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Abstract

Activated carbons were prepared from the biomass of oil palm wood (OPW) via two stages, pyrolysis and physical activation, using an en-
vironmentally friendly pyrolysis pilot plant, and an activation pilot plant was studied. The latter uses the outlet flue gases from limestone cal-
cination process as activating agents. Experimental results showed that pyrolysis and activation conditions leading to various final average
temperatures had significant effect on the properties of activated carbons prepared. Suitable pyrolysis operating conditions of 7 m3 h�1 airflow
rate for 4 h until final average pyrolysis temperature 390 �C and activation conditions of 7.45 kg limestone calcined with airflow rate
202.4 ml s�1 for 3.5 h until final average activation temperature of 806 �C produced an activated carbon yield of 13.7%, 68.3% fixed carbon,
16.9% volatile matters, 4.3% ash, and 10.6% moisture, and 1084 m2 g�1 BET surface area, and a micropore surface area of 931.6 m2 g�1

was obtained. Methylene blue adsorption was tested and 90.9 mg g�1 maximum adsorption capacity was found. The high micropore fraction,
N2 adsorption isotherm and SEM showed that these activated carbons possessed intricate pore network comprising micropores and narrow
mesopores. FTIR characterization indicated that pyrolysis and activation temperatures affected the surface functional groups and maximum
Methylene blue adsorption was dependent on BET surface area.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Activated carbons (AC) are carbonaceous materials that
have highly developed porosity and internal surface area of
more than 400 m2 g�1 [1]. They are widely used as adsorbents
in wastewater and gas treatments as well as in catalysis. The
increasing usage and competitiveness of activated carbon pri-
ces, has prompted the usage of agricultural by-products such
as fruit stones [2], coconut shell [3] and rice straw [5] as
raw materials to prepare AC. These solid wastes are not
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only cheap and easily available but are considered as wastes
that contribute to disposal problems.

In Malaysia, oil palm trunk is one of the main agricultural
waste generated by the flourishing palm oil industries. In the
year 2000, about 7.02 million oil palm trunks were generated
and this waste was left to rot, burnt off in stacks or used as
mulch [5]. Realizing the scale of this waste, several studies
were initiated to convert oil palm wood (OPW) to value added
products. Hoi and Akmar [7] and Lim and Lim [8] tried pyro-
lyzing oil palm wood to charcoal. However, due to the friable
nature of the wood, low calorific value was obtained and there
were difficulties in controlling the conversion efficiency as
well as pyrolysis rate, hence, suggesting that oil palm wood
charcoal was unsuitable to be used as charcoal fuel. The use
of oil palm wood as raw material for activated carbon was
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Nomenclature

Ycharcoal Charcoal yield (%)
Ylp Liquid by-product yield (%)
Yactivated carbon Overall activated carbon yield (%)
Ww Mass of wood (kg)
Wc Mass of charcoal (kg)
Wf Mass of fuel (kg)

WAC Mass of activated carbon (kg)
Qo Langmuir maximum monolayer adsorption

capacity (mg g�1)
Co Initial dye concentration (mg L�1)
Ce Equilibrium dye concentration (mg L�1)
qe Amount of dye adsorbed at equilibrium (mg)
b Langmuir constant (L mg�1)
P/P0 Relative pressure (e)
highlighted by Hussein et al. [9], and they showed that the
combination of chemical (impregnation with zinc chloride)
and physical activation method could be used to produce acti-
vated carbon with fairly high surface area.

In general, activated carbons are produced by pyrolyzing
raw materials to form charcoal and subsequently activating
the charcoal using mild oxidizing gases such as carbon diox-
ide, steam and flue gases at high temperatures ranging from
500 �C to 1000 �C. Investigations have shown that different
raw materials would produce different quality of activated car-
bons [10].

The objective of this study was to prepare relatively well-
developed porosity activated carbons from oil palm wood in
a pilot plant via physical methods and to study the various con-
ditions as well as parameters that are involved during the pro-
cess. The oil palm wood activated carbon (OPWAC) was fully
characterized. Its composition, morphological changes and
surface functional groups were analyzed. Its performance for
liquid adsorption capacity was evaluated using Methylene
blue dye.

2. Materials and method

2.1. Raw oil palm wood

Oil palm woods were obtained from our Engineering cam-
pus in Nibong Tebal, Penang, debarked and cut into blocks
with average dimensions of 5 cm� 5 cm� 30 cm. Then, the
blocks were air dried under natural conditions for about two
months. A thermogravimetric analyzer (Perkin Elmer/TGA7)
was used to carry out the proximate analysis, which was ex-
pressed in terms of fixed carbon, volatile matters, ash and
moisture content. The characteristics of the raw wood are
shown in Table 1.

2.2. Pyrolysis process

The pyrolysis pilot plant as shown in Fig. 1, consists of an
air intake system, a pilot kiln, pilot pollution prevention

Table 1

Raw oil palm wood characteristics

Sample Fixed

carbon (wt%)

Volatile

matters (wt%)

Ash

(wt%)

Moisture

(wt%)

Overall average

density (kg m�3)

OPWa 9.63 76.58 1.95 11.83 215

a OPW represents oil palm wood.
chamber, scrubber, cross flow cooling tower, constant head
tank system and wastewater reservoir tank. The pilot kiln
(made from cast iron and coated with ceramic) is divided
into four chambers: air distributor and ash collection chamber,
combustion chamber, economizer chamber and pyrolysis
chamber. The pyrolysis chamber has the dimensions of
50 cm height, 45 cm lower diameter and 30 cm upper diame-
ter. Bed temperatures of the pyrolysis chamber are measured
using 15 Type-K thermocouples connected to Digi Sense
Scanning Thermometer (Cole Parmer Model: 92000-05).

Per batch, approximately 3.9 kg of wood was placed in the
pyrolysis pilot kiln. The combustion chamber was charged
with approximately 3 kg of waste rubber wood as fuel. From
preliminary studies regarding the effect of airflow rate on final
pyrolysis temperatures, the pyrolysis process was carried out
using the suitable airflow rate of 7 m3 h�1 that provided steady
state fuel combustion and steady state pyrolysis. The pyrolysis
period was varied from 3 to 6 h in this work to achieve final
average pyrolysis temperature of 350e420 �C. Once the
process was completed, the kiln was cooled for 12 h to reach
ambient temperature via natural convection.

The charcoal, liquid by-product and ash were weighed.
Charcoal yields, Ycharcoal(%), and liquid by-product yield,
Yliquid by-product(%), were calculated as follows:

Ycharcoalð%Þ ¼ ðWc=WwÞ � 100 ð1Þ

Yliquid by-productð%Þ ¼
�
Wlp� 100

���
WwþWf

�
ð2Þ

where Ww is the mass of wood used as feed for pyrolysis, Wc is
the mass of charcoal, Wlp is the mass of liquid by-product and
Wf is the mass of fuel.

2.3. Activation process

The activation pilot plant as shown in Fig. 2, consists of
a combustion system of liquefied petroleum gases (LPG), ac-
tivation kiln, spiral jacketed baffled cooler and an air intakee
outlet system. The activation kiln is made from mild steel and
insulated with castable cement. It has the dimension of
166.5 cm height and 59 cm diameter. Temperature monitoring
was carried out using 20 Type-K thermocouples connected to
Digi Sense Scanning Thermometer (Cole Parmer Model:
92000-05).

Charcoal produced in the pyrolysis pilot plant was subse-
quently used as raw material for the activation process, which
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Fig. 1. Schematic diagram of the pyrolysis pilot plant.
was carried out in an activation pilot plant. The charcoal was
cut into 1 cm� 1 cm� 1 cm cubes. Charcoal cubes of 8 g
were filled into an activation cylinder and then placed into
the activation kiln. In addition, 7.45 kg of limestone (corre-
sponding to five layers) was also loaded into the activation
kiln. Preliminary studies have shown that calcination of five
layers of limestone provided a high temperature profile and
was sufficient to avoid the activation cylinder from direct con-
tact with the flame coming from the LPG combustion system.
Limestone was fired using temperatures above limestone de-
composition point (825 �C) at airflow rate 202.4 ml s�1 and
the following reactions occurred:

CaCO3ðlimestoneÞ þ heat / CaOðquick limeÞ þ CO2 ð3Þ

LPG þ air / CO2 þ H2O þ N2 ð4Þ
Carbon dioxide (CO2) and steam (H2O) released were used

as mild oxidizing gases to activate the charcoal. By varying
activation periods (1e3.5 h), the temperature of activation
gases was raised from room temperature to certain final aver-
age activation temperatures (519e806 �C). After activation,
the kiln was cooled to ambient temperature before weighing
the amount of OPWAC produced. Overall activated carbon
yield, Yactivated carbon(%), was calculated based on the initial
weight of wood used as raw material for pyrolysis and activa-
tion. The equation applied is as follows:

Yactivated carbonð%Þ ¼ ðWac=WwÞ � 100 ð5Þ

where Wac is the mass of activated carbon after activation and
Ww is the mass of wood used as feed for pyrolysis. Prior to
characterization, the activated carbon was soaked in 0.05 M
hydrochloric acid for 1 h to remove alkali and alkaline earth,
washed with deionized water until free of measurable chloride
(pH 6e7) and then oven dried at 110 �C for 6 h to remove
moisture [4,5]. Once dried, the activated carbon cubes were
crushed using a mortar and pestle and sieved to sizes ranging
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from 0.71 to 1 mm and 1 to 2 mm to be used for analysis and
adsorption experiments.

2.4. Textural and chemical characterization

Adsorption characterization for activated carbon obtained
at different pyrolysis periods was determined via nitrogen ad-
sorption at �196 �C using Autosorb-1 Quantachrome Auto-
mated Gas Sorption System. The Brunauer-Emmett-Teller
(BET) total surface area and t-method micropore surface
area were calculated from the adsorption isotherms using the
BET equation and de Boer’s ‘t-method’, respectively [11]. Mi-
cropore fraction (percent ratio of micropore surface area to the
BET total surface area) was also tabulated to study the pore
development at the respective pyrolysis period [2]. A scanning
microscope (Model Leo Supra) equipped with an energy dis-
persive X-ray microanalysis (Oxford INCA) was used to deter-
mine the surface textural characteristics and elemental
composition of AC. The surface organic structures were stud-
ied using Fourier transformed infra-red spectroscopy (Perkin
Elmer Series II IR) over the wavelength range of 4000e
400 cm�1.

2.5. Methylene blue adsorption

Due to its strong adsorption onto solids, Methylene blue
dye serves as a model compound for adsorption of organic
contaminant from aqueous solutions [12e14]. For batch ad-
sorption studies, 0.05 g activated carbon was added to a series
of Erlenmeyer flasks filled with 50 ml Methylene blue concen-
trations ranging from 10 to 250 mg L�1, sealed with parafilm
and then shaken at 125 rpm under 30 �C in an orbital shaker
incubator until equilibrium was reached. The sample solution
was then removed using a syringe and analyzed with a spectro-
photometer at a wavelength of 660 nm. The amount of dye ad-
sorbed, qe was calculated using Eq. (6) and fitted to the
Langmuir equilibrium model in Eq. (7):

qe ¼ VðCo�CeÞ=M ð6Þ

Ce=qe ¼ ð1=QobÞ þ ðCe=QoÞ ð7Þ
where qe is the amount of dye adsorbed at equilibrium, Ce, the
equilibrium dye concentration, Co, the initial dye concentra-
tion, Qo, the Langmuir maximum monolayer adsorption ca-
pacity and b, the Langmuir constant [13].

3. Results and discussion

3.1. Pyrolysis

In this work, final pyrolysis temperature was found to be
dependent on the pyrolysis period. Table 2 shows the final av-
erage pyrolysis temperature, charcoal yield, product/fuel ratio
and proximate analysis at various pyrolysis periods.

Final pyrolysis temperature increased non-linearly with in-
creasing pyrolysis period due to endothermic and exothermic
chemical reactions throughout the process [15e17]. Charcoal
yield seemed to decrease from 30.5% to 21.6% as pyrolysis pe-
riod was prolonged. The decrease was due to devolatilization and
thermal degradation of extractives as well as high-molecular-
weight hydrocarbons [18]. In addition, as the pyrolysis period
increased from 3 to 6 h, the volatile matters in charcoal de-
creased from 47.34% to 14.77% while fixed carbon increased.
Ash content increases from 1.95% (in oil palm wood) to
6.30% after a pyrolysis period of 6 h. This was expected as in-
creased devolatilization during pyrolysis resulted in charcoal
containing predominantly carbon [2,18]. Furthermore, mois-
ture content also decreased from 7.22% to 5.34%. Higher tem-
peratures obtained by prolonging pyrolysis period caused the
carboxylic and phenolic structures in charcoal to decompose.
Hence, CO2 which forces bound water to be expelled from
the pores was produced [19].

With reference to the published data by other authors
[15,20e22], airflow rate of 7 m3 h�1 and 4 h of pyrolysis pe-
riod were chosen as the suitable operating conditions for the
pyrolysis process, hence, producing 28.5% charcoal yield
and 0.2 product/fuel ratio and charcoal quality of 63.23% fixed
carbon, 25.15% volatile matters, 6.19% ash and 5.42% mois-
ture. These conditions utilized reasonable fuel consumption
and provided high amounts of charcoal to be used as raw ma-
terial in the subsequent activation stage. Furthermore, they
were also observed as stable operating conditions for fuel
combustion and stable conditions for pyrolysis owing to the
Table 2

Final average pyrolysis temperature, charcoal yield, product/fuel ratio and proximate analysis for oil palm wood, charcoal obtained using airflow rate of 7 m3 h�1 at

various pyrolysis periods

Sample Pyrolysis

period (h)

Final average pyrolysis

temperature (�C)

Yield,

Ycharcoal (%)

Product/fuel

ratio

Fixed carbon

(wt%)

Volatile matters

(wt%)

Ash

(wt%)

Moisture

(wt%)

OPW e e e e 9.63 76.58 1.95 11.83

OPWC3 3 350 30.5 0.2 39.25 47.34 6.20 7.22

OPWC4 4 390 28.5 0.2 63.23 25.15 6.19 5.42

OPWC5 5 415 23.9 0.16 68.41 19.96 6.24 5.38

OPWC6 6 420 21.6 0.09 73.59 14.77 6.30 5.34

Published data

[15,20,21,22]

e 400e500 20e30 e >60 15e30 2e5 5e15

Note: OPW represents oil palm wood.

OPWC represents oil palm wood charcoal.
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sensitivity of oil palm wood to undergo incomplete combus-
tion once exposed to excess amounts of oxygen.

3.2. Activation

Similar to prior pyrolysis process, preliminary studies using
the activation plant have shown that the final average activa-
tion temperature was dependent on activation period. As
shown in Table 3, activation temperatures seemed to be in-
creasing as activation periods increase. However, the tempera-
ture differences decreased as activation periods were increased
due to the narrowing temperature gradient (smaller driving
force) between the inside kiln temperatures and flame
temperatures.

3.2.1. Yield of activated carbon
In most processes, relatively high yield of activated carbon

is required. Table 3 shows the final average activation temper-
ature, overall activated carbon yield and proximate analysis ob-
tained by varying activation periods. The activated carbon yield
was seen to decrease from 21.6% to 13.4% as activation period
increased from 1 to 3.5 h. Final average activation temperatures
increased from 519 �C to 806 �C as activation period increased.
During these temperatures, there was a combination of contin-
ual devolatilization of volatile matters and carboneCO2 [23] as
well as carboneH2O reaction [24] due to the presence of CO2

and H2O in the activation gases. The decrease was more dis-
tinct at higher periods and temperatures due to increasing
rate of reaction between carbon and CO2, which resulted in
the development of internal surface area and porosity [23]. Fur-
thermore, during pyrolysis, some of the pores might have been
blocked by deposition of carbonaceous tar materials during the
cooling period after pyrolysis [25]. Hence, at lower tempera-
tures, steam was more likely to have had first eliminated these
materials [26] before proceeding with the carboneH2O
reactions, which increases rapidly as activation temperature
increases [24]. The range of yield obtained, 25e12%, was sim-
ilar to that reported in other works [5,23].

Table 3 also shows that as the activation period increased
from 1 to 3.5 h, fixed carbon also increased from 56.5% to
68.3%, whereas volatile matters decreased from 47.3% to
14.8%. Steam had the ability to penetrate into the solid mate-
rial and further helped in desorption, distillation and more
efficient removal of the volatiles still remaining in the char-
coal. It also helped in stabilizing the radicals obtained during
thermal decomposition, hence increasing the removal of vola-
tile matter [25]. Even though some fixed carbon content was
lost during activation reactions, these reductions were marred
by more volatile matter losses. Hence, the decrease was not re-
flected in the data collected [23]. Instead, an increasing fixed
carbon trend was obtained. As for ash content, it ranged
from 5.1% to 4.3% as activation period was increased. The
difference in ash content was not distinct, as ash is not de-
stroyed during pyrolysis activation [27]. However, the ash con-
tent in activated carbon was lower compared to charcoal due to
acid washing [4]. No distinct trend could be seen for moisture
content (ranged from 7.0% to 10.1%) as activation period was
increased. This was due to the hydroscopic nature of activated
carbon that absorbs moisture from the surrounding atmosphere
and steam. Nevertheless, this range is comparable with other
steam activated wood based activated carbon that have about
10% moisture content [28].

3.2.2. Porosity, surface area and average pore size
The adsorption capacity of activated carbons can be identi-

fied from their physical characteristics such as porosity, sur-
face area and pore size. Fig. 3 shows the isotherms of
nitrogen adsorption at �196 �C for charcoal and oil palm
wood activated carbons prepared using different activation pe-
riods. The amount of N2 adsorbed by charcoal slightly in-
creases as relative pressure (P/P0) increases to values higher
than 0.99. However, this low adsorption volume indicated
that after the pyrolysis stage, charcoal still contained very little
amount of pores. Its microporous structure is yet to be fully
developed.

After 1 h of activation, the isotherm began changing to
Type I isotherm. A more pronounced increase in the volume
of N2 adsorbed for low P/P0 and a weak increase at higher
P/P0 (almost horizontal plateau) indicated the dominant pres-
ence of micropores in the activated carbon [29]. The CO2 in
the activating gases mixture has a mean diameter of around
1.5 nm. Hence, CO2 tends to develop narrower micropores
in the activated carbon [30].

As the activation period was increased to 1.5 h (higher av-
erage activation temperature of 620 �C), Type II isotherm was
detected. Here, the slope at low P/P0 became steeper,
Table 3

Final average activation temperature, yield, and proximate analysis for activated carbon obtained using 7.45 kg limestone and gas flow rate of 202.4 ml s�1 at

various activation periods

Sample Activation

period (h)

Final average activation

temperature (�C)

Yield,

Yactivated carbon (%)

Fixed

carbon (wt%)

Volatile matters

(wt%)

Ash

(wt%)

Moisture

(wt%)

OPWAC1 1 519 21.6 56.5 29.2 5.1 9.2

OPWAC1.5 1.5 619 21.3 54.9 31.7 4.4 9.1

OPWAC2 2 675 18.7 63.3 25.0 4.7 7.0

OPWAC2.5 2.5 755 18.6 59.7 26.3 4.6 9.4

OPWAC3 3 798 15.5 61.1 24.7 4.1 10.1

OPWAC3.5 3.5 806 13.4 68.3 18.0 4.3 9.5

Other works [5,23] e 500e900 25e12 >70 <20 <7 <10

Note: OPWAC represents oil palm wood activated carbon.
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indicating that there was a great increase in micropores due to
newly created micropores. Nevertheless, the increased steep-
ness of the gradient and a more marked increase in quantity
adsorbed at higher P/P0 also suggested the presence of wider
porosity, mainly supermicropores and mesopores. It was men-
tioned earlier that besides CO2, the activating gases also con-
tain H2O that has a mean diameter of 2 nm. It has caused the
development of supermicro and even mesopore in the carbon
[30]. For the activation periods of 2, 2.5 and 3 h, the overall
volume of N2 adsorbed for all P/P0 was much lower compared
to the isotherm obtained at 1.5 h. The shape of the isotherms
returned to that of the Type I isotherms representing micropo-
rous solids with relatively small external surface area. High
temperatures had caused some narrowing of pore structures
and the presence of intermediate melt caused the closures of
some of the newly created pores during earlier activation pe-
riods [31]. For activation periods beyond 3 h, some of these
melts were vaporized and there was continuous release of
high-molecular-weight volatiles [30]. At 3.5 h, higher rate of
carbon ‘‘burn-off’’ had increased the amounts of mesopores.
Hence, drastically increasing the overall volume of N2 ad-
sorbed especially at high P/P0.

In accordance with the IUPAC classification, all the sam-
ples (both charcoal and activated carbons) were generally
said to possess isotherms belonging to a mix of Type I iso-
therms, which are associated with microporous solids, and
Type II isotherms, which are associated with mesoporous
structures. Hence, inferring that the activated carbons prepared
from oil palm wood had a mixture of micropores and
mesopores.

The effect of activation period on BET and micropore sur-
face area is shown in Fig. 4. As activation period increased to
1.5 h, BET surface area increased from 194.7 m2 g�1 in charcoal
to 733.1 m2 g�1 due to the evolution of volatiles remaining
in the charcoal and creation of new pores due to carboneCO2

and carboneH2O reactions [23]. However, further increase
in activation period from 1.5 h (619 �C) to 3 h (798 �C)
caused BET surface area to decline to 529 m2 g�1. This
could be attributed to the formation of intermediate melt in
the charcoal in addition to evolution of secondary volatiles,
which softens the intermediate melt. Hence, softening causes
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prepared at various activation periods.

closure of some of the newly created pores and eventually
pore enlargement [30]. Nevertheless as the activation period
was increased from 3 h (790 �C) to 3.5 h (806 �C), BET sur-
face area increased again to about 1084 m2 g�1. At 3.5 h
(806 �C), the intermediate melts were vaporized and there
was continual release of high-molecular-weight volatiles cre-
ating openings of additional pores, which lead to an increase
in BET surface area [30]. The t-method micropore surface
area curve showed a trend similar to that of the BET surface
area curve.

Fig. 5 shows the plot of the micropore fraction versus
activation period. It is observed that the micropore fraction
increases to 90.3% as activation period increased to 2.5 h.
However, the micropore fraction slightly decreased to 86.0%
after 3.5 h. This drop was due to increasing carboneCO2

and carboneH2O reaction rates, which cause the burning of
adjacent micropore walls (creating mesopores and macro-
pores), mass losses due to exterior activation and particle
shrinkage with less new micropore development [32].

The dominant effect of small and medium sized pores in ac-
tivated carbon was also observed from Fig. 6. According to
IUPAC classification, the widths of micropores are less than
2 nm (20 Å), that of mesopores between 2 nm (20 Å) and
50 nm (500 Å) and macropores are greater than 50 nm
(500 Å). As charcoal was activated till 2.5 h, the average
pore size decreased to 22.63 Å owing to the creation of
more narrow micropores and blockage of pores by

200

400

600

800

1000

1200

0
0 0.5 1 1.5 2 2.5 3 3.5 4

Period (hr)

S
u
r
f
a
c
e
 
a
r
e
a
 
(
m

2
g
-
1
)

BET total surface area t-method micropore surface area

Fig. 4. Surface area versus activation period.

50
55
60
65
70
75
80
85
90
95

100

0 0.5 1 1.5 2 2.5 3 3.5 4
Period (hr)

M
i
c
r
o
p
o
r
e
 
F
r
a
c
t
i
o
n
 
(
%
)

Fig. 5. Micropore fraction versus activation using 7.45 kg limestone and air-

flow rate of 202.4 ml s�1.



269A.L. Ahmad et al. / Dyes and Pigments 75 (2007) 263e272
intermediate melt. However, activation periods exceeding
2.5 h lead to an increased average pore size, implying bigger
pore development due to severe carbon ‘‘burn-off’’. These ob-
servations agreed with the increasing and decreasing micro-
pore fraction (%) mentioned earlier. Overall pore diameter
width for oil palm wood activated carbon lay more to the
range of micropore and narrow mesopore.

3.2.3. Scanning electron micrographs (SEM)
SEM studies the structural changes in wood anatomy dur-

ing pyrolysis and activation. Fig. 7 shows the 500� magnifica-
tion for (a) oil palm wood, (b) charcoal and (c) activated
carbon. The wood surface has a relatively smooth solid struc-
ture mainly void of pores but with occasional crevices. Similar
to other SEM works [33], the wood surface was also covered
with many globular silica bodies that contain sharp, conical
agglomerations. It was also noted that there was a thickening
of the basal cell forming a hat-like brim, and depressions into
the wood surface to accommodate the silica body. However,
when the wood was subjected to pyrolysis, there was rupturing
of parenchymatic ground tissues. The solid surface was trans-
formed to uneven textures and layers. The presence of small
pores on the surface showed that charcoal was starting to de-
velop a rudimentary pore network. Moreover, the silica glob-
ules seemed to be more exposed due to the leveling off or
shrinkage of the thick basal cell brim.

From Fig. 7(c), it can be deduced that activation with car-
bon dioxide and steam increases attacks on the solid surface
with the formation of various sizes of pits, which make up
distinct micropores, mesopores and macropores. This, thereby,
increases BET surface area from 194.7 m2 g�1 in charcoal to
1084.0 m2 g�1 in activated carbon.

3.2.4. Fourier transformed infra-red (FTIR) spectroscopy
Besides porosity, adsorption behavior of activated carbon is

also influenced by the chemical reactivity of the surface espe-
cially in the form of chemisorbed oxygen in various forms of
functional groups. These surface oxides have acidic as well as
basic properties [34]. FTIR was carried out on samples of oil
palm wood (OPW), oil palm wood charcoal (OPWC), Norit
GAC 1240 (commercial activated carbon) and oil palm
wood activated carbon (OPWAC), which had undergone an ac-
tivation period of 3.5 h. Fig. 8 shows that the functional groups
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Fig. 6. Average pore diameter versus activation period using 7.45 kg limestone

and gas flow rate of 202.4 ml s�1.
of wood differ significantly from those of charcoal, OPWAC
and Norit.

The spectrum for wood displayed the following bands. Sig-
nificant peak at 3390 cm�1: eOH groups of phenols;
2919 cm�1: two bands for eCH2e group; 1734 cm�1: C]O
stretching vibration of lactones [4]; 1608 cm�1 and
1506 cm�1: stretching vibrations of aromatic C]C bonds
(i.e. phenyl) [2,34]; 1461 cm�1: aromatic methyl (eCH3)
group vibrations [21]; 1425 cm�1: CeO stretch or eOH defor-
mation in carboxylic acids; 1376 cm�1: eCH3 deformation;
1329 cm�1: the syringyl ring with CeO stretching [20];
1247 cm�1: CeO stretches [35]; 1050 cm�1: ethers eCeOe
Ce stretches; 897 cm�1: CeH out of plane deformation;
853 cm�1: CeH out of plane bending in benzene derivatives

Fig. 7. Magnification of 500� for SEM of (a) oil palm wood, (b) charcoal and

(c) activated carbon.
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Fig. 8. FTIR diagram of oil palm wood (OPW), oil palm wood charcoal (OPWC), oil palm wood activated carbon (OPWAC) and Norit GAC 1240.
and 608 cm�1: in-plane ring deformation [36]. This spectrum
suggests that oil palm wood contains groups such as phenols,
lactones, ethers and carboxyl. These results agree with the sur-
face chemistry of other agricultural by-products [37,38].

From the charcoal spectrum, fewer functional groups were
detected, indicating that the surface functional groups of oil
palm wood experienced chemical changes during pyrolysis.
The spectrum displays the following peaks. A peak at
3393 cm�1: eOH group of phenol; 2929 cm�1: methylene
group (eCH2e) with CH stretches; 2848 cm�1: eOeCH3 or
two bands for aldehyde group; 1578 cm�1: C]O stretch of
carbonyl group in quinone as well as representing g-pyrone
structure with strong vibrations from a combination of C]O
and C]C [4]; 1384 cm�1: eCH3 deformation; 1111 cm�1:
CeH in-plane deformations of the syringyl unit; 875 cm�1

and 761 cm�1: CeH out of plane in eCHO aldehydes, pyra-
nose compounds and other benzene derivatives. The pyrolysis
process induced the formation of more quinone and pyrone
structures. The presence of hydroxyl group of phenolic charac-
ter causes acidic surface properties whereas carbonyl, quinone
and pyranose-like groups bring about surface basicity [34].
Hence, the charcoal surface exhibited both acidic and basic
surface functional groups.

The OPWAC spectrum shows the surface functional group
with the following peaks. A peak at 2915 cm�1: methylene
group (eCH2e); 2848 cm�1: eOeCH3 or two bands for alde-
hyde group; 2162 cm�1: acetals; 1557 cm�1: carbonyl group
in quinone as well as g-pyrone structure; 1443 cm�1 and
1114 cm�1: ketones, alcohols, pyrones and aromatic CeH
in-plane deformations. The spectra for OPWAC and Norit
GAC 1240 (commercial activated carbon) showed great simi-
larity. The formation of stronger peaks for pyrone-type
structures, ether and carbonyl groups employed a basic charac-
ter to both activated carbons [37]. These basic sites in the form
of unsaturated bonds between adjacent C-atoms or even non-
oxygenated sites with electron donating properties would act
as Lewis basic centers that accept protons from aqueous solu-
tions [40].

3.2.5. Methylene blue adsorption
Methylene blue dye (MB), with a molecular size of 19 nm,

is a widely used dye in the textile processing industry. MB ad-
sorption serves as a model compound for adsorption of organic
contaminants from aqueous solutions [12e14]. Fig. 9 shows
the relationship between Langmuir maximum MB adsorption
capacity and BET surface area. It was seen that as BET sur-
face area increased, the amount of maximum MB adsorption
capacity of OPWAC also increased. Oil palm wood activated
carbon subjected to 3.5 h of physical activation (OPWAC3.5)
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Fig. 9. Relationship between Langmuir maximum MB adsorption capacity and

BET surface area.
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showed the highest maximum Methylene blue adsorption ca-
pacity that is 90.9 mg g�1. This value is 15-fold the adsorption
capacity of charcoal.

4. Conclusion

The work prepared relatively well-developed porosity acti-
vated carbons via pyrolysis and physical activation using an
environmentally friendly pyrolysis pilot plant and an activa-
tion pilot plant. The pyrolysis and activation periods affected
the final average temperatures, which subsequently influenced
the charcoal and activated carbon quantity as well as quality.
Under suitable pyrolysis operating conditions of 7 m3 h�1 for
4 h (390 �C) and activation conditions of 7.45 kg limestone
fired using airflow rate 202.4 ml s�1 for 3.5 h (806 �C), oil
palm wood activated carbon of 13.7% yield, 68.3% fixed car-
bon, 16.9% volatile matters, 4.3% ash, 10.6% moisture,
1084 m2 g�1 BET surface area, 931.6 m2 g�1 micropore sur-
face area and reasonable maximum Methylene blue adsorption
capacity of 90.9 mg g�1 was obtained. In summary, oil palm
wood is an alternative raw material for preparing activated car-
bon. Most of the activated carbons prepared had a mixture of
micro and mesoporosities with high micropore fraction.
Hence, they can be utilized for both gas and liquid adsorption
applications.
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