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Abstract
Malaysia is among the top oil palm producers and exporters in the world. In
consequence, this industry creates a huge amount of empty fruit bunch (EFB) as
an agriculture by-product from the processing line. In order to convert this waste
biomass into high value-added products, biochar from oil palm EFB was
activated by using KOH under low, medium and high activation temperature.
(400 ºC, 600 ºC and 800 ºC). The physico-chemical characteristics of activated
EFB biochars were evaluated by using proximate and ultimate analysis,
Brunauer-Emmet-Teller (BET) surface area, surface morphology using Scanning
Electron Microscope (SEM) and Fourier Transform Infrared (FTIR)
spectrometer. The results of activated EFB biochar that produced at low and
medium temperature (400 ºC and 600 ºC) had shown high in yield, well
developed pores and enriched with oxygen containing functional groups (O-H
and C-O). In contrast, biochar that activated with high activation temperature
(800 ºC) produced more total and fixed carbon, high BET surface area, total pore
volume and micropore volume as well as aromatic nature.
Keywords: Activated biochar, Characterization, Empty fruit bunch, Potassium
hydroxide, Surface area, Surface functional groups.
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1. Introduction
Biochar is a carbonaceous material produced from the conversion process of
biomass with the absent or limited supply of oxygen [1]. Recently, biochar has been
used as a universal adsorbent material in various applications such as soil and water
treatment, gas purification, health and pharmaceutical, gold purification and
sewage treatment [2-4]. However, biochar has limited ability and capacity to adsorb
contaminants at high concentration. Thus, the conventional biochar needs further
improvements in order to increase its adsorption ability and capacity.
The improvement of biochar using various method such as chemical activation,
physical activation, impregnation with mineral sorbents, and magnetic modifications
has been received interest among researchers. According to a review work by Li et
al. [5], the activation process of biochar increases their porous structure, surface area
and alter their functional groups, which had further increased their sorption capacity.
Malaysia is known as the second largest palm oil producer in the world and among
the biggest exporter of upstream and downstream of oil palm products [6]. In
consequence, this industry dispersed a huge amount of agriculture wastes such as
empty fruit bunch (EFB), mesocarp fibre and palm kernel shell that were disposed by
452 palm oil mills in Malaysia, throughout the year [7]. According to Abdul et al. [8],
approximately 15 million tons of EFB are generated annually and this amount is
expected to increase because of high global demand on oil palm products. Since EFB
has high carbon content, rich in lignin and available locally and abundantly, it has the
potential as a precursor for the production of activated biochar.
In recent years, there has been tremendous interest in production of biochar and
activated carbon using agriculture wastes [9-12]. However, it is crucial to understand
and to choose the most suitable biochar for further application since the
physicochemical properties of biochar mainly depend on feedstock and production
conditions, where the pyrolysis temperature is the most influenced. Even though there
are a number of studies [13, 14] regarding the using of various activation method in the
production of activated EFB, but as far as the author are aware, there is no information
on the preparation of activated EFB biochar using KOH as activation agent, under
different activation temperatures. Therefore, the aims of this study were to produce and
characterize activated EFB biochar based on physicochemical properties, morphology,
BET surface area and FTIR functional groups and to determine the optimum
temperature of activated EFB biochar for being used as heavy metals adsorbent.

2. Materials and Method
2.1. Preparation of raw EFB and activated EFB biochar
Raw EFB biomass was collected from Kempas Oil Palm Mill, Sime Darby Bhd
located in Merlimau, Malacca, Malaysia. Biomass sample then was air-dried for one
week and oven dried at 70 ºC for 48 h to eliminate excessive moisture. The dried
sample was chopped at about 4-6 mm of particle size and kept in a container for the
activation steps.
The EFB sample undergo two steps of the KOH activation process according to
Abechi et al. [15] with some modifications. The EFB sample was carbonized in a
muffle furnace at 350 ºC for 2 h to develop the initial porosity of biochar. Then, the
carbonization sample (20 g) was mixed with 200 cm3 KOH solution at impregnation

Journal of Engineering Science and Technology

October 2019, Vol. 14(5)

2794

M. H. A. B. M. Bakhtiar et al.

ratio of 1:1 (KOH pallet: Sample). The mixture was stirred continuously and being
heated for 2 h at 85 ºC and speed of 6 rpm. The sample was filtered and dried
overnight at 120 ºC in an oven. After that, the sample was activated at 400 ºC in a
furnace for 45 min. The 45 min of retention time was fixed in this study since it is
recognized as the optimum retention time to produce activated carbon [15]. Next, the
activated sample was washed several times with 0.1 M HCl and distilled water in
order to remove any remaining KOH component and organic residual in the sample.
Lastly, the activated sample was dried in an oven at 102 ºC for 24 h. The same steps
were repeated for the next sample that activated with 600 and 800 ºC of activation
temperature. The dried sample was kept in a desiccator until further analysis.
The KOH impregnation and pyrolysis temperature play an important role to
determine the yield of activated EFB biochar. According to the study by Claoston
et al. [16], EFB biochar did not fully carbonized at 300 ºC of pyrolysis temperature.
Meanwhile at high temperature (above 800 ºC), there was an extreme reduction in
the most of biochar yields [17-19]. Hence, the activation temperature of 400, 600
and 800 ºC were chosen in this study, since it involved the variety of low, medium
and high temperature for the most of biochar production, in order to obtain optimum
biochar yield, besides having good physicochemical properties.

2.2. Activated EFB biochar yield
The yield of activated EFB biochar sample was measured to determine the recovery
of produced char after being pyrolysed under different temperatures and the yield
of activated EFB biochar was calculated based on the following Eq. (1):
𝑌𝑖𝑒𝑙𝑑 (%) =

𝑀2
𝑀1

𝑥 100

(1)

where, M1 is the initial dry weight (g) of char precursor and M2 is the dry weight
of final activated EFB biochar (g).

2.3. Characterization of activated EFB biochar
2.3.1. Proximate and ultimate analysis
Proximate analysis was carried out to study the relative moisture, volatile matters,
ash and fixed carbon contents in the samples. The analysis was carried out by
following Standard Test Method for Chemical Analysis of Wood Charcoal, ASTM
D1762-84 [20]. Ultimate analysis was conducted to determine carbon, nitrogen,
hydrogen and oxygen content of samples by using CHNS Analyser from Thermo
Scientific™. The percentage of oxygen was determined by difference. All the
samples were analysed in triplicated.
2.3.2. BET surface area
The Brunauer, Emmett and Teller (BET) surface area, pore size and surface area
distributions, micropore volume and surface area of activated EFB biochar were
measured by nitrogen adsorption at 77 K using 3 Flex Surface Characterization
Analyser (Micromeritics Instrument Corporation) after being degassed at 300 °C
in an inert condition for 24 h.
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2.3.3. Surface morphology
The surface morphology of activated EFB biochar was observed under JEOL, JSM6010 PLUS/LV Scanning Electron Microscope in order to obtain the pores structure.
2.3.4. FTIR surface functional groups
The surface functional groups of activated EFB biochar was measured by using
pellet press Kbr disc method through Fourier Transform Infrared (FTIR)
Spectrometer (Perkin Elmer Corporation, Norwalk, CT, USA), where the spectra
were recorded from 4000 to 500 cm-1.

3. Results and Discussion
A series of activated biochars were prepared from EFB as a precursor using KOH
as activation agent under 400 (AB400), 600 (AB600) and 800 ºC (AB800) of
activation temperature. The effects of different activation temperatures on yield,
proximate and ultimate analysis, surface area and surface functional groups were
also studied and discussed as follows:

3.1. Effects of KOH activation under various activation temperatures
on activated EFB biochar yield
As can be seen from Fig. 1, the yield of activated EFB biochar was gradually
diminished as activation temperature increased. The rate of carbonization of
biochar was enhanced with increasing activation temperature from 400 to 800 ºC.
This could be attributed due to the thermal degradation of organic and inorganic
material that was released in the form of volatile components, which resulting in a
higher carbon burn off, thus contributing to the greater weight loss in the carbon
containing fraction [21]. In addition, Khalil et al. [22] reported that the increase in
activation temperature also would increase the KOH-carbon reactions, thus
accelerated the oxidation process on the outer surface of carbon atoms that led to
the formation of pores and reduced carbon yield.

Fig. 1. Yield of activated EFB biochar under
400, 600 and 800 ºC of activation temperature.
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3.2. Effects of KOH activation under various temperatures on
physicochemical properties of activated EFB biochar
Table 1 shows the results of proximate and ultimate analysis results for activated
EFB biochars that have been chemically activated using KOH at 400, 600 and 800
ºC of activation temperature. Proximate analysis was performed to determine the
moisture, volatile matter, ash and fixed carbon content of the produced chars.
As can be seen from proximate analysis results in Table 1, moisture content was
decreased from 3.74% to 0.98% as the increasing in activation temperature.
Moisture content is defined as a loss of water from the initial weight of materials.
As the activation temperature increase from 400 to 800 ºC, the water contents of
biochar were evaporated, which resulted in a significant reduction in moisture
contents. According to Aziz et al. [23], the excessive moisture content will fill up
the empty space between pore spaces of biochar and cause the biochar to undergo
sudden crack as a result of structures fragility.
Meanwhile the volatile matter contents were experienced a reduction from
27.6% to 11.4% as the activation temperature increased. Since these were two step
of biochar activation process, the high volatile matter contents at low activation
temperature was probably due to the presence of lignin in EFB biomass that
partially withstand a primary thermal degradation at 400 ºC during carbonization
stage [24]. During the activation process, the secondary thermal degradation
continued to reduce the degree of devolatilisation thus reducing the volatile matters
content of the produced chars [25].
In contrast, the ash content steadily increased as temperature increased due to
the high thermal degradation of lignocellulosic material and mineral elements
during the activation process that has contributed to the accumulation of ash content
in biochar [26].
The fixed carbon content also increased with the increasing of activation
temperature from 62.9% to 78.92%. When EFB biomass was pyrolysed, labile
organic matter in the EFB was destroyed aggressively from 400 to 800 ºC while
fixed carbon was more persistence as higher temperature needed to burn off the
more stable form of carbon [27]. The high fixed carbon content is important
because it will determine the high biochar stability and recalcitrant towards
physical, chemical and biological degradation [28]. Besides that, Kan et al. [29]
summarized that the criteria for determining good quality of biochar or activated
carbon are through the high fixed carbon content and low moisture, volatile matters
and ash content.
Meanwhile, the ultimate analysis indicated chemical composition of the
produced char that mainly consists of carbon, hydrogen, oxygen and nitrogen. Total
carbon values increased from 40.08 to 60.04 upon the increased of activation
temperature. This evidence shows that the degree of carbonization was accelerated
at high activation temperature [30]. In contrast, the total H, N and O were decreased
with the increasing of activation temperature from 4.44 to 2.45, 0.717 to 0.361 and
51.16 to 32.35 respectively. Meanwhile, pyrolysis temperatures do not influence
the S content in produced char. The greater losses of the total H and O content at
high temperature were assumed as a consequence from the dehydration and
decarboxylation reactions by cleavage and breakage due to the weak bonds within
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biochar structure [31]. In addition, the loss of N in the increasing of activation
temperature was probably due to the ignition loss during the activation process [32].
The degree of carbonization of biochar may also be described from the H/C
molar ratio. As shown in Table 1, the H/C molar ratio was decreased with the
increasing of activation temperature. The H/C of 0.49 for AB800 suggested that the
degree of carbonization and aromaticity are high at this temperature [33]. In
contrast, the higher value of H/C ratio obtained at 1.32 and 0.72, indicated that the
slow thermal decomposition of lignocellulosic materials such as cellulose,
hemicellulose and lignin, begin at lower to medium temperature (400 and 600 ºC)
as compared to higher activation temperature.
According to Batista et al. [34], the polar groups on biochar surface, acts as
water adsorption centers and aids in the formation of water clusters on the surface
of biochar. Therefore, the molar O/C ratio can be used to determine the
hydrophilicity on the surface of biochar. As stated in Table 1, the O/C molar ratio
was decreased with the increasing of activation temperature. AB400 was more
hydrophilic as it contains higher O/C ratio (0.96) than those AB600 (0.53) and
AB800 (0.40). It also indicated that AB400 contains higher polar group content
compare to others. In contrast, biochar activated under higher temperature (AB800)
resulted in low O/C ratio and became less hydrophilic.

Table 1. Proximate and ultimate analysis of activated EFB biochars.
Analysis
Parameter
AB 400
AB 600
AB 800
Moisture
content
3.74±0.09
2.05±0.12
0.98±0.01
Proximate
(%)
Volatile matter 27.60±0.46 23.23±0.20 11.44±0.00
(%)
Ash content (%) 5.76±0.18
7.05±0.07
8.66±0.20
Fixed carbon
62.90±10.0 67.67±1.2 78.92±1.25
(%)
Total N (%)
0.717±0.02 0.559±0.03 0.361±0.01
Ultimate
Total C (%)
40.08±1.0
54.94±1.3
60.04±0.3
Total H (%)
4.44±0.3
3.30±0.16
2.45±0.03
Total S (%)
3.60±0.13
2.36±0.08
4.79±0.4
Total 0 (%)
51.16±0.51 38.80±1.52 32.35±0.85
H/C molar ratio
1.32
0.72
0.49
O/C molar ratio
0.96
0.53
0.4
Fixed Carbon % was estimated by different =100-(%Moisture+%Volatile+%Ash)
Total O % was estimated by different =100-(%N+%C+%H+%S)
H/C atomic ratio of hydrogen to carbon. O/C: atomic ratio of oxygen to carbon.
The values are mean ± standard error.

3.3. Effects of various activation temperature on BET surface area of
activated EFB biochar
The surface area and pore properties of activated EFB biochar were presented in
the Table 2. As can be seen, BET surface area, total pore volume and micropore
volume was obviously increased with the increasing of activation temperature.
Activated EFB biochar that produced at 800 ºC showed the highest BET surface
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area of 920.67 m2g-1 while the lowest BET surface area was recorded at 90.65 m2g1
, which obtained from 400 ºC of activation temperature. Total pore volume and
micropore volume were also increased from 0.02 to 0.24 cm 3g-1 and 0.007 to 0.17
cm3g-1 when the temperature was increased from 400 to 800 ºC. Nevertheless, the
average pore diameter was decreased from 83.66 to 20.86 Å when temperature was
further increased up to 800 ºC.
Similar trends in BET surface area and porosity were observed for the
production of activated biochar at the increasing of temperature [35, 36]. From the
results of this study, the increasing of BET surface area, total pore volume and
micropore volume were significantly influenced by the activation temperatures and
reaction between KOH and carbonized sample [37]. Initially, the thermal
degradation of raw EFB at 350 ºC during the carbonization process has released a
significant amount of volatile matters (mostly non-carbon elements such as H, N
and O), which induced the development of initial pore structure [38]. Normally, the
initial pore structure in this sample has low porosity with structure disordered. The
further increasing of temperature led to the destruction of the wall between two
adjacent pores, thus increasing the surface area of produced char [39]. Besides, the
increasing of activation temperature also would increase the KOH-carbon
reactions, resulting in increasing devolatilisation, which would then enhance and
widening the existing pores and created new porosities [40]. This is in agreement
with this study where total pore volume and micropore volume were also increased
from 0.02 to 0.24 cm3/g and 0.007 to 0.17 cm3/g when the temperature increased
from 400 to 800 ºC.
The KOH acts as a catalyst to accelerate the pore development. Furthermore,
the increased in total pore volume and micropore volume as a result from
intercalation of potassium ion into the carbon matrix that widens the existing pores
and creates new porous structures that led to the formation of micropores,
mesopores or macropores [41]. Meanwhile, the further extension of activation
temperature from 400 to 800 ºC significantly reduced the pore diameter from 83.66
to 20.86 A. This was reported by Mohamad et al. [42] that as temperature increased,
the diameter of the sample would decrease, which can cause the development of
micropore volume.

Table 2. BET surface area, total pore volume,
micropore volume and average pore diameter of activated
EFB biochar under various activation temperatures.
Average
BET
Total pore
Micropore
pore
Sample
surface
volume
volume
diameter
area (m²/g)
(cm³/g)
(cm³/g)
(A)
90.65
0.02
0.007
83.66
AB 400
AB 600

580.47

0.1

0.06

25.08

AB 800

920.67

0.24

0.17

20.86
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3.4. Effects of KOH activation under various activation temperature
on organic functional groups of activated EFB biochar
Figure 2 shows the FTIR functional groups for the activated EFB biochar produced
under different activation temperatures. It can be seen that the complex spectra
bands have been developed upon the activation process and the trend of all spectra
bands is quite similar to each other’s. The number of functional groups was
increased at activation temperature 400 and 600, but it was decreased at higher
activation temperature of 800.

Fig. 2. FTIR spectra of activated EFB biochar
with KOH activation at 400, 600 and 800 ºC.
Table 3 summarized the functional groups obtained from the FTIR spectra for
each produced chars. The broad adsorption peak detected at 3339.14 cm-1 (AB400),
3336.02 and 2516.63 cm-1 (AB600), as well as 3197.6514 cm-1 (AB800), was
attributed to the O-H stretching vibration of hydroxyl functional groups. As
expected, the domination of hydroxyl group in each activated EFB biochar was
believed due to moisture, cellulose and hemicellulose component in EFB [43]. The
peak observed at 2156.55, 2207.43 and 2016.80 cm-1 for AB400, AB600 and
AB800 were identified as thiocyanate (S-C ≡ N), alkyne (C = C) and isothiocyanate
(N = C = S) group.
The adsorption bands at 1574.36, 1569.71 and 1558.4 cm -1 for all produced
chars were probably due to the cyclic alkene group with C = C stretching of
aromatic ring. An alkane stretching C-H band was found at 1373.6 and 1370.82 cm1
for AB400 and AB600 respectively. On the other hand, the aliphatic alkyl aryl
ether compound vibrations were found at 1218.42, 1206.69 and 1010.99 cm-1 at all
activation temperatures. The vinyl ether from the C-O stretching vibration was
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identified at 1026.94 and 1030.41 cm-1 in AB400 and AB600. The peaks observed
at 874.52, 872.57 and 751.42 cm-1 in AB400 and AB600 were probably due to the
presence of aromatic C-H group in the activated EFB biochar.
Based on this study, the different activation temperatures have significantly
influenced by the number of functional groups of the produced chars. Results
obtained from this study have revealed that EFB biochar activated at lower and
medium activation temperature (400 and 600 ºC) produced higher number of oxygen
containing (O-H and C-O) functional groups compared to those at 800 ºC.
This could be attributed to the slow dehydration process in EFB at lower
temperature. This finding was in agreement with previous studies on biochar and
activated carbon [44, 45]. Furthermore, KOH enhanced the formation of O-H
functional groups on the activated EFB biochars surface [46]. According to Jamari
and Howse [47], the reduction in the number of functional groups at higher
activation temperature (800 ºC) was believed due to the process of dehydration and
deoxygenation of lignocellulosic material (cellulose, hemicellulose and lignin) that
diminished the aliphatic structures and followed by the formation of aromatic
structure. This could be explained by the presents of aromatics and aromatic C-O
group in this study, which was believed to have come from lignin in the EFB
biomass [48].

Table 3. Summary of functional groups for activated
EFB biochars based on adsorption peak from FTIR spectra.
Sample
AB 400

AB 600

AB 800

Wave number(cm-1)

Functional group

Bond

3339.14
2156.55
1574.36
1373.60
1218.42
1026.94
874.52
3336.02
2516.63
2207.43
1569.71
1370.82
1206.69
1030.41
872.57
751.42

Alcohol
Thiocyanate
Cyclic alkene
Alkane
Alkyl aryl ether
Vinyl ether
1,2,4-trisubstituted
Alcohol
Carboxylic acid
Alkyne
Cyclic alkene
Alkane
Alkyl aryl ether
Vinyl ether
1,2,4-trisubstituted
1,2-monosubstituted
benzene derivative
Alcohol
Isothiocyanate
Cyclic alkene
Alkyl aryl ether

O-H
S-C ≡ N
C=C
C-H
C-O
C-O
C-H
O-H
O-H
C≡C
C=C
C-H
C-O
C-O
C-H
C-H

3197.65
2016.80
1558.40
1010.99
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3.5. Effects of activation temperature on surface morphology of
activated EFB biochar
The changes in surface morphology of EFB biochar after activated with KOH under
different temperatures are presented in Figs. 3(a) to (f). The SEM analysis was
conducted to study the morphology of biochar surface. In order to get clear pictures
on the surface changes and the pore development at different pyrolysis
temperatures, the images were taken on the surface and tip of biochar, at different
resolution (from 200 to 1,000 magnifications).

Sample
AB400

Surface
(a)

Tip
(b)

AB600

(c)

(d)

AB800

(e)

(f)

Fig. 3. SEM images of activated EFB biochar treated
with KOH under different activation temperature;
400 ºC (a) and (b), 600 ºC (c) and (d), and 800 ºC (e) and (f).
Generally, there are obviously differences among the produced chars, in term of
surface texture and pores size distribution, with increasing pyrolysis temperature. The
pore size for AB400, AB600 and AB800 shows that the pores diameter ranging
between 7.3 to 1.7µm, which indicated, that mesopores were successfully developed
for all biochar. In view of result obtained, biochar that pyrolysed at 400 ºC exhibit
rough surface texture and well-developed pores with honeycomb like shape, Figs.
3(a) and (b). At 600 ºC, the surface texture did not much differ as at 400 ºC, but the
inner core seems started to diminish.
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As the pyrolyse temperature was further increased to 800 ºC, the outer surface of
biochar was started to fracture and collapse, while the inner core is continuing to
diminish. This finding has revealed that the EFB biochar cannot withstand at high
temperature (800 ºC) as the surface structure and inner core was easily fragile and
finally diminished. This result obtained is in agreement with Claoston et al. [16],
where the cracks and shrinkages were observed on the surface of biochar as a result
of high pyrolysis temperature.
Apart from pyrolysis temperature, KOH was also believed to have a significant
effect on the morphology of activated EFB biochar. Komnitsas and Zaharaki [49]
have revealed that the development of microporous structure on the surface of
pistachio shell biochar after treated with KOH and FeCl3, which is in agreement with
this study where the microporous structure was also observed (Fig. 3). In addition,
XX also found that biochar activated with KOH also produces smooth surface texture
and well-developed porosity as compared to non-activated biochar.

4. Conclusion
Three activated EFB biochar with different properties were obtained from this
investigation. The findings from this study revealed that KOH activation under
different activation temperature had contributed a greater impact on the
physicochemical properties of the produced chars. Activated EFB biochar
produced at low (AB400) to medium temperature (AB600) contributed to the high
yield, well developed pores structure, contains more aliphatic properties and
enriched with oxygen containing surface functional groups such as O-H and C-O.
This character will provide an excellent medium for ion exchange capacity
during the adsorption process. Meanwhile, activated EFB biochar produced at high
activation temperature (AB800) experienced on low yield, more fixed and total
carbon, high BET surface area as well as more aromatic nature and less oxygen
containing functional groups due to the dehydration and deoxygenation of biomass.
In addition, the BET surface area for AB600 and AB800 were within the range 4001400 m2/g of commercial activated carbon [50]. In order to evaluate the
performance of all these activated EFB biochar as heavy metals adsorbent, future
work such as adsorption or incubation study are urgently needed.
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Nomenclatures
AB
ASTM
BET
CHNSO
EFB

Activated biochar
American Society for Testing and Materials
Brunauer-Emmet-Teller
Carbon Hydrogen Nitrogen Sulfur Oxygen
Empty fruit bunch
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FTIR
HCL
KOH
Kbr
MPOB

Fourier Transform Infrared
Hydrochloric acid
Potassium hydroxide
Potassium bromate
Malaysian Palm Oil Board
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