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Abstract

The competitive reactions of lignocellulose hydrolysis and monosaccharide degradation in the subcritical water
(SCW) hydrolysis of coconut husk were investigated to optimize the reducing sugar yield. Optimization analysis
was performed by response surface methodology (RSM) and kinetics studies. Parameters of process optimization
were varied at 130-170 °C for 15-45 min. The reducing sugars were measured using the Dinitro salicylic acid
method. The sugar yield increased when the temperature increased from 130 °C to 170 °C. The highest reduction
sugar yield of 4.946 g/L. was obtained at 183.6 °C for 4.8 min and 23.4 liquid/solid ratio (LSR). Kinetics studies
were carried out at temperature variations of 150, 170, and 190 °C and pressures of 60, 80, and 100 bar for 5 to 60
min. The yield of reducing sugar decreased with increasing temperature. The kinetic model 2B is the best method
to explain the competitive reaction kinetics of coconut husk hydrolysis. This research is an innovation to increase
the reducing sugar to make the process more commercially viable.
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1. Introduction

An inevitable growth of human population
has increased the fuel demand, used up the re-
sources, and polluted the environment [1,2].
Fossil energy depletion has urged the innova-
tion of alternative energy which is renewable
such as lignocellulose from agricultural waste
[3-5]. Lignocellulose is a potential feedstock for
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the production of biofuel and the other bioprod-
ucts, including chemicals, biofiber, biopulp, en-
zyme, adsorbent, etc. [6—9]. The energy from bio-
fuel, such as biodiesel, bioethanol and biobuta-
nol, biohydrogen, and bio-jet, has been widely
applied for transportation sector and power
plant because it is renewable, low cost, and en-
vironmental friendly [10-12].

The process determining biomass conversion
is pretreatment to destruct the complex
structure of biomass and hydrolysis to produce
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the sugars [13,14]. The conventional methods
using acid, alkali, or oxidative delignification
efficiently break the bonding of biomass
structure, but require high energy and
operational cost and cause hazardous risk to
the environment [6,15,16]. Therefore, nowa-
days the researchers focused on the green tech-
nology for sustainable biomass utilization. Sub-
critical water (SCW) process functioning as pre-
treatment and hydrolysis simultaneously, has
been an attractive technology in the last years
[17]. The rapid reaction and environmentally
friendly process made this technology as the
most interesting biomass conversion process.
Besides, the adjustable solvent properties by
setting the temperature made the condition for
hydrolysis optimizable [18,19].

Cellulose hydrolysis using subcritical water
needs high temperature and pressure for re-
ducing sugar production. Subcritical water is
defined as the water condition between the
boiling point (100 °C) and the critical point (374
°C) in the pressurized condition (0.1-22 MPa)
[20]. Therefore, the optimization of reducing
sugar yield by variable selection using experi-
mental design to investigate the effects of the
factors and minimum number of experiments
should be conducted. In the previous study, we
reported integrated process of subcritical water
and enzymatic hydrolysis of coconut husk suc-
ceeded to enhance the fermentable sugar pro-
duction [21]. The addition of surfactant to sub-
critical water process also increased the sugar
production [22].

Reducing sugar result depends on the com-
petitive reaction of the lignocellulose hydrolysis
and monosaccharide degradation [23]. Thus,
the kinetics study of cellulose hydrolysis should
be investigated. The previous researches
[24,25] reported that hydrolysis kinetics of gar-
lic stalk and chitin using Coats—Redfern model
resulted activation energy for hydrolysis zone
with high correlation coefficient. The first order
kinetics model is the most effective to express
the hydrolysis kinetics.

Although it has been studied previously, the
optimization and kinetics data of the subcriti-
cal water hydrolysis process have not been fully
clarified. To best our knowledge, the optimiza-
tion and kinetic study of the conversion of coco-
nut husks using subcritical water for sugar pro-
duction has not been reported. To fill these re-
search gaps, in this work, SCW process condi-
tion have been examined and optimized by us-
ing response surface methodology (RSM) to pro-
duce maximum sugar yield. Furthermore, ki-
netics study will be carried out to develop a
mathematical model that can represent the

subcritical water hydrolysis process for bio-
mass to biofuel conversion. The optimization
and kinetics of sugar production using SCW is
projected making the processes more commer-
cially viable.

2. Materials and Methods
2.1 Subcritical Water (SCW) Optimization
2.1.1 Material

Coconut husk was collected from Manado
City, Sulawesi Utara, Indonesia. The
preparation procedure of the sample was
adapted from Muharja et al. [22]. Pro analysis
grades of Dinitrosalycilic acid, commercial cel-
lulase, and xylanase were purchased from
Sigma Aldrich, Japan.

2.1.2 SCW process

The SCW equipment used in this study was
modified from preceding work [26]. The process
was run by supplying the Ultra-High Purity
Nitrogen gas (PT. Aneka Gas, Sidoarjo, Indone-
sia) to the reactor with a constant pressure of
80 bar. Process parameters were varied at
temperatures of 130 to 170 °C for 15 to 45 min
since the condition reached. The sample was
washed and dried in the oven at a constant
temperature of 60 °C and stored at 4 °C prior
to being analyzed.

2.1.3 Analytical method

The reducing sugar was obtained following
SCW process. It was measured by using the
Dinitrosalicylic acid method [27]. Hydrolysis
data were analyzed by applying the two-way
analysis of wvariance (ANOVA). Data are
presented as mean standard deviation based
on triplicate analyses.

2.1.4 Optimization

Central Composite Design (CCD) was
applied to optimize the critical factor of the
SCW process. The effect of three independent
variables (liquid/solid ratio, time and tempera-
ture of reaction) at three levels toward sugar
yield as the response was investigated by using
Design Expert Software.

2.2 Kinetics

2.2.1 SCW process

Process parameters were varied at
temperatures of 150, 170, 190 °C for 5 to 60
min since the condition reached. The process
was run by supplying UHP Nitrogen gas to the
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reactor with pressure variations of 60, 80, and
100 bar.

2.2.2 Kinetics Model 1

Kinetic model 1 was derived based on the
following reaction in Equation (1).

Biomass(SH)—"—> Reducing Sugar (R)—2—

Degradation Product (P) @

where, k; and ks are rate constants for the
formation of reducing sugars and degradation
products. The SH symbol represents the
combination of cellulose (S) and hemicellulose
(H) components that make up coconut husk,
where these two components were degraded
into reducing sugar (R). Then the kinetics
equation can be given in Equation (2).

o _k-CSHO

= s (exp(—klt)— exp(—kzt))

2
The reaction rate constants k; and k2 can be
determined from the fitting of experimental
data to Equation (2). The reaction rate
constants k; and k2 under different conditions
can be determined from the fitting
experimental data of the RR reducing sugar
yield to Equation (2) using a solver from
Microsoft Excel 365.

2.2.3 Kinetics Model 2A and 2B

The 2A kinetics method can be shown in the
following Equations (3) and (4).

Cellulose (S)—— Glucose (G)—4—5 - HMF (P) (3)

Hemicellulose (H)—— Xylose (X) —f4— 2
Furfural (P)

k: is the rate constant for the degradation
reaction of cellulose, k2 is the rate constant for
the degradation of the hemicellulose, and ks is
the rate constant for the degradation reaction
of glucose and xylose reducing sugars.

Cy =Cype™ )
Cy = Hoeikzt (6)
C, = kCSO exp(-kt)+ k,CHO exp(—kyt)
k3 - k1 k3 - kz (7)
B kCSO 3 k,CHO exp(—k,{)
k:s - k1 k:s - kz

The reaction rate constants k;, k2 and ks can be
obtained from the fitting data of cellulose and
hemicellulose concentrations with Equations
(5)—(7). The value of activation energy is
obtained from the correlation between the
reaction rate constant and the temperature of
the Arrhenius equation as following Equation

(8).

Table 1. Central composite design matrix along with predicted and experimental values for reducing

sugar yield in SCW process.

Runs Reaction Liquid/solid Reaction Reducing sugar yield (%) MAPE
time (min) ratio (LSR) temperature (°C) Observed Predicted (%)
1 30 15 150 4.3 4.3 0.00

2 30 23.4 150 4.0 4.4 10.00
3 30 15 150 4.3 4.3 0.00
4 15 20 130 3.5 3.2 8.57
5 30 15 150 4.2 4.2 0.00
6 15 10 130 3.4 3.3 2.94
7 15 20 170 4.9 4.8 2.04
8 30 15 150 4.3 4.3 0.00
9 45 10 170 7.6 7.5 1.32
10 30 6.6 150 7.4 7.7 4.05
11 45 10 130 7.0 6.6 5.71
12 45 20 170 3.9 3.6 7.69
13 45 20 130 3.0 2.8 6.67
14 55.2 15 150 4.1 4.4 7.32
15 30 15 150 4.3 4.3 0.00
16 4.8 15 150 2.4 2.6 8.33
17 30 15 116.4 2.8 3.1 10.71
18 30 15 183.6 4.8 5.1 6.25
19 15 10 170 5.2 4.9 5.77
20 30 15 150 4.2 4.2 0.00
Average 4.37
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Ea
Ink=lnA-—
RT ®

where, Ea is the activation energy (kJ.mol-1), &
is the reaction rate constant (min-!) for each
temperature, R = 8.314 J.mol-1.K-! and A is the
exponential factor (min-1). Plot —In (k) vs 1/T so
that the slope is obtained as activation energy
and intercept as an exponential factor.

3. Results and Discussion
3.1 Response Surface of SCW Process

At this work, three critical parameters of
the SCW process were evaluated to determine
variable which has a significant effect in reduc-
ing the concentration of sugar using response
surface methodology (RSM). Table 1 shows the
design and result of the three parameters in
the SCW process using a central composite de-
sign (CCD). As shown in Table 1, the yields ob-
tained from the SCW pretreatment process var-
ied from 3.37% to 9.89%. The highest reducing
sugar yield of 9.89% was attained under a reac-
tion condition of 170°C for 15 min and the LSR

Reducing sugar yield (%)

Reducing sugar yield (%)

Figure 1. Surface response from RSM design.

of 20. Mean Absolute Percentage Error (MAPE)
and Root mean square error (RMSE) are 4.37
and 0.23, respectively.

The experiment data of sugar yield was
used to determine the coefficient of the
regression equation (see Equation 9) where X,
X>, and X; are reaction time, LSR, and temper-
ature. The second-order polynomial equation
can be used to predict the yield of reducing
sugar.

Yield = -20.4 +0.513X, —0.07X, +0.192X,
~0.00189X? +0.0168X? —0.0005X? )
-0.01531X, X, —0.00095X, X,
+0.00175X,X,

In the general SCW process, the
temperature is one of the significant
parameters toward cracking and hydrolysis
performance of lignocellulose. It due to the
properties of SCW which help in the hydrolysis
process (i.e., dielectric constant, density,
viscosity, etc.) is a function of the temperature
[28]. Figure 1 depicts a contour plot graph of
the response surface for the reducing sugar
yield. The dark blue area indicates the yield of
reducing sugar with the lowest concentration,
while the dark red area indicates the yield of
reducing sugar with the highest concentration.
As shown in Figure 1, by increasing
temperature, reducing sugar production was
increased. The degradation of hemicellulose
and cellulose occurred at high temperatures
because of water more reactive to break down
the complex carbohydrate molecules.
Hydrolysis biomass run slowly, on the
temperature below 100 °C. Abaide et al. [15]
revealed that free sugars and most
hemicelluloses reacted above 170 °C. Muharja

Reducing sugar yield (%)
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et al. [29] showed the same result that
hemicellulose extract from coconut husk
increase from 67.8% to 73.94% with increasing
temperature from 150 to 160 °C.

Another critical parameter on hydrolysis
using SCW is reaction time. Reaction time has
a significant effect on the recovery of reducing
sugar. As shown in Figure 1, the yield of
reducing sugar increased with increasing time
of reaction and then decreased. This can be
explained by the fact that the contact between

Redutn g sugar yeeld (%)
|

T T T T T T T
48 132 24 I& 184 ddd

A Reaction Time {minl)

Re-gucing sugar yeld (%)
1

Ted 12317 1238 1365 1412 145% 1566 1613

the liquid and the substrate causes the
carbohydrate complex molecules to be
increasingly hydrolyzed. This result is similar
to the study of extraction of reducing sugars
from date palm fruit by Rambabu et al. [30].
They revealed that reducing sugar increased at
5 to 11 min and then decreased.

The amount of water affected sugar yield. In
this study, LSR 1is the most significant
parameter in the hydrolysis process (see Table
2). As shown in Figure 1, hydrolysis of
reducing sugar increased with increasing LSR.
Based on the result of this study, more liquid
used 1in the process cause complex
carbohydrate molecules to be more easily
hydrolyzed. Higher LSR caused the solution in
the reactor is not easily saturated. In the batch
process, the saturation of the solution becomes
very important because it affects the solubility
of the hydrolyzed sugar. The same result was
reviewed by Abaide et al. [15] where sugar
yield increased with increasing LSR for batch
SCW system.

After getting the results of the yield of re-
ducing sugar, then the optimum response
variable value needs to be calculated using the
Derringer method. The Derringer method is
used to determine the optimal conditions for
obtaining the highest reducing sugar by using
the optimum composition of reaction time,

Reducing sugar yeekd (%)
| |

C- Temperature ({C]) B Rama
Figure 2. Derringer’s desirability graph.
Table 2. Fit Summary of model parameters Reducing sugar yield.
Source Sequential p-value Lack of Fit p-value = Adjusted R?  Predicted R?
Linear 0.0026 < 0.0001 0.5006 0.2292
2F1 0.0459 < 0.0001 0.6609 0.4022
Quadratic 0.0003 <0.0001 0.9295 0.7181 Suggested
Cubic 0.9662 <0.0001 0.8919 -6.4637 Aliased
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ratio, and temperature as shown in Figure 2. In
Figure 2, it is presented that the highest
reducing sugar was obtained under conditions
of 30 min of reaction time, 15 of LSR, and 143.2
of temperature.

3.2 Statistical Analysis and Model Fitting

P-value is a parameter to determine the
significant factor of the experiment. A p-value
of less than 0.05 indicates factors that are
significant at the probability level of 95%. Ta-

Cook's Distance
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Figure 3. The Cook’s Distance plot.

ble 2 is an analysis of variance (ANOVA) to
fitness the models, the P-value of the quadratic
model of <0.0001 indicates the model used has
a significant effect. Based on Table 3, the P-
values of reaction time, ratio, and temperature
are 0.0002, <0.0001, and 0.0004, respectively,
which means that they had a significant effect.
The Model F-value of 28.85 implies the model
is significant. There is only a 0.01% chance
that an F-value this large could occur due to
noise. The Lack of Fit F-value of 106.92 implies
the Lack of Fit is significant. There is only a
0.01% chance that a Lack of Fit F-value this
large could occur due to noise. The value of R2
(coefficient of determination) of 0.9629 shows
the data that supports the model of 96.29%
(see Table 4). Adeq Precision measures the sig-
nal to noise ratio. A ratio greater than 4 is de-
sirable. In this study, ratio of 19.194 indicates
an adequate signal. This model can be used to
navigate the design space.

Figure 3 shows the plot of cook's distance vs
experimental run for the two response cases.
The plot shows that the cook's distance values
for the responses are mostly within 0 and 1.
The cook's distance test in regression analysis
usually denoted by Di, is used to identify influ-
ential data points that may affect the model.
Influential points are used for validity and to
indicate which experimental design model is
capable of achieving better performance.

Table 3. Analysis of variance (ANOVA) of model parameters.

Source Sum of Squares df Mean Square F-value p-value
Model 37.36 9 4.15 28.85 <0.0001
Xi-Reaction Time 4.49 1 4.49 31.19 0.0002
Xq-Ratio 10.92 1 10.92 75.87 <0.0001
X3-Temperature 3.82 1 3.82 26.58 0.0004
X1 Xe 7.03 1 7.03 48.87 <0.0001
X1 X3 0.2813 1 0.2813 1.95 0.1923
Xz X3 0.0013 1 0.0013 0.0087 0.9276
X2 0.9693 1 0.9693 6.74 0.0267
X2 5.95 1 5.95 41.37 <0.0001
X352 0.0320 1 0.0320 0.2222 0.6475
Residual 1.44 10 0.1439

Lack of Fit 1.43 5 0.2851 106.92 <0.0001
Pure Error 0.0133 5 0.0027

Cor Total 38.80 19

Note: The bold letter denoted the significant value (at a confidence level of 95%).
DF, Adj. SS, and Adj. MS means Degree of Freedom, Adjusted Sum of Squares, and Adjusted Mean of Squares, respectively.

Table 4. Fit Statistics of Model.

Std. Dev. Mean C.V. % R? Adjusted R? Predicted R? Adeq Precision

0.3793 4.48 8.48 0.9629 0.9295 0.7181 19.1944
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Figure 4 shows the average leverage which
is the sum in the model divided by the number
of trials, presented as a design plot. The lever-
age test is used to determine how much influ-
ence a point has on the fit of the model. The
model can be said to be appropriate and in ac-
cordance with the observations at a point if the
point has a leverage value of 1.00. It can be
seen in Figure 4, that the plot results show
that the mean scores for the responses are
mostly within 0 and 1. This means that the
model fits the observations very well.

3.3 Determination of Subcritical Water Hydrol-
ysis Kinetics

The kinetics of the degradation reaction of
cellulose and hemicellulose to reducing sugars
and the reaction kinetics of the degradation of
reducing sugars to further degradation prod-
ucts are assumed to follow irreversible first-
order reaction kinetics. In this study, the reac-
tion rate constants were obtained by fitting ex-
perimental data using Solver non-linear regres-
sion in Excel 365. Response rate constants were
calculated by several models, including kinetics
model 1, kinetics model 2A, and kinetics model
2B whose results can be shown in Table 5.

The 2A kinetics model gave the worst R2
value. This is probably due to the inaccuracy of
cellulose and hemicellulose concentration data

Leverage vs. Run
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Figure 4. Leverage vs. Run plot.

as measured by the gravimetric method. This
method is quite long and requires a very high
level of skill and accuracy so that it gives the
possibility of a high error rate. Table 5 shows
that the kinetics models 1 and 2B give fairly
good results. Both kinetics models use experi-
mental data on sugar concentrations measured
by the DNS method which is known to be quite
simple and accurate. Kinetic model 2B is the
best method for determining reaction rate con-
stants. This can be seen from the value of R2 in
the kinetics model 2B which is better than the
kinetics model 1 and kinetics model 2A.

Hydrolysis of coconut husk SCW was
started from reaction time of 5, 20, 40 and 60
min. Figure 5 shows that the reduced sugar
yield increased from O to 20 min, then
decreased from 20 min to 60 min. The increase
in reducing sugars is due to the degradation of
cellulose and hemicellulose into monomer
sugars such as glucose, xylose arabinose, etc.
The reduction in yield of reducing sugars that
occurs from 20 to 60 min is due to the
decomposition of reducing sugars into further
degradation products such as furfural. In the
GC analysis, the furfural content after SCW
hydrolysis was 21.7 mmol/ml at 170°C and 60
bar. The pathway of degraded products such as
5-HMF (5-hydroxymethyl-furfural), furfural,
dihydroxyacetone, aldehyde, glycol etc. This is
the same as the research from Benito-Roman et
al. [31] that the yield of reducing sugar has
decreased at 180°C and 190 °C from 45 to 180
min.

The reducing sugar yield of coconut husk by
SCW  hydrolysis was studied from a
temperature range of 150 °C to 190 °C which
can be shown in Figure 5. In Figure 5 it can be
seen that most of the data show that the yield
of reducing sugars decreases with increasing
temperature. The results of this study indicate
that the SCW hydrolysis has a high severity
condition where reducing sugars are originally
produced from degradation of cellulose and
hemicellulose which are then degraded into
degradation products such as furfural and 5-
HMF [21]. At low severity conditions, the
reducing sugar concentration increases when
the SCW hydrolysis temperature increases.
This was obtained at a reaction time of 5 min.
This phenomenon 1is associated with an

Table 5. The reaction rate constants ki, ke, and ks using the various kinetics model.

Model ki (min1) ke (min—1) ks (min—1) R2

Model 1 0.0383 0.0336 - 0.9433
Model 2 (2A) 0.0131 0.0229 0.6525 0.5753
Model 3 (2B) 0.0015 0.0056 0.1352 0.9941
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increase in the ionization constant (Kw) at high
temperatures where the concentration of
hydroxide ions and hydronium ions has
increased. Furthermore, hydronium ions and
hydroxide ions break the glycosidic bonds in

A)

R,*=0.9433
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Figure 5. Model validation on the rate of reduc-
ing sugar production at temperature of (a) 150
°C, (b) 170 °C, and (c) 190 °C.

cellulose into glucose by attack from
electrophilic hydrogen atoms [32]. However, at
high severity conditions there is further
degradation of reducing sugars where the rate
of degradation i1s higher than the rate of
formation.

Several other researchers also experienced
an increase in reducing sugar yield at a
temperature of 150 to 170 °C and a decrease at
a temperature of 170 to 190 °C. Yee et al. [33]
reported that the yield of sugar increased
81.9% from 5.4 to 29.7 g/LL when the
temperature was raised from 150 to 170 °C.
Then yield of sugar decreased rapidly with
increasing temperature where the furfural
content at 170 to 190 °C increased from 1.0 to
6.9 g/L. Pattnaik et al. [34] reported that the
total reducing sugar concentration in the SCW
hydrolysis of reed grass increased from 130 to
170 °C and then decreased sharply above 190
°C. Likewise with the results of research from
Vedovatto et al. [35] that with increasing
temperatures above 220 °C in a reactor with a
solid to liquid ratio of 9 g/g, reducing sugars
were degraded to furfural, while galactose to 5-
HMF. The yield of furan increases with
increasing temperature and hydrolysis time.

The formation of reducing sugars and
degradation products in SCW is represented by
the activation energy (FEa) and pre-exponential
factor (A). The kinetics constant used in the
calculation of the activation energy is based on
the kinetics constant in the kinetics model 2B
which is the best kinetics model. Parameters
are obtained from the plot between In %k vs 1/T
based on Equation (8). From Figure 6, the
slope shows the activation energy and the

3.4 Observed at 60 bar
-3.2-
R,%=0.99889
x 3.0
£
-2.8 4
R,?=0.99702
v Ink1
== " Ink2
'2'4 T T T L T T T L
5.2 5.4 5.6 58 6.0 6.2 6.4 6.6 6.8

1/Tx 10°

Figure 6. Linier fitting of models constant in
various temperature for the formation of
reducing sugars and degradation products in
SCW.
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intercept shows the pre-exponential factor. The
activation energy decreases with increasing
pressure. This shows that with SCW hydrolysis
at high pressure it is easier to form reducing
sugars than degradation products. In general,
the small activation energy causes the catalytic
process in hydrolysis to be better. Under
conditions of 60 bar and 150 °C, the activation
energy of reducing sugar formation of 15.95
kd.mol ! is smaller than that of reducing sugar
decomposition of 51.24 kd.mol-l. Alimny et al.
[36] explained that the activation energy for
the formation of reducing sugars is greater
than the decomposition of reducing sugars so
that it is necessary to increase the performance
of SCW at high temperatures. From the
research results, the activation energy for the
formation of reducing sugars is smaller than
the decomposition of reducing sugars, so the
process is not required at high temperatures.
This is both in terms of energy requirements
which are more economical and reduce the
presence of inhibitors.

4. Conclusions

Reducing sugar has been successfully
gained from coconut husk using subcritical wa-
ter hydrolysis. The highest yield of sugar was
9.89% with a sugar concentration of 4.946 g/L.
The variable water-solid ratio has a significant
effect, where the high ratio will produce a high
yield. From the optimization, the concentration
of reducing sugar from the RSM model was ob-
tained at 183.6 °C for 4.8 min and 23.4 LSR.
Kinetic model 2B is the best method for eluci-
dating the competitive reaction kinetics of coco-
nut husk hydrolysis.
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