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Optimization of Japanese beech hydrolysis treated with batch

hot-compressed water by response surface methodology
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Abstract: In the present work, the combined effects of temperature and reaction time on hydrolysis of Japanese beech as

treated by batch hot-compressed water were investigated by response surface methodology. A two-factor and three-level

full factorial design was used for experimental design. The statistical models were established to configure the

relationship between process conditions (temperature and reaction time) and water-soluble, saccharides from

hemicelluloses (including arabinose, galactose, mannose, rhamnose, xylose and xylooligosaccharides) as well as

decomposition compounds (5-HMF, furfural and organic acids). As a result of multiple response numerical optimization

by applying desirability function method, the optimal hydrolysis conditions were obtained to be temperature of 200℃ and

reaction time of 3 min. At this optimum point, water-soluble, saccharides from hemicelluloses, 5-HMF, furfural and

organic acids were 31.5%, 19.5%, 0.28%, 0.70%, and 0.59%, respectively.
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1 Introduction

As the depletion of fossil fuels is concerned, the

renewable energy attracts much attention. Bioenergy is

viewed as an important contributor to sustainable energy

resources, in which bioethanol now is widely used in

USA, Brazil, China and other countries as gasoline

additive or substitute[1,2]. However, the main raw

materials for ethanol production now are corn and

sugarcane; substitutively the low-cost lignocellulosic

materials have been highlighted in recent twenty years

because of food crisis concern[3].

Conversion of lignocelllosic materials to bioethanol

or other value-added chemicals required fractionation

and/or hydrolysis of the raw biomass which contains

hemicelluloses, cellulose and lignin. Various methods
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for the fractionation and hydrolysis of biomass were

studied, such as acid method, lime method, ammonia

method, etc[4]. Among these methods, water alone could

also be used to degrade and fractionate lignocellulosic

materials. Bobleter O, et al.[5] pioneered the technique

of hydrothermolysis mainly as a pretreatment of

subsequent enzymatic hydrolysis.

Both batch and continuous flow hot-compressed

water processes were used for hydrolysis of

lignocellulosic materials, in which higher level of

hemicelluloses and lignin removal can be obtained by

continuous flow method, however, the process costs more

water and energy than batch method[6]. As treated by

batch hot-compressed water, it has been found that

water-soluble increased with temperature and reaction

time. Hemicelluloses of Japanese beech could be

hydrolyzed in the form of water solubles at temperatures

from 170 to 210 within 15 minutes℃ ℃ [7, 8]. However,

the optimal hydrolysis conditions of batch

hot-compressed water, especially considering the

hydrolysis and decomposition together, had remained

elusive. The goal of this work was to optimize the batch

hot-compressed water hydrolysis of Japanese beech.

Response Surface Methodology (RSM) is widely used

to optimize different processes, which was successfully
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applied for the optimization of medium composition,

culture conditions and fermentation[9-11]. This method

can deal with two or more factors at several levels,

yielding results that are valid over a wide range of

experimental conditions. The present study undertook

the optimization of water-soluble, saccharides from

hemicelluloses and decomposition products for

hydrolysis of Japanese beech as treated by batch

hot-compressed water. Under optimal conditions it was

possible to obtain maximum water-soluble and

saccharides from hemicelluloses as well as minimum

decomposition products. A two-factor and three-level full

factorial design and RSM had been used to determine the

effects of temperature and reaction time as well as to

identify the optimal hydrolysis conditions.

2 Materials and methods

2.1 Feedstock materials

Japanese beech (Fagus crenata) was used as raw

material in all experiments. Wood flour (18 mesh pass)

was extracted by ethanol-benzene (1:2) and dried at

105℃ for 24 h before experiment. On average,

extractive-free wood contains 45 %(wt) cellulose, 29 %

(wt) hemicellulose, and 26 %(wt) lignin[12] .

The reagents used for HPLC/ICS3000 analysis were

as follows: monosaccharides (xylose, rhamnose,

galactose 98%, arabinose and mannose), fufural,

5-HMF(5-hydroxymethyl-2-furfural), formic acid 98%,

glycolic acid 98%, lactic acid and acetic acid 99% from

Nacalai tesque Inc., Kyoto, Japan.

Xylooligosaccharides (xylobiose 99%+, xylotrisoe 95%+,

xylotetraose 90%+, xylopentaose 95%+ and xylohexaose

95%+), from Wako Pure Chemical Industries, Ltd.

Osaka, Japan.

2.2 Hot-compressed water treatment

The reactor with 5mL working volume was made of

Inconel-625 and thermocouple was used to assay the

temperature inside the tube. Approximately, 150 mg

extractive-free Japanese beech flour and 4.9 mL water

were added to the above reactor. Distilled water in high

performance liquid chromatography (HPLC) grade was

used in all experiments. After addition of wood flour

and water, the sealed reactor was immersed into oil bath

for hydrolysis of wood flour. Profiles of temperature in

reactor is illustrated in Figure 1. The reaction time was

accounted after the temperature inside the tube reached

designed temperature, that is, reaction time for 170 ,℃

190 and 210 was counted after 7 min, 12 min and 12℃ ℃

min, respectively. After reaction, the reactor vessel was

immediately immersed in tap water to quench the reaction.

All the experiments were performed in duplicate, with the

average value reported.

Figure 1 Temperature profile of preheating-time

and definition of reaction-time

2.3 Optimization of experiment design

A two-factor and three-level full factorial experimental

design was employed to collect the data necessary for

optimization of the batch treatment procedure. One

central point was added to estimate the experimental error

as well as to investigate the suitability of the proposed

model. Coding of the independent variables was done

according to the following equation:
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Where xi and Xi were the dimensionless and the actual

values of the independent variable i, X0 was the actual

value of the independent variable i at the central point and

iX was the step change of Xi.

The temperature and reaction time were selected as

the independent variables. The range and the levels of

both coded and actual values of the independent variables

were listed in Table 1. The performance of the process

could be described by the following quadratic polynomial

equation:
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Where Y represented response variable, β0, βi , βii, βij,

were intercept coefficient, linear term, quadratic term and

interaction term, respectively. xi , xj were coded levels

of independent variables. Y1, Y2, Y3, Y4 and Y5

represented water-soluble, (1/saccharides from

hemicelluloses), 5-HMF, furfural and organic acids,

respectively. The Design Expert 7.00(trial) software
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was used for the regression analysis and numerical

optimization.

Table 1 Experimental ranges and levels of both coded and

actual values of the independent variables

Levels
Independent variables Variables

-1 0 1

x1 Temperature/℃ 170 190 210

x2 Time/min 3 9 15

2.4 Analytical methods

After hot-compressed water treatment, 200 μL

water-soluble sample was retrieved by centrifugation

using 0.45 μm Millipore filter tube. The solid residues

were filtrated and dried at 105℃ for 24 h.

Water-soluble(%)= %100
flourWood

Residue-flourWood
 (3)

HPAEC (ICS 3000, Dionex, USA) with CarboPac

PA1 column and electrochemical detector was used to

assay monosaccharides (rhamnose, arabinose, galactose,

mannose and xylose) and xylooligosaccharides

(xylobiose, xylotriose, xylotetraose, xylopentaose and

xylohexaose). The system was operated at 35℃ with a

gradient program mixture of water, 0.2 mol/L sodium

hydroxide and 1 mol/L sodium acetate.

HPLC (Shimadzu, LC-10A, Japan) equipped with a

Shodex Sugar KS-801 (Showadenk) column and

refractive index detector/uv-vis detector was used to

determine 5-HMF and furfural. The carrier solvent was

distilled water at a flow rate of 1.0 mL/min, column

temperature was set at 80℃.

CE (capillary electrophoresis) (HP3D, Agilent, USA)

was used to assay the formic acid, acetic acid, glycolic

acid and lactic acid. A fused-silica capillary (75 μm id,

104 cm total length, 95.5 cm effective length) from

Agilent was used. The temperature was set at 15℃ for

analysis.

All weight percentages of saccharides from

hemicelluloses, 5-HMF, furfural and organic acids were

calculated from the mass of these compounds divided by

the mass of dry extractive-free wood which was added in

the reactor initially.

3 Results and discussion

3.1 Response surface for water-soluble

The matrix of experimental design and experimental

results of two-factor and three-level full factorial

experiments are shown in Table 2. Neglecting the

statistically insignificant terms, step- wise regression

model of response surface for water-soluble is

represented by the equation:

Y1(Water-soluble)=32.8+4.8x1+10.5x2-1.3x1x2-

3.05 x1
2-2.7 x2

2 (4)

The results were analyzed by using analysis of

variance (ANOVA) whose results are shown in Table 3.

The F-value (126.28) of model means that the regression

model is statistically significant (p=0.0002). R2 and

Adj-R2 were calculated to check the model adequacy.

High proportion of variability (R2 = 0.99) in the response

model can be explained successfully by the model.

However, a large value of R2 does not always imply that

the regression model is good one because R2 will increase

with adding a variable regardless of whether the

additional variable is statistically significant or not.

Thus, it is preferred to use an Adj-R2 to evaluate the

model adequacy and should be over 90%. Table 3

shows that R2 and Adj-R2 values for the model did not

differ dramatically indicating insignificant terms have not

been included in the model. The significance of each

term after step-wise removal of insignificant terms is also

shown in Table 3 based on p-value. The smaller the

magnitude of p-value, the more significant is the

corresponding term. According to the p-value of all

significant terms in the model, temperature produces

largest effect on water-soluble, followed by terms of

reaction time, quadratic temperature and interaction.

To visualize the combined effects of temperature and

time on water-soluble, the response surface and contour

plots were generated for the models in function of two

variables. Figure 2 shows the three dimensional graph

representing the response surface for water-soluble. It is

shown that an increase of temperature and time leads to

an increase of water-soluble.

Figure 2 Response surface plot of water-soluble

as a function of time and temperature
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Table 2 Experimental design of 32 full factorial batch hot-compressed water treatment and corresponding experimental results

Independent variables
Run

x1: time x2: temperature

Water-soluble
/ %(wt)

Saccharides from hemicelluloses1)

/ %(wt)
5-HMF
/%(wt)

Furfural
/(wt)%

Organic acids2)

/%(wt)

1 1 -1 22.2 5.7 0.08 0.06 0.28

2 0 1 39.8 8.2 2.08 2.5 1.12

3 0 0 33.5 19.8 0.22 0.37 0.52

4 -1 -1 11.1 1.3 0.04 0.01 0.05

5 -1 1 35.0 20.9 0.38 0.75 0.69

6 0 -1 19.3 2.2 0.05 0.03 0.39

7 1 1 41.0 4.9 4.13 3.01 0.96

8 1 0 34.9 19.5 0.46 0.9 0.66

9 -1 0 23.4 6.4 0.07 0.07 0.32

10 0 0 33.1 19.5 0.18 0.39 0.55

Note: 1) Sacchrides from hemicelluloses: rhamnose, arabinose, galactose, mannose, xylose, xylooligosaccharides (xylobiose, xylotriose,

xylotetraose, xylopentaose, xylohexaose); 2) Organic acids: formic acid, acetic acid, glycolic acid, lactic acid.

Table 3 Results of ANOVA of water-soluble

Source Sum of Squares DF Mean Square F value p-value

Model 854.87 5 170.84 126.28 0.0002

x1-time 136.33 1 136.33 100.69 0.0006

x2-temperature 665.71 1 665.71 491.70 ＜0.0001

x1x2 6.50 1 6.50 4.80 0.0935

x1
2 22.01 1 22.01 16.26 0.0157

x2
2 16.65 1 16.65 12.30 0.0247

R2 0.99

Adj-R2 0.98

3.3 Response surface for saccharides from hemicell-

uloses

Hemicelluloses of lignocellulosic materials could be

hydrolyzed efficiently by hot-compressed water[4,8,13].

The hydrolyzed compounds from hemicelluloses,

especially pentoses and other saccharides could be further

utilized for fermentation[14, 15].

The saccharides from hemicelluloses was coded

inversely to give the best model to satisfy the real data.

The relationship between percent of saccharides from

hemicelluloses) and treatment conditions is described as:

Y2 (Saccharides from hemicelluloses, %)

=0.08-0.09 x1-0.2 x2+0.19 x1x2 +0.22 x2
2 (5)

The results of ANOVA for saccharides from

hemicelluloses(%) are listed in Table 4 which

demonstrate that the model is statistically significant.

The F-value of 81.66 means that the regression model is

statistically significant (p＜0.0001). R2 (R2=0.98) and

Adj-R2 (Adj-R2=0.97) values for the model did not differ

dramatically which indicate that insignificant terms have

not been included in the model and the model is adequate.

Also, it is shown that the most significant term is

temperature because the smallest p-value of temperature

term(p=0.0001). Interaction term, quadratic temperature

and reaction time are arranged in significance order

according to p-values of these terms.

Table 4 Results of ANOVA of (Saccahrides from

hemicelluloses, %)

Source Sum of Squares DF Mean Square F value p-value

Model 0.48 4 0.12 81.66 ＜0.0001

x1-time 0.049 1 0.049 33.44 0.0022

x2-temperature 0.18 1 0.18 119.44 0.0001

x1x2 0.14 1 0.14 95.86 0.0002

x2
2 0.11 1 0.11 77.88 0.0004

R2 0.98

Adj-R2 0.97

Figure 3 shows the three dimensional graph

representing the response for saccharides from

hemicelluloses(%). It is shown that the increase of

temperature leads to a decrease of saccharides from

hemicelluloses(%) when treated in shorter time, while

saccharides from hemicelluloses(%) increase when

treated in longer time. On the other hand, saccharides

from hemicelluloses(%) decreased with reaction time

when treated at lower temperature, while saccharides

from hemicelluloses(%) increased with reaction time

when treated at higher temperature. Since the inverse

transformation was done for saccharides from
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hemicellulose, the smaller the sacchairdes from

hemicelluloses(%) is, the larger is the saccharides from

hemicelluloses.

Figure 3 Response surface plot of Saccharides from

hemicelluloses (%) as a function of time and temperature

3.4 Response surface for decomposition products

It is well known that decomposition of saccharides

would occur when treated by hot-compressed water.

The decomposition products from saccahirdes, e.g.

furfural and 5-HMF, are known inhibitors to microbial

growth[16-19]. Besides, these two typical decomposition

agents could be further decomposed to small molecules,

such as formic acid, acetic acid, etc., which are possible

inhibitory agents too[19]. Moreover, these degradation

products would lower the recovery rate of saccharides.

Although techniques could be adopted for removing these

inhibitory compounds[20], the prevention of these

inhibitory compounds formation from beginning was

expected.

Stepwise regression models for 5-HMF, furfural and

organic acids are described by the equations as follows:

Y3 (5-HMF) = 0.2+0.7x1+1.1x2+0.9x1x2 +0.9x2
2

(6)

Y4 (Furfural) = 0.4+0.5x1+1.0x2+0.6x1x2+0.6x2
2 (7)

Y5 (Organic acids) = 0.7+0.1x1+0.3x2 –0.2x1
2 (8)

The results of ANOVA for 5-HMF, furfural and

orgainc acids are listed in Table 5, Table 6, Table 7, which

demonstrate that these models are statistically significant.

R2 of regression models for 5-HMF, furfural and organic

acids are 0.95, 0.97 and 0.94, respectively, while Adj-R2

are 0.91, 0.95 and 0.91, respectively. The values of R2

and for Adj-R2 show that the models are adequate and

insignificant terms have not been included in the models.

In the models of all decomposition compounds, the

temperature is the most significant term since the

p-values of temperature term are smallest term among all

terms. This implied that temperature played most

important role in the formation of decomposition

compounds.

Table 5 Results of ANOVA of 5-HMF

Source Sum of Squares DF Mean Square F value p-value

Model 15.14 4 3.79 24.25 0.0018

x1-time 2.91 1 2.91 18.65 0.0076

x2-temperature 6.87 1 6.87 44.01 0.0012

x1x2 3.44 1 3.44 22.04 0.0054

x2
2 1.92 1 1.92 12.29 0.0172

R2 0.95

Adj-R2 0.91

Table 6 Results of ANOVA of Furfural

Source Sum of Squares DF Mean Square F value p-value

Model 10.13 4 2.53 41.84 0.0005

x1-time 1.64 1 1.64 27.14 0.0034

x2-temperature 6.32 1 6.32 104.46 0.0002

x1x2 1.22 1 1.22 20.17 0.0065

x2
2 0.95 1 0.95 15.61 0.0108

R2 0.97

Adj-R2 0.95

Table 7 Results of ANOVA of Organic acids

Source Sum of Squares DF Mean Square F value p-value

Model 0.87 3 0.29 32.57 0.0004

x1-time 0.12 1 0.12 13.16 0.0110

x2-temperature 0.70 1 0.70 78.38 0.0001

X1
2 0.055 1 0.055 6.18 0.0474

R2 0.94

Adj-R2 0.91

Figure 4, Figure 5 and Figure 6 show the

three-dimensional graphs representing the response

surface for 5-HMF, furfural and organic acids. It is

shown that an increase of temperature and time leads to

an increase of 5-HMF, furfural and organic acids, which

indicate that decomposition of saccharides will increase

with temperature and reaction time.

Figure 4 Response surface plot of 5-HMF

as a function of time and temperature
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Figure 5 Response surface plot of furfural

as a function of time and temperature

Figure 6 Response surface plot of organic acids

as a function of time and temperature

3.5 Numerical optimization

Optimum conditions for batch hot-compressed water

treatment were determined to obtain maximum

water-soluble and saccharides from hemicelluloses as

well as minimum 5-HMF, furfural and organic acids.

Quadratic polynomial models for each response obtained

in this study were utilized to determine the specified

optimal conditions by using Design Expert 7.00 (trial)

software. Desirability function method was used to

obtain optimal conditions[21- 23]. It is shown in Figure 7

that desirability increased with reaction time at lower

temperature while decreased with reaction time at higher

temperature. When treated at certain reaction time, the

desirability increased firstly with temperature and

decreased then. That is, optimal desirability could be

obtained at high temperature/short reaction time or low

temperature/long reaction time. The higher the

desirability is, the better is the optimal solution. Two

solutions were obtained after numerical optimization

based on desirability, the one is 200℃/3min; second one

is 178℃/15min. Because desirability of (200℃/3 min)

is higher than the one of (178℃/15 min), the optimal

solution (200℃ , 3min) with highest desirability was

selected according to above analysis for the maximum

water-soluble and saccharides from hemicelluloses as

well as minimum 5-HMF, furfural and organic acids.

Experiments at optimal condition were done to

confirm the prediction. The water-soluble, saccharides

from hemicelluloses, 5-HMF, furfural and organic acids

were 31.5%, 19.5%, 0.28%, 0.70%, and 0.59%,

respectively. Although the formation of decomposition

compounds could not be prevented completely in optimal

conditions, these inhibitors may have little effects on later

fermentation because microorganism can endure certain

extent of these inhibitory agents[24, 25].

Figure 7 Variation of desirability in numerical

optimization process

4 Conclusions

The response surface methodology (RSM) for

modeling the influence of temperature and reaction time

on the performance of hydrolysis of Japanese beech when

treated by batch hot-compressed water was used to

determine the optimum conditions which yield maximum

water-soluble and sacchairdes from hemicelluloses as

well as minimum 5-HMF, furfural and organic acids.

Quadratic polynomial models were obtained for

predicting water-soluble, saccharides from hemicelluloses,

5-HMF, furfural and organic acids. Based on the models,

multiple response optimization by applying desirability

function method was done to predict the optimal

conditions for maximum water-soluble and saccharides

from hemicelluloses as well as minimum 5-HMF, furfural

and organic acids. The optimal conditions were found

to be temperature of 200℃ and reaction time of 3min.

At this optimum condition, water-soluble 31.5%,

saccharides from hemicelluloses 19.5%, 5-HMF 0.28%,

furfural 0.70% and organic acids 0.59% were obtained.
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