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Abstract 

The utilization of biomass has recently gained great attention in recent years owing to growth of 
global environmental concerns. The aim of this work is to study the morphology of carbon materials 
derived from biomass oil palm empty fruit bunch (EFB) via hydrothermal carbonization (HTC) at 
different temperatures (160 - 200 °C) and times (4 - 12 h) followed by carbonization at 300 - 900 °C 
under nitrogen atmosphere for 2 h. The physiochemical properties of carbon sample were characterized 
by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Raman 
spectroscopy and surface area analysis. The results demonstrated that the increase of hydrothermal 
temperature, hydrothermal time, and carbonization temperature resulted in the formation of carbon 
materials with higher surface area, porosity and carbon content. Our results revealed that carbon derived 
from EFB via HTC at optimal condition exhibited porous structure with high surface area, which can be 
further applied for absorbent applications. 
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Introduction 

Lignocellulosic biomass materials are derived from a variety of plants, agricultural crop residues 
and animals, such as husk [1], wheat straw [2] and bagasse [3]. Moreover, they are renewable sources of 
energy that can help in improving environment, economy and energy security [4]. Thailand is an 
agricultural country that produces a large amount of biomass residues every day. Among several 
agricultural products, oil palm is one of the major economic crops in Thailand. Empty fruit bunch (EFB) 
is the major waste product in oil palm industry. Therefore, it would be worth if we can find the effective 
strategy to increase the value of oil palm wastes by converting them to higher-value added product like 
carbon materials. 

Hydrothermal carbonization (HTC) is a thermochemical conversion process from biomass into 
smokeless, high carbon content and more valuable products (i.e., solid fuel) [5]. The HTC is usually 
performed at temperatures ranging from 180 - 280 °C and pressures higher than water saturation pressure 
to against water into liquid state, under an inert atmosphere. Reaction time has been reported in a broad 
range from 1 min to several hours [6]. Additives, such as acids or bases, can also affect the formation of 
carbons, which are then physically or chemically activated to obtain carbons with high porous structure 
[7]. 
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In this work, EFB was employed as a precursor in the synthesis of carbon materials via HTC 
process. The temperature and time used in hydrothermal reaction were varied in the range of 160 - 180 °C 
and 4 - 12 h, respectively. The best hydrothermally treated samples were selected for subsequent 
carbonization at 300 - 900 °C for 2 under nitrogen atmosphere. The effects of hydrothermal and 
carbonization conditions on the properties of carbons synthesized were characterized by several 
techniques, including scanning electron microscopy (SEM), Fourier transform infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), Raman spectroscopy and surface area analysis. 
 
Materials and methods 

Preparation of carbon materials from EFBs via HTC 
EFBs were obtained from the Krabi province of the Southern Thailand. Prior to use, EFBs were 

dried at 90 °C overnight and then reduced their size by using a blender machine, followed by sieving with 
a 700 µm mesh. 10 g of grinded EFBs was mixed with 100 mL of DI water and transferred into a Teflon-
lined stainless-steel reactor. The hydrothermal reaction was performed at different temperatures (i.e., 160, 
180, and 200 °C) and times (i.e., 4, 8, and 12 h). Subsequently, the resultant hydrochars were quenched in 
water and dried at 90 °C overnight. The experimental conditions and the respective samples prepared are 
shown in Table 1. The best hydrochar sample obtained from hydrothermal process was selected and 
carbonized at 300 - 900 °C for 2 h under N2 flow. Figure 1 displays a scheme of the synthesis procedure 
of carbon materials derived from EFBs via HTC. 
 
 

 
Figure 1 Scheme showing the synthesis procedure of carbon materials derived from EFBs via HTC. 
 
 
Table 1 Experimental conditions for hydrothermal process. 
 

Condition Temperature (°C) Time (h) 
1 160 4 
2 160 8 
3 160 12 
4 180 4 
5 180 8 
6 180 12 
7 200 4 
8 200 8 
9 200 12 

 
 
Characterization 
The proximate and ultimate analyses were carried out to evaluate the chemical and elemental 

compositions of EFBs according to the standard method [8]. SEM images were taken on a Zeiss EVO 50 
microscope operated at an accelerating voltage of 10 kV. The presence of functional group on carbon 
samples were confirmed with a Thermo Scientific Nicolet 6700 FTIR spectrometer. N2 adsorption-

Hydrothermal carbonization (HTC) 
-Hydrothermal temperature: 160, 180, 200 °C 
-Hydrothermal time: 4, 8, 12 h 
-Carbonization: 300, 500, 700, 900 °C for 2h 
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desorption isotherms were measured on a 3Flex Micromeritics surface analyzer at liquid N2 temperature 
(−196 °C) to investigate specific surface area, pore volume and pore size distribution of the catalysts. 
Prior to the measurement, all samples were degassed at 150 °C for 6 h under vacuum. The specific 
surface area was determined by the Brunauer-Emmett-Teller (BET) method at relative pressures (p/p0) 
between 0.05 and 0.30. The pore volume and pore size distribution were determined by the Barrett-
Joyner-Halenda (BJH) method. XRD patterns were recorded on a Philips X’Pert PRO MPD 
diffractometer operated at 40 kV and 30 mA with monochromatic Cu Kα radiation (λ = 0.154 nm). 
Raman spectra were recorded on a Thermo Scientific DXR SmartRaman spectrometer with a laser-
excitation wavelength of 532.1 nm. 
 
Results and discussion 

The results of proximate and ultimate analyses of EFB are shown in Table 1. It was found that as-
received EFB was mainly composed of moisture of 63.49 ± 0.53 wt% and volatile of 32.56 ± 0.24 wt% as 
two major components, while fixed carbon and volatile were found to be only 2.96 ± 0.08 and 1.00 ± 0.04 
wt%, respectively. In case of EFBs after drying, C, H, N and O obtained from elemental analysis were 
43.78 ± 0.05, 6.06 ± 2.02, 0.56 ± 0.01 and 49.67 ± 0.04 wt%, respectively. 

The SEM images of EFB and hydrochars are shown in Figure 2. It was clearly observed the 
significant difference in morphology of hydrochars hydrothermally treated at different temperatures and 
times. Hydrochars derived from hydrothermal process at 160, 180 and 200 °C showed rougher surfaces 
with more rupturing structure as compared to EFB, which suggests the decomposition of the 
lignocellulosic structure of EFB [9,10]. 
      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2 (a) SEM images (500×) of EFB. SEM images (1000×) of EFB hydrothermally treated at 
different conditions: (b) 160 °C for 4 h, (c) 160 °C for 8 h, (d) 160 °C for 12 h, (e) 180 °C for 4 h, (f) 180 
°C for 8 h, (g) 180 °C for 12 h, (h) 200 °C for 4 h, (i) 200 °C for 8 h and (j) 200 °C for 12 h. 
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To identify the presence of functional groups, the FTIR spectra of EFB and hydrochars after 
hydrothermal at 200 °C for 4, 8 and 12 h were collected and are shown in Figure 3. A broad absorption 
band at 3000 - 3600 cm-1 and a small sharp peak at 2850 - 2950 cm-1 are attributed to stretching vibration 
of OH (hydroxyl) and C–H stretching vibration, respectively. The absorption bands at 1620 and 1720 cm-1 
are attributed to C=O and C=C functional groups in aromatic structure, respectively. The bands in the 
range of 1250 - 1350 cm-1 suggests the presence of C–O and OH bending vibrations. In addition, the 
emergence of bands at between 950 and 1000 cm-1 is assigned to C–H vibration in aromatic structure [11-
14]. As the hydrothermal time increased, the peak of C–H stretching vibration and C–H vibration in 
aromatic structure decreased progressively, whereas other absorption peaks were almost unchanged. 

 
Figure 3 FTIR spectra of: (a) EFB and hydrochars derived from hydrothermal process at 200 °C for 4, 8 
and 12 h. 

 
Figure 4 FTIR spectra of hydrochars derived from hydrothermal process at 200 °C for 12 h after 
carbonization at 300, 500, 700 and 900 °C for 2 h. 
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The hydrochar obtained from hydrothermal process at 200 °C for 12 h was selected for further 
carbonization process owing to its most rough and rupturing surface. Figure 4 present the FTIR spectra of 
hydrochars after carbonization at different temperatures. As can be seen, all absorption bands decreased 
significantly with increasing temperature. The FTIR spectra became featureless at carbonization 
temperature of 700 °C. The disappearance of absorption bands at 1000 - 1600 cm-1and 3000 - 3600 cm-1 

indicated that decarboxylation and dehydration occurred during carbonization, respectively [15]. 
According to the FTIR results, it allows us to conclude that carbonization at high temperatures under inert 
atmosphere could lead to a strong reduction of the oxygen content through decomposition of functional 
groups. 

The XRD measurement was investigated to examine the phase structure of carbon materials 
carbonized at different temperatures, as shown in Figure 5a. It should be noted that the sharp diffraction 
peaks at 37.9° and 44.1° and a small peak at 64.5° were originated from an Al holder used in the 
measurement, which is not related to the samples. The broad diffraction at 2θ angle around 20 - 30° was 
evidently noticed for all carbon samples, corresponding to the carbon. The broad characteristic feature 
indicates the major presence of amorphous phase. As the carbonization temperature increased, the (002) 
diffraction peak of carbon phase became narrower. In addition, a significant shift of the 002 peak from 
21.1° to 24.4° was also observed. The d002 lattice spacing of carbons carbonized at 900 °C was estimated 
to be about 0.364 nm, which was lower than that of ideal graphite (0.335 nm). The shift of the 002 peak to 
higher 2θ angle concomitant with its narrower feature are evidence that the carbon samples were more 
graphitized and the size of crystalline graphite was larger at high carbonization temperatures. 

To further evaluate more detailed information on the structure of carbons, Raman spectroscopic 
analysis was carried out, as shown in Figure 5b. The Raman spectra of carbonized samples was 
comprised of two pronounced peaks centered at 1360 and 1600 cm-1, which are related with the D band 
and G band, respectively. The D band is related to the breaking of symmetry caused by structural 
disorders and defects, whereas the G band refers to the in-plane bond stretching motion of the pair of sp2 
carbon atoms [16,17]. These two characteristic peaks had low intensity with broad feature at 
carbonization temperature of 300 - 700 °C, indicating an amorphous nature of carbons. Additionally, it 
was evidently seen that the intensity of both D and G bands increased significantly at 900 °C. This result 
confirmed that high carbonization temperature could lead to more graphitization of carbon samples, 
which are in accordance with aforementioned XRD results.  

 
 

 
Figure 5 (a) XRD patterns and (b) Raman spectra of hydrochars carbonized at 300, 500, 700 and 900 for 
2 h. 
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Furthermore, surface area, pore volume, and pore diameter of hydrochars carbonized at different 
temperatures were examined using N2 adsorption-desorption isotherm. For the hydrochars carbonized at 
300, 500 and 700 °C, their surface area were found to be very low about 3 m2/g. The low surface area of 
carbonized hydrochars suggests that pore structure was not developed at low carbonization temperatures. 
However, the surface area abruptly increased to 190 m2/g when carbonization was done at 900 °C, 
confirming that high carbonization temperature of 900 °C is greatly required for the pore development. 
The N2 adsorption-desorption isotherms of hydrochar carbonized at 900 °C is displayed in Figure 6. It 
exhibited type II isotherms with a hysteresis feature, indicating its hierarchical pore structure, including 
micro-, meso and macropores. From the t-plot, the micropore and external (meso and macropores) surface 
areas were estimated to be 141.4 and 48.3 m2/g, respectively. This result indicates that the surface area of 
such carbon sample is mainly contributed by micropores (74.6 %), while the meso and macropores are 
minor contribution (35.4 %). The surface area, mean pore size and pore volume of all samples are 
summarized in Table 2. Although surface area obtained in this study is still relatively low when 
compared to other works, there are a plenty of room for further improvement by combination with 
thermal and chemical activation method [18]. 
 
 

 
Figure 6 N2 adsorption-desorption isotherms of hydrochar carbonized at 900 °C. 
 
 
Table 2 Experimental BET data of hydrochars carbonized at 300, 500, 700 and 900 °C. 
 

Sample Surface area (m2/g) Mean pore size (nm) Pore volume (cm3/g) 
EFB-300 3.3 10.2 0.006 
EFB-500 3.0 11.9 0.006 
EFB-700 2.6 27.6 0.007 
EFB-900 189.7 31.7 0.039 
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Conclusions 

The reaction temperature and time in HTC process are the significant factors in controlling 
physicochemical properties of carbon products. The FTIR spectra confirmed that the functional groups on 
hydrochars decreased as the carbonization temperature increased. The disappearance of functional groups 
in hydrochars was evidenced that both dehydration and decarboxylation occurred during carbonization. 
The XRD and Raman spectroscopy data showed that carbons became more graphitized at high 
carbonization temperature; however, they were mainly composed of amorphous phase. Among a series of 
conditions investigated, we found that hydrothermal process at 200 °C for 12 h and further carbonization 
at 900 °C for 2 h is an optimal condition to obtain hierarchically porous carbon with surface area as high 
as 190 m2/g. We anticipate that carbon materials prepared from EFB via HTC at optimal HTC condition 
can be further applied for absorbent applications. 
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