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ABSTRACT

Palm shells, which are agricultural by-products from palm oil processing, were used to
produce low-cost activated carbons. Effect of different carbonization times (14 h) on the
biochar and activated carbon properties was investigated. The carbonization was carried
out at 700°C followed by CO, activation. Carbons were characterized using Fourier trans-
form infrared spectroscopy, ultimate analysis, scanning electron microscopy (SEM), proxi-
mate analysis and nitrogen adsorption. The proximate analysis of the palm shell showed
low moisture content (5.5%), high percentage of volatile matter (70%), average contents of
fixed carbon (23%) and ash content (4.28%). Carbonization times (1-4 h) within the range
investigated have little influence on the char yield, thermal and chemical properties of the
material but had more effect on the textural properties. SEM micrographs revealed that
more pore networks and cavities were formed after carbonization and activation of the
palm shells. The textural characteristics of the biochars and activated carbon reveal that the
pore size is predominantly mesoporous. The properties of the palm shell activated carbon
prepared at 700°C for 2 h indicated its ability to be used in volatile organics removal from
wastewater and in gas-related adsorption applications.
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1. Introduction

Activated carbon is the most widely used adsorbent
in separation and purification applications due to its
high adsorption abilities for a large number of organic
compounds. It is used in contaminants removal from
water [1,2] and gases [3,4]. Nevertheless, the prices of
commercially available activated carbons are relatively
high and hence limit their usage. This prompted a
growing research interest in the production of acti-
vated carbons from abundant and low-cost precursors
which are mainly industrial and agricultural by-prod-
ucts, such as date pits [1], coconut shell [5], palm oil
waste [6], olive stones [7], saw dust [8], bamboo [9],
cashew nut shells [10], rice straw [2], apricot shell [11],
waste tea and almond shells [12] which have been suc-
cessfully used in activated carbon preparation.

Oil palm is a major source of vegetable o0il, which
is extracted from its flesh and kernel. It is produced
mainly in South-East Asian countries like Indonesia,
Malaysia and Thailand [6]. In addition to palm oil,
large quantities of oil palm biomass wastes, including
trunks, fronds, fibres, shells and empty fruit bunches
are generated [13]. In Malaysia alone, the palm oil
industry generates huge amount of solid wastes dur-
ing the palm fruits processing. About 4.3 million ton-
nes of shell are produced annually in oil mills [14].
Oil palm shell has been proven to be a good precursor
for activated carbon production [6,15].

Manufacture of activated carbon involved two
stages: carbonization of the raw material in an inert
atmosphere and subsequent activation of the
carbonized char in oxidized environment. The car-
bonization involves thermal decomposition aimed at
removing the volatiles and producing fixed carbon (FC)
with rudimentary pores [16,17]. The activation duration
has a significant effect on the development of the car-
bons’ porous networks [17]. The aim of this work was
to synthesize and characterize porous carbons from
low-cost precursor, i.e. oil palm kernel shell (PKS).
Effect of carbonization time on the yield and properties
of the biochar and activated carbon was given more
attention. The precursor and the activated carbon pro-
duced were characterized by Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy
(SEM), proximate analysis, ultimate analysis, thermo-
gravimetric (TG) and derivative thermogravimetric
(DTG) test, and nitrogen adsorption analysis.

2. Experimental
2.1. Materials and preparation

Palm kernel shell (PKS) obtained from Koperasi
Kampung Jawi Johor Bahru Berhad, Malaysia, was
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washed thoroughly with deionized water. It was then
dried at 105°C for 24 h, grinded and sieved to particle
size of 0.85-1.7 mm. It was then carbonized in a well-
lagged vertical tube furnace under inert atmosphere.
The material was then heated from room temperature
to carbonization temperature of 700°C, heating rate of
10°C/min with nitrogen flow of 100 cm®/min. It was
held at that temperature for different times (14 h)
before being cooled down to room temperature under
nitrogen flow. The resulting chars were labelled PKC1,
PKC2, PKC3 and PKC4 which denote palm kernel
char carbonized at 1, 2, 3 and 4 h, respectively. The
palm kernel chars, PKC2 and PKC4, were subse-
quently activated using CO,. The chars were heated
under nitrogen flow of 100 cm®/min to attain the
activation temperature of 800°C. The flow was then
switched over to CO, at a flow rate of 100 cm®/min,
heating rate of 10°C/min and temperature of 800°C.
After the activation period of 1h, the material was
allowed to cool down to room temperature under
nitrogen flow. The resultant activated carbons were
labelled PAC2 and PAC4 which denote palm activated
carbon formed from chars carbonized at 2 and 4 h,
respectively.
The yield of the chars obtained is given by Eq. (1)

Yield = Wy /Wy )

where W is the weight of raw kernel shell and W is
the weight of dried char.

2.2. Characterization of samples

Proximate analysis with the aid of TGA was used
to determine the moisture, volatile matter (VM), FC
and ash content. The surface chemistry of the samples
were analysed by identifying the surface functional
groups of the samples using Fourier transform infra-
red spectroscope (FTIR-2000, Perkin Elmer). The spec-
tra were recorded from 4,000 to 400 cm™'. Ultimate
analysis was carried out using PerkinElmer CHNS/O
elemental analyzer. Elements covered in the analysis
are carbon (C), hydrogen (H), nitrogen (N), sulphur
(S) and oxygen (O) obtained as a difference. A scan-
ning electron microscope (Karl Zeiss, EVO50 XVPSEM,
and Germany) was used to observe the morphology of
the samples to study the presence and nature of
porosities. The textural characteristics of the samples
were further determined by nitrogen adsorption at
—196°C with an accelerated surface area and porosime-
ter (ASAP-2010, Micromeritics). The surface area was
calculated by the BET method from the adsorption
data. The total pore volumes (Vi) were found from
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the amount of nitrogen adsorbed at relative pressure
of 0.99. The micropore volume (pore size <20 A)
was obtained by t-plot analysis. The thermal
decomposition properties of the material were studied
using TG analysis in Mettler Toledo TGA/DSC1
thermogravimetric analyzer.

3. Results and discussion
3.1. Characterization of the activated carbon

3.1.1. Proximate analysis of oil palm shell and weight
loss of chars

The effect of carbonization time on the weight loss
of the porous carbons prepared from oil palm shell is
shown in Table 1. The weight loss was defined in
terms of the initial weight of the raw material. As the
carbonization time was increased beyond one hour,
the weight loss increases. The weight loss was nearly
constant beyond 2 h carbonization time. The weight
loss was due to the release of VMs and carbon burn-
off [18].

The proximate analysis involves the determination
of FC, moisture, ash and volatiles of the palm shell
and the porous carbons produced. The result of the
proximate analysis of the palm kernel shell is shown
in Table 2. Low moisture content (5.5%), high percent-
age of VM (70.00%), average contents of FC (23%) and
low ash content (4.28%) were recorded for the palm
kernel shells. The percentage weight loss is about 68%
after 2 h carbonization which could be due to the
release of these volatiles indicated in the proximate
analysis. The results from the proximate analysis are
within the range of the literature values (Table 2).

3.1.2. Fourier transform infrared spectroscopy

The FTIR spectra of the raw palm kernel, chars
and activated carbon produced are depicted in Fig. 1.
The raw palm shell chars (PKCs) and activated car-
bons all displayed bands at 3,500-3,300 cm™ which
correspond to O-H stretch in alcohols, phenols and
OH stretching. The presence of this group in raw

Table 1
Effect of carbonization time on weight loss of chars
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palm shell and activated carbon was reported in the
previous literature [19]. The peak at 2,300-2,400 cm !
in the PKS and PKCs could be related to the presences
of -COOH functional groups, and it was absent in
PAC2 and PAC4 samples (Fig. 1(b)). The spectrum at
1,600-1,400 which is assigned to C=C stretch aromatics
is also present in all samples (Fig. 1). This shows that
the raw palm shell (PKS), char (PKCs) and activated
porous carbons (PACs) contain some similar func-
tional groups like O-H stretch, C=C stretch in aromat-
ics and C-O bonds.

After carbonization and activation, there are some
changes in the surface chemistry of the char and acti-
vated carbon. The bands at 1,740-1,720 cm ' which
correspond to C=0 stretch in aldehydes, saturated ali-
phatic is only present in the raw PKS, this is due to
thermal instability of aldehyde and ketonic groups at
high temperature [18]. The transmittance at 1,300-
1,000 cm ™! observed for PKS only, is associated with
C-O stretch vibrations in ethers. The disappearance of
C=0 stretch in aldehydes and ketones and C-O
stretch in ethers in the palm shell after carbonization
and activation was also reported previously [20]. It
was stated that at high activation temperature, C-O
and C=0O groups were destroyed, forming some poly
aromatic structures [21]. Researchers also reported that
pyrolysis in the presence of base destroyed the lignin
structure containing the ester and ether linkages after
the activation [21]. In addition, disappearance of the
aforementioned functional groups at a higher tempera-
ture is an indication of hemicellulose and cellulose
decompositions.

3.1.3. Ultimate analysis

The ultimate analysis of palm shell indicated a car-
bon, hydrogen, nitrogen, sulphur and oxygen contents
of 47.77, 598, 0.90, 0.03 and 45.31%, respectively
(Table 3). These values reported are close to those
previously determined for palm shell [22]. The carbon
content of PKS increased tremendously with concomi-
tant decrease in H and O contents after carbonization,
to form PKCs and subsequently activated to form

Sample Carbonization time (h) Yield (%) Weight loss (%)
PKC1 1 0.359 0.641
PKC2 2 0.313 0.687
PKC3 3 0.314 0.686
PKC4 4 0.311 0.689
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Table 2
Proximate analysis of PKS

U.D. Hamza et al. | Desalination and Water Treatment 57 (2016) 7999-8006

Sampl
Proximate analysis ampe

(W%) Palm shell (this study) Palm shell [13]
Fixed carbon 23.00 18.37
Moisture 5.50 5.73
Ash 4.28 221
Volatiles 70.00 73.74
%1 () Table 3
PKS Ultimate analysis results for palm shell (PKS), biochars
20 4 M T PRC (PKCs) and activated carbons (PACs)
— - PKC2
s PKC3 Elemental composition (wt%)
B T - — —PKC4
2 . - e Sample C H N S O
[ I b X -
0 = — = PKS 47770  5.98 0.90 0.03 45.31
PKC1 88.020 2.45 1.12 0.01 8.41
5 1 PKC2 82.600 2.84 1.18 0.05 13.33
, PKC3 89.410 2.36 1.14 0.02 7.07
0 ——— . PKC4 85.850 2.47 0.88 0.01 10.80
0 1000 2000 3000 4000 5000 PAC2 89.481 2.341 1.643 0.0245 6.5105
Wavelength (cm-) PAC4 88.590 1.889 1.471 0.0105 8.0395
60
(b)
55
N~ 3.1.4. Scanning electron microscopy
%0 |{ f Pac2 SEM micrographs of raw palm kernel shell (PKS),
g 4. [ ——Pace palm kernel chars (PKC2 and PKC4) and the palm
= ’ activated carbons (PAC2 and PAC4) produced are
40 I depicted in Fig. 2. It can be observed that there are
/ little pores on the surface of the raw kernel shell
35 (Fig. 2(a)). More cleared surface with better pore
formation was observed on the PKCs biochar samples
30 - - - - - (Fig. 2(b) and (c)). During the carbonization, volatiles
0 1000 2000 3000 4000 5000

Wavelength (cm™)

Fig. 1. The FTIR spectra of (a) raw palm kernel shell and
chars and (b) activated carbons.

PACs (Table 3). Similar observations were reported in
previous studies [23] about preparation of activated
carbon from agro-wastes. This is associated with
release of volatiles in the material, leaving a FC mass.
There is a noticeable increase in carbon and nitrogen
contents from PKC2 and PKC4 to PAC2 and PAC4
with concomitant decrease in H and oxygen contents.
Activated carbon sample prepared from PKC2 biochar
had higher C with low O content than the one
prepared from PKC4 biochar.

are removed, producing a FC mass with only rudi-
mentary pores as shown in Fig. 2(b) and (c). The pores
created are restricted or too small to adsorb molecules.
Widening of pore diameters and creation of new ones
are achieved after activation of the samples [24]. Addi-
tional cavities were formed over the surface with more
widening and pore network observed in the PAC2
(Fig. 2(d)) and PAC4 activated samples (Fig. 2(e)).

3.1.5. N, adsorption

The textural properties of the palm shell biochar
and activated carbons were analysed by means of
nitrogen adsorption. The summary of the textural
properties are presented in Table 4. The biochars had
BET in the range of 11.537-133.19 m®/g with pore
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Fig. 2. SEM micrographs of (a) raw PKS, (b) palm kernel char (PKC2), (c) palm kernel char (PKC4), (d) palm activated
carbon (PAC2), and (e) palm activated carbon (PAC4).

volume in the range of 0.010351-0.06989 cm®/g. The 0.0987 cm’/g, respectively (Table 4). Effects of car-
PAC2 and PAC4 activated carbons had BET of 167.08 bonization time on the BET and pore volume are not
and 13823 m?/g, and pore volume of 0.0897 and regular. The surface area seems to increase with
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Table 4
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Textural properties of chars and activated carbons derived from palm shell

Sample BET SSA (m?/ 2) Viet (Cm®/ 2) Viniero (Cm3/ g) % Vimiero (Cm°®/ 2) Avg. pore size A)
PKC1 133.190 0.06989 0.061942 88.62784 43.311

PKC2 11.537 0.010351 0.001198 11.57376 35.8868

PKC3 90.0238 0.053191 0.028006 52.65176 23.6342

PKC4 45.589 0.042949 0.003726 8.675406 37.6835

PAC2 167.080 0.0897 0.08032 89.540 21.474

PAC4 138.230 0.0987 0.0453 45.89666 28.56109

carbonization time, while the pore volume decreases.
The observed increase in pore size with increase in
carbonization time (Table 4) could be attributed to
more residence time for the carbon—CO, reaction at
the reaction temperature which brings about evolution
of more pore structures. Generally, pores in activated
carbon and porous matter are classified based on pore
diameter as micropores (<20 A), mesopores (20-500 A)

120 1 r 0.005
100{3R227N  pmmmmy T Mo
—_— TG —_
I -0.005 %
80 A === DTG £E
S L 001 g
@ 60 ;‘j
‘—? --0.015 @
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20 2
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100 A
S 801
0
0
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=
2
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= 40
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Temperature (°C)

and macropores (>500 A). Gas pollutant molecules
vary from about 4-9 A in diameter. Therefore, microp-
ore activated carbons are more applied in gas-phase
applications, while mesopores activated carbons are
more useful in liquid applications due to large size of
liquid molecules [18]. The biochars with the activated
carbons produced in this work are predominantly
mesoporous; therefore, they could be more applicable

0.01 -
(©
0 4
@ —— PKC1
 0.01 -
E | e PKC2
2 PKC3
2 .02
£ - - - PKC4
(=2}
®
2 .0.03
[
2
s
= -0.04 4 U
[
a \-
\
-0.05 . . . . .
200 400 600 800 1000
-0.06 A
Temperature (°C)
120 - - -0.0012
(d)
100 S L -0.001
N N, - 0
----- TG-PAC2 H " L -0.0008 2
—~ 80 it E
s —— TG-PAC4 ;! @
@ B L -0.0006 2
2 god e DTG-PAC2 , £
g i L 0.0004 2
S . == DIG-PAC4 ! ) %
404 .. i s
b i L -0.0002 2
! i 3
K 7
20 1 ‘\._,4_..:..*___ ...... - Lo
0 : . : . . 0.0002
0 200 400 600 800 1000 1200

Temperature (°C)

Fig. 3. (a) TG/DTG curves for raw palm shell, PKS; (b) TG for palm shell char, PKC; (c) DTG curves for biochar; and (d)

TG/DTG for activated carbons produced.
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to liquid applications. However, PAC2 have high
micropore volume with average pore size close to the
micropore range; therefore, it could as well be applied
to gaseous and volatile organic (VOC) contaminants
removal.

3.1.6. Thermogravimetric analysis (TGA)

The TG curve shows change in mass with increase
in temperature. From TG and DTG evolution profiles,
the peak derivative temperature (t,) is 605°C
(Fig. 3(a)). This shows that the carbonization tempera-
ture for the PKS used in this research should be above
600°C. The first segment of the TG/DTG curve could
be attributed to moisture removal at temperature
below 150°C [25]. In the temperature range of 230-
380°C, decomposition occurs and there were two DTA
peaks. The first peak to the left could be due to hemi-
cellulose decomposition with corresponding weight
loss of about 24%. The second peak could be attribu-
ted to cellulose/lignin decomposition. The TG/DTG
curves flatten at higher temperature above 610°C due
to aromatization of the lignin fraction, leading to very
little additional weight loss. The peak derivative tem-
perature for PKS carbonized at 1-4 h (Fig. 3(c)) is
within the range of 605-610°C. Therefore, carboniza-
tion time has little or no effect on the peak derivative
temperature.

Thermal decomposition curves of biochar samples
PKC1, PKC2, PKC3 and PKC4 are shown in Fig. 3(b).
The TG and DTG curves for the activated carbon sam-
ples PAC2 and PAC4 are shown in Fig. 3(c) and (d).
The TG and DTG of the char samples look very simi-
lar. The little change below 120°C is associated with
moisture removal (Fig. 3(b)). All the char samples
show maximum weight loss and decomposition near
600°C (Fig. 3(b)). This indicated that carbonization
beyond 1-2h had little effect in bringing any
noticeable change to the biochar properties. At higher
temperature above 650°C, there was no appreciable
weight loss for the biochars. The weight loss of chars
at around 700°C was 97.13, 98.27, 96.22 and 97.95% wt
for PKC1, PKC2, PKC3 and PKC4 (Fig. 3(b)). The mass
loss of the PACs is slower at higher temperature. For
the activated carbon samples, the mass loss of PAC2
and PAC4 was 57.74 and 4896 wt % at 700°C
(Fig. 3(d)).

4. Conclusions

Activated carbon was prepared from palm kernel
shell at temperature of 700°C, carbonization times of
1-4 h under CO, activation. The TGA /DTA of biochar
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prepared at different carbonization times look very
similar with little or no difference. This indicated that
carbonization beyond 1-2h had little effect on the
thermal and chemical properties of the material. The
peak derivative temperature was 605°C; therefore,
carbonization of this material should only be carried
out above this temperature. Weight loss beyond 2 h
carbonization time is very minimal. Proximate analysis
reveals that there is increase in carbon and nitrogen
contents from conversion of biochar to activated
carbon with concomitant decrease in H and oxygen
contents. SEM results show that more cavities and
widening of pore network are achieved after
carbonization and activation. The biochars with the
activated carbons produced in this work are predomi-
nantly mesoporous, which are more applicable to lig-
uid applications. However, PAC2 have average pore
size close to the micropore range which also have high
micropore volume; therefore, it could as well be
applied to gaseous and VOC contaminants removal.
The results of this work show that biochar and
activated carbons with different pore sizes for differ-
ent applications could be produced by varying the
carbonization time.
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