phenomenon was related to short and nonshaped polymer chains of hemicellulose that
are relatively more straightforward to be hydrolyzed into its monomers, such as D-xylose,
D-mannose, D-galactose, and L-arabinose [21].
Figure 2 also indicates that increasing SF to
the mild severity of 3.83 caused the sugar concentration to be much larger than the hydrolyzed hemicellulose. This result indicated that
in the mild severity condition, celluloses were
also hydrolyzed into their monomers (i.e., glucose/cellobiose) by the increase of H 3O+ ions
from water dissociation under SCW condition
[36].

Figure 2. Effect of severity factor towards the
sugar concentration obtained after SCW process.

Response Surface Methodology (RSM) was
conducted to investigate the interaction between the SCW severity parameter at mild to
high SF condition. RSM is useful to determine
the level of the parameters that contribute to
the desired response [39]. Figure 3 is one of the
plots of contour and response surface, which
represented the most significant response. The
plot of contour and response surface based on
the independent variables of temperature (X1)
and time (X2) where nitrogen pressure (X3) was
kept at a medium level (80 bar) is illustrated in
Figure 3. A maximum sugar was obtained
when SCW temperature was maintained at a
mild condition in the range of 150-154 °C. The
highest sugar of 6.05 g/L obtained at mild SF
condition was 150 °C, 24.2 min, and 80 bar (SF
2.86). Beyond this level, sugar concentration
significantly decreased, which was attributed
to the degradation of sugar under severe treatment conditions [5,40]. As shown in Figure 3a,
the maximum sugar concentration was attained at a medium level of the reaction time of
20-30 min. However, extending the hydrolysis
time leads to a gradual decrease in the obtained sugar, whereby it may be attributed to
further sugar degradation due to excessive liquefaction levels [41,42].
The three-dimensional response surface
contour plot was presented in Figure 3b. As
shown in Figure 3b, the sugar concentration
was significantly affected by severity condition
(i.e. temperature and time) of the process (see
also Table 2). The sugar concentration continuously decreased when the temperature increased. Increasing reaction time was also accompanied by decreasing sugar concentration.
This decrease may occur due to further degradation of the sugar to compound at high tem-

Figure 3. Contour (a) and response surface (b) of sugar concentration obtained after SCW process.
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peratures [22]. The surface contour plot shows
that the maximum sugar concentration region
on the outside of mild to high severity condition.
Table 2 shows the results of the analysis of
variance (ANOVA) for the concentration of reducing sugars after the SCW process. A low Pvalue (below 0.05) illustrates that reaction temperature and time have a significant effect on
sugar concentration. A high R2 (0.865) indicates
a good fitness of experimental data and predicted sugar concentrations. Meanwhile, the Pvalue at lack-of-fit above 0.05 means that there
is compatibility with the model chosen. On the
other hand, pressure does not have a significant effect on sugar concentration (P > 0.05). In
general, by using ANOVA, it is known that
temperature and time have a significant influence on sugar from the results of SCW, where
reaction time is the most influential variable.
The highest sugar yield (12.1%) after the
SCW process in the present study was obtained
at a mild level of SF of 2.86. Sugar yield performed in this study was able to compete with
previous work, which used various substrate
and pretreatment methods. In the comparison
of substrates, rice straw was hydrolyzed by Lin
et al. [33] using nitrogen assisted-SCW yielding

34.6 % sugar, which higher than this study,
but it was obtained at high SF condition (SF
6.2). The yield obtained in this study was superior in mild conditions, which may prevent the
degradation of sugar [21]. In a comparison of
methods, Prado et al. [43] and Muharja et al.
[5] used carbon dioxide as the pressurizing gas
and obtained sugar yield higher than this
study at SF 5.89 and 3.25, respectively. Nitrogen gas is preferred as pressurizing gas besides
due to the economic aspect, N2 also showed a
superior hydrolysis performance in extreme
conditions because of its inert characteristic
[32].
In this study, the highest furfural concentration, as the degradation product after SCW
hydrolysis, was obtained at the highest SCW
temperature of 170 °C (SF 3.84). The furfural
content is 0.022 g/L. Zhang and Wu [44] reported that furfural concentration produced after
subcritical CO2 pretreatment of eucalyptus at
lower SF, 160 °C for 60 min (SF of 3.54), was
lower than this study, which was 0.018 g/L. On
the other hand, Prado et al. [4] obtained higher
furfural concentration after SCW hydrolysis of
coconut husk at higher SF condition, which
was 0.75 g/L at 212 °C for 30 min (SF of 4.77).
These results revealed that furfural content ob-

Table 2. Analysis of Variance (ANOVA) for sugar concentration on SCW process at mild condition.
Source

DF

Sec. SS

Adj. SS

Adj. Ms

F

P

Regression

9

69.3583

69.3583

7.7065

12.30

0.000

Linear

3

62.7970

62.7970

20.9323

33.41

0.000

Pressure

1

0.0768

0.0768

0.0768

0.12

0.730

Temperature

1

33.3183

33.3183

33.3183

53.17

0.000

Time

1

29.4019

29.4019

29.4019

46.92

0.000

Square

3

1.6915

1.6915

0.5638

0.90

0.459

Pressure*Pressure

1

0.1278

0.2347

0.2347

0.37

0.547

Temperature*Temperature

1

0.4504

0.5629

0.5629

0.90

0.355

Time*Time

1

1.1134

1.1134

1.1134

1.78

0.198

Interaction

3

4.8698

4.8698

1.6233

2.59

0.081

Pressure*Temperature

1

2.7967

2.7967

2.7967

4.46

0.047

Pressure*Time

1

0.2945

0.2945

0.2945

0.47

0.501

Temperature*Time

1

1.7786

1.7786

1.7786

2.84

0.108

Residual Error

20

12.5323

12.5323

0.6266

Lack-of-Fit

3

4.0650

4.0650

1.3550

2.72

0.077

Pure Error

17

8.4673

8.4673

0.4981

Total

29

81.8907

Note: The values in bold are statistically significant (significance level of 95%)
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tained after subcritical hydrolysis was proportional to the SF level. The higher the SF level,
the higher the furfural produced. The high furfural content should be avoided because it can
inhibit the cell growth of microorganisms in the
further bioprocesses.
3.3 Comparison between N2 and CO2 as the
Pressurizing Gas
Figure 4 depicts the degraded holocellulose
after SCW hydrolysis using N2 and CO2 as the
pressurizing gas. From Figure 4, working with
both N2 and CO2, it is presented that at low to
mild SF, the conversion of hemicellulose is
higher than the cellulose sugars, which may occur due to decomposition rate of hemicellulose
was faster than cellulose [44]. These conditions
may be caused by the presence of a short polymer chain of the hemicellulose. The chain was
broken down easily by severe conditions [5]. On

Figure 4. The degraded holocellulose after
SCW hydrolysis using (a) nitrogen and (b) carbon dioxide.

the other hand, it was found that cellulose was
hydrolyzed into monomeric sugar under the
mild to high severity condition. Determination
of the optimum condition in this SF range became an important matter because, at high SF
condition (higher temperature and longer reaction time), the hydrolysis rates of cellulose was
slower than glucose or oligomers decomposition
[44,45]. This condition should be avoided to obtain high sugar yield and low sugar degradation.
Figure 4 interprets decomposed hemicellulose and cellulose after hydrothermal treatment. Nitrogen, as shown in Figure 4a had a
different character compared to carbon dioxide
(in Figure 4b) on the hydrolysis of biomass.
Hemicellulose and cellulose compounds were
hydrolyzed faster in carbon dioxide than nitrogen at low severity. This phenomenon could be
explained that carbon dioxide as the pressurizing gas was dissolved in the medium and reacted with water resulting in the formation of a
weak acid like carbonic acid that acts as a catalyst [46].
Under pressurizing gas of carbon dioxide,
the extracted hemicellulose increased significantly about 64.26% at low SF from 2.3 to 2.96.
However, the extracted hemicellulose decreased by about 22.05% as increasing severity
at mild SF. This result was in agreement with
the work by [47]. The hemicellulose degradation increased during the low to mild SF and
then decreased as increasing SF value. As the
severity of the pretreatment conditions increased, xylose would be degraded into furfural
[5].

Figure 5. The crystallinity index (CrI) values
of the solids after SCW hydrolysis in the severity conditions used.
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3.4 Characterization of Solid Residue
The crystallinity index (CrI) values of the
solids are analyzed in this study (See Figure 5).
The native solid had a CrI of 17.47%. The pretreated sample using nitrogen had CrI value
higher than the native solid, namely 18.89 and
23.86% at mild and low severity levels, respec-

tively. The increase in CrI of the pretreated
solid may be due to the breakdown or dissolution part of amorphous hemicellulose and lignin during SCW treatment. Nevertheless, this
condition was not strong enough to destroy the
crystallinity of the cellulose [44]. On the other
hand, the CrI of the SCW using carbon dioxide
decreased to 5.05 and 4.13% at mild and low
severity. This CrI decrease indicated that some
part of the crystalline structures in cellulose
was destroyed [49]. From the results, it revealed that there was no alteration and shifting of the symmetry of the XRD patterns following SCW treated. This phenomenon indicates that after SCW applied, there was only
the change of CrI value without dilation of the
crystalline structure of cellulose [50].
Scanning Electron Microscopy (SEM) analysis was conducted to compare morphological
changes in coconut husk before and after SCW
using N2 and CO2 (See Figure 6). The structure
of untreated lignocellulose is smooth, tight, and
contiguous as shown in Figure 6a. Coconut

Figure 6. SEM figures of coconut husk solid before (a) and after SCW using N 2 and CO2 at low (b and
c) and mild severity conditions (d and e), respectively.
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husk was cracked after the SCW process. Putrino et al. [7] showed that coconut fiber subjected
supercritical CO2 underwent the increase of porosity and the reduction of the hydrogen bond
between lignin and cellulose. After SCW applied using both N2 and CO2, as shown in
Figure 6 (b-e), the wall structure was changed
to become more rough, hollow, and amorphous.
Compared to SCW using N2 in the low and mild
SF conditions, the structural changes were
more severe when CO2 gas was used. This phenomenon may be related to the compressibility
of gases. The rupture of this structure reveals
that SCW disintegrated the lignocellulose cell
wall. These structural alterations increase the
accessibility of enzymes to expose cellulose,
yielding a high sugar production in the enzymatic hydrolysis process [32,50].
3.5 Effect of SCW Severity on Enzymatic Hydrolysis at Low SF
Cellulase is a complex enzyme that gradually hydrolyze the cellulose chain into glucose
[51]. The three components identified in the
cellulase enzyme are endoglucanases (EG),
exoglucanases / cellobiohydrolases (CBH), and
-glucosidase (BG) [52]. The hydrolysis of cellulose to glucose goes through a multi-step reaction, namely the cleavage of -1,4 bonds on the
cellulose fiber chains by EG and the degradation of crystalline cellulose by CBH into shortchain oligosaccharides and cellobiose, and the
hydrolysis of cellobiose and oligosaccharides into glucose by BG [53–55].
Pino et al. [56] reported the catalytic deactivation of a commercial cellulase from Trichoderma reesei on the hydrolysis of agave bagasse

which hydrothermally pretreated. The study
revealed that the efficiency of the catalytic performance of cellulase underwent a drastic drop
on the glucose production after the fast-initial
hydrolysis rate. The decrease was induced by
deactivation of -glucosidase owing to lignin
adsorption and feedback inhibition owing to an
accumulation of cellobiose.
Xylanase is a group of enzymes that have
the ability to synergistically hydrolyze xylan
into simple sugars which involve a different
mechanism of action of the enzyme consortium
[57,58]. Xylanases can be classified based on
the hydrolyzed substrates, namely endo-1,4-xylanase, -arabinofuranosidases
and esterases. The following is a complete
breakdown by the action of several hydrolytic
xylanases; Endo-1,4--xylanase attacks glycosidic bonds releasing xylo-oligosaccharides, xylosidase hydrolyzes short-chain xyloarabinofuranosidases removes arabinose from
-1,2glycosidic linkages, and Esterases acts on the
ester linkages of xylan [59].
ANOVA analysis of sugar obtained from enzymatic hydrolysis after SCW applied at low
SF exhibited that pressure had a significant effect on the sugar yield (data not shown). Therefore, in this work, enzymatic hydrolysis was
utilized only on the solid pretreated by SCW at
low SF in different pressure. Figure 7 shows
the effect of SCW on sugar concentration after
the enzymatic hydrolysis. At low severity factor
(SF 2.07), sugar concentration increased as
adding pressure. Around this SF value, the
SCW pressure gave a significant effect (P<0.05)
on the sugar concentration due to the enlarging
porosity of lignin, yielding a decreasing of hindrance between enzyme and substrate [50].
On the other hand, sugar concentration decreased as increasing pressure under mild SF
(SF 2.66). This fact may be related to the escalation of the SCW temperature. Increasing
temperature gave a significant impact because
the sugar was hydrolyzed into the degraded
compound. At the higher temperatures (mild
SF), further degradation of lignocellulosic biomass produced furan compounds that can inhibit the enzymatic process [16].
4. Conclusions

Figure 7. The effect of severity condition on
the sugar concentration after enzymatic hydrolysis.

This work revealed that at low severity
range, the pressure of nitrogen as pressurizing
gas had a significant effect both to increase
sugar production and enhance the enzymatic
process digestibility. At mild severity,
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temperature and reaction time influenced a
considerable impact. On the enzymatic hydrolysis process, the pressure had a significant
impact on sugar production. This study
recommends the SCW and enzymatic hydrolysis at a mild severity level as a promising
method for sugar production before the
fermentation process.
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