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Oil palm empty fruit bunch (OPEFB) is one of the enormous waste expected to become a renewable energy source. 
This study aimed to convert OPEFB into syngas through a gasification process using bentonite as a catalyst. The 
effects of temperature and product gas catalysts were investigated, and the efficiency of the gasification process was 
summarized. The process has used an updraft gasifier at 350-550°C and air as the gasification medium (ER 0.2). 
The results indicate that syngas can be produced by updraft gasifier. When the temperature increase, the H2 and 
CO rising. The highest H2 and CO content of 27.74% and 20.43% are obtained at 550°C when bentonite applied. 
HHV and LHV range of 3.38~12.79 MJ/Nm3 and 3.03~11.58 MJ/Nm3, respectively. The maximum carbon conversion 
efficiency (CCE) and cold gas efficiency (CGE) reach 85.49% and 82.34%. Bentonite has been able to increase the 
concentration of the gas composition especially H2 and CO and the heating value of syngas.
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INTRODUCTION

Energy demand continues to increase worldwide, while 
fossil fuel reserves continue to decrease. The use of fos-
sil fuel now has an impact on the quality of the environ-
ment, which is getting worse due to emissions, especial-
ly carbon dioxide. The world faces two problems at once, 
the fuel-energy crisis and critical environmental issues. 
In dealing with this, fossil energy is trying to be replaced 
by renewable energy. According to world energy data, 
81.7% of the world's energy is supplied from fossil ener-
gy (oil, coal and natural gas) [1]. Natural gas is cleaner 
than fossil fuel [2]. Even so, these types of energy will 
last only in the next 50 years [3].
Synthetic gas or syngas appears as an energy that is 
needed to meet the world's energy demands. Syngas 
can be used as fuel, for electricity generation, chemicals, 
bioethanol, etc. [4]–[6]. Syngas can be applied directly 
without changing the gas system [7]. The gasification 
process produces syngas using gasification agents 
such as air, oxygen, steam, CO2, and/or a combination 
thereof. Either biomass, coal, and waste fuels can be 
converted into gas fuels with a high calorific value [8]. 
Gasification can be carried out at low or high tempera-
tures depending on the selection of process and equip-
ment. Compared to other thermal conversions such as 
combustion, gasification is an environmentally friendly 
technology. Gasification produces much less CO2 than 
combustion, and SO2 is only formed from the initial raw 
material content of biomass [9].
Apart from the main product, gasification produces tar as 
a by-product, which must be avoided. Tar formation will 
cause pipe clogging so that operation and maintenance 
costs increase [10]. The addition of a catalyst is an effec-

tive way to promote tar breaking and reformation of the 
condensable fraction [11]. To improve the quality of syn-
gas and tar reduction, researchers have applied various 
types of catalysts. Catalysts commonly used in gasifica-
tion include alkaline earth metal catalysts [12]–[14], met-
al-based catalysts [15]–[17], and catalysts minerals (dolo-
mite and olivine) [18]–[20]. In gasification, the catalyst can 
be used by directly mixing it with raw materials, or it can 
be placed in the second reactor to break up the tar formed 
in the main reactor. By all means, the use of the second 
reactor will increase equipment costs and process han-
dling. The catalyst can increase gas yield and hydrogen 
concentration [21]–[23]. Sui et al. [24] using cement as a 
catalyst for water-steam gasification, which succeeded in 
increasing the H2 content and reducing the tar volume. 
The K2CO3 catalyst in pine-sawdust gasification succeed-
ed in lowering the tar volume from 11% to 2%. Hydrogen 
increases up to 1.55 times in the catalyst to biomass ratio 
of 2, using CaO as a catalyst [25]. Likewise, when the 
dolomite catalyst rose from 3 to 12wt%, the hydrogen in-
creased from 52.9 to 55.5 g/kg of fuel [18].
Natural mineral catalysts are becoming widely used 
because they are cheap and abundant. Bentonite is a 
clay mineral rock that is abundant in Indonesia. Its use 
is mostly in the treatment of wastewater and adsorbents. 
Bentonite has different characteristics in each region, 
which causes its use as a particular medium that needs 
to be studied further. For example, bentonite from Africa 
(African bentonite) is widely used as a remediation [26] 
and removal process [27], and bentonite from Nigeria 
(Nigerian bentonite) is used in the mud formulation drill-
ing process [28], [29]. Inclusion of the origin of natural 
bentonite needs to be done to identify the difference both 
in terms of its utilization and the location where the ben-
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tonite was taken. In Indonesia, bentonite has been used 
for adsorption processes [30], wastewater treatment 
[31], and catalytic degradation [32].
Bentonite is used as the catalyst in pyrolysis, cracking, 
and biodiesel processes. According to the results from 
Kumar and  [33], bentonite mostly consisted of SiO2 and 
Al2O3 (52.55% and 15.34%). Similarly, Ro et al. [34], 
bentonite with SiO2 and Al2SO3, is used as the catalyst 
for the in-situ pyrolysis process, which produces bio-oil 
with high selectivity hydrocarbons. According to Sewu et 
al. [35], bentonite increases the bio-oil yield in the py-
rolysis process. The presence of bentonite significantly 
affects the reaction rate as well as the quality of the con-
densation fraction [36]. Liquid fuels resulting from cata-
lytic cracking by Kar et al. achieved 98.64% of yield with 
4% of the catalyst [37]. In the transesterification process, 
bentonite removes water and increases the methanoly-
sis process. The by-product of biodiesel, soap, which is 
avoided, decreases when the bentonite is applied [38].
In Indonesia, biomass as a gasification feedstock is very 
efficient in the sustainability and use of clean energy. 
The palm oil industry growing rapidly in Indonesia pro-
duces two categories of waste, namely waste from plan-
tations and waste from crude palm oil (CPO) processing 
plants [39]. One of the CPO industrial wastes, oil palm 
empty bunches (OPEFB), if used as gasification feed-
stock, will increase its use-value. For every ton of CPO 
produced, there will be around 5 tons of solid waste from 
oil palm biomass, consisting of oil palm empty bunches 
(OPEFB), palm kernel shells (PKS), and palm mesocarp 
fibers (PMS). From 1-ton fresh fruit bunches (FFB) which 
is ready to be processed in industrial CPO, there will be 
approximately 23% OPEFB. With a total FFB in 2019 of 
42.7 million tons, the number of OPEFB is approximately 
8.97 million tons [40]. Evidently, according to Ariffin et al. 
[41], the calorific value of OPEFB is 16 MJ/Kg, so OPE-
FB is feasible to convert into syngas though it is lower 
than coal.
Utilization and value addition to OPEFB through the 
gasification process is very promising in supporting the 
achievement of sustainable energy and environment. 
Research on OPEFB gasification has been conducted 
by several researchers in the last five years [42]–[44] 
and still developed to increase the quality. To the best of 
our knowledge, both Indonesian bentonite and natural 
bentonite from other areas have not been used compre-
hensively on the gasification process particularly OPE-
FB gasification. Although its effects have been tested as 
adsorbents and catalysts in wastewater treatment and 
pyrolysis processes, further and depth studies are need-
ed on the application of the gasification process. This 
project tries to produce to produce syngas with low CO2 
levels from OPEFB gasification. The effect of gasification 
parameters and bentonite on the gasification process 
and efficiency will be investigated.

MATERIALS AND METHODS

Feedstock

Oil palm empty bunches (OPEFB) are obtained from the 
CPO industry in South Sumatra, Indonesia. OPEFB was 
collected and then separated from the bunches and dried 
under the sun for ± 48 hours (Fig. 1). Pre-drying is re-
quired for OPEFB because of its high moisture content. 
High moisture content has an impact on the low heating 
value of the gas [45]. After drying, OPEFB is chopped 
manually with a size of 3×3 cm to facilitate the loading 
into the gasifier and within the range of recommenda-
tion for updraft gasifier [46]. OPEFB characteristics are 
known through proximate and ultimate analysis relat-
ed to its use as an energy source. Proximate analysis 
is based on mass reduction using a thermogravimetric 
analyzer (TGA PT1000), referring to the method of the 
American Society for Testing and Materials (ASTM) D 
3172-3175. Meanwhile, the ultimate analysis was per-
formed using the CHONS analyzer (Thermo Scientific 
Flash 2000), referring to ASTM D5373. The calorific val-
ue (gross calorific value) of OPEFB or known as HHV 
is measured using a bomb calorimeter (Parr 6200 cal-
orimeter) according to ASTM D 5865-2013. In addition, 
in this study, the OPEFB lignocellulose content was also 
analyzed using high-performance liquid chromatography 
(RIGOL L-3000 HPLC).

Bentonite characterization

To improve the performance of natural bentonite (NB) as 
a gasification catalyst, activation was carried out. Ben-
tonite was heated in the furnace at 400 °C for 3 hours 
and stored in the desiccator to be cooled for 24 hours. 
Characterization of bentonite aimed to determine the 
changes in the structure, functional groups, and mor-
phology of bentonite after thermal activation. Character-
ization involved the X-Ray diffraction (XRD) method us-
ing the Rigaku Miniflex 600 X-Ray diffractometer, Fourier 
Transform Infra-Red (FTIR) using the Thermo Scientific 
Nicolet iS10 FT-IR Spectrometer and Scanning Electron 
Microscope (SEM) using the JEOL-JSM-6510 LA at the 
magnification of 20,000 times. Furthermore, the benton-
ite that has been activated used as a direct catalyst is 
called natural bentonite thermal activated (NBTA).

Figure 1: Samples of OPEFB

Nabila Aprianti, et al. - Catalytic gasification of oil palm empty fruit bunch  
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Gasification equipment and process

An updraft gasifier apparatus was made from stainless 
steel (SS316) with electrical heater outside the reactor. 
The reaction temperature was controlled by automatical-
ly control panel equipped with K-type thermocouple in 
the top and bottom of the gasifier. OPEFB and catalyst 
were mixed in the reactor before by mixer connected to 
the control system. To avoid additional costs, air is used 
a gasification agent instead of pure oxygen. Air is fed into 
the gasifier via a compressor. The flow rate of the gasifi-
cation agent is based on the equivalent ratio (ER) of 0.2.
Raw material and catalyst were placed into the gasifi-
er, and the reactor is set to the desired temperature of 
350-550 °C. Subsequent to the steady-state condition 
reached, gas was sampled in the sample point after 
through the cooling system. In order to know the com-
position, gas was analyzed using Shimadzu 2014 gas 
chromatography. Meanwhile, the liquid product known 
as tar was stored in the tube separately. Flow diagram of 
the gasification apparatus and process has been re-illus-
trated according to previous work (Fig. 2) [44].

Syngas analysis

Performance and efficiency of syngas in the gasification 
process are determined by determining the calorific val-
ue (HHV and LHV), carbon conversion efficiency (CCE), 
cold gas efficiency (CGE), and the ratio of combustible 
gas (Eq 1-5) [47]–[49].

Figure 2: Flow Diagram of OPEFB Catalytic Gasification
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RESULTS AND DISCUSSION

OPEFB characteristics

Proximate and ultimate analysis on OPEFB has been 
carried out to determine the characteristics of the mate-
rial related to its use in energy conversion (Table 1). The 
analysis results were compared with other OPEFB from 
previous work [50]–[52]. The fixed carbon of OPEFB in 
this study was higher than OPEFB from other studies, 
namely 23.75%. This correlates to high carbon content. 
Fixed carbon is influenced by the ash content, water, and 
volatile matter of the raw material.
The volatile matter of OPEFB is much lower compared to 
similar biomass from other works. Likewise, when com-
pared with other biomass such as corncob [53], sugar-
cane [54], rice husk [55], pine sawdust [56], and coconut 
shell [56]. Biomass has a higher volatile matter value in 
biomass than coal, which indicates that biomass is easi-
er to convert to gas. The OPEFB from this work revealed 
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the highest content of ash compared with other same 
types, especially compared to the result of Isworo et al. 
[50]. Ash can degrade the fixed carbon content so that 
the calorific value also decreases. Ash content in this 
study was 16.81%.
On the basis of the elemental analysis, OPEFB contains 
32.56% O, 46.25% C, 4.14% H, 0.18% N, and 0.07% S, 
respectively. Compared to others, OPEFB in this study 
has the lowest oxygen, but rich in carbon content. This 
value has a positive effect on HHV because of lower ox-
ygen concentrations (the calorific value of OPEFB de-
creased in the presence of C-O bonds). OPEFB in this 
work indicated the lowest sulfur content of all OPEFB 
from literature (Table 1). Sulfur and nitrogen are present 
in minimal amounts in OPEFB. Sulfur and nitrogen are 
the sources of the formation of SOx and NOx gases in 
syngas when used as fuel, but because of their small 
amount, they can be categorized as safe for the environ-
ment. OPEFB has 16.47 MJ/kg of HHV. It is still in the 
HHV OPEFB range.

Bentonite characteristics

Bentonite was collected from Sarolangun, Indonesia. 
To evaluate the performance of bentonite as a catalyst, 
the analysis of its characteristics has been carried out 
and illustrated by Fig. 3-4. Bentonite was activated for 
increasing the catalytic activity. Based on XRD spectra, 
the main degree appeared at 5°, 20°, and 26° that was 
indicated the presence of main characteristics of benton-
ite and montmorillonite [57]. Hereinafter, natural benton-
ite contains impurities in the presence of quartz around 
27° [58]. After activated, several components lost which 
are shown by the decrease of the peak. Some peaks 
disappeared and replaced by the other new peak.
The FTIR spectra showed the different changes of ac-
tivated bentonite from non-activated bentonite rather 
inconspicuous. The main structure of bentonite was 
observed at bands of 470, 532, 911, and 1033 cm-1. At 
bands of 3626 cm-1 and 911 cm-1, there were presented 
of Si-OH and Al-OH-Al stretching respectively [59]. The 

Parameter This study Isworo et al.[50] Nyakuma et al.[51] Monir et al.[52]
Proximate analysis (wt%)

Ash content 16.81 1.99 6.36 7
Volatile matter 59.44 72.8 81.63 69
Fixed carbon 23.75 20.42 12.37 18.5

Calorific value (MJ/Kg) 16.47 17.37 17.84 15.58
Elemental analysis (wt%)

C 46.25 43.8 45.23 42.33
H 4.14 6.2 6.46 5.28
N 0.18 0.4 1.25 1.46
O 32.56 44.4 47.84 50.84
S 0.07 0.08 0.14 0.08

Table 1: Characteristic of OPEFB by Proximate and Ultimate Analysis

stretching vibration at  1033 cm-1 emerged as a strong 
band Si-O-Si. [60]. At wavenumbers of 3448 cm-1 and 
1635 cm-1, there were strong bands of the O-H group and 
bending vibration of bentonite [61].
SEM analysis results (Fig. 4) show that the surface mor-
phology of natural bentonite and activated bentonite 
is slightly different. Bentonite displayed larger denser 
sheets in natural bentonite, whereas the surface in the 
activated bentonite was in the form of sparse and smooth 
sheets of various sizes. SEM observations revealed that 
bentonite particle has a dominant size of 1μm. There 
were quite a lot of cracks on both surfaces, according to 

(a)

(b)

Figure 3: XRD (a) and FTIR (b) Spectra of NB and 
NBTA
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the SEM analysis. After the activation process, bentonite 
produced a more irregular surface. Indonesian bentonite 
has similar properties to bentonite from other countries, 
which is dominated by SiO2 and Al2O3.

(a) (b)

Figure 4: Morphology of NB (a) and NBTA (b)

Syngas composition

The composition of gas products from OPEFB gasifica-
tion using bentonite as a catalyst is presented in Fig. 5. 
The gas product mainly comprises H2, CO and CH4 with 
minor amounts of CO2 and O2. The effect of temperature 
on gas composition is quite large corresponding to the 
increasing H2 and CO content. However, there was in-
creasing in CO2 content but is shown in the small amount. 
In this work, the highest of H2 content was 27.74%, while 
the highest of CO was 20.43% achieved at 550°C in the 
presence of bentonite. The H2 and CO components in-
creased along with the increase in temperature. Anoth-
er gas product, CH4, exhibited the same phenomenon 
when the temperature above 450. The CH4 content in-
creased significantly. The increase in CH4 is affected by 
the methanation reaction in the reduction zone. This is in 
line with another previous gasification study [62].
Syngas consists of two main components, H2 and CO. The 
use of hydrogen is widely used in pure form, or H2/CO is 
greater. Fig. 6 shows the gas ratio in the specific of H2/CO 
and combustible gas of OPEFB gasification. Both non-cat-
alytic and catalytic gasification, the highest H2/CO ratio, 
were obtained at 350°C of 2.33 and 1.90. The product gas 
from OPEFB using bentonite contained H2 as the dominant 
component resulting in the lower ratio level. The tempera-
ture did not show a substantial effect on the ratio of H2/CO, 
so the value was not relatively stable on OPEFB gasifica-
tion, along with the increase of temperature using bentonite 
as a catalyst. The ratio range was 1.33~1.90. Overall, the 
ratio showed >1, which indicates that the syngas produced 
is suitable for fuel [7].
Since the oxygen is used as a gasification agent, O2 and 
N2 remain in the product gas. Because of syngas will use 
as fuel, we tried to figure out the comparison between the 
combustible gas and non-combustible gas. It was found 
that the product gas from OPEFB, which used bentonite 
shows the highest CG/NCG ratio in the value of 9.72. 
The CG/NCG ratio was affected by the combustible gas 
in the syngas, comprised of CO, H2 and CH4. Unlike the 
H2/CO ratio, the CG/NCG ratio increased along with the 
increase of gasification temperature.

(a)

(b)
Figure 5: Gas Composition of OPEFB Gasification for 

Non-catalytic (a) and Catalytic (b)

(a)

(b)
Figure 6: Ratio of H2/CO (a) and Combustible Gas (b)
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Effect of bentonite on syngas production

Bentonite affects the concentration of syngas composi-
tion and yield. It can be seen that H2 and CO increased 
significantly after the addition of bentonite in the same 
range of temperature (Fig 5). Not only that, but the CO2 
concentration has also decreased. This is due to the Si 
and Al content in bentonite, which increases the rate 
of the conversion reaction of complex compounds in 
OPEFB into low molecular gases. SiO2 and Al2O3 make 
bentonite a good heat conductor for raw materials [63]. 
The existence of the acidic site of Al2O3 dan SiO2 from 
bentonite turn the route of catalytic activity to hydrocar-
bon cracking [37]. The strong acidic site on bentonite en-
hanced catalytic cracking more inside [64].
Since bentonite was used directly in conjunction with 
OPEFB, it was judged appropriate and successful. The 
presence of 12.5wt% of bentonite is based on previous 
studies using other types of catalysts, but it is less than 
10% nor bentonite on other work. With the hope that 
passing this portion can have a significant impact, the 
application will occur in the presence of bentonite. Apart 
from H2 and CO, the concentration of CH4 also increased. 
The increase in the H2 and CO components also leads to 
the formation of CH4 through the methanation reaction. 
During the reaction, there was an acid-base reaction 
from the Bronsted side. The exchange of H+ cations from 
bentonite to OPEFB causes catalytic cracking. Hydrogen 
is also formed in the presence of an H+ donor from ben-
tonite to the C-H bond of hydrocarbons in OPEFB. The 
catalytic activity of bentonite is associated with the avail-
able Brønsted sites on the catalyst [65].

Efficiency of gasification

In this study, the gasification efficiency consisted of car-
bon conversion efficiency (CCE), cold gas efficiency 
(CGE) and calorific value of gas (LHV and HHV) (Fig. 
7). The HHV and LHV change in the range from 3.78 to 
12.79 MJ/Nm3 and 3.39 to 11.58 MJ/Nm3 successively 
when bentonite was used. The heating value of original 
OPEFB gasification was in the range of 4.22-10.10 MJ/
Nm3 and 3.78-9.11 MJ/Nm3 for HHV and LHV. The heat-
ing value is influenced by the gas composition of H2, CO, 
and CH4. Because the content of these three gases in-
creased with increasing temperature, the HHV and LHV 
increased as well. The HHV and LHV of syngas increase 
when bentonite is added because it is related to the com-
position of the gas that has been obtained.
The efficiency of gasification is known by calculating the 
carbon content in feedstock and gas and comparing the 
LHV gas with the LHV feedstock [66]. Carbon conver-
sion efficiency (CCE) of OPEFB gasification showed the 
increment together with rising the temperature, so does 
the cold gas efficiency (CGE) (Fig. 8). The maximum 
CCE and CGE were 85.49% and 82.34% at 550%. Cold 
gas efficiency is affected by increasing CO, H2, and CH4 
and increasing temperature [67]. Because OPEFB is wet 

Figure 7: Syngas Heating Value of OPEFB Gasification

Figure 8: The Efficiency of OPEFB Gasification

biomass, gasification efficiency tends to be small if it is 
not anticipated by pre-drying [68].

CONCLUSION

The oil palm empty fruit bunch was successfully convert-
ed to syngas by gasification in an updraft gasifier. The 
gasification is mainly affected by temperature. The re-
sults show that the higher component of gas, the higher 
temperature needed. At 550°C, H2 and CO contents are 
27.74% and 20.43% with the addition of natural benton-
ite. As a fuel, the ratio of H2/CO is achieved 1.33-1.90. 
When the gasification temperature increased, the heat-
ing value of the gas product increases significantly from 
3.38 to 12.79 MJ/Nm3 for HHV and 3.39 to 11.58 MJ/Nm3 
for LHV. Although the H2 and CO content relatively low, 
CCE and CGE succeed reach above 80% of 85.49% and 
82.34% in succession.
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