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bstract

Adsorption isotherm and kinetics of methylene blue on activated carbon prepared from coconut husk were determined from batch tests. The
ffects of contact time (1–30 h), initial dye concentration (50–500 mg/l) and solution temperature (30–50 ◦C) were investigated. Equilibrium
ata were fitted to Langmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherm models. The equilibrium data were best represented by
angmuir isotherm model, showing maximum monolayer adsorption capacity of 434.78 mg/g. The kinetic data were fitted to pseudo-first-order,
seudo-second-order and intraparticle diffusion models, and was found to follow closely the pseudo-second-order kinetic model. Thermodynamic

arameters such as standard enthalpy (�H◦), standard entropy (�S◦) and standard free energy (�G◦) were evaluated. The adsorption interaction
as found to be exothermic in nature. Coconut husk-based activated carbon was shown to be a promising adsorbent for removal of methylene blue

rom aqueous solutions.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The presence of dyes in effluents is a major concern due to
heir adverse effect to many forms of life. The discharge of dyes
n the environment is worrying for both toxicological and esthet-
cal reasons [1]. Industries such as textile, leather, paper, plastics,
tc., are some of the sources for dye effluents [2]. It is esti-
ated that more than 100,000 commercially available dyes with

ver 7 ×105 tonnes of dyestuff produced annually [3]. Methy-
ene blue (MB) is the most commonly used substance for dying
otton, wood and silk. MB can cause eye burns which may be
esponsible for permanent injury to the eyes of human and ani-
als. On inhalation, it can give rise to short periods of rapid or

ifficult breathing while ingestion through the mouth produces
burning sensation and may cause nausea, vomiting, profuse

weating, mental confusion and methemoglobinemia [4]. There-

ore, the treatment of effluent containing such dye is of interest
ue to its harmful impacts on receiving waters.

∗ Corresponding author. Fax: +60 4594 1013.
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Among several chemical and physical methods, the adsorp-
ion has been found to be superior compared to other techniques
or wastewater treatment in terms of its capability for efficiently
dsorbing a broad range of adsorbates and its simplicity of
esign. Colour removal from industrial wastewaters by adsorp-
ion techniques has been of growing importance due to the
hemical and biological stability of dyestuffs to conventional
ater treatment methods and the growing need for high qual-

ty treatment [5]. However, commercially available activated
arbons are still considered as expensive materials for many
ountries due to the use of non-renewable and relatively expen-
ive starting material such as coal, which is unjustified in
ollution control applications [6,7]. Therefore, in recent years,
his has prompted a growing research interest in the produc-
ion of activated carbons from renewable and cheaper precursors
hich are mainly industrial and agricultural by-products, such

s apricot shell [8], male flower of coconut tree [9], jute fiber
10], rubber wood sawdust [11,12], corncob [13], bamboo [14]
nd oil palm fibre [15].
Coconut husk is the mesocarp of coconut and a coconut
onsists of 33–35% of husk. In Malaysia, about 151,000 ha of
and was being used for coconut plantation in year 2001. It was
stimated that 5280 kg of dry husks will become available per

mailto:chbassim@eng.usm.my
dx.doi.org/10.1016/j.jhazmat.2007.10.031
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ectare per year. At present, coconut husks are used as fuel for
oconut processing, as a domestic fuel and as a source of fibre
or rope and mats [16].

To make better use of this cheap and abundant agricultural
aste, it is proposed to convert coconut husk into activated car-
on. Conversion of coconut husk to activated carbon will serve a
ouble purpose. First, unwanted agricultural waste is converted
o useful, value-added adsorbent and second, the use of agri-
ultural by-products represents a potential source of adsorbents
hich will contribute to solving part of the wastewater treat-
ent problem in Malaysia. However, not many studies have been

one on converting coconut husk to activated carbon. Some of
hem are adsorption of arsenic on copper impregnated coconut
usk carbon [17] and the preparation of activated carbon from
igested sewage sludge with the additive coconut husk using
nCl2 as activating agent which reported that the highest BET
urface area obtained was 867.61 m2/g [18].

Adsorption of dyes from aqueous solution requires activated
arbons possessing not only large capacities, but also signifi-
ant pore volumes and surface areas contributed by mesopores,
ue to the size of dye molecules which are relatively large. The
ocus of this research was to evaluate the adsorption potential of
he coconut husk-based activated carbon in removing MB from
queous solutions. Textural characterization of the prepared acti-
ated carbon was also carried out. The equilibrium, kinetic and
hermodynamic data of the adsorption process were then evalu-
ted to study the adsorption mechanism of MB molecules onto
he prepared activated carbon.

. Materials and methods

.1. Preparation and characterization of activated carbon

Coconut husk used for preparation of activated carbon was
btained locally. The precursor was first washed with distilled
ater, dried, cut and sieved to desired mesh size of 1–2 mm.
hen, it was carbonized and activated following the same proce-
ure used in our previous study on activated carbon preparation
rom oil palm fibre [15], where the precursor was carbonized
n a stainless steel vertical tubular reactor placed in a tube fur-
ace under purified nitrogen (99.995%) flow of 150 cm3/min at
00 ◦C, with heating rate of 10 ◦C/min and the sample was hold
t the carbonization temperature for 2 h. The char produced was
oaked in potassium hydroxide (KOH) solution with KOH:char
atio of 1:1 (w/w). The mixture was then dehydrated in an oven
vernight at 105 ◦C to remove moisture and then activated under
he same condition as carbonization, but to a final temperature
f 850 ◦C. Once the final temperature was reached, the nitrogen
as flow was switched to carbon dioxide (CO2) and activation
as held for 2 h. The activated product was then cooled under
itrogen gas flow to room temperature and then washed with hot
eionized water and 0.1 M hydrochloric acid until the pH of the
ashing solution reached 6–7.

Textural characterization of the prepared activated carbon

as carried out by N2 adsorption at 77 K using Autosorb I (Quan-
achrome Corporation, USA). The Brunauer–Emmett–Teller
BET) surface area, total pore volume and pore size distribution

w
(

s Materials 154 (2008) 337–346

f the prepared activated carbon were then determined [19,20].
canning electron microscopy (SEM) analysis was carried out
or the precursor and the prepared activated carbon to study their
urface textures and the development of porosity.

.2. Batch equilibrium studies

MB supplied by Sigma–Aldrich (M) Sdn Bhd, Malaysia was
sed as an adsorbate and was not purified prior to use. Deionized
ater was used to prepare all the solutions and reagents. MB
as chosen in this study due to its wide application and known

trong adsorption onto solids. MB has a chemical formula of
16H18N3SCl, with molecular weight of 319.86 g/mol, which
orresponds to methylene blue hydrochloride with three groups
f water. Chemical structure of MB is shown in Appendix A.

Adsorption tests were performed in a set of 43 Erlenmeyer
asks (250 ml) where 100 ml of methylene blue solutions with

nitial concentrations of 50–500 mg/l were placed in these flasks.
qual mass of 0.10 g of the prepared activated carbon with par-

icle size of 200 �m was added to each flask and kept in an
sothermal shaker of 120 rpm at 30 ◦C for 30 h to reach equi-
ibrium. The pH of the solutions was original without any pH
djustment. Similar procedures were followed for another two
ets of Erlenmeyer flask containing the same initial dye con-
entrations and same activated carbons dosage, but were kept
nder 40 and 50 ◦C for thermodynamic studies. Aqueous sam-
les were taken from each of the MB solutions at preset time
ntervals using disposable syringes and the concentrations were
hen analyzed. All samples were filtered prior to analysis in order
o minimize interference of the carbon fines with the analysis.
he concentrations of MB in the supernatant solution before
nd after adsorption were determined using a double beam
V–visible spectrophotometer (UV-1601 Shimadzu, Japan) at
68 nm. Each experiment was duplicated under identical condi-
ions. The amount of adsorption at equilibrium, qe (mg/g), was
alculated by:

e = (C0 − Ce)V

W
(1)

here C0 and Ce (mg/l) are the liquid-phase concentrations of
ye initially and at equilibrium, respectively. V is the volume of
he solution (l) and W is the mass of dry adsorbent used (g).

The equilibrium data were then fitted using four different
sotherm models, namely the Langmuir, Freundlich, Temkin and
ubinin–Radushkevich models.

.2.1. Langmuir isotherm
Langmuir isotherm assumes monolayer adsorption onto a

urface containing a finite number of adsorption sites of uniform
trategies of adsorption with no transmigration of adsorbate in
he plane of surface [21]. The linear form of Langmuir isotherm
quation is given as:
Ce

qe
= 1

Qob
+ 1

Qo
Ce (2)

here Ce is the equilibrium concentration of the adsorbate
mg/l), qe is the amount of adsorbate adsorbed per unit mass
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f adsorbent (mg/g), Qo and b are Langmuir constants related
o adsorption capacity and rate of adsorption, respectively.

.2.2. Freundlich isotherm
Freundlich isotherm in the other hand assumes heterogeneous

urface energies, in which the energy term in Langmuir equation
aries as a function of the surface coverage [21]. The well-known
ogarithmic form of the Freundlich isotherm is given by the
ollowing equation:

og qe = log KF +
(

1

n

)
log Ce (3)

here Ce is the equilibrium concentration of the adsorbate
mg/l), qe is the amount of adsorbate adsorbed per unit mass
f adsorbent (mg/g), KF and n are Freundlich constants with n
iving an indication of how favorable the adsorption process.
F (mg/g (l/mg)1/n) is the adsorption capacity of the adsorbent
hich can be defined as the adsorption or distribution coeffi-

ient and represents the quantity of dye adsorbed onto activated
arbon for a unit equilibrium concentration. The slope of 1/n
anging between 0 and 1 is a measure of adsorption intensity
r surface heterogeneity, becoming more heterogeneous as its
alue gets closer to zero [22]. A value for 1/n below one indicates
normal Langmuir isotherm while 1/n above one is indicative
f cooperative adsorption [23].

.2.3. Temkin isotherm
Temkin and Pyzhev considered the effects of indirect adsor-

ate/adsorbate interactions on adsorption isotherms. The heat
f adsorption of all the molecules in the layer would decrease
inearly with coverage due to adsorbate/adsorbate interactions
24]. The Temkin isotherm has been used in the form as follows:

e =
(

RT

b

)
ln(ACe) (4)

here RT/b = B, R is the gas constant (8.31 J/mol K) and T (K)
s the absolute temperature.

.2.4. Dubinin–Radushkevich isotherm
Another popular equation for the analysis of isotherms of a

igh degree of rectangularity is that proposed by Dubinin and
adushkevich as follow:

e = qs exp(−Bε2) (5)

here ε can be correlated:

= RT ln

[
1 + 1

Ce

]
(6)

The constant B gives the mean free energy E of sorption per
olecule of the sorbate when it is transferred to the surface of

he solid from infinity in the solution and can be computed by

sing the relationship:

= 1√
2B

(7)

�
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.3. Batch kinetic studies

The procedure of kinetic tests was identical to those of equi-
ibrium tests. The aqueous samples were taken at preset time
ntervals and the concentrations of MB were similarly measured.
he amount of adsorption at time t, qt (mg/g), was calculated
y:

t = (C0 − Ct)V

W
(8)

here Ct (mg/l) is the liquid-phase concentrations of dye at time,
.

The kinetic data were then fitted using the pseudo-first-order,
seudo-second-order and intraparticle diffusion models.

.3.1. Pseudo-first-order kinetic model
The rate constant of adsorption is determined from the

seudo-first-order equation given by Langergren and Svenska
25] as:

n(qe − qt) = ln qe − k1t (9)

here qe and qt are the amounts of MB adsorbed (mg/g) at
quilibrium and at time t (h), respectively and k1 is the rate
onstant adsorption (h−1).

.3.2. Pseudo-second-order kinetic model
The pseudo-second-order equation [26] based on equilibrium

dsorption is expressed as:

t

qt

= 1

k2q2
e

+ 1

qe
t (10)

here k2 (g/mg h) is the rate constant of second-order adsorp-
ion.

.3.3. Intraparticle diffusion model
Intraparticle diffusion model based on the theory proposed

y Weber and Morris [27] was tested to identify the diffusion
echanism. It is an empirically found functional relationship,

ommon to the most adsorption processes, where uptake varies
lmost proportionally with t1/2 rather than with the contact time
. According to this theory:

t = kpt
1/2 + C (11)

here kp (mg/g h1/2) is the intraparticle diffusion rate constant.

.3.4. Validity of kinetic model
The applicability of the kinetic model to describe the adsorp-

ion process was further validated by the normalized standard
eviation, �q (%), which is defined as:√∑

[(qexp − qcal)/qexp]2
q (%) = 100
N − 1

(12)

here N is the number of data points, qexp and qcal (mg/g) are the
xperimental and calculated adsorption capacity, respectively.
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.4. Adsorption thermodynamics

The thermodynamic parameters that must be considered to
etermine the process are changes in standard enthalpy (�H◦),
tandard entropy (�S◦) and standard free energy (�G◦) due to
ransfer of unit mole of solute from solution onto the solid–liquid
nterface. The value of �H◦ and �S◦ were computed using the
ollowing equation:

nKd = �S◦

R
− �H◦

RT
(13)

here R (8.314 J/mol K) is the universal gas constant, T (K)
s the absolute solution temperature and Kd is the distribution
oefficient which can be calculated as:

d = CAe

Ce
(14)

here CAe (mg/l) is the amount adsorbed on solid at equilibrium
nd Ce (mg/l) is the equilibrium concentration.

�G◦ can be calculated using the relation below:

G◦ = −RT lnKd (15)

. Results and discussion

.1. Textural characterization of prepared activated carbon

The BET surface area of the prepared activated carbon was
ound to be 1940 m2/g, with total pore volume of 1.143 cm3/g.
he pore size distribution of the prepared activated carbon is
hown in Fig. 1. A few peaks were detected, with the sharpest
eak occurred at pore diameter between 3 and 4 nm and the
verage pore diameter of the prepared sample was found to be
.36 nm. This indicated that the activated carbon derived from
oconut husk was mesoporous, with relatively large surface area
nd total pore volume compared to commercially available acti-
ated carbons such as BDH from Merck, F100 and BPL from
algon Corp. with BET surface area of 1118, 957 and 972 m2/g

s well as total pore volume of 0.618, 0.526 and 0.525 cm3/g,
espectively [20]. Stavropoulos and Zabaniotou [20] stated that
OH is dehydrated to K2O, which reacts with CO2 produced by

he water-shift reaction, to give K2CO3. Intercalation of metallic

Fig. 1. Pore size distribution of prepared activated carbon.
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ig. 2. SEM image of: (a) raw coconut husk (500×) and (b) coconut husk-based
ctivated carbon (500×).

otassium appeared to be responsible for the drastic expansion
f the carbon material and hence the creation of a large spe-
ific surface area and high pore volume. Similar observation
as reported by Tseng et al. [13] where CO2 gasification was

ound to promote the formation of mesopores and enhance the
urface area of activated carbon.

Fig. 2(a and b) shows the SEM images of the precursor and
he derived activated carbon, respectively. Many large pores in

honeycomb shape were clearly found on the surface of the
ctivated carbon, as compared to the precursor. This shows that
OH and CO2 were effective in creating well-developed pores
n the surface of the precursor, hence leading to the activated
arbon with large surface area and porous structure.

.2. Effect of contact time and initial dye concentration on
dsorption equilibrium

Fig. 3 shows the adsorption capacity versus the adsorp-

ion time at various initial MB concentrations. It indicated that
he contact time needed for MB solutions with initial concen-
rations of 50–300 mg/l to reach equilibrium was around 2 h.
owever, for MB solutions with higher initial concentrations of
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where b is the Langmuir constant and C0 is the highest initial
dye concentration (mg/l). The value of RL indicates the type of
the isotherm to be either unfavorable (RL > 1), linear (RL = 1),
ig. 3. Adsorption capacity versus adsorption time at various initial methylene
lue concentrations at 30 ◦C.

00–500 mg/l, equilibrium times of around 30 h were required.
his observation could be explained by the theory that in the
rocess of dye adsorption, initially the dye molecules have to
rst encounter the boundary layer effect and then diffuse from

he boundary layer film onto adsorbent surface and then finally,
hey have to diffuse into the porous structure of the adsorbent
10,28]. Therefore, MB solutions of higher initial concentrations
ill take relatively longer contact time to attain equilibrium due

o higher amount of dye molecules. Similar phenomenon was
bserved for the adsorption of MB from aqueous solution on
ute fiber carbon where the equilibrium time was found to be
50 min [10].

As can be seen from Fig. 3, the amount of MB adsorbed on
he activated carbon increases with time and, at some point in
ime, it reaches a constant value beyond which no more MB
s further removed from the solution. At this point, the amount
f the dye desorbing from the activated carbon is in a state of
ynamic equilibrium with the amount of the dye being adsorbed
n the activated carbon. The amount of dye adsorbed at the
quilibrium time reflects the maximum adsorption capacity of
he adsorbent under those operating conditions. In this study,
he adsorption capacity at equilibrium (qe) increased from 52 to
05 mg/g with an increase in the initial dye concentrations from
0 to 500 mg/l. When the initial concentration increased, the
ass transfer driving force would become larger, hence resulting

n higher adsorption of MB.

.3. Adsorption isotherms

The adsorption isotherm indicates how the adsorption
olecules distribute between the liquid phase and the solid phase
hen the adsorption process reaches an equilibrium state. The

nalysis of the isotherm data by fitting them to different isotherm
odels is an important step to find the suitable model that can be

sed for design purposes [29]. Adsorption isotherm is basically
mportant to describe how solutes interact with adsorbents, and

s critical in optimizing the use of adsorbents. Fig. 4 shows the
quilibrium adsorption isotherm of MB on the prepared acti-
ated carbon. It exhibits a steep increase at low concentrations,
ndicating high affinity towards the solute. At high MB concen-

F
c

ig. 4. Equilibrium adsorption isotherm of methylene blue onto prepared acti-
ated carbon at 30 ◦C.

rations, the adsorbed amounts increase slightly, showing almost
orizontal plateaus.

Adsorption isotherm study was carried out on four
sotherm models: the Langmuir, Freundlich, Temkin and
ubinin–Radushkevich isotherm models. The applicability of

he isotherm equation to describe the adsorption process was
udged by the correlation coefficients, R2 values. For the Lang-

uir isotherm, when Ce/qe is plotted against Ce, a straight line
ith slope of 1/Qo is obtained, as shown in Fig. 5. The corre-

ation coefficient, R2 of 0.99 indicated that the adsorption data
f MB on the prepared activated carbon was well fitted to the
angmuir isotherm. The Langmuir constants b and Qo were
alculated from Eq. (2) and are shown in Table 1.

The essential characteristics of the Langmuir isotherm can
e expressed in terms of a dimensionless equilibrium parameter
RL) [21]. The parameter is defined by:

L = 1

1 + bC0
(16)
ig. 5. Langmuir adsorption isotherm of methylene blue onto prepared activated
arbon at 30 ◦C.
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Table 1
Langmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherm model
parameters and correlation coefficients for adsorption of MB on prepared acti-
vated carbon

Isotherms Solution
temperature
(K)

Parameters R2

Langmuir Qo (mg/g) b (l/mg)

303 434.78 0.34 0.99
313 416.67 4.00 0.99
323 384.62 5.20 1.00

Freundlich KF (mg/g(l/mg)1/n) 1/n

303 120.17 0.38 0.51
313 238.29 0.15 0.48
323 209.41 0.19 0.74

Temkin A (l/g) B

303 7.45 74.90 0.68
313 6726.94 32.66 0.71
323 1745.74 34.58 0.92

Dubinin–Radushkevich qs (mg/g) E

303 423.73 1000.00 0.87
313 386.45 7071.07 0.49
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323 359.03 7071.07 0.83

avorable (0 < RL < 1) or irreversible (RL = 0). Value of RL was
ound to be 0.006, 0.0005 and 0.0004, respectively at solution
emperature of 30, 40 and 50 ◦C. This again confirmed that the
angmuir isotherm was favorable for adsorption of MB on the
ctivated carbon under the conditions used in this study.

For the Freundlich isotherm, the plot of log qe versus log Ce
ives a straight line with slope of 1/n with value of 0.38, as
hown in Fig. 6, which showed that the adsorption of MB on the
ctivated carbon was favorable. Accordingly, Freundlich con-

tants KF and n were calculated from Eq. (3) and are listed in
able 1. A plot of qe versus ln Ce for the Temkin isotherm yields
linear line, as shown in Fig. 7. The constants A and B are shown

n Table 1. For Dubinin–Radushkevich isotherm, a plot of ln qe

ig. 6. Freundlich adsorption isotherm of methylene blue onto prepared acti-
ated carbon at 30 ◦C.
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ig. 7. Temkin adsorption isotherm of methylene blue onto prepared activated
arbon at 30 ◦C.

ersus ε2 (Fig. 8) enables the constants qs and E to be determined
Table 1).

Table 1 summarizes all the constants and correlation coef-
cients, R2 of the four isotherm models used. The Langmuir
odel yielded the best fit with R2 values equal or higher than

.99, as compared to the other three models. Conformation of
he experimental data into Langmuir isotherm equation indicated
he homogeneous nature of coconut husk-based activated carbon
urface, i.e., each dye molecule/coconut husk carbon adsorption
ad equal adsorption activation energy. The results also demon-
trated the formation of monolayer coverage of dye molecule
t the outer surface of coconut husk activated carbon. Similar
bservations were reported by the adsorption of MB on activated
arbons prepared from jute fiber [10], olive-seed waste residue
20] and corncob [13].

Table 2 lists the comparison of maximum monolayer adsorp-
ion capacity of MB using various adsorbents. The activated
arbon prepared in this work had a relatively large adsorption
apacity of 434.78 mg/g if compared to some data obtained from
he literature. The high adsorption capacity of the activated car-
on prepared in this study could be due to its relatively high
urface area and its mesoporous structure. The variation in the
dsorption capacity compared to other adsorbents as listed is

able 2, might be due to the variation in the original nature of

he precursors, the processes applied to produce the adsorbents
s well as the conditions used during the adsorption processes.

ig. 8. Dubinin–Radushkevich adsorption isotherm of methylene blue onto pre-
ared activated carbon at 30 ◦C.
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Table 2
Comparison of the maximum monolayer adsorption of MB on various adsorbents

Adsorbents Maximum monolayer adsorption capacity (mg/g) References

Coconut husk-based activated carbon 434.78 This work
Bamboo dust-based activated carbon 143.20 [35]
Coconut shell-based activated carbon 277.90 [35]
Groundnut shell-based activated carbon 164.90 [35]
Oil palm fibre-based activated carbon 277.78 [15]
Jute fiber-based activated carbon 225.64 [10]
Mango seed kernel powder 142.86 [4]
Waste apricot-based activated carbon 102.04–136.98 [5]
Coir pith carbon 5.87 [31]
Olive-seed waste residue-based activated carbon 190.00–2
Filtrasorb F300a 240.00

a Commercial activated carbon.
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ig. 9. Maximum monolayer adsorption capacity, Qo, of MB on the prepared
ctivated carbon versus temperature.

.4. Effect of temperature on adsorption capacity of
ctivated carbon

Fig. 9 shows the maximum monolayer adsorption capacity,
o, of MB on the prepared activated carbon versus the tem-
erature. It was found that the adsorption capacity decreased
rom 434.78 to 384.62 mg/g with increase in temperature from
0 to 50 ◦C, indicating the exothermic nature of the adsorp-
ion reaction. Similar trend was reported by Chandra et al. [30]
or adsorption of MB on activated carbon prepared from durian
hell. It was explained that as temperature increased, the physical

onding between the organic compounds (including dyes) and
he active sites of the adsorbent weakened. Besides, the solubil-
ty of MB also increased which caused the interaction forces
etween the solute and the solvent to become stronger than

V
b
a
l

able 3
seudo-first-order and pseudo-second-order kinetic model parameters for different in

nitial MB concentration (mg/l) qe,exp (mg/g) Pseudo-first-order kinetic mo

qe,cal (mg/g) k1 (h)

50 52.78 2.26 0.07
00 75.36 1.74 0.08
00 184.52 2.20 0.09
00 291.85 30.52 0.12
00 346.44 122.13 0.15
00 405.30 172.07 0.16
63.00 [20]
[20]

olute and adsorbent, therefore the solute was more difficult to
dsorb.

.5. Adsorption kinetics

Values of k1 for the pseudo-first-order kinetic model were
btained from the slopes of the linear plots of ln(qe − qt) versus
(figure not shown). The correlation coefficient values obtained
ere relatively small and the experimental qe values did not

gree with the calculated values obtained from the linear plots,
s shown in Table 3. This shows that the adsorption of MB
nto the activated carbon did not follow the pseudo-first-order
quation.

If the pseudo-second-order kinetic model is applicable, the
lot of t/qt versus t should show a linear relationship. qe and
2 can then be determined from the slope and the intercept of
he plot. This procedure is more likely to predict the behavior
ver the whole range of adsorption. The linear plot of t/qt versus
, as shown in Fig. 10, shows a good agreement between the
xperimental and the calculated qe values (Table 3). Besides,
he correlation coefficients for the second-order kinetic model
ere greater than 0.99 for all MB concentrations, indicating the

pplicability of the second-order kinetic model to describe the
dsorption process of MB on the prepared activated carbon.

The intraparticle diffusion model rate constant, Kp is obtained
rom the slope of the straight line of qt versus t1/2 (Fig. 11).

alues of intercept, C, give an idea about the thickness of
oundary layer, i.e., larger the intercept, greater is the bound-
ry layer effect [31]. The R2 values (Table 4) obtained were
ower compared to those obtained from pseudo-second-order

itial MB concentrations at 30 ◦C

del Pseudo-second-order kinetic model

R2 �q (%) qe,cal (mg/g) k2 (g/g h) R2 �q (%)

0.18 134.28 52.91 0.595 1.000 1.02
0.14 93.52 75.19 0.590 1.000 1.02
0.15 75.20 185.19 0.486 1.000 0.74
0.61 86.88 294.12 0.039 1.000 0.65
0.90 105.19 344.83 0.006 0.999 3.62
0.94 112.11 416.67 0.004 0.999 3.73
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Fig. 10. Pseudo-second-order kinetics for adsorption of methylene blue onto
prepared activated carbon at 30 ◦C.
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ig. 11. Intraparticle diffusion model for adsorption of MB onto activated carbon
t 30 ◦C.
inetic model, however, the calculated and experimental qe val-
es agreed satisfactorily well for intraparticle diffusion model.
he first, sharper portion is the instantaneous adsorption or
xternal surface adsorption. The second portion is the gradual

a
c
�

i

able 4
ntraparticle diffusion model parameters for different initial MB concentrations at 30

nitial MB concentration (mg/l) Intraparticle diffusion model

qe,cal (mg/g) kp (mg

50 52.93 0.33
00 75.63 0.39
00 184.90 0.51
00 293.19 3.61
00 351.39 16.71
00 413.52 24.29
Fig. 12. Plot of ln Kd versus 1/T for 500 mg/l initial MB concentration.

dsorption stage where intraparticle diffusion is the rate limit-
ng. In some cases, the third portion exists, which is the final
quilibrium stage where intraparticle diffusion starts to slow
own due to the extremely low adsorbate concentrations left
n the solutions [32]. As can be seen from Fig. 11, the linear
ine did not pass through the origin and this deviation from the
rigin or near saturation might be due to the difference in the
ass transfer rate in the initial and final stages of adsorption

33].
Tables 3 and 4 list the �q values obtained for the three mod-

ls tested. The pseudo-second-order kinetic model yielded the
owest �q values which ranged between 0.65 and 3.73% for

B initial concentration ranging from 50 to 500 mg/l. Based on
he highest R2 values which approached unity and the lowest

q value, the pseudo-second-order model was the most suitable
quation to describe the adsorption kinetics of MB on the pre-
ared activated carbon. This suggested that the overall rate of
he adsorption process was controlled by chemisorption which
nvolved valency forces through sharing or exchange of elec-
rons between the sorbent and sorbate [34]. The results were
n agreement with the previous works on adsorption of MB on
ctivated carbons prepared from bamboo [14] and oil palm fibre
15].

.6. Adsorption thermodynamics

The values of �H◦ and �S◦ were calculated from the slope

nd intercept of plot between ln Kd versus 1/T for initial MB con-
entration of 500 mg/l (Fig. 12). The calculated values of �H◦,
S◦ and �G◦ are listed in Table 5. The negative value of �H◦

ndicated the exothermic nature of the adsorption interaction.

◦C

/g h1/2) C R2 �q (%)

51.12 0.40 1.43
73.49 0.33 1.37

182.10 0.32 0.75
273.42 0.61 1.91
259.84 0.85 4.53
280.46 0.89 4.77
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Table 5
Thermodynamic parameters for adsorption of MB on prepared activated carbon

Initial concentration (mg/l) �H◦ (J/mol) �S◦ (J/mol K) �G◦ (J/mol)

303 K 313 K 323 K
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his decrease in adsorption capacity with increase in tempera-
ure is known to be due to the enhancement of the desorption
tep in the sorption mechanism. It is also due to the weakening of
orptive forces between the active sites on the activated carbon
nd the dye species, and also between adjacent dye molecules
n the sorbed phase.

The positive value of �S◦ showed the affinity of the coconut
usk-based activated carbon for MB and the increasing ran-
omness at the solid–solution interface during the adsorption
rocess. The negative value of �G◦ indicated the feasibility of
he process and the spontaneous nature of the adsorption with

high preference of MB onto the prepared activated carbon.
he values of �G◦ were found to decrease as the temperature

ncreased, indicating less driving force and hence resulting in
ess adsorption capacity.

. Conclusion

The present investigation showed that activated carbon
repared from coconut husk was a promising adsorbent for
he removal of methylene blue dye from aqueous solutions
ver a wide range of concentrations. The surface area of
he prepared activated carbon was relatively high with large
ore volume and was found to be mesoporous. Methylene
lue was found to adsorb strongly on the surface of the
ctivated carbon. Equilibrium data were fitted to Langmuir,
reundlich, Temkin and Dubinin–Radushkevich isotherms and

he equilibrium data were best described by the Langmuir
sotherm model, with maximum monolayer adsorption capacity
f 434.78 mg/g at 30 ◦C. The maximum monolayer adsorption
apacity decreased with increasing temperature. The adsorption
inetics was found to follow closely the pseudo-second-order
inetic model. The negative �H◦ value confirmed the exother-
ic nature of the adsorption interaction whereas the positive�S◦

alue showed the increased randomness at the solid–solution
nterface during the adsorption process. The negative value
f �G◦ indicated the feasibility and the spontaneous nature
f the adsorption of MB onto the prepared activated car-
on. The adsorption performance of the coconut husk-based
ctivated carbon was comparable to the commercial activated
arbon and some other adsorbents reported in earlier stud-
es.

cknowledgment
The authors acknowledge the research grant provided by
he Universiti Sains Malaysia under The Fundamental Research
rant Scheme (Project no.: 6070015).

[

−4958.53 −5088.65 −3897.53

ppendix A. Chemical structure of methylene blue dye

eferences

[1] H. Métivier-Pignon, C. Faur-Brasquet, P.L. Cloirec, Adsorption of dyes
onto activated carbon cloths: approach of adsorption mechanisms and cou-
pling of ACC with ultrafiltration to treat coloured wastewaters, Sep. Purif.
Technol. 31 (2003) 3–11.

[2] K. Ravikumar, B. Deebika, K. Balu, Decolourization of aqueous dye solu-
tions by a novel adsorbent: application of statistical designs and surface
plots for the optimization and regression analysis, J. Hazard. Mater. B122
(2005) 75–83.

[3] J.W. Lee, S.P. Choi, R. Thiruvenkatachari, W.G. Shim, H. Moon, Evalu-
ation of the performance of adsorption and coagulation processes for the
maximum removal of reactive dyes, Dyes Pigments 69 (2006) 196–203.

[4] D. Ghosh, K.G. Bhattacharyya, Adsorption of methylene blue on kaolinite,
Appl. Clay. Sci. 20 (2002) 295–300.
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