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Optimization and Empirical Modelling of Physical 
Properties of Hydrothermally Treated Oil Palm Wood in 
Different Buffered Media Using Response Surface 
Methodology  
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Physical properties are one of the drawbacks of oil palm wood (OPW) and 
they need to be improved via an appropriate method. The response 
surface methodology (RSM) based on central composite design (CCD) 
was used to evaluate and optimize the parameters of a hydrothermal 
treatment and to create an empirical model of the mass loss (ML, %), 
equilibrium moisture content (EMC, %), and anti-swelling efficiency 
(ASE24h, %)  responses. This study focused on the effect of hydrothermal 
treatment (HTT) in buffer solutions to control the destructive effects of 
released acids caused by the degradation of hemicellulose acetyl groups . 
A CCD, as the most common RSM design, was applied with three 
treatment factors including the buffer solutions (acidic, neutral, and 
alkaline with pH of 5 to 8), temperature (80 to 140 °С), time (40 to 120 
min), and a total of 20 experiments.  The results showed that the effect of 
the treatment temperature was more notable than time. The medium 
acidity (pH) variations in HTT can lead to the removal of extractives and 
starch, hemicelluloses hydrolysis, the destruction of the parenchymal cells 
wall, and weight loss. Based on the variance analysis, the quadratic and 
linear models proved to be highly significant with minimal probability 
values (< 0.0001). The optimum conditions predicted for the HTT were a 
pH of 7.3, a temperature of 112.7 °С, and a time of 109.6 min. 
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INTRODUCTION 
 

Oil palm (Elaeis guineensis Jacq.) is a monocotyledonous plant and a perennial 

crop generally grown in the humid tropics. Malaysia is well known for its potential in 

renewable resources of lignocellulosic materials. Therefore, the replanting of the oil palm 

tree (OPT) is normally accompanied by large volumes of logs at any economic life span 

(25 to 30 years) (Hartley 1977; Kilmann and Lim 1985; Bakar et al. 2008). Additionally, 

the main problems of OPT are the low density, poor strength, and difficulties in avoiding 

significant defects during drying (Bakar et al. 2008, 2012). Many studies have been 

conducted to enhance this material (Wang and Cooper 2005; Bezerra et al. 2008; 
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Erwinsyah 2008; Amarullah et al. 2010; Abdullah et al. 2012; Widiarti et al. 2015; Zaidon 

et al. 2015; Endo et al. 2016).  

Hydrothermal treatment (HTT) is a novel non-chemical, eco-friendly, and efficient 

method that can be used to improve wood properties (Boonstra et al. 1998; Tjeerdsma and 

Militz 2005; Sundqvist et al. 2006; Sandberg and Navi 2007; Talaei 2010; Loh et al. 2011; 

Talaei et al. 2013). The physical properties, such as mass loss (ML), equilibrium moisture 

content (EMC), and anti-swelling efficiency (ASE), that are important in wood 

applications  can be improved by the treatment (Shams and Yano 2004; Poncsak et al. 2006; 

Talaei and Karimi 2012b). The treatment can remove extractives, hydrolyse hemicellulose, 

and alter the lignin and cellulose of lignocellulosic materials (Garrote et al. 1999; Gündüz 

et al. 2009; David and  Madison 2010).   However, the  formation of acetic acid caused by 

acetyl functional groups of the hemicellulose in the hydrothermal process will increase the 

treatment medium acidity (pH) (Tjeerdsma and Militz 2005; Talaei et al. 2014; Talaei and 

Karimi 2015; Saliman et al. 2017). In order to improve this technique, a buffer solution is 

used as treatment medium (Talaei 2010; Talaei et al. 2013). The buffer solution can control 

and neutralize the medium’s acidity (pH) in a specified pH level (Talaei 2010; Talaei and 

Karimi 2012c; Talaei et al. 2014; Ebadi et al. 2019).  

There has been very limited research on the hydrothermal treatment of oil palm 

wood (OPW) in buffered media.  Ebadi et al. (2016), reported that HTT using buffered 

solutions at 140 °C for 120 min significantly decreased some properties of the treated OPW 

due to the high degradation of hemicelluloses. However, the dimensional stability of the 

OPW was improved. Treatment temperature appears to be the important factor in 

enhancing the dimensional stability of the hydrothermal-treated wood (Talaei 2010; 

Saliman et al. 2017). Therefore, the initial treatment terms were determined based on some 

of the researchers' results such as Talaei (2010) and also a pilot-study by the article's author 

in similar and real circumstances (buffer solution with various pHs, temperature, and time) 

on the oil palm wood. 

Response surface methodology (RSM) is an appropriate method for designing 

experiments that helps researchers to build models, evaluate the effects of several factors, 

and achieve the optimum conditions for desirable responses in addition to reducing the 

number of experiments (Khuri and Comell 1996; Wu et al. 2009; Khuri and 

Mukhopadhyay 2010). Central composite design (CCD) is considered as an identification 

method to predict the more accurate value of the actual response (Myers and Montgomery 

2002; Bezerra et al. 2008). The ranges of optimization are the buffer solutions with a pH 

of 5 to 8, the temperature of 80 to 140 °С, and time of 40 to 120 min as well.  Hence, this 

study aims to evaluate and to optimize  the effect of hydrothermal treatment variables 

(buffer solutions, temperature, and time)  on the quality improvement of OPW.  CCD and 

RSM were respectively used to design the experiments and to develop models to optimize 

treatment variables to achieve optimum improvement of OPW properties. 

 

 

EXPERIMENTAL 
 

Sample Preparation 
Three mature oil palm trees (30 years old) were randomly harvested at the 

Agricultural Park, Universiti Putra Malaysia (UPM), Serdang-Selangor, Malaysia. 

Samples were prepared from the outer section of the oil palm trunk (OPT) to minimise 

variation due to the heterogeneity of the cross-section of the OPT. The trunks were 
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converted by head band-saw and flat sawn into dimensions of 600 mm × 50 mm × 50 mm. 

To prevent fungal attack and moisture loss, all samples were immediately kept in a cold-

room (≈ 4 °C). Buffer solutions (pH 5 to 8) were prepared from di-sodium hydrogen 

phosphate dehydrate (Na2HPO4.2H2O) and citric acid-monohydrate (C6H8O7.H2O) with 

different concentrations. 

 

Hydrothermal treatment (HTT) 

The HTT was conducted by heating and impregnating the samples in various 

buffered media with different pHs (5 to 8) under atmospheric pressure in a laboratory 

digester. Meanwhile, in this study, the pressure was not varied. The pressure was changed 

by changing the temperature and time as the main variables. So the pressure was not 

monitored during the treatment. To measure and evaluate each physical property in each 

treatment combination, 8 to 10 green samples with the moisture content of approximately 

114% were placed into the digester and then treated using the buffered solutions in 

suggested temperature and time by CCD. After HTT, the treated samples were discharged 

from the digester and thus kept in a conditioning room (20 ± 2 °C and 65 ± 3 %) to reach 

a moisture content of approximately 12 ± 2%. 

 

Experimental design and data analysis 

The Design Expert Software (Design Expert, version 8.04, State-Ease Inc., 

Minneapolis, MN, USA) was used for the statistical design of experiments and data 

analysis. Response surface methodology (RSM) is used to elect the best experimental 

conditions that require a minimum number of experiments to achieve the proper results. 

CCD is one of the most common items that often works well to optimize the process (Box 

and Draper 1987; Brown and Melamed 1990). Hence, RSM and CCD were applied to 

optimize and model the treatment variables as effective experimental (actual) variables and 

the most important physical properties. 

Experiments were started as a preliminary study to achieve a range of treatment 

conditions for the design of experimental runs. Accordingly, HTT was tested in buffer 

solutions with different pHs as well as in the temperature and time range, and then 

continued until the observation of appreciable results in the responses. The range and levels 

of independent treatment variables are shown in Table 1. In the table, each treatment 

variable was coded and investigated at five different levels of −α, −1, 0, +1, and +α 

(Montgomery 2001). Furthermore, the coded levels include the low (5) and high (8) range 

of pH variables, as well as -α and +α as the minimum and maximum of the CCD levels 

determined by design expert software, which are lower and higher than the  low (5) and 

high (8) values of pH variables. 

 

Table 1. Experimental (Actual) Range and Coded Level of the Independent  
Treatment Variables 

Independent Variable 
Coded Range and Level 

-α Low (-1) Center (0) High (+1) +α 

Buffer Solutions pH (X
1
) 3.98 5 6.5 8 9.02 

Temperature ( X
2
,°C) 59.55 80 110 140 160.45 

Time (X
3
, min) 12.73 40 80 120 147.27 

-α and +α are the error design given by the CCD 
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A total of 20 runs were designed to compute the coefficients of the second-order 

polynomial regression model for three treatment variables (Table 2). This table shows the 

CCD in the form of a 32 full factorial design with five additional empirical experiments (8, 

10, 12, 19, and 20) as repetitions of the central point and obtained empirical results at each 

taste. In this table, the experimental (actual) values and the predicted values are displayed 

for the dependent variables (responses). Furthermore, the design variables were the buffer 

solutions (X1, pH), temperature (X2, °C), and time (X3, min), while response variables were 

the physical properties. 

 
Table 2. Central Composite Design Experiments 

Run 
No. 

Type 
Coded Variable Actual Variable 

 X1  X2  X3 pH Temperature Time 

1 Factorial  -1 +1  -1 5.00 140.00 40.00 

3 Factorial +1  -1 +1 8.00 80.00 120.00 

4 Factorial +1 +1 +1 8.00 140.00 120.00 

9 Factorial +1  -1  -1 8.00 80.00 40.00 
13 Factorial  -1  -1  -1 5.00 80.00 40.00 

14 Factorial  -1 +1 +1 5.00 140.00 120.00 

15 Factorial  -1  -1 +1 5.00 80.00 120.00 

16 Factorial +1   +1   -1 8.00 140.00 40.00 

7 Axial -1.682  0  0 3.98 110.00 80.00 

11 Axial +1.682  0  0 9.02 110.00 80.00 
17 Axial  0 +1.682  0 6.50 160.45 80.00 

2 Axial  0 -1.682  0 6.50 59.55 80.00 

18 Axial  0  0 -1.682 6.50 110.00 12.73 

5 Axial  0  0 +1.682 6.50 110.00 147.27 

6 Central  0  0  0 6.50 110.00 80.00 
8 Central  0  0  0 6.50 110.00 80.00 

10 Central  0  0  0 6.50 110.00 80.00 

12 Central  0  0  0 6.50 110.00 80.00 

19 Central  0  0  0 6.50 110.00 80.00 

20 Central  0  0  0 6.50 110.00 80.00 

α = 1.682 (star or axial point for orthogonal CCD in the case of three independent variables) 
and their actual values were rounded  

 

In order to achieve the optimum treatment conditions, three dependent variables 

including ML, EMC, and ASE were analyzed as responses. The quadratic equation model 

for predicting the optimal conditions can be expressed according to Eq. 1, 

𝑦 =  𝛽0 +  ∑ 𝛽𝑖
𝑘
𝑖=1 . 𝑋𝑖 +  ∑ 𝛽𝑖𝑖 . 𝑋𝑖

2𝑘
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗 . 𝑋𝑖 . 𝑋𝑗

𝑘
𝑖𝑖≤𝑗 + ⋯ + 𝜀    (1)  

where i is the linear coefficient, j is the quadratic coefficient, β are regression coefficients 

(β0, βi, βii, and βij are regression coefficients of intercept, linear, quadratic, and interaction 

coefficients, respectively), k is the number of factors studied and optimized in the 

experiment, Xi and Xj are the coded independent variables, and ε is the random error. In 

addition, the behavior of the responses is explained by the following experimental second 

order polynomial Eq. 2: 

 

Y% = A0+ A1X1 + A2X2 + A3X3+ A11X1
2

 + A22X2
2

 + A33X3
2+ A12X1X2 + 

A13X1X3 + A23X2X3+ ℰ                                               (2) 
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Here Y% is each of the dependent variables, A0 is the interception coefficient, A11, A22, and 

A33 are the quadratic terms, A12, A13, and A23 are the interaction coefficients, and X1, X2, and 

X3 are the independent treatment variables studied (buffer solutions, temperature, and time, 

respectively). The optimal values of the operation factors were estimated by the analysis 

of three-dimensional response surface of the independent treatment variables (X1, X2, and 

X3) and the dependent variable (Y%). 
 

Optimization  
The optimization by Design-Expert proposes a mixture of factor levels that 

simultaneously change the considered necessities for each of the factors and responses 

(optimization criteria). The optimization of each variables can be carried out graphically 

or numerically. In graphical optimization, the validated model equation can be presented 

by the response surface plot. The response surface results are presented as the plots of 

three-dimensional graphics that illustrate the relation between the treatment variables and 

can determine the level of optimal conditions. Numerical optimization can optimize any 

combination of the favorite aim for each response and factor. The probable targets are to 

control the treatment variables (medium acidity (pH), minimize or maximize the 

temperature, and time) for each of the responses. To determine the best combination, the 

goals are optimized into a total desirability function (D). For optimization the equation is, 

𝐷 = (𝑑1 × 𝑑2 × … × 𝑑𝑛)
1

𝑛⁄               (3) 

   i: 1, 2, 3,…, n  

where di represents the desirability of each (i) response, which ranges from 0 to 1 (least to 

most desirable, respectively), and n is the number of responses being optimized. The 

numerical optimization finds a point that maximizes the desirability function. 

The experimental conditions of the coded and actual values developed by the CCD 

are shown in Table 2. All the points in the design region are at identical distance from 

center. The results in distribution of errors between all points are in an equal manner. 

 

Evaluation of Physical Properties 
The test  of physical properties such as ML (%), EMC (%), and ASE24h (%) were 

performed using the specified procedure of the standard test methods for the samples of 

small clear wood according to British-adopted European standard BS EN 373 (1957), and 

also measured by the oven-dry technique (103 ± 2 °C) using a digital balance (Sartorius 

Scale GE1302, ± 0.01; Thermo Fisher Scientific, Dreieich, Germany) and a Vernier caliper 

(Mitutoyo 500-196-30 Digital Caliper, Japan Mitutoyo Company). 

 

Statistical Analysis  

The statistical software was Design-Expert (version 8.04, State-Ease Inc., 

Minneapolis, MN, USA). In addition, the relationship between the treatment variables and 

the physical properties (responses) were analyzed using RSM. Data were analyzed using 

ANOVA testing and evaluated with different descriptive statistics including the p-value, 

F-value, and the degree of freedom (df); the determination coefficient (R2) of each 

coefficient was determined by Fisher’s F-test and probability values > F. The goodness-of-

fit for the models were evaluated by the correlation coefficient R2 (determination 

coefficients) and adjusted-R2. The lack of fit (LOF) F-test describes the data variation 

around the fitted model. A high R2 coefficient (close to 1) ensures a satisfactory adjustment 
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of the quadratic model to the empirical data. The model terms were evaluated by the P-

value (probability) with 95% confidence level. Furthermore, the variance coefficient (CV) 

as the ratio of the estimated standard error to the mean value of the observed response 

determines the efficiency of the model. A model can normally be reproducible if its CV is 

not greater than 10% (CV ˃ 10). 

 

 

RESULTS AND DISCUSSION 
 
Analysis of Experimental Data and Prediction of Performance  

In this study, the effect of three treatment variables as independent variables were 

selected in CCD. The physical properties (responses) as dependent variables were 

empirically measured with CCD as well. Three different tests as sequential F-test (or 

sequential model sum of squares, SMSS), lack-of-fit, and model summary statistics were 

employed to decide the adequacy of various models. A total of 20 experiments were 

employed to model the response surface (Table 3). The experiments were randomly run to 

avoid suspicious variability that affects the outcome of responses based on unnecessary 

factors. The observed (actual) and predicted results for the responses of the treated OPW 

in different buffered media are represented in Table 3. 

 

Table 3. Experimental Designs of the Five Levels and Their Experimental 
(Actual) Results and Predictive Values of Responses  

Run 
No. 

X1 X2 X3 
Mass Loss (%) EMC (%) ASE24h (%) 

Actual Predicted Actual Predicted Actual Predicted 
1 5.00 140.00 40.00 5.06 5.03 12.65 12.63 60.00 57.39 

2 6.50 59.55 80.00 4.13 4.09 13.24 13.26 20.00 22.22 

3 8.00 80.00 120.00 2.25 2.21 12.92 12.92 42.00 41.61 

4 8.00 140.00 120.00 6.98 6.91 12.30 12.35 79.00 74.05 

5 6.50 110.00 147.27 4.25 4.31 12.70 12.66 62.00 68.23 

6 6.50 110.00 80.00 4.52 4.37 12.83 12.78 46.00 49.50 
7 3.98 110.00 80.00 5.41 5.42 12.93 12.89 50.00 54.22 

8 6.50 110.00 80.00 4.29 4.37 12.75 12.78 50.00 49.50 

9 8.00 80.00 40.00 3.41 3.42 13.05 13.07 20.00 19.34 

10 6.50 110.00 80.00 4.23 4.37 12.78 12.78 51.00 49.50 

11 9.02 110.00 80.00 3.78 3.87 12.72 12.66 48.00 44.78 
12 6.50 110.00 80.00 4.47 4.37 12.76 12.78 49.00 49.50 

13 5.00 80.00 40.00 4.26 4.26 13.19 13.21 26.00 24.95 

14 5.00 140.00 120.00 8.00 7.91 12.45 12.48 84.00 79.66 

15 5.00 80.00 120.00 4.26 4.30 13.08 13.06 53.00 47.23 

16 8.00 140.00 40.00 5.39 5.28 12.50 12.49 47.00 51.77 

17 6.50 160.45 80.00 8.54 8.69 12.28 12.29 75.00 76.78 
18 6.50 110.00 12.73 2.87 2.91 12.90 12.90 34.00 30.77 

19 6.50 110.00 80.00 4.39 4.37 12.70 12.78 46.00 49.50 

20 6.50 110.00 80.00 4.31 4.37 12.79 12.78 48.00 49.50 

 

RSM Model Development  
In the present research, second-order RSM based on mathematical models of ML, 

EMC, and ASE24h were developed in terms of three process parameters, namely, buffer 

solutions (X1), temperature (X2), and time (X3). Additionally, the model suitability was 
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tested using the ANOVA test. The linear  and    quadratic polynomial equations of response 

surface of ML, EMC, and ASE24h% are given by Eqs. 4 through 6, 

𝑌(𝑀𝐿) =  +4.37 − 0.46𝑋1 + 1.37𝑋2 + 0.42𝑋3 + 0.27𝑋1𝑋2 − 0.31𝑋1𝑋3

+ 0.71𝑋2𝑋3 + 0.10𝑋1
2 + 0.72𝑋2

2 − 0.27𝑋3
2  

(4) 

𝑌 (𝐸𝑀𝐶) =  +12.78 − 0.071𝑋1 − 0.29𝑋2 − 0.071𝑋3            

(5) 

𝑌(𝐴𝑆𝐸24ℎ) =  +49.50 − 2.81𝑋1 + 16.22𝑋2 + 11.14𝑋3           

(6) 

where X1 is the buffer solution with different pHs, X2 is the temperature (°С), and X3 is the 

time (min). 

 

Regression and adequacy of the model 

Table 4 shows regression coefficients to optimize the process conditions. The 

ANOVA results are summarized for testing the accuracy and correctness of the model in 

this Table. This table also shows the reduced quadratic models in terms of coded factors 

and other statistical parameters. Moreover, the adequacy of the model was evaluated to 

ensure  the fitted model was presenting an adequate approximation of the results from the 

experimental terms. In various models,  a high F-value and small p-value (p ˂ 0.05) would 

show a more noticeable effect on the corresponding response variables. Therefore, the 

variable with the highest effect on the ML, EMC, and ASE24h of the treated OPW was the 

treatment temperature, while the buffered solutions and the treatment time demonstrated 

significantly less effect. Pure errors, such as experimental errors, were minimal as the value 

of lack-of-fit was insignificant for both responses. 

 

Table 4. ANOVA and Regression Coefficients for Response Surface the Linear 
and Quadratic Models of Physical Properties of Treated OPW 

R
e

s
p

o
n

s
e

s
 ANOVA and Regression Coefficients of Responses 

Model LOF PE 

R2 
Adj. 
R2 

Pred. 
R2 

Adeq. 
P. 

S. D C.V Mean F- 
value 

p- 
 value 

F-
value 

p- 
value 

SS MS 

MLq 383.89 
< 

0.0001s 
1.10 

0.460 
ns 

0.062 0.012 0.997 0.994 0.986 80.05 0.11 2.42 4.74 

EMCL 304.95 
< 

0.0001s 
0.63 

0.759 
ns 

9.400E-
003 

1.880E-
003 

0.982 0.979 0.973 58.18 0.037 0.29 12.78 

ASE24h
L 128.99 

< 
0.0001s 

4.30 
0.059 

ns 
21.33 4.27 0.960 0.953 0.930 36.13 3.73 7.54 49.50 

s, significant; ns, not significant; q, quadratic model; l, linear model; LOF, Lack of fit; PE, Pure 
error; SS, sum of square; MS, mean square; R, regression; Adj., adjusted; Pred., predicted; 
Adeq. p, adequate precision; S. D., standard deviation; and C.V, coefficient of variation 

 

The results were evaluated with different descriptive statistics including the p-

value, F-value, and the degree of freedom (df); the coefficient of determination (R2) of each 

coefficient was determined by Fisher’s F-test and probability values > F. The LOF F-test 
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describes the data variation around the fitted model. The large P-values (> 0.05) for the 

displayed LOF in Table 4 indicate that the F-statistic was insignificant, which requires a 

significant model correlation between the treatment variables and responses. The data in 

this table illustrate that all models were significant at the 5% confidence level (p < 0.05) 

due to the P-values less than 0.05. In addition, the small probability value (p < 0.001) 

indicates that the models were highly significant and could be accurately used for the 

response function prediction. 

Estimated regression coefficients of standard deviation, R2, predicted-R2, adjusted-

R2, and adequate precession were associated to the effect of treatment variables. Model fit 

was evaluated using the coefficient of multiple regression (R2). The adjusted-R2 was used 

for confirming the adequacy of the model. The R2 values were 0.997, 0.982, and 0.960 for 

the ML, EMC, and ASE24h responses, respectively. The adequacy of the model was further 

proved by high adjusted-R2 of 0.994, 0.979, and 0.953  for the ML, EMC, and ASE24h 

responses, respectively. The analysis showed that EMC had the highest coefficient value, 

followed by the ML and ASE24h values as well as designs fitted well into the linear, 

quadratic, and linear polynomial models, respectively.  

A high R2 value (close to 1) is desirable and a rational agreement with adjusted R2 

is essential (Nordin et al. 2004). A high R2 coefficient ensures a satisfactory adjustment of 

the quadratic model to the empirical data. The goodness-of-fit for the models were thus 

evaluated by the coefficient of correlation R2 (determination coefficients) and adjusted-R2. 

The large value of R2 = 0.997 indicated the high reliability of the model in the prediction 

of the percentage of improvement and enhancement of the responses, by which this model 

can explain 99.7% of the response variability. Adequate precision (AP) compares the range 

of the predicted values at the design points to the mean prediction error. Ratios greater than 

4 indicate adequate model difference (Beg et al. 2003; Mason et al. 2003). Moreover, 

Adequate precision (Adeq. p) values higher than 4 (Table 4) for all the responses confirm 

that all predicted models can be used to navigate the design space defined by the CCD. The 

coefficient of variance (CV) as the ratio of the estimated standard error to the mean value 

of the observed response determines the efficiency of the model. A model can normally be 

reproducible if its CV is not greater than 10% (CV ˃ 10) (Beg et al. 2003). 

 

Effects of Buffered Solutions  on Treated Responses 
Weight loss/mass loss response function 

The greater ML indicated significant degradation of the wood components such as 

the extractives, starch, and the cell wall of parenchyma tissue. Therefore, the degradation 

of wood polymers in acidic conditions significantly increases via acidic hydrolysis in 

various hydrothermal treatments (HTTs)  (p  < 0.05) (Tjeerdsma et al. 1998a,b).   Moreover, 

in HTT using the buffered solutions, the pH of medium is kept constant at a certain level 

as well as the degradation effect of acids released is controlled and finally it causes the 

degradation reduction in treated wood (Talaei 2010; Taghiyari et al. 2011; Talaei and 

Karimi 2012a; Talaei et al. 2012b). Therefore, according to removal of extractives and 

starch from the wood structure, and their high dissolvability in aqueous solutions, weight 

loss and decreasing wood density appeared to be reasonable (Talaei and Yaghoobi 2009; 

Talaei et al. 2013).  

Figures 1(a1, b1, and c1) show the 3D plots that are derived by ML% model. ML%'s 

range and mean were measured at about 2.25 to 8.61% and 4.73%, respectively. Figure 1a1 

shows the response surface plot (RSP) for interaction between the temperature and the 

buffer solutions and was generated with time fixed in center point level (CPL).  
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Fig. 1. 3-D Response surface plots for mass loss response function 
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(c1) 
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The results showed that with the decrease of temperature from 140 to 80 °С and in 

the higher pH, the mass loss (ML%) was significantly reduced. It was shown that the 

minimum ML was obtained when the temperature was 80 °С. However, the alkalization of 

the treatment medium affected the ML less than the temperature did. In Fig. 1b1, a response 

surface plot for interaction between time and buffer solutions is shown with temperature 

kept constant in CPL. The results show that by decreasing the time from 120 to 40 min, the 

ML was decreased. It was demonstrated that the maximum ML was obtained when the 

time was 120 min. As indicated at Fig. b1, the pH of the buffer solution did not have 

significant effect on the ML. The interactions of temperature and time upon ML are 

presented in Fig. 1c1. In addition, in Fig. 1c1 the RSP shows the effect of the temperature 

and the time on ML% with pH fixed in CPL. The outcome indicated that the temperature 

had more effects on ML than the time. In contrast, the effects of the time were significant 

in the high range of the temperature; however, it was not significant at the lower 

temperature. 

In all plots, temperature and the buffer solutions were more important factors 

relative to the changes of ML%. As shown, with the acidification of treatment medium and 

the increasing of the temperature process, a downward trend in ML% was observed. In this 

respect, research studies indicated that the decrease in density is due to an increase in ML% 

arising from heat treatment (Mohebby and Sanaei 2005; Tjeerdsma and Militz 2005; Talaei 

2010; Talaei et al. 2014). Therefore, ML in the hydrothermal process is one of the most 

important factors to evaluate the physical properties of the hydrothermally treated wood 

that depends on wood species, medium pH of heating, temperature, and the duration of 

treatment. Thus, the ML% increases with increasing temperature and time of treatment 

(Boonstra et al. 2007; Esteves et al. 2008b). Yildiz et al. (2003) stated that the reason of 

the mass reduction can be the unstable nature of hemicellulose against heat so that in high 

temperature, hemicellulose is decomposed to the sugar and water-soluble compounds. 

During the HTT process, degradable compounds and extractives are gradually 

degraded from the parenchyma cell wall and then transferred into the treatment medium. 

Additionally, the formation of weak acids, such as formic and acetic acids, resulting from 

the decomposition of the hemicellulose’s acetyl functional groups during acidic hydrolysis 

leads to the increase in the acidity of the treatment medium, de-acetylation of 

hemicellulose, and mass reduction (Sundqvist et al. 2006; Esteves and Pereira 2008). The 

increase in the temperature and the polysaccharides degradation are accompanied with the 

formation of acetic and formic acids, and furfural (Boonstra et al. 1998). The treatment in 

acidic medium degrades the starch, hemicellulose, and other extractives as well (Kim et al. 

1998). The wood polymers destruction can be significantly increased through an acidic 

hydrolysis due to acidic conditions in HTTs (Tjeerdsma et al. 1998b). Mitsui et al. (2008) 

noted that treatment time had a direct relation with higher degradation and ultimately the 

reduction of ML.  

Esteves et al. (2008b) reported that, although most of the principal extractives 

vanished from the heat-treated wood, the extractive content increased substantially with 

the ML. The major increase was due to water and ethanol extractives as a result of 

polysaccharide degradation. Bourgois et al. (1989) reported that the thermal treatment  

changes the chemical compositions of wood through degrading cell wall compounds 

(hemicellulose, cellulose, and lignin) and extractives. The chemical changes during the 

thermal process depend on wood species, temperature, and the duration of treatment, 

although temperature is as a major factor. Kocaefe et al. (2007) studied the parameters 
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effect of heat treatment on ML and the mechanical properties of willow wood and found 

that the ratio of ML increases with increasing the treatment temperature and time.  

The highest rate of deacetylation occurred in acidic medium (buffer 5), which was 

probably due to acidification and the gradual production of acids caused by the 

hemicelluloses’ degradation from starting the process. While in aqueous medium, with the 

releasing of organic acids from the wood, the medium will gradually become acidic. 

Furthermore, it can be concluded that the rate of carbohydrate degradation of wood in water 

and the acid buffer is much greater than the rate of degradation in neutral and alkaline 

buffer (pH 5 to 8) (Talaei and Karimi 2012b; Talaei et al. 2013). Therefore, the high ML% 

was observed in buffer 5 because of the higher degradation in acidic media. In neutral and 

weak alkaline buffer, the weight losses were lower because of the neutral medium and 

lower degradation of carbohydrates (Talaei 2010; Ebadi et al. 2019).  

Therefore, the major reasons for the decrease can be referred to the extractives 

removal and starch and the parenchyma cells destruction. Hence, following the removal of 

extractives and starch from the structure of wood, their high solubility in aqueous solutions, 

weight loss (WL), and decrease of wood density (WD) appears explainable as well (Talaei 

and Yaghoobi 2009; Talaei et al. 2013). In addition, the ability for buffering of the 

treatment medium after relatively severe thermal treatment (140 °C) because of the buffer 

solutions’ pH reduction and the release of larger values of organic acids decreased and thus 

the amount of deacetylation increased (Talaei 2010; Talaei et al. 2013; Ebadi et al. 2015, 

2016). Therefore, pH of treatment medium decreased with increasing temperature from 80 

°С to 140 °С due to the release of large amounts of organic acids (Talaei and Karimi 

2012b). The neutral buffer may also have an inhibitory effect through the control and 

neutralization of the acidity (pH) medium at a specified pH level  (Talaei 2010; Ebadi et al. 

2015). In the neutral and alkaline buffers, due to the neutralization of the acidic medium, 

the amount of acidic hydrolysis caused by the destruction of carbohydrates and ML is less 

(Talaei et al. 2013). 

 

Equilibrium moisture content 

The influence of HTT variables and their interaction effects on the EMC can be 

analyzed by using 3-D response graphs (Figs. 2a2, b2, and c2). EMC%'s range and mean 

were measured at about 12.28 to 13.24% and 12.78%, respectively. The response surface 

graphs are drawn/designed by two different parameters and in keeping the other parameter 

at constant center level (CCL). Figure 2a2 illustrates the interaction effect of temperature 

and the buffer solutions’ pH on EMC with keeping the other parameter at a CCL.  The result 

showed that the EMC was decreased by increasing the temperature (80 °С to 140 °С) and 

alkalinization of medium pH. There was a significant difference in the EMC in both 

alkaline and acidic media as well. Figure 2b2 shows the interaction effects between the time 

and the buffer solutions, while temperature was fixed in CPL. The result illustrated that the 

EMC was decreased with increased time and also increased alkalization of the buffered 

medium. The interaction effects of temperature and time upon EMC with buffer solutions 

fixed in CPL are shown in Fig. 2c2. According to Fig. 2c2, the effect of the thermal 

treatment (TT) on the EMC was a more significant factor than the time. In addition, treated 

OPW in the alkaline media indicated a higher EMC compared to the samples treated in a 

neutral and acidic media. Therefore, it could be concluded that EMC improves with 

increasing the temperature (80 to 140 °С) and alkalization of medium pH. 
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Fig. 2. 3-D response surface graphs for equilibrium moisture content  
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The initial moisture content (MC) and equilibrium moisture content (EMC)  of the 

untreated (control) samples were 114%  and  14.71%, respectively. In all plots, the 

temperature was the more important factor on the changes of EMC%.  The main reasons 

for the decrease and improvement of the EMC of the hydrothermally treated wood include 

the removal of extractives from cellular structure, the reduction of -OH groups post-

treatment, which participate in hydrogen bonding with the water molecules, as well as the 

increased crystallinity of cellulose, which reduces the availability of hydroxyl groups to 

water molecules (Tjeerdsma et al. 1998a,b; Sandberg and Navi 2007; Yuliansyah and 

Hirajima 2012; Salim et al. 2013; Talaei et al. 2013). The reduction of accessibility of the 

treated samples’ OH-groups leads to a limited interaction with water compared to the 

untreated samples (Syrjänen 2001).  Moreover,  the changes in the chemical composition 

of hemicelluloses lead to the degradation of -OH groups. This happens because 

hemicelluloses can be thermally decomposed at a lower temperature than cellulose 

(Wikberg and Maunu 2004). Hemicellulose is more hydroscopic (approximately 60 to 

80%) than cellulose and lignin due to more -OH groups in its structure, so cellulose and 

lignin contribute minimally to the hygroscopic properties (Abdul Khalil et al. 2007; Boon 

et al. 2014). Additionally, increasing cellulose crystallinity due to the degradation of 

amorphous regions leads to an increase in the availability of hydroxyl groups to water 

molecules and also decreases the EMC (Wikberg and Maunu 2004; Bhuiyan and Hirai 

2005; Boonstra et al. 2007). 

 

Anti-swelling efficiency (ASE24h, %) 
The response surface plots of the ASE24h model are displayed in Figs. 3a3, b3, and 

c3. ASE24h, %'s range and mean were measured at about 0.2 to 0.6% and 0.49%, 

respectively. The response surface plot in Fig. 3a3 was drawn for the interaction effect 

between the treatment temperature and the buffer solutions by keeping the time variable at 

a fixed CPL. The results showed that the ASE24h increased with increased temperature (80 

°С to 140 °С) and acidification of the medium pH, while the influence of the temperature 

was much higher than buffered solutions. Additionally, there was an insignificant 

difference between the effect of the buffered solutions’ pH upon the ASE24h response 

compared with the temperature variable. In Fig. 3b3, the response surface plot was designed 

for interaction effect between the time and buffer solutions upon the ASE24h, while keeping 

the temperature at a CCL. The results illustrated that the ASE24h was increased with 

increasing the process time and acidification of the treatment medium pH. In Fig. 4c, 3-D 

response plot illustrates the interaction effect of temperature and time on the ASE24h% by 

keeping the buffer solutions’ pH in the fixed CPL. According to the plots in Fig. 4c, the 

ASE24h% was increased by increasing the temperature and time and keeping the other 

treatment variable in the fixed center level. Finally, it can be concluded that in all plots, the 

temperature effect was more effective than the two other treatment variables. 

The ASE value may be considered as a measure of the dimensional stability of 

wood. The determination of the ASE is based on the comparison of a treated specimen and 

an untreated specimen (Lothar and Alexander 2013). The increase in ASE due to the 

gradual increase of temperature and duration of the treatment can be explained by the 

thermal degradation of cell wall components. Further, in the temperature range of up to 

120 °C, increasingly hemicelluloses are degraded, whose OH-groups are responsible for 

the high hygroscopic behavior of the wood (Lothar and Alexander 2013).  
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Fig. 3. 3-D response surface plots for %ASE24h  
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In addition to inaccuracy from measurement, the reliability of ASE as an indicator 

for reduction in swelling is reduced by the fact that cell walls can and do expand inwards, 

as mentioned by Hill (2007). However, it should be noted that the inward expansion of the 

cell wall is unlikely to have any effect on the usability of wood in service (at least from a 

dimensional stability point of view) and in this sense, ASE is a worthwhile indicator for 

dimensional stability.   

Therefore, ASE demonstrates the difference between the swelling of the treated 

wood (Militz 2002). Chemical variations in wood structure can be one of the important 

reasons for the increasing porosity percentage that causes the change and increase in the 

ASE as well as the high rate of water absorption (Husin et al. 1985; Tomimura 1992; Siti 

2009). Zaihan et al. (2011) stated that the absorbed water in the starch is more than the cell 

wall. Moreover, high absorption rate was seen in the treated samples because of the thin-

walled parenchyma cells and the percentage of more porosity (Paridah et al. 2006). The 

main reasons for increasing the water absorption (WA)  in hydrothermally treated samples 

can also be due to the removal and decomposition of the starch, extractives, the degradation 

of the parenchyma  cell wall, and also the created micro-cracks in the cell wall of the treated 

wood (Oltean et al. 2007). Siti 2009 stated that the amount of free sugars and starch in the 

freshly felled oil palm trunk (OPT) might generally reach up to 10% and 25%, respectively. 

A total amount of 2 to 10% free sugars throughout the trunk height has been reported by 

Halimahton and Ahmad (1990). In addition, OPW contains the highest extractives content 

among other monocotyledon plants. Furthermore, in the OPW the amount of extractives 

can reach up to 9.8% in the alcohol extraction process (Siti 2009). 

 

The Optimum Conditions Prediction of Response Function 
For validation of the models based on the optimum treatment variables, a new 

experiment carried out based on the optimal predicted conditions by CCD using RSM and 

then the experimental (actual) results were compared with the predicted values (Table 5). 

Furthermore, there was a good agreement between the predicted and experimental results 

at the optimum values with residual standard error (RSE) of less than 5%, which represents 

the high validity of the model. Therefore, the experiential model resulting from 

experimental design of RSM can be used to describe the sufficient relationship between 

the treatment variables and responses function (physical properties).  
 
Table 5. Predicted Values and Observed Response for Optimal Treatment 
Conditions by RSM 

 

Therefore, the buffer solution with a pH of 7.34, a temperature of 112.7 °С, and a  

time of 109.6 min would be the optimum conditions predicted for the HTT.  

 

 

  

Mass Loss (ML%) 

 

EMC (%) 

 

ASE24h (%) 

Actual RSE% Predicted Actual RSE% Predicted Actual RSE% Predicted 

4.37 3.70 4.54 12.66 1.1 12.52 0.48 4 0.50 
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CONCLUSIONS 
 

The hydrothermal treatment (HTT) process was conducted as an efficient method 

for treating the oil palm wood (OPW) using buffered solutions. Response surface 

methodology (RSM) based on a central composite design (CCD) was used to evaluate and 

optimize the effect of the treatment variables (the buffered solutions, temperature, and 

time) as well as their interaction effects on the physical properties (responses) of the 

hydrothermally treated OPW. The complete design of the factorial was tested by 20 

different treatments with different combinations of treatment variables. The treatment 

variables were modeled using multiple regression during the HTT process as well.  

1. It was found that the neutral buffer solution at a relatively low temperature can control 

the destructive effects of the released acids resulting from acidic hydrolysis during the 

HTT process via the neutralization of medium acidity.  

2. The ANOVA indicated high confidence levels of the obtained correlations. The 

correlation coefficients R² for the linear and quadratic models of the mass loss (ML) 

(0.997), equilibrium moisture content (EMC) (0.982), and anti-swelling efficiency 

(ASE24h) (0.960) were quite satisfactory as well. 

3. The experimental (actual) values agreed with predicted results, which indicates the 

models’ adequacy. This adequacy state of the derived models was studied to predict 

the optimal treatment conditions in the range of variables during the experiments. The 

derived models could be particularly used to optimize the hydrothermal treatment 

conditions and improve the physical properties of the treated OPW. 

4. The mean of experimental (actual) values for ML%, EMC%, and ASE24h% were 

(measured) 4.66, 12.78, and 0.48%, respectively. 
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