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ABSTRACT 

The conditions of the hydrothermal carbonization process to produce biochar from coffee 
husk will be optimized for maximum yield. Besides, response surface methodology (RSM) and 
central composite face-centered (CCF) method will be used in designing experiments. Also, the 
optimal value of factors such as temperature, time and biomass: water ratio which can provide a 
maximum yield of biochar will be worked out using Modde 5.0. As a result, the optimal 
conditions for maximum yield of biochar was obtained as temperature of 180 oC, 3.5 h and 
biomass: water ratio of 15 %. It can also be concluded that temperature has greater impact on the 
transformation of biochar than time and biomass: water ratio.  
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1. INTRODUCTION 

Hydrothermal carbonization method (HTC) is a promising method for transforming 
agricultural waste products with high yield [1]. It has the capability of decomposing biomass 
feedstock sources with high humidity (up to 80 %) at low temperature of about 160 – 270 °C, 
solid component (biochar) and the liquid (mixture containing organic compounds). HTC process 
takes place through a major chain reactions including hydrolysis, dehydration, carboxyl 
reduction reaction, polymerization and aromatase [1]. The product of these reactions is carbon-
containing biochar which has some practical application like pollutant absorption in water,soil 
amendment [2], electrode materials for litium battery, supercapacitor [3]. Thereby optimizing 
the conditions of hydrothermal carbonization process to obtain the desired product is essential. 
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The objective of this study is to provide more data about optimizing hydrothermal carbonization 
process to obtain the best biochar efficient in Modde 5.0 software. The results will lay the 
foundation for the study of high value materials from coffee husks discarded by means of 
hydrothermal carbonization.  

2. MATERIALS AND METHODS 

2.1. Coffee husk 

Coffee husks collected at a mill in Buon Ma Thuot City, Vietnam is of Robusta coffee, 
Canephora species. Coffee husk is ground into powder, dried at 105 °C for 12 h to constant mass 
and sieved through a sieve. The particle size of the coffee husks powder was 250 µm.  

2.2. Experimental procedure 

Hydrothermal carbonization of coffee husk is done in batches. The surveyed parameters  
are as follow: temperature from 180 – 220 oC, reaction time from 1 – 6 h and biomass: water 
ratio from 10 – 20 % by weight. The experiments were carried out in Teflon jars of 400 ml. 
After cooling to room temperature, biochar is collected by vacuum filtration and is then 
repeatedly washed with deionized water and dried at 105 °C for 12 h to constant mass. 

2.3. Characterization techniques 

The X-ray diffraction (XRD) analysis was performed using Siemens D-5000, sweep angle 
of 10 - 70 degree, scan step 0.03 degree, scan speed 0.7 degree/second. Surface and the 
structural features were analyzed by scanning electron microscopy (SEM) images. SEM was 
processed by SEM – Hitachi S 4800 device. Specific surface areas of biochar highest 
performance and lowest performance were measured using nitrogen adsorbed method, while 
their pore volumes were calculated by the amount of nitrogen adsorption–desorption isotherm 
perfuming at temperature (-196 oC) through Quantachrome NOVA 1000e.  

2.4. Optimization of biochar yield using  Modde 5.0 software 

Designing the experiment in a way that meets response surface methodology (RSM) - plans 
(CCF) to find the optimal values of the following elements: temperature, reaction time and the 
biomass: water ratio in order to get the maximum efficieny of biochar through hydrothermal 
carbonization method. Optimization can help survey the interaction between parameters 
affecting the yield as well as define the key elements in order to optimize the reaction [4]. These 
factors and the extent of the experiments are listed in Table 1.  

Table 1. The influencing factors and extents of the experiments. 

Parameters Encode Level  

Temperature (oC) x1 180 200 220 

Reaction time (h) x2 1 3.5 6 

Biomass to water ratio (%) x3 10 15 20 

Encode  - -1 0 1 
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Experimental conditions of hydrothermal carbonization methods are run according to 
Modde 5.0 software to identify optimal conditions. Complete design matrix for experiments and 
biochar yield (%) are presented in Table 2.  

Table 2. Complete design matrix for experiments and biochar yield (%). 

STT Temperature 
(oC) 

Reaction 
time (h) 

Biomass: water 
ratio (%) 

Yield (%) 

1 -1 -1 -1 71.77 

2 1 -1 -1 49.29 

3 -1 1 -1 57.26 

4 1 1 -1 42.95 

5 -1 -1 1 71.43 

6 1 -1 1 45.61 

7 -1 1 1 57.30 

8 1 1 1 39.65 

9 -1 0 0 59.71 

10 1 0 0 49.76 

11 0 -1 0 57.71 

12 0 1 0 52.65 

13 0 0 -1 54.05 

14 0 0 1 53.60 

15 0 0 0 54.85 

16 0 0 0 54.82 

17 0 0 0 54.83 

18 0 0 0 54.82 

19 0 0 0 54.81 

20 0 0 0 54.86 

2.5. Biochar yield 

The yield of biochar is determined according to the percentage of the dry biochar mass and 
dry coffee husk:  

Biochar yield % = (Wdb / Wdch) × 100 

where Wdb is dry weight of biochar and Wdch is the dry weight of the coffee husk. 

3. RESULTS AND DISCUSSION 

3.1. Effect of process parameters on the synthesis of biochar 



 
 
Optimizing the process of transforming coffee husks in to biochar by means of … 

 

141 

The influence of temperature in hydrothermal chemical process on biochar yield is shown 
in Figure 1.a. More than 59.5 % of biochar yield can be obtained at about 180 °C. However, 
when the temperature rose to 220 oC, biochar yield dropped to about 50.2 %. This can be 
explained by the occurrence of hydrolysis reactions, dehydration, carboxyl reduction reaction, 
and aromatase and  polymerization  at higher temperatures which resulted in reduction of 
biochar [5]. Temperature has a decisive effect on the hydrolysis of compounds present in 
biomass such as hemicellulose which is completely hydrolyzed at about 180 oC, the majority of 
lignin in the range of 200 oC [6]. Similar result was also found in the studies conducted 
previously [7].  

Hydrothermal carbonization is a slow response process and reaction time of the process is 
from a few hours to several days. The longer residence time generally increases reaction severity 
[6]. The reaction time is selected based on previous studies [8]. Effect of response time on 
biochar yield is shown in Figure 1.b. Biochar yield gradually decreases to 57.7 %, 54.7 % and 
52.5 % over time at 1 h, 3.5 h, 6 h respectively. Biochar yield at 180 oC is the highest at 1h 
although biochar has not been completely transformed through experimental observation. 
Therefore, the best time for the course is over 3.5 h. The decrease in biochar yield when there is 
a longer reaction time is due to the fact that during carbonization there is a formation of CO2 and 
lighter organic compounds. If biochar yield reduces, the porosity of the carbon increases [9]. 
Also, a longer reaction time will facilitate the bio-oil production with larger biomass ratio [10]. 

The biomass: water ratio has little effect on the yield of biochar, as illustrated in Figure 1.c 
Biochar yield percentage obtained at a biomass: water ratio of 10, 15 and 20 % was 54.7 %, 54.7 
% and 54 % respectively.  Higher quantity of biochar is obtained when conducting the process in 
the biomass: water ratio of 15 %. Biochar quantity decreased slightly when the biomass: water 
ratio increases to 20 %. Therefore, the biomass: water ratio has less effect on biochar yield and 
this result are consistent with published studies. Furthermore, it has been reported that the 
biomass concentration and particle size have little effect on the mass yield [11]. On the other 
hand, a slight change in the mass yield percentage was observed by doubling the biomass: water 
ratio [12]. 

 
Figure 1. Effect elements of on yield percentage of biochar: (a) temperature, (b) reaction time,                             

(c) biomass: water ratio. 

3.2. Statistical analysis of biochar production 

A series of experiments related to the optimization study was carried out based on the 
design of experiment (Modde 5.0) software. The experimental results were analyzed by analysis 
of variance (ANOVA) via Modde 5.0, as shown in Table 3. The regression model can be 
assessed on the basis of Fischer (F) test values and probability (p value). A higher F value and 
lower p value show the higher reliability of the regression model [13]. A higher F value of 
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617.53 and lower p value less than 0.0001 were observed in this study, which confirms the 
significance of the model. The developed model equation is: 

Yield = 54.7306 – 3.3692x1 – 1.8716x2 – 0.2472x3 + 0.0469x1
2 + 0.1736x2

2 – 0.2138x3
2 + 

0.8993x1x2 – 0.3829x1x3 – 0.0162x2x3 – 1.1096x1
2x2 – 0.1644x1

2x3 – 1.9286x1x2
2 

Table 3. Analysis of variance (ANOVA) of biochar yield. 

Yield DF- Degrees 
of freedom 

SS - Total 
squared 

MS - Mean 
Square 

F - Statistical 
values 

p - The 
probability 

SD - Standard 
deviation 

Constant 1 59921.7 59921.7 

Total Corrected 19 1083.35 57.0183   7.55105 

Regression 12 1082.33 90.1938 617.53 0.000 9.49704 

Residual 7 1.02239 0.14605   0.38217 

Lack of Fit 2 1.02051 0.51025 1354.71 0.000 0.71432 

Pure Error 5 0.00188 0.00037   0.01940 

The models predicting the theoretical versus experimental values of biochar yield are given 
in Figure 2. The theoretical value of biochar yield is  close to the experimental values. The 
model of development showes a good effect in the correlation between factors affecting the 
hydrothermal carbonization process with biochar yield. 

 
Figure 2. Graph of theoretical prediction versus actual yield of biochar. 

 

Figure 3. Three-dimensional response surface (a) the temperature and time, (b) temperature and the 
biomass: water ratio and (c) time and the biomass: water ratio on the yield percentage of biochar. 

The simulated three-dimensional response surfaces showin the effects of the factors 
affecting the hydrothermal carbonization process and the interactions of these factors on the 
yield of biochar are shown in Figure 3. Figure 3.a shows the interaction of lower temperature 
and lower time will generate a higher yield percentage of biochar. Figure 3.b indicates the 
biochar yield is higher at low temperature and high biomass to water ratio. Figure 3.c 
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emphasizes the effect of  the interaction of time and biomass to water ratio on the yield of 
biochar. The higher biochar yieldis  obtained at  shorter time and higher biomass to water ratio. 
Therefore, the temperature is a decisive factor which means that the lower the temperature is, the 
higher the yield. The longer the response time is, the biochar yield of the process tends to 
decrease. The biomass to water ratio has  little impact on the yield of biochar in hydrothermal 
carbonization process. 

3.3. Characteristics structural and morphology of coffee husks and biochar 

The chemical composition of coffee husk is shown in Table 4. 

Table 4. The chemical composition of coffee husks. 

Parameters 
Cellulose 
content 

Hemicellulose 
content 

Acid 
insoluble 

Lignin 
content 

Acid solube 
Lignin content

Ash 
content 

Humidity 
at 105 oC 

Other

Value (%) 14.52 16.29 16.35 5.21 3.48 8.7 35.45

In Figure 4 shown the results of XRD the 
characteristic peaks of lignocellulose became more 
obvious in biochar, showing that singles 
hydrothermal process only removed impurities but 
without destroying the ‘‘core’’ structure of coffee 
husks. After the hydrothermal carbonization, 
signals of lignocellulose were completely 
depleted, the X-ray diffraction pattern for biochar, 
a broad diffraction peak (2θ = 15 - 30 o) can be 
caused by aromatic carbon became dominant [12].  

This shows that by hydrothermal 
carbonization bring a polycyclic aromatic carbon 
structure at low temperatures.  

 

 

 

 

 

 

 

 

 

 

Based on the results of fourier transform infrared spectroscopy (FTIR) spectrum analysis 
shown in Figure 5, we can see the appearance of 3413 cm-1 peak of coffee husks which is typical 
of  -OH functional group. This is likely to be found in alcohol compounds, carboxylic, phenol. 
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Also, at the peak of 2926 cm-1 which is typical of  valence oscillations of the link C-H likely 
found in -CH2, -CH3 and -CHn group, the presence fat and aromatic compounds is expected. The 
peak at 1620 cm-1 of coffee husks showed the presence of link C=C, possibly from the aromatic 
ring of lignin. The absorption peak observed in biochar is similar to coffee husks. More 
noteworthy, at 3413 cm-1 peak coffee husks has shifted after hydrothermal carbonization 
process. This confirms the removal of water by dehydration reaction taking place at high 
temperatures. The groups in 1620 cm-1 shows coffee husks reduction which means that  there is  
inorganic carbonate  removal in hydrothermal carbonization process. The decrease in the 
intensity at  1620 cm-1 shows lignin amount is removed from the shell beans [14]. 

SEM images in Figure 6 shown, the structure of coffee husks was changed after 
hydrothermal carbonization. Notably, the original coffee husksare less porous and rough in 
surface. After the hydrothermal carbonization process, the number of pores has increased on the 
surface of biochar. The surface structure is influenced by the reaction time. Hemicellulose and 
cellulose were significantly decomposed at different reaction temperatures. 

 

Figure 6. SEM images of (a) coffee husks (b) higher yield biochar, and (c) lowest yield biochar. 

Moreover, time is an element that induced the increase in the pores on the surface of 
biochar. The SEM results were also verified by the results of the sample BET biochar highest 
performance and lowest performance at  15.14 m²/g and 48.84 m²/g respectively. The result 
shows that temperature has a decisive effect on the hydrolysis of these compounds in the 
biomass [1]. 

4. CONCLUSIONS 

Study optimal factors in the converting process of coffee husk into biochar with high 
performance by means of hydrothermal carbonization using software Modde 5.0. The results 
showed that biochar performance depends on the reaction temperature and time more than the 
biomass to water ratio. The results coming from SEM, BET analysis show that when the 
effieciency of biochar reduces, the surface area increases. This result is consistent with published 
studies.  Temperature is a decisive factor and long reaction time can induce a decrease in biochar 
yield. 
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