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a b s t r a c t

The purpose of this work is to obtain optimal preparation conditions for activated carbons prepared
from rattan sawdust (RSAC) for removal of disperse dye from aqueous solution. The RSAC was prepared
by chemical activation with phosphoric acid using response surface methodology (RSM). RSM based on
a three-variable central composite design was used to determine the effect of activation temperature

◦

eywords:
attan sawdust
ctivated carbon
dsorption
isperse dye

(400–600 C), activation time (1–3 h) and H3PO4:precursor (wt%) impregnation ratio (3:1–6:1) on C.I.
Disperse Orange 30 (DO30) percentage removal and activated carbon yield were investigated. Based on
the central composite design, quadratic model was developed to correlate the preparation variables to
the two responses. The most influential factor on each experimental design responses was identified from
the analysis of variance (ANOVA). The optimum conditions for preparation of RSAC, which were based on
response surface and contour plots, were found as follows: temperature of 470 ◦C, activation time of 2 h

impr
ptimization and 14 min and chemical

. Introduction

Activated carbons, with their high porosity, are extensively used
n industrial purification and chemical recovery operations. This
s due to their extended specific surface area between 500 and
000 m2/g, their high pore volume and the presence of surface
unctional groups, especially oxygen groups [1]. Activated carbons
re materials having complex porous structures with associated
nergetic as well as chemical inhomogeneities. Their structural het-
rogeneity is a result of existence of micropores, mesopores and
acropores of different sizes and shapes. The main application of

his adsorbent is for separation and purification of gaseous and
iquid-phase mixtures [2].

A challenge in activated carbon production is to produce very
pecific carbons with a given pore size distribution from low-cost
aterials at low temperature. Precursors used for the production

f activated carbons are organic materials that are rich in carbon,
uch as coal, lignite, and wood. Although coal is the most commonly
sed precursor, agricultural waste in certain condition is a better
hoice [3]. Many agricultural by-products such as coconut shell [4],

rain sorghum [5], coffee bean husks [6], rubber wood sawdust [7],
hestnut wood [8], fruit stones [9] and bamboo waste [10] have
een discovered to be suitable precursors for activated carbon due
o their high carbon and low ash contents. Agricultural wastes are
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E-mail address: chbassim@eng.usm.my (B.H. Hameed).
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considered to be very important feedstock because of two basic
facts: they are renewable sources and low-cost materials [11].

There are two processes for preparation of activated carbon:
chemical activation and physical activation. Chemical activation
is a single step method of preparation of activated carbon in the
presence of chemical agents while physical activation involves car-
bonization of carbonaceous materials followed by activation of the
resulting char in the presence of activating agents such as CO2 or
steam. The chemical activation usually takes place at a tempera-
ture lower than that used in physical activation; this results in an
improvement of pore development in the carbon structure because
of the effect of chemicals. The carbon yields of chemical activation
are higher than physical one [12].

Rattan (Palmae/Arecaceae family) is spiny climbing plant
belonging to the palm family. It is considered to be the most impor-
tant non-wood forest product in Peninsular Malaysia. There are
about 600 species in the world, of which 106 species are found in
Peninsular Malaysia. Only 21 of these species, however, are utilized
and marketed. Rattan also plays an important role in the manu-
facture of household commodities in many rural areas. In addition,
value added rattan are utilized as furniture, walking sticks, rattan
balls, baskets, toys and mats. Consequently considerable amount of
sawdust are generated as residues. Currently most of these residues

are used as boiler fuel. To make better use of rattan sawdust, it
is proposed to convert it to an activated carbon. The advantage of
using non-wood forest products as raw materials for manufactur-
ing activated carbon is renewable and potentially less expensive
[13]. Furthermore, preparation and characterization of adsorbent

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chbassim@eng.usm.my
dx.doi.org/10.1016/j.jhazmat.2009.05.021
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Table 1
Independent variables and their coded levels for the central composite design.

Variables (factors) Code Unit Coded variable levels

−˛ −1 0 +1 +˛

T .820
A .318
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emperature X1 (◦C) 331
ctivation time X2 (h) 0

mpregnation ratio (IR) X3 – 1

rom rattan sawdust with H3PO4 activation are not available in the
cientific literature.

The preparation of activated carbon is influenced by many fac-
ors such as temperature, time, and impregnation ratio. Therefore,
t is important to study the effect of these factors on activated car-
on production in order to determine the most important ones and
heir regions of interest [14]. Response surface methodology (RSM)
s a useful tool to study the interactions of two or more factors.
SM is a collection of statistical and mathematical techniques use-

ul for developing, improving and optimizing processes. It usually
ontains three stages: (i) design and experiments, (ii) response sur-
ace modeling through regression, (iii) optimization [15]. The main
dvantage of RSM is the reduced number of experimental trials
eeded to evaluate multiple parameters and their interactions [16].

n the last few years, RSM has been applied to optimize and evalu-
te interactive effects of independent factors in numerous chemical
nd biochemical processes. These applications are the preparation
f activated carbons from olive-waste cakes by physical activation
17], sewage sludge by chemical activation [18] and Turkish lignite
y chemical activation [14]. The focus of this research was to opti-
ize the preparation conditions of activated carbon for removal of
isperse Orange 30 (DO30). A central composite design (CCD) was

elected to study simultaneously the effects of three numerical acti-
ated carbon preparation variables: temperature, activation time
nd chemical impregnation ratio, on the two responses; percentage
emoval of DO30 and carbon yield.

. Experimental

.1. Adsorbate

C.I. Disperse Orange 30 (DO30), 4-((2,6-dichloro-4-nitrophenyl)
zo)-N-(cyanoethyl)-N-(acetoxyethyl) supplied by Sigma–Aldrich
M) Sdn Bhd, Malaysia was used as an adsorbate. Distilled water
as used to prepare all solutions. DO30 has a chemical formula of

19H17Cl2N5O4, with molecular weight of 450.27 g/mol. The chem-
cal structure of DO30 is as follows:

.2. Preparation of activated carbon

The rattan sawdust was collected from a local furniture factory
enang, Malaysia. It was washed with hot distilled water to remove
ust like impurities, dried at 105 ◦C until constant weight of the
ample was reached and the material was finally sieved to discrete
izes. Chemical activation method using phosphoric acid (purity

5% Merck, Germany) was used to activate the raw material. 40 g
f raw material was impregnated by certain amount of 40 wt% con-
entration phosphoric acid with occasional stirring. The amount
f phosphoric acid solution used was adjusted to give a certain

mpregnation ratio (weight of activating agent:weight of precursor)
400 500 600 668.179
1 2 3 3.681
1:3 1:4.5 1:6 7.022

of 3:1, 4:1, 5:1, and 6:1. The impregnation ratio is given by

impregnation ratio (IR) = (weight of H3PO4 in solution)

: (weight of precursor) (1)

After impregnation, the solution was filtered to take the resid-
ual acid. Subsequently, impregnated samples were air dried under
sunlight for 3 days. Activation of phosphoric acid impregnated
precursor was carried out at temperatures (400–600 ◦C) with a
carbonization time of 1–3 h under nitrogen flow (150 cm3/g) at a
heating rate of 10 ◦C/min. After activation, the samples were cooled
to room temperature under nitrogen flow and were washed sequen-
tially several times with hot distilled water (70 ◦C) until the washing
solution attained pH of 6–7. Finally, the samples were oven dried at
110 ◦C for 24 h and then stored in plastic containers.

2.3. Design of experiment (DOE)

The RSM has several classes of designs, with its own properties
and characteristics. Central composite design (CCD), Box–Behnken
design and three-level factorial design are the most popular designs
applied by the researchers. The CCD was used to study the effects of
the variables towards their responses and subsequently in the opti-
mization studies [19]. This method is suitable for fitting a quadratic
surface and it helps to optimize the effective parameters with a
minimum number of experiments, as well as to analyze the inter-
action between the parameters. In order to determine if there
exist a relationship between the factors and the response variables
investigated, the data collected must be analyzed in a statistically
manner using regression. A regression design is normally employed
to model a response as a mathematical function (either known or
empirical) of a few continuous factors and good model parameter
estimates are desired [19]. In developing the regression equation,
the test factors were coded according to Eq. (2):

xi = Xi − Xi
x

�Xi
(2)

where xi is the coded value of the ith independent variable, Xi the
natural value of the ith independent variable, Xx

i
the natural value

of the ith independent variable at the center point, and �Xi is the
value of step change.

Each response was used to develop an empirical model that cor-
related the response to the activated carbon preparation variables
using a second-degree polynomial equation as given by Eq. (3) [19]:

Y = b0 +
n∑

i=1

bixi +
(

n∑
i=1

biixi

)2

+
n−1∑
i=1

n∑
j=i+1

bijxixj (3)

where Y is the predicted response, b0 the constant coefficient, bi the
linear coefficients, bij the interaction coefficients, bii the quadratic
coefficients and xi, xj are the coded values of the activated carbon

preparation variables.

The ranges and the levels of the variables investigated in the
study are given in Table 1. The experimental sequence was random-
ized in order to minimize the effects of the uncontrolled factors.
The responses were percentage removal on DO30 (Y1) and activated
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Table 2
Experimental factors in coded units and experimental responses.

Run no. Type X1: temp. code X2: time code X3: IR code Temperature (◦C) Time (h) IR Percentage
removal, Y1 (%)

Carbon yield,
Y2 (%)

1 Axial 0 0 1.682 500 2 7.022 51.04 24.65
2 Center 0 0 0 500 2 4.5 72.79 32.76
3 Factorial 1 −1 −1 600 1 3 51.04 26.12
4 Axial −1.682 0 0 331.820 2 4.5 33.57 42.43
5 Axial 1.682 0 0 668.179 2 4.5 55.57 10.75
6 Factorial 1 1 −1 600 3 3 46.68 13.51
7 Axial 0 0 −1.682 500 2 1.977 34.79 33.86
8 Factorial 1 −1 1 600 1 6 49.24 31.83
9 Factorial −1 −1 1 400 1 6 32.55 37.07

10 Factorial −1 1 −1 400 3 3 43.48 26.71
11 Center 0 0 0 500 2 4.5 77.04 29.54
12 Axial 0 −1.682 0 500 0.318 4.5 27.24 40.75
13 Center 0 0 0 500 2 4.5 78.02 27.75
14 Factorial 1 1 1 600 3 6 58.77 11.98
15 Center 0 0 0 500 2 4.5 76.79 27.98
16 Center 0 0 0 500 2 4.5 71.43 28.82
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17 Axial 0 1.682 0 5
18 Factorial −1 1 1 4
19 Center 0 0 0 5

0 Factorial −1 −1 −1 4

arbon yield (Y2). Each response was used to develop an empirical
odel that correlated the response to the activated carbon prepara-

ion variables using a second-degree polynomial equation as given
y Eq. (3).

.4. Model fitting and statistical analysis

The regression and graphical analysis with statistical signif-
cance were done using Design-Expert software (version 6.0.6,
tat-Ease, Inc., Minneapolis, USA). In order to visualize the rela-
ionship between the experimental variables and responses, the
esponse surface and contour plots were generated from the mod-
ls. The optimum values of the process variables were obtained
rom the response surface.

.5. Adsorption studies

Batch adsorption was performed in 20 sets of 250 mL Erlenmeyer
asks where 100 mL of DO30 solution with initial dye concentra-
ion of 100 mg/L was placed in each flask. The pH of the solution
as not adjusted. 0.30 g of each of the prepared activated carbon,
ith particle size of 200–300 �m was added to each flask and

ept in a thermostated shaker of 120 rpm at 30 ◦C until equilibrium
as reached. Aqueous samples were taken from the solutions and

he concentrations were analyzed. The concentrations of DO30 in
he supernatant solutions before and after adsorption were deter-

ined using a double beam UV–vis spectrophotometer (UV-1601
himadzu, Japan) at its maximum wavelength of 425.5 nm. The dye
ercentage removal can be calculated as follows:

ercentage removal = Co − Ce

Co
× 100 (5)

here Co and Ce (mg/L) are the liquid-phase concentrations of dye
t initial and equilibrium, respectively.

.6. Activated carbon yield

The activated carbon yield was calculated based on Eq. (6).
ield (%) = wc

wo
× 100 (6)

here wc (g) is the dry weight of final activated carbon and wo (g)
s the dry weight of precursor.
3.681 4.5 65.58 19.87
3 6 49.82 26.67
2 4.5 74.87 28.31
1 3 36.64 41.55

2.7. Characterization of activated carbon

The surface area and pore size were measured by N2 adsorp-
tion isotherm using an ASAP 2020 Micromeritics instrument and
by Brunauer–Emmett–Teller (BET) method.

The surface functional group of the RSAC was detected by Fourier
Transform Infrared (FTIR) spectroscope (FTIR-2000, PerkinElmer).
The spectra were recorded from 4000 to 400 cm−1.

Scanning electron microscopy analysis was carried out on the
precursor, precursor impregnated with H3PO4 and RSAC. The sam-
ple was placed on the aluminium tub and coated with gold for
electron reflection. The sample was then vacuumed for 5–10 min
prior to analysis.

Elemental analysis was performed using Elemental Analyzer
(PerkinElmer, Series

∏
, 2400) to investigate the presence of ele-

ments of carbon, hydrogen, and nitrogen in precursor and RSAC. The
content of sulphur and oxygen was determined from the difference
of the total carbon, hydrogen, and nitrogen composition.

3. Results and discussion

3.1. Experimental design

The CCD consists of a 2n factorial runs with 2n axial runs
and nc center runs (six replicates). In the present study, the acti-
vated carbons were prepared using chemical activation method
by varying the preparation variables using the CCD. The variables
studied were activation temperature (X1), activation time (X2) and
H3PO4 impregnation ratio (X3). These three variables together with
their respective ranges were chosen based on the literature and
preliminary studies. Activation temperature, activation time and
chemical impregnation ratio were found to be important parame-
ters affecting the characteristics of the activated carbons produced
[12,20–22]. For each variable, a 23 full factorial CCD for the three
variables consisting of eight factorial points, six axial points and
six replicates at the center points were employed, indicating that
altogether 20 experiments were required, as calculated from Eq. (7)
[23]:

N = 2n + 2n + nc = 23 + 2 × 3 + 6 = 20 (7)
where N is the total number of experiments required and n is the
number of factors.

The center points are used to determine the experimental
error and the reproducibility of the data. The independent vari-
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Table 3
Analysis of variance (ANOVA) and lack-of-fit test for response surface quadratic model for percentage removal.

Source Sum of squares Degree of freedom (DF) Mean square F-Value Prob > F Comment

Model 5055.22 9 561.6913 18.28576 <0.0001 Significant
X1 471.439 1 471.4386 15.3476 0.0029
X2 116.392 1 116.3919 3.789119 0.0802
X3 643.701 1 643.7006 20.95556 0.0010
X2

1 1478.47 1 1478.469 48.1313 <0.0001
X2

2 1294.65 1 1294.652 42.14718 <0.0001
X2

3 1654.22 1 1654.224 53.85297 <0.0001
X1X2 44.8405 1 44.84045 1.459773 0.2548
X1X3 8.0802 1 8.0802 0.26305 0.6192
X2X3 73.9328 1 73.9328 2.406869 0.1519
Residual 307.174 10 30.71741
Lack-of-fit 273.189 5 54.63788 8.038592 0.0196 Significant
Pure error 33.9847 5 6.796947

R2 = 0.942; Adj R2 = 0.891.

Table 4
Analysis of variance (ANOVA) and lack-of-fit test for response surface quadratic model for carbon yield.

Source Sum of squares Degree of freedom (DF) Mean square F-Value Prob > F Comments

Model 1450.713 9 161.190 14.810 0.0001 Significant
X1 759.415 1 759.415 69.775 <0.0001
X2 18.347 1 18.3473 1.686 0.2233
X3 630.802 1 630.803 57.958 <0.0001
X2

1 24.045 1 24.0457 2.209 0.1680
X2

2 0.0079 1 0.0079 0.0007 0.9790
X2

3 1.760 1 1.7603 0.1617 0.6960
X1X2 6.516 1 6.516 0.5986 0.4570
X1X3 9.461 1 9.461 0.869 0.3731
X2X3 0.98 1 0.98 0.090 0.7703
Residual 108.836 10 10.884
L
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ack-of-fit 91.521 5
ure error 17.3163 5

2 = 0.930; Adj R2 = 0.867.

bles are coded to the (−1, 1) interval where the low and high
evels are coded as −1 and +1, respectively. The axial points
re located at (±˛, 0, 0), (0, ±˛, 0) and (0, 0, ±˛) where

is the distance of the axial point from center and makes
he design rotatable. In this study, ˛ value was fixed at 1.682
rotatable). The experimental sequence was randomized in order
o minimize the effects of the uncontrolled factors. The two
esponses were DO30 percentage removal (Y1) and activated car-
on yield (Y2). The complete design matrixes of the experiments
arried out, together with the results obtained, are shown in
able 2.

.2. Analysis of variance

The adequacy of the models was further justified through anal-
sis of variance (ANOVA). The ANOVA for the quadratic model for
O30 percentage removal is listed in Table 3. The Model F-value
f 19.66 implied that the model was significant as well. Values of
rob > F less than 0.05 indicated that the model terms were sig-
ificant. In this case, X2

1 , X2
2 and X2

3 were significant model terms
hereas the interaction terms X1X2, X1X3, X2X3 were all insignif-

cant to the response. The ANOVA for the quadratic model for
ctivated carbon yield is listed in Table 4. From the ANOVA for
esponse surface quadratic model for yield, the Model F-value of
4.810 implied that the model was significant. In this case, acti-
ation temperature X1 and impregnation ratio X3 were significant
odel terms whereas X2, X2

1 , X2
2 , X2

3 and X1X2, X1X3, X2X3 were

nsignificant model terms. From the statistical results obtained, it

as shown that the above models were adequate to predict the
dsorption capacity and the yield within the range of variables
tudied. Prob > F is the probability that the variation in the results
re due to random error and thus the very low values obtained
18.304 5.285 0.0458 Significant
3.463

for the two models (<0.0001) indicate that results are not ran-
dom and the terms in the models have a significant effect in the
response.

3.3. Lack-of-fit test

Lack-of-fit is a special diagnostic test for adequacy of a model
that compares the pure error, based on the replicate measure-
ments to the other lack of fit, based on the model performance
[24]. F-Value, calculated as the ratio between the lack-of-fit mean
square and the pure error mean square, is the statistic parameter
used to determine whether the lack-of-fit is significant or not, at a
significance level ˛. In this case, the percentage removal and the car-
bon yield probability > F values are 0.0206 and 0.0458, respectively
revealing a desirable significant lack of fit.

3.4. Process models

By using multiple regression analysis, the responses (percentage
removal and the carbon yield) were correlated with the three vari-
ables studied using the second-order polynomial as represented
by Eq. (3). The coefficients of the model equation and their statisti-
cal significance were evaluated using Design-Expert 6.0.6 software.
The quadratic regression model for the percentage removal and car-
bon yield in terms of coded factors are given by Eqs. (8) and (9),
respectively:
(%) Percentage removal:

Y1 = 75.05 + 5.88X1 + 6.87X2 + 2.92X3 − 10.13X2
1 − 9.48X2

2

−10.71X2
3 − 2.37X1X2 + 1.01X1X3 + 3.04X2X3 (8)
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(%) Carbon yield:

Y2 = 29.25 − 7.46X1 − 6.80X2 − 1.16X3 − 1.30X2
1 + 0.023X2

2

−0.35X2
3 − 0.90X1X2 + 1.09X1X3 − 0.35X2X3 (9)

here X1, X2 and X3 are the coded values of the process variables
ctivation temperature, activation time and chemical impregnation
atio, respectively. The coefficients with one factor represent the
ffect of the particular factor, while the coefficients with two fac-
ors and those with second-order terms represent the interaction
etween the two factors and quadratic effect, respectively. The pos-

tive sign in front of the terms indicates synergistic effect, while
egative sign indicates antagonistic effect.

The statistical analysis gives several comparative measures for
he model selection. Ignoring the aliased model, the quadratic

odel seems to be the best: based on low standard deviation and
igh R2 statistics. The value of R2 for the percentage removal and
arbon yield were 0.942 and 0.930, respectively. This is also evi-
ent from the fact that the plot of predicted versus experimental
ercentage removal and carbon yield in Fig. 1(a) and (b) are close
o showing that the prediction of experimental data is quite sat-
sfactory. These plots therefore visualize the performance of the

odel.

.5. Effects of process variables

The graphical representations of the models (Eqs. (8) and (9))
acilitate an examination of the effects of the experimental factors
n the responses, 3D surface graphs and contour plots between the
actors were obtained using the Design-Expert software and are
resented in Figs. 2 and 3, respectively. These figures illustrate the
esponses of different experimental variables and can be used to
dentify the major interactions between the variables. The 3D sur-
ace graph and contour plot in Fig. 2 show that the DO30 percentage
emoval (Y1) increased with the increase in activation temperature
nd chemical impregnation ratio. The activation time was fixed at
ero level. The response surface in Fig. 2 shows a curvature. These
ndicate that the interaction effect between activation temperature
nd chemical impregnation ratio on percentage removal is greatly
ronounced, as confirmed by significance test. The results obtained
ere in agreement with the work of Sudaryanto et al. [12] which

eported that activation time gave no significant effect on the pore
tructure of activated carbon produced from cassava peel, and the
ore characteristics changed significantly with the activation tem-
erature and also the KOH impregnation ratio. Sentorun-Shalaby
t al. [25] also found that activation time did not show much effect
n the surface area obtained for activated carbons prepared from
pricot stones using steam activation. However, in this work, all the
hree variables studied were found to have synergistic effects on
he adsorption capacity of the activated carbons prepared.

Fig. 3 shows the effect of activation temperature and impregna-
ion ratio on the carbon yield (activation time was fixed at zero
evel). The carbon yield was found to decrease with increasing
emperature, activation time and chemical impregnation ratio. The
ighest yield was obtained when all the three variables were at the
inimum point within the range studied. Fig. 3 for carbon yield

Y2) on the other hand, temperature was found to have the great-
st effect on it, while activation time and chemical impregnation
atio were less significant compared to temperature. However, the
nteraction effects between the variables were less significant. The

ffects of temperature and chemical impregnation ratio on yield
ere studied as they were found to have significant effects on the

esponse. This result was in agreement with the work done by
ameed et al. [26] which found that activation temperature played
n important role on the yield of oil palm fibre-based activated
Fig. 1. Predicted vs. actual data for (a) percentage removal and (b) carbon yield.

carbon whereas activation time did not show much effect on the
carbon yield. The yield was strongly affected by the activation tem-
perature, where increasing activation temperature decreased the
yield and increased the carbon burn off. This was because when
higher activation temperature was used, the weight losses were due
to increase evolution of volatile matters from the precursor, lead-
ing to increase of the pore development, and creates new pores, as
a result of intensifying dehydration and elimination reactions [27].

3.6. Optimization analysis
The experimental conditions with the function of desirability
were applied using Design-Expert software version 6.0.6 (STAT-
EASE Inc., Minneapolis, USA). The experiments were conducted at
these conditions and comparison between the experimental results
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ig. 2. Effect of activation temperature and chemical impregnation ratio on percent-
ge removal; 3D surface graph and contour plot.

ith the predicted results from the model was made. The opti-
um activated carbon prepared from rattan sawdust was obtained

y using temperature of 470 ◦C, activation time of 2 h and 14 min
nd chemical impregnation ratio of 4.45. At the optimum condi-
ion, the DO30 removal and activated carbon yield were found to be
5.102% and 33.094%, respectively. However, the experimental val-
es obtained at optimum condition for DO30 removal and activated
arbon yield were found to be 69.735% and 30.213%, respectively. It

as observed that the experimental values obtained were in good

greement with the values predicted from the models, with rel-
tively small errors between the predicted and the experimental
alues, which were only 7.15% and 8.71%, respectively for DO30

ig. 3. Effect of activation temperature and chemical impregnation ratio on carbon
ield; 3D surface graph and contour plot.
Fig. 4. Langmuir adsorption isotherm of DO30 on rattan sawdust-based activated
carbon prepared under optimum condition at 30 ◦C.

removal and activated carbon yield. This result agrees with the work
done by Amina et al. [28].

3.7. Adsorption isotherm of DO30 on activated carbon prepared
under optimum condition

The DO30 adsorption capacity of the activated carbon prepared
under optimum conditions was determined by performing adsorp-
tion tests in a set of 250 mL Erlenmeyer flasks where 100 mL of DO30
solutions with initial concentrations of 50–500 mg/L were placed in
these flasks. Other operating parameters such as activated carbon
dosage, solution temperature and agitation speed were similar to
the adsorption studies carried out for determining the DO30 uptake.
The amount of adsorption at equilibrium, qe (mg/g) was calculated
from the following equation:

qe = (Co − Ce)V
W

(10)

where qe (mg/g) is the amount of dye adsorbed at equilibrium, Co

and Ce (mg/L) are the liquid-phase concentrations of dye at initial
and equilibrium, respectively. V (L) is the volume of the solution,
and W (g) is the mass of dry adsorbent used.

The adsorption data obtained were then fitted to the Langmuir
isotherm model to determine the DO30 adsorption capacity of the
activated carbon prepared. Besides, from literatures, most of the
equilibrium data obtained for adsorption of dyes on activated car-
bons were found to be best represented by the Langmuir model
[21,29,30]. Langmuir [31] isotherm assumes monolayer adsorption
onto a surface containing a finite number of adsorption sites of uni-
form strategies of adsorption with no transmigration of adsorbate in
the plane on surface. The linear form of Langmuir isotherm equation
is given as

Ce

qe
= 1

qmaxKL
+ Ce

qmax
(11)

where Ce (mg/L) is the equilibrium concentration of the adsorbate,
qe (mg/L) is the amount of adsorbate adsorbed per unit mass of
adsorbent, qmax (mg/g) is the maximum amount of the adsorbate
per unit weight of the adsorbent to form a complete monolayer
on the surface whereas KL (L/mg) is Langmuir constant related to
the affinity of the binding sites. When Ce/qe was plotted against
Ce, a straight line with slope of 1/qmax was obtained, as shown in

Fig. 4. The qmax and KL were 133.33 mg/g and 0.0133 L/mg, respec-
tively. The correlation coefficient, R2 value of 0.996 indicated that
the adsorption data of DO30 on the activated carbon prepared were
well represented by the Langmuir isotherm.
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Fig. 5. Scanning electron micrograph: (a) precursor, (b) precursor impregnated with
H
(

3

3

t
t
f
u
d
a
d
B

found to have well-developed pores on its surface. From the SEM
3PO4 (impregnation ratio is 1:4.5) and (c) RSAC prepared under optimum condition
magnification: 1000×).

.8. Characterization of the optimally prepared activated carbon

.8.1. BET surface area and pore volume
The BET surface area of the prepared activated carbon was found

o be 1037.18 m2/g and Langmuir surface area 1621.42 m2/g with
otal pore volume of 0.664 cm3/g. The average pore diameter was
ound to be 2.56 nm. The high BET surface area, total pore vol-
me and pore developments of the prepared activated carbon were

ue to the activation process using H3PO4 as chemical activating
gent. The chemical agents are dehydrating agents that penetrate
eep into the structure of the carbon causing pores to develop [32].
esides, the average pore diameter of 2.56 nm indicates that the
s Materials 170 (2009) 612–619

activated carbon prepared was in the mesopores region according
to the IUPAC classification [33].

3.8.2. Surface chemistry
The FTIR spectra of the optimally rattan sawdust activated

carbon displayed the following bands (figure is not shown):
3435 cm−1 (O–H stretching vibrations), 2302 cm−1 (C O stretch-
ing from ketones, aldehydes or carboxylic groups), 1620 cm−1 (C O
stretching in quinones or carboxylic anhydrides) and 808 cm−1

(C−H out-of-plane bending in benzene derivatives). The main sur-
face functional groups present in the derived activated carbon were
quinone and aromatic rings. The stretching vibrations found was
probably due to the incorporation of heteroatoms at the edge of the
aromatic sheet or within the carbon matrix [34]. The FTIR spectra
obtained was in agreement with the results reported in the studies
carried out on activated carbons prepared from rice straws [35] and
cherry stones [36].

3.8.3. Surface morphology
Fig. 5(a), (b) and (c), respectively shows the SEM images of the

precursor (raw rattan sawdust), precursor impregnated with H3PO4
and the RSAC obtained under the optimum preparation conditions.
As can be seen from Fig. 5(a) there is few pores available on the
surface of the precursor. Fig. 5(b) shows that impregnation of pre-
cursor with H3PO4 was effective in creating pores on the surfaces of
the precursor. Fig. 5(c) shows that the chemical activation process
was effective in creating well-developed pores on the surfaces of
the activated carbon leading to the activated carbon with large sur-
face area and porous structure. Similar observations were reported
by other researchers in their works of preparing activated carbons
from apricot stones [27] and pistachio-nut shells [37].

3.8.4. Elemental analysis
The elemental analysis of the precursor and activated carbon

prepared under the optimum condition indicated that the percent-
age of C, H, N and others found in the precursor and activated carbon
were 44.93%, 5.23%, 0.10% and 49.74% for precursor and 74.86%,
2.87%, 0.40% and 21.87% for activated carbon. Both samples have
moderate nitrogen content, less than 1%, but noteworthy oxygen
content (in others) which does not follow a specific trend with
increasing sample burn-off.

4. Conclusion

Response surface methodology was used to evaluate the effects
of temperature, activation time and chemical impregnation ratio,
on the percentage removal on DO30 and carbon yield. The adequacy
of the quadratic model was verified effectively by the validation
of experimental data. The optimum results showed that the per-
centage removal of DO30 69.735% and carbon yield 30.21%. Process
optimization was carried out and the experimental values obtained
for the percentage removal and yield were found to agree satis-
factory with the predicted values. Additionally, through analysis
of the response surfaces derived from the models, activation tem-
perature and chemical impregnation ratio were found to have
significant effects on activated carbon yield compared to activation
time whereas activation temperature showed the most significant
effect on activated carbon yield. The R2 values of the response
parameters show a good fit of the models with experimental data.
The activated carbon prepared under the optimum conditions were
image obtained, large and well-developed pores were clearly found
on the surface of the activated carbon. The BET surface area of the
prepared activated carbon was 1037.18 m2/g and various functional
groups on the prepared activated carbon were determined from
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