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a b s t r a c t

The adsorption characteristics of 2,4,6-trichlorophenol (TCP) on activated carbon prepared from oil palm
empty fruit bunch (EFB) were evaluated. The effects of TCP initial concentration, agitation time, solution pH
and temperature on TCP adsorption were investigated. TCP adsorption uptake was found to increase with
increase in initial concentration, agitation time and solution temperature whereas adsorption of TCP was
more favourable at acidic pH. The adsorption equilibrium data were best represented by the Freundlich
eywords:
il palm empty fruit bunch activated
arbon
,4,6-Trichlorophenol

sotherm

and Redlich–Peterson isotherms. The adsorption kinetics was found to follow the pseudo-second-order
kinetic model. The mechanism of the adsorption process was determined from the intraparticle diffusion
model. Boyd plot revealed that the adsorption of TCP on the activated carbon was mainly governed by
particle diffusion. Thermodynamic parameters such as standard enthalpy (�H◦), standard entropy (�S◦),
standard free energy (�G◦) and activation energy were determined. The regeneration efficiency of the
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. Introduction

Cholorophenols are a group of chemicals in which chlorines
between one and five) have been added to phenol. The main pol-
ution sources containing chlorophenols are the wastewaters from
esticide, paint, pharmaceutics, wood, paper and pulp industries as
ell as water disinfecting process [1]. Chlorophenols are weak acids
hich permeate human skin by in vitro and are readily absorbed

y gastro-intestinal tract [2]. 2,4,6-Trichlorophenol (TCP) is a toxic,
utagenic and carcinogenic pollutant. It is found in the emissions

rom fossil fuel combustion, municipal waste incineration and chlo-
ination of water containing phenol or certain aromatic acids with
ypochlorite or during disinfection of water [3]. TCP has been also
eported to cause adverse effects on human nervous system and
espiratory problems such as chronic bronchitis, cough and altered
ulmonary function [4]. The stable C Cl bond and the position of
hlorine atoms relative to the hydroxyl group are responsible for
heir toxicity and persistence in the biological environment [5]. Due
o its high toxicity, carcinogenic properties, structural stabilization

nd persistence in the environment, the removal of TCP from the
nvironment is crucial.

From the literature, various treatment methods have been
pplied to remove phenolic compounds from aqueous solutions,

∗ Corresponding author. Fax: +60 4 594 1013.
E-mail address: chbassim@eng.usm.my (B.H. Hameed).
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h, with TCP desorption of 99.6%.
© 2008 Elsevier B.V. All rights reserved.

uch as biological treatment using anaerobic granular sludge [1],
atalytic wet oxidation [3], photochemical treatment [6], adsorp-
ion technology using activated clay [4], fuel oil fly ash [7] and
ctivated carbons prepared from various precursors such as rat-
an sawdust, coconut shell and rice straw [8–10]. Other treatment
echnologies include air stripping, incineration, ion exchange and
olvent extraction [4]. Adsorption on activated carbon is one of the
ost effective and widely used techniques in treating high strength

nd low volume of phenolic wastewaters [2]. Commercially avail-
ble activated carbons like F300 granular activated carbons from
algon Corp, Pittsburgh, PA are commonly used for the adsorption
f chlorophenols [11]. However, the usage of activated carbon has
een limited by its high cost due to the use of non-renewable and
elatively expensive starting material such as coal, which is a major
conomic consideration [12]. This has prompted a growing research
nterest in the production of low cost activated carbons especially
or application concerning wastewater treatment.

Recently, focus has been given on the preparation of activated
arbons from agricultural by-products such as almond shell [13],
ean pod [14], rice husk [15], cherry stone [16], date palm seed [17],
unflower seed hull [18], waste apricot [19], oil palm fibre [20], bam-
oo [21], plum kernel [22] and coconut husk [23,24]. Besides, not

any studies have been reported in the literature on the adsorption

f TCP using agricultural waste-based activated carbon. In practice,
he feasibility of activated carbon adsorption process depends on

any factors including the feasibility of regeneration and disposal
f spent activated carbon. Therefore, the spent activated carbon

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.2008.08.025
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hould have high regeneration efficiency for wider application of
arbon adsorption process. Solvent regeneration in which carbon
oss by attrition is negligible has been shown to be an attractive
lternative. Hamdaoui et al. [25] in their study on regenerating
ranular activated carbon saturated with p-chlorophenol revealed
hat the desorption rate was enhanced by the addition of ethanol.
thanol desorption technique was also reported to be suitable for
egenerating activated carbons prepared from waste tires which
howed high regeneration efficiencies for phenol and reactive dyes
26].

In the present investigation, oil palm empty fruit bunch-based
ctivated carbon prepared under optimum conditions was evalu-
ted for its potential to remove TCP from aqueous solutions. The
quilibrium and kinetic data of the adsorption process were then
nalyzed to study the adsorption isotherms, kinetics, thermody-
amics and mechanism of TCP on the prepared activated carbon.
he feasibility of regenerating the spent activated carbon using
thanol desorption was then determined.

. Materials and methods

.1. Activated carbon preparation

The oil palm empty fruit bunch (EFB) used for preparation of
ctivated carbon in this study was obtained from a local palm oil
ill. The activated carbon preparation procedure was referred to

ur previous work [24] where the pre-treated EFB was loaded in a
tainless steel vertical tubular reactor placed in a tube furnace and
he carbonization of the precursor was carried out by ramping the
emperature from room temperature to 700 ◦C with heating rate
f 10 ◦C/min and hold for 2 h. Throughout the carbonization pro-
ess, purified nitrogen (99.995%) was flown through at flow rate
f 150 cm3/min. The activated carbon was prepared using phys-
ochemical activation method consisting of potassium hydroxide
KOH) treatment followed by carbon dioxide (CO2) gasification by
pplying the optimum operating conditions which gave a high acti-
ated carbon yield and TCP uptake. The char produced from the
arbonization process was mixed with KOH pallets with KOH:char
mpregnation ratio (IR) of 2.8:1. The dried mixture was then acti-
ated under the same condition as carbonization, but to a final
emperature of 814 ◦C. Once the final temperature was reached, the
itrogen gas flow was switched to CO2 and activation was held for
.9 h. The activated product was then cooled to room temperature
nder nitrogen flow and then washed with hot deionized water and
.1 M HCl until the pH of the washing solution reached 6–7.

.2. 2,4,6-Trichlorophenol

2,4,6-Trichlorophenol supplied by Sigma–Aldrich (M) Sdn Bhd,
alaysia was used as the adsorbate in this study, and was not puri-

ed prior to use. TCP has a chemical formula of C6H3Cl3O, with
olecular weight of 197.46 g/mol. The chemical structure of TCP

s shown in Appendix A. Deionized water supplied by USF ELGA
ater treatment system was used to prepare all the reagents and

olutions.

.3. Batch equilibrium studies

Batch equilibrium tests were carried out for adsorption of TCP on
he activated carbon prepared. The effects of TCP initial concentra-

ion, agitation time, solution pH and temperature on the adsorption
ptake were investigated. The sample solutions were withdrawn
t equilibrium to determine the residual concentrations. The solu-
ions were filtered using syringe filter prior to analysis in order
o minimize interference of the carbon fines with the analysis.

[
a
t
fl
i
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he concentrations of TCP in the supernatant solutions before and
fter adsorption were determined using a double beam UV–vis
pectrophotometer (Shimadzu UV-1601, Japan) at its maximum
avelength of 296 nm. The TCP uptake at equilibrium, qe (mg/g),
as calculated by Eq. (1).

e = (C0 − Ce)V
W

(1)

here C0 and Ce (mg/L) are the liquid-phase concentrations of TCP
t initial and at equilibrium, respectively. V is the volume of the
olution (L) and W is the mass of dry adsorbent used (g).

.3.1. Effect of TCP initial concentration and agitation time
In order to study the effect of TCP initial concentration and con-

act time on the adsorption uptake, 100 mL of TCP solutions with
nitial concentrations of 25–250 mg/L were prepared in a series of
50 mL Erlenmeyer flasks. 0.1 g of the EFB-based activated carbon
as added into each flask covered with glass stopper and the flasks
ere then placed in an isothermal water bath shaker at constant

emperature, with rotation speed of 120 rpm, until equilibrium
oint was reached. In this case, the solution pH was kept original
ithout any pH adjustment.

.3.2. Effect of solution temperature
The effect of solution temperature on the adsorption process

as studied by varying the adsorption temperature at 30, 40 and
0 ◦C by adjusting the temperature controller of the water bath
haker, while other operating parameters such as activated car-
on dosage and rotation speed were remained constant while the
olution pH was original without any adjustment.

.3.3. Effect of solution pH
The effect of solution pH on the TCP removal was examined

y varying the initial pH of the solutions from pH 2 to 12. The
H was adjusted using 0.1 M HCl and/or 0.1 M sodium hydrox-

de (NaOH) and was measured using pH meter (Model Ecoscan,
UTECH Instruments, Singapore). The TCP initial concentration was
xed at 175 mg/L, with activated carbon dosage of 0.1 g/100 mL
nd solution temperature of 30 ◦C. The TCP percent removal was
alculated using Eq. (2).

omoval (%) = C0 − Ce

C0
× 100 (2)

.4. Batch kinetic studies

The procedure of kinetic adsorption tests was identical to that of
atch equilibrium tests, however the aqueous samples were taken
t preset time intervals. The concentrations of TCP were similarly
easured. The TCP uptake at any time, qt (mg/g), was calculated by

q. (3).

t = (C0 − Ct)V
W

(3)

here Ct (mg/L) is the liquid-phase concentration of TCP at any
ime, t (h).

.5. Regeneration of activated carbon

The feasibility of regenerating the spent activated carbon satu-
ated with TCP was evaluated using ethanol desorption technique

26]. Initially, batch equilibrium tests were performed on the fresh
ctivated carbons prepared where 100 mL of TCP solution with ini-
ial concentration of 200 mg/L were placed in 250 mL Erlenmeyer
asks. 0.1 g of the fresh EFB-based activated carbon was added

nto the flask and placed in an isothermal water bath shaker at
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ig. 1. Effect of agitation time on TCP adsorption on EFB-based activated carbon at
arious initial concentrations (25–250 mg/L) at 30 ◦C.

0 ◦C, with rotation speed of 120 rpm, agitated for 48 h until com-
lete equilibrium was attained. The solution pH was kept original
ithout any pH adjustment. The concentrations were similarly
easured using UV–vis spectrophotometer and the concentration

f adsorbate adsorbed at equilibrium, Cad (mg/L) was calculated as
he difference between the initial and equilibrium concentration
C0 − Ce).

The spent activated carbon was then separated from the solution
nd washed with deionized water to remove any unsorbed TCP. The
ample was then dried at 110 ◦C in an oven (Model Memmert 600,
ermany) and then added into Erlenmeyer flask containing 100 mL
f 95 vol.% ethanol for desorption of the TCP. The flask was kept in
he isothermal water bath shaker at the same temperature for the
ame time duration as the adsorption tests. After desorption, the
oncentrations of TCP desorbed, Cde (mg/L) was similarly measured
sing the UV–vis spectrophotometer. The percent desorption was
alculated using Eq. (4).

esorption (%) = Cde

Cad
× 100 (4)

. Results and discussion

.1. Effect of TCP initial concentration and agitation time on
dsorption equilibrium

Fig. 1 shows the effects of agitation time and TCP initial con-
entration on the TCP uptake on the EFB-based activated carbon
t 30 ◦C. The plots show that the adsorption of TCP increase with
ime and, at some point in time, it reached a constant value beyond
hich no more TCP was further removed from the solutions. The

dsorption curves are single smooth and continuous leading to sat-
ration. At the equilibrium point, the amount of TCP desorbing
rom the activated carbon was in a state of dynamic equilibrium
ith the amount of TCP being adsorbed on the activated carbon.

he amount of TCP adsorbed at the equilibrium time reflected the
aximum adsorption uptake of the adsorbent under the operating

onditions applied. The results revealed that the TCP adsorption
as fast at the initial stages of the contact period, and thereafter it

ecame slower near the equilibrium. This phenomenon was due to
he fact that a large number of vacant surface sites were available
or adsorption during the initial stage, and after a lapse of time, the
emaining vacant surface sites were difficult to be occupied due
o repulsive forces between the solute molecules on the solid and

3

v

ig. 2. Effect of solution temperature on TCP uptake at various initial concentrations.

ulk phases. Similar trend was observed in the adsorption of TCP on
ctivated clay and coconut shell-based activated carbon [2,4]. TCP
as adsorbed fast due to high affinity of the interacting groups on

he surface of the activated carbon. The high adsorption rate at the
eginning of adsorption was due to the adsorption of TCP by the
xterior surface of the adsorbent. When saturation was reached at
he exterior surface, the TCP molecules entered the pores of adsor-
ent and were adsorbed by the interior surface of the particles
4,6].

In this study, the adsorption uptake at equilibrium, qe, increased
rom 22.49 to 210.79 mg/g with an increase in initial concentration
rom 25 to 250 mg/L. This was because when the initial concentra-
ion increased, the mass transfer driving force would become larger,
ence resulting in higher TCP adsorption. At lower initial concen-
ration, the active vacant sites available on the activated carbon
ere sufficient to adsorb most of the TCP molecules as the ratio of

he initial number of the TCP molecules to the vacant sites was low.
It can be seen from Fig. 1 that longer contact times were required

y the TCP solutions of higher initial concentrations to reach equi-
ibrium. The contact times needed for TCP solutions with initial
oncentrations of 25–150 mg/L to reach equilibrium was less than
h. However, for TCP solutions of higher initial concentrations

200–250 mg/L), equilibrium times of 5–6 h were required. This
bservation could be explained by the fact that in the process of
dsorption, initially the adsorbate molecules had to first encounter
he boundary layer effect and then diffused from the boundary layer
lm onto adsorbent surface and then finally, they had to diffuse into
he porous structure of the adsorbent [27]. This phenomenon took
elatively long contact time. Therefore, TCP solutions with higher
nitial concentrations would take longer contact time to attain equi-
ibrium due to higher amount of TCP molecules to be adsorbed.
adhika and Palanivelu [2] found that the equilibrium time for
he adsorption of TCP on coconut shell-based commercial grade
ctivated carbon was 60–210 min for TCP initial concentration of
0–100 mg/L. Denizli et al. [28] reported that for initial concen-
ration of 500 mg/L, amount of TCP adsorbed was very high at the
eginning of adsorption, and saturation level was gradually reached
ithin 4 h. Hameed [4] found that the equilibrium time needed for

dsorption of TCP on activated clay was almost 30 min for initial
oncentration below 150 mg/L, and more than 1 h was required for
igher concentration. This shows that the adsorption performance
f the activated carbon prepared in this study was comparable with
he works done by previous researchers.
.2. Effect of solution temperature on TCP adsorption

Fig. 2 shows the TCP adsorption uptake, qe (mg/g) on the acti-
ated carbon prepared versus the solution temperature at various
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nitial concentrations (25–250 mg/L). The TCP adsorption uptake
as found to increase with increasing solution temperature from
0 to 50 ◦C for all initial concentrations, indicating the endothermic
ature of the adsorption reaction. Increasing the temperature was
nown to increase the rate of diffusion of the adsorbate molecules
cross the external boundary layer and in the internal pores of the
dsorbent particle, owing to the decrease in the viscosity of the
olution [29]. The enhancement in the adsorption capacity might
e due to the chemical interaction between adsorbates and adsor-
ent, creation of some new adsorption sites or the increased rate
f intraparticle diffusion of adsorbate molecules into the pores of
he activated carbons at higher temperatures [30]. Senthilkumaar
t al. [31] also noted similar observations and they suggested that
he increase in adsorption capacity with increase in temperature

ight be due to the possibility of an increase in the porosity and
n the total pore volume of the adsorbent, an increase of number of
ctive sites for the adsorption as well as an increase in the mobility
f the adsorbate molecules.

.3. Effect of solution pH on TCP adsorption

Fig. 3 shows the effect of solution pH on the TCP percent removal
n the activated carbon prepared. As can be seen from this plot, the
CP removal was found to decrease significantly with increase in
nitial pH of the solution from pH 2 to 12. In this study, the highest
CP removal was achieved at pH 2, with TCP removal as high as
7.76%, at TCP initial concentration of 175 mg/L. As TCP is a weak
cid compound, therefore at acidic pH below the pKa of TCP, the TCP
as undissociated and the dispersion interactions predominated

25]. The unionized species of halogenated organic compounds
ere high, which did not favour any repulsion between the acti-

ated carbon surface and the molecular species of TCP, thereby
ncreased the electrostatic attractions between the TCP molecules
nd the adsorption sites.

However, at basic pH, the TCP which was a weak
cidic electrolyte would be dissociated and therefore the
lectrostatic repulsions occurred between the negative sur-
ace charge and the chlorophenolate anions and between
hlorophenolate–chlorophenolate anions in the solutions [25].

−
esides, there might be competition between the OH ions and
he ionic species of TCP, hence reducing the TCP removal. On the
hole, the protonated phenolic compounds dominating at low
H were more adsorbable than the ionized forms. Similar trend
as reported in the adsorption of TCP on coconut shell-based

ig. 3. Effect of solution pH on TCP removal at 30 ◦C (TCP initial concentra-
ion = 175 mg/L).
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ig. 4. Effect of TCP initial concentration on separation factor RL at 30, 40 and 50 ◦C.

ctivated carbon [2] and activated clay [4] as well as adsorption
f 4-chlorophenol and 2,4-dichlorophenol on anaerobic granular
ludge [1].

.4. Adsorption isotherms

In order to optimize the design of an adsorption system, it is
mportant to establish the most appropriate correlation for the
quilibrium curves. In this study, five adsorption isotherms: the
angmuir, Freundlich, Temkin, Dubinin–Radushkevich (DR) and
edlich–Peterson (RP) isotherms were applied to fit the equilib-
ium data of adsorption of TCP on the EFB-based activated carbon.
or the Langmuir, Freundlich, Temkin and DR models, the linearized
orms of the equations were applied whereas for RP model, the non-
inearized equation was applied as this model consisted of three
nknown parameters which could only be solved using non-linear
egression.

Langmuir isotherm assumes monolayer adsorption onto a sur-
ace containing a finite number of adsorption sites of uniform
trategies of adsorption with no transmigration of adsorbate in
he plane of surface [32]. The linear form of Langmuir isotherm
quation is given as:

Ce

qe
= 1

QoKL
+ 1

Qo
Ce (5)

here Ce (mg/L) is the equilibrium concentration of the TCP, qe

mg/g) is the amount of TCP adsorbed per unit mass of adsorbent,
o and KL are Langmuir constants related to adsorption capacity and

ate of adsorption, respectively. When Ce/qe is plotted against Ce, a
traight line with slope of 1/Qo and intercept of 1/QoKL is obtained.

The essential characteristics of Langmuir isotherm can be
xpressed by a dimensionless constant called separation factor or
quilibrium parameter, RL, defined by Weber and Chakkravorti [32]
s:

L = 1
1 + KLCo

(6)

The parameter RL indicates the shape of isotherm as follows:

alue of RL Type of isotherm

L > 1 Unfavourable

L = 1 Linear
< RL < 1 Favourable

L = 0 Irreversible
Fig. 4 represents the calculated RL values versus the initial con-
entration of TCP at 30, 40 and 50 ◦C. All the RL values were between
and 1, indicating that the adsorption of TCP on the activated car-
on was favourable at the conditions being studied. However, the RL
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alues decreased as the initial concentration increased from 25 to
50 mg/L. This indicated that the adsorption was more favourable
t higher initial concentration.

Freundlich model is an empirical equation based on sorption
n a heterogeneous surfaces or surfaces supporting sites of var-
ed affinities. It is assumed that the stronger binding sites are
ccupied first and that the binding strength decreases with the
ncreasing degree of site occupation [33]. The well-known log-
rithmic form of Freundlich isotherm is given by the following
quation:

og qe = log KF +
(

1
n

)
log Ce (7)

here KF and n are Freundlich constants with n giving an indication
f how favourable the adsorption process and KF (mg/g (L/mg)1/n)
s the adsorption capacity of the adsorbent. KF can be defined as the
dsorption or distribution coefficient and represents the quantity
f dye adsorbed onto activated carbon for a unit equilibrium con-
entration. The slope of 1/n ranging between 0 and 1 is a measure
f adsorption intensity or surface heterogeneity, becoming more
eterogeneous as its value gets closer to zero [34]. The value of 1/n
elow one indicates a normal Langmuir isotherm while 1/n above
ne is indicative of cooperative adsorption. The plot of log qe ver-
us log Ce gave a straight line with slope of 1/n and intercept of
og KF.

Temkin isotherm [35] contains a factor that explicitly takes into
ccount the adsorbent–adsorbate interactions. The heat of adsorp-
ion of all the molecules in the layer would decrease linearly with
overage due to adsorbent–adsorbate interactions. The adsorption
s characterized by a uniform distribution of binding energies, up to
ome maximum binding energy. The Temkin isotherm is expressed
s:

e =
(

RT

bT

)
ln(ACe) (8)

here RT/bT = B (J/mol), which is the Temkin constant related to
eat of sorption whereas A (L/g) is the equilibrium binding constant
orresponding to the maximum binding energy. R (8.314 J/mol K) is
he universal gas constant and T (K) is the absolute solution tem-
erature.

Dubinin–Radushkevich isotherm is defined as [36]:

e = qs exp(−BDRε2) (9)

here ε can be correlated as:

= RT ln
[

1 + 1
Ce

]
(10)

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

olid from infinity in the solution and can be computed by using
he following relationship:

=
[

1√
2BDR

]
(11)

here R is the gas constant (8.314 J/mol K) and T is the absolute
emperature (K). A plot of ln qe versus ε2 enables the constants E
nd qs to be determined from the slope and intercept, respectively.

The Redlich–Peterson equation [37] is widely used as a compro-
ise between Langmuir and Freundlich systems. This model has
hree parameters and incorporates the advantageous significance
f both models. RP model can be represented as follows:

e = KRPCe

1 + (˛Ce)ˇ
(12)

v
T
q
l
c
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here KRP (L/g) and ˛ (L/mg)� are RP isotherm constants whereas
is the exponent which lies between 0 and 1. RP model has

wo limiting cases, when ˇ = 1, the Langmuir equation results
hereas when ˇ = 0, R–P equation transforms to Henry’s law

quation.
All the correlation coefficient, R2 values and the constants

btained from the five isotherm models applied for adsorption of
CP at 30, 40 and 50 ◦C on the activated carbon derived from EFB
re summarized in Table 1. The Freundlich and RP models gave
he highest R2 values which were greater than 0.96 at all the three
emperatures studied, showing that the adsorption of TCP on the
ctivated carbon was best described by these two models. The ˇ
onstant obtained for the adsorption process at 30, 40 and 50 ◦C
ere 0.20, 0.21 and 0.37, respectively. All the 1/n values obtained

rom the Freundlich model were below one at all solution temper-
tures, representing that adsorption of TCP on the activated carbon
as favourable. The results agreed with the works carried out by
revious researchers which reported that the Freundlich model
ave a better fit than the Langmuir model on the adsorption of
hlorophenols using different adsorbents, such as activated clay [4],
ungal mycelia [38] and surfactant-modified natural zeolite [39].
his suggested that some heterogeneity on the surfaces or pores of
he activated carbon played the role in TCP adsorption. However,
ome researchers revealed that the adsorption of chlorophenols on
dsorbents such as rice straw-based activated carbon [10], anaer-
bic granular sludge [1] and corncob-based activated carbon [40]
ere better represented by the Langmuir isotherm whereas the
est fit was achieved for adsorption of p-chlorophenol on cork-
ased activated carbon with the RP model [41]. Table 2 lists the
omparison of the maximum monolayer adsorption capacity of var-
ous types of chlorophenols on various adsorbents. The activated
arbon prepared in this work showed relatively large TCP adsorp-
ion capacity of 500 mg/g, as compared to some previous works
eported in the literature.

.5. Adsorption kinetic studies

The kinetics of adsorption describes the rate of adsorbate
ptake on activated carbon and it controls the equilibrium time.
he pseudo-first-order, pseudo-second-order kinetic models and
lovich equation were applied to study the kinetics of the adsorp-
ion process whereas the intraparticle diffusion model was further
ested to determine the diffusion mechanism of the adsorption sys-
em.

.5.1. Pseudo-first-order kinetic model
The pseudo-first-order kinetic model has been widely used to

redict sorption kinetics. The model given by Langergren and Sven-
ka [42] is defined as:

n(qe − qt) = ln qe − k1t (13)

here qe and qt (mg/g) are the amounts of adsorbate adsorbed at
quilibrium and at any time, t (h), respectively and k1 (1/h) is the
dsorption rate constant. The plot of ln(qe − qt) versus t as shown in
ig. 5 gave the slope of k1 and intercept of ln qe. The values of k1 and
orrelation coefficient, R2 obtained from the plots for adsorption of
CP on the activated carbon at 30 ◦C are given in Table 3. The R2
alues were relatively small, which varied from 0.479 to 0.801 for
CP initial concentration of 25–250 mg/L. Besides, the experimental
e values did not agree with the calculated values obtained from the
inear plots. This shows that the adsorption of TCP on the activated
arbon is not a first-order reaction.
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Table 1
Langmuir, Freundlich, Temkin, Dubinin–Radushkevich and Redlich–Peterson isotherm model constants and correlation coefficients

Isotherms Solution temperature (K) Constants R2

Qo (mg/g) KL (L/mg)

Langmuir,
Ce
qe

= 1
QoKL

+ 1
Qo

Ce

303 500.00 0.04 0.839
313 555.56 0.06 0.618
323 588.24 0.06 0.695

Isotherms Solution temperature (K) Constants R2

KF (mg/g (L/mg)1/n) 1/n

Freundlich, log qe = log KF +
(

1
n

)
log Ce

303 22.04 0.80 0.998
313 31.48 0.82 0.969
323 35.52 0.84 0.977

Isotherms Solution temperature (K) Constants R2

A (L/g) B

Temkin, qe =
(

RT
b

)
ln(ACe) 303 1.00 64.97 0.907

313 1.46 69.56 0.917
323 1.65 72.36 0.934

Isotherms Solution temperature (K) Constants R2

qs (mg/g) E (J/mol)

Dubinin–Radushkevich, qe = qs exp(−Bε2) 303 135.73 845.15 0.806
313 158.86 1000.00 0.912
323 163.02 1118.03 0.923

Isotherms Solution temperature (K) Constants R2

KRP (L/g) ˛ (L/mg)ˇ

Redlich–Peterson, qe = KRPCe

1+(˛Ce)ˇ
303 85.75 380.80 0.998
313 150.40 584.40 0.983
323 66.74 0.51 0.979

Table 2
Comparison of maximum monolayer adsorption capacity of various chlorophenols on various adsorbents

Adsorbent Adsorbate Maximum monolayer adsorption capacity (mg/g) References

EFB-based activated carbon 2,4,6-Trichlorophenol 500.00 This work
Commercial grade coconut shell-based activated carbon 2,4,6-Trichlorophenol 112.35 [2]
Coconut husk-based activated carbon 2,4,6-Trichlorophenol 716.10 [58]
Activated clay 2,4,6-Trichlorophenol 123.46 [4]
C nol
P nol
A
R

3

a

w
T

t
o
s

T
P
3

I
c
(

2
2

oir pith carbon 2,4-Dichlorophe
alm pith carbon 2,4-Dichlorophe
naerobic granular sludge 4-Chlorophenol
ice straw-based carbon 3-Chlorophenol

.5.2. Pseudo-second-order kinetic model
The pseudo-second-order equation [43] based on equilibrium

dsorption is expressed as:
t

q
= 1

k2q2
e

+ 1
qe

t (14)

here k2 (g/mg h) is the rate constant of second-order adsorption.
he linear plot of t/qt versus t gave 1/qe as the slope and 1/k2q2

e as

t
c
e
i
p

able 3
seudo-first-order model, pseudo-second-order model and Elovich equation constants a
0 ◦C

nitial TCP
oncentration
mg/L)

qe, exp (mg/g) Pseudo-first-order kinetic model Pseudo-se

qe, cal (mg/g) k1 (1/h) R2 qe, cal (mg

25 22.49 11.33 0.82 0.768 20.75
50 44.66 13.77 0.77 0.479 40.65

100 86.32 32.79 1.32 0.801 85.47
150 130.04 38.90 1.15 0.626 126.58
00 172.48 76.45 0.89 0.711 161.29
50 210.79 118.99 0.70 0.764 185.19
19.12 [11]
19.16 [57]
6.32 [1]

14.20 [10]

he intercept. This procedure is more likely to predict the behavior
ver the whole range of adsorption. The linear plot of t/qt versus t, as
hown in Fig. 6, shows a good agreement between the experimen-

al and the calculated qe values (Table 3). Besides, the correlation
oefficient values for the second-order kinetic model were almost
qual to unity for all TCP concentrations, indicating the applicabil-
ty of the second-order kinetic model to describe the adsorption
rocess of TCP on the prepared activated carbon.

nd correlation coefficients for adsorption of TCP on EFB-based activated carbon at

cond-order kinetic model Elovich equation

/g) k2 (g/mg h) R2 qe, cal (mg/g) (1/b)ln(ab)
(mg/g)

1/b (mg/g) R2

0.40 0.997 19.61 18.29 1.90 0.953
1.51 0.999 40.81 39.63 1.70 0.762
0.17 0.999 83.27 79.11 6.00 0.950
0.21 0.999 126.36 120.12 9.00 0.771
0.08 0.999 157.54 146.45 16.00 0.898
0.04 0.999 176.55 160.03 23.83 0.974
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ig. 5. Pseudo-first-order kinetics for adsorption of TCP on EFB-based activated
arbon at 30 ◦C.

.5.3. Elovich equation
Elovich equation is one of the most useful models for describing

hemisorption, which is given as [44]:

t =
(

1
b

)
ln(ab) + 1

b
ln t (15)

here a (mg/g h) is the initial sorption rate and b (g/mg) is related to
he extent of surface coverage and activation energy for chemisorp-
ion. The parameters (1/b) and (1/b)ln(ab) can be obtained from the
lope and intercept of the linear plot of qt versus ln t, as shown in
ig. 7. The value of (1/b) is indicative of the number of sites avail-
ble for adsorption while the (1/b)ln(ab) is the adsorption quantity
hen ln t is equal to zero; i.e., the adsorption quantity when t is
h. This value is helpful in understanding the adsorption behavior
f the first step [45]. The R2 values obtained from Elovich equa-
ion was in the range of 0.762–0.974 for TCP initial concentration
f 25–250 mg/L (Table 3). The qe values calculated from Elovich
quation agreed quite well with the experimental values.
.5.4. Validity of kinetic model
The applicability of the three kinetic models above to describe

he adsorption process was further validated by the normalized

ig. 6. Pseudo-second-order kinetics for adsorption of TCP on EFB-based activated
arbon at 30 ◦C.
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ig. 7. Plot of Elovich equation for adsorption of TCP on EFB-based activated carbon
t 30 ◦C.

tandard deviation, �qe (%), which is defined as:

qt (%) = 100

√∑
[(qt,exp . − qt,cal.)/qt,exp]2

N − 1
(16)

here N is the number of data points, qt,exp and qt,cal (mg/g) are the
xperimental and calculated adsorption uptake, respectively.

The �qt obtained for the pseudo-first-order kinetic model was
anged from 10.62% to 17.12% for TCP initial concentration rang-
ng from 25 to 250 mg/L, which was relatively high as compared
o the �qt values of 0.05–0.72% and 0.11–0.79% obtained for the
seudo-second-order kinetic model and Elovich equation, respec-
ively. Based on the highest R2 values which approached unity and
he lowest �qt values, the pseudo-second-order model was there-
ore the most suitable equation to describe the adsorption kinetics
f TCP on the activated carbon prepared. This suggested that the
verall rate of the adsorption process was controlled by chemisorp-
ion which involved valency forces through sharing or exchange of
lectrons between the sorbent and sorbate [46]. From the literature,
he adsorption of TCP on activated clay [4] and coconut shell-based
ctivated carbon [2] as well as adsorption of 2-chlorophenol on coir
ith carbon [47] were as well found to be best represented by the
seudo-second-order model.

.6. Adsorption mechanism

As the above kinetic models were not able to identify the diffu-
ion mechanism, thus intraparticle diffusion model based on the
heory proposed by Weber and Morris [48] was tested. It is an
mpirically found functional relationship, common to the most
dsorption processes, where uptake varies almost proportionally
ith t1/2 rather than with the contact time t. According to this

heory:

t = kpit
1/2 + Ci (17)

here kpi (mg/g h1/2), the rate parameter of stage i, is obtained from
he slope of the straight line of qt versus t1/2 (Fig. 8). Ci, the intercept
f stage i, gives an idea about the thickness of boundary layer, i.e.,

he larger the intercept, the greater the boundary layer effect. If
ntraparticle diffusion occurs, then qt versus t1/2 will be linear and
f the plot passes through the origin, then the rate limiting process
s only due to the intraparticle diffusion. Otherwise, some other

echanism along with intraparticle diffusion is also involved.
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Table 4
Intraparticle diffusion model constants and correlation coefficients for adsorption of TCP on EFB-based activated carbon at 30 ◦C

Initial TCP concentration (mg/L) Intraparticle diffusion model

kp1 (mg/g h1/2) kp2 (mg/g h1/2) kp3 (mg/g h1/2) C1 C2 C3 (R1)2 (R2)2 (R3)2

25 32.14 4.33 – 0 13.76 – 1.00 0.987 –
50 73.15 3.46 – 0 36.00 – 1.00 0.630 –

4.57
2.14

2 19.55
2 37.94

i
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a
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i
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t
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c

F

i
p
c
w
d

100 143.54 16.71
150 204.69 55.54
00 237.10 115.55
50 245.72 123.53

For intraparticle diffusion plots, the first, sharper region is the
nstantaneous adsorption or external surface adsorption. The sec-
nd region is the gradual adsorption stage where intraparticle
iffusion is the rate limiting. In some cases, the third region exists,
hich is the final equilibrium stage where intraparticle diffusion

tarts to slow down due to the extremely low adsorbate concen-
rations left in the solutions [49]. Referring to Fig. 8, for all initial
oncentrations, the first stage was completed within the first 15 min
nd the second stage of intraparticle diffusion control was then
ttained. The third stage only occurred for higher TCP initial concen-
ration of 100–250 mg/L. The different stages of rates of adsorption
bserved indicated that the adsorption rate was initially faster and
hen slowed down when the time increased.

As can be seen from Fig. 8, the linear lines of the second and
hird stages did not pass through the origin and this deviation
rom the origin or near saturation might be due to the difference
n the mass transfer rate in the initial and final stages of adsorp-
ion [50]. It shows that intraparticle diffusion was not the only rate
imiting mechanism in the adsorption process. The values of kpi,
i and correlation coefficient, R2 obtained for the plots are given in
able 4. The kpi values were found to be generally increased with the
ncreasing TCP initial concentration which was due to the greater
riving force [51].

Kinetic data as obtained by the batch method has been treated
y the expressions given by Boyd et al. [52], which is in accordance
ith the observations of Reichenberg [53]. The three sequential

teps in the adsorption are:
i. Film diffusion, where adsorbate ions travel towards the external
surface of the adsorbent.

ii. Particle diffusion, where adsorbate ions travel within the pores
of the adsorbent excluding a small amount of adsorption that
occurs on the exterior surface of the adsorbent.

ig. 8. Plot of intraparticle diffusion model for adsorption of TCP on EFB-based
ctivated carbon at 30 ◦C.

3

t
t

F

0 62.60 76.40 1.00 0.962 0.659
0 75.70 120.31 1.00 0.954 0.776
0 60.77 127.95 1.00 1.00 0.925
0 61.10 122.21 1.00 1.00 0.983

ii. Adsorption of the adsorbate ions on the interior surface of the
adsorbent.

The third step is considered to be very fast thus it cannot
e treated as rate limiting step. If external transport > internal
ransport, rate is governed by particle diffusion. If external trans-
ort < internal transport, rate is governed by film diffusion and if
xternal transport ≈ internal transport, the transport of adsorbate
ons to the boundary may not be possible at a significant rate thus,
ormation of a liquid film surrounding the adsorbent particles takes
lace through the proper concentration gradient [54].

In order to predict the actual slow step involved in the adsorp-
ion process, the kinetic data were further analyzed using the Boyd

odel given by Eq. (18).

t = −0.4977 − ln(1 − F) (18)

F represents the fraction of solute adsorbed at any time, t (h), as
alculated using Eq. (19).

= qt

q0
(19)

The calculated Bt values were plotted against time t (h), as shown
n Fig. 9. The linear lines for all TCP initial concentrations did no
ass through the origin and the points were scattered. This indi-
ated that the adsorption of TCP on the prepared activated carbon
as mainly governed by external mass transport where particle
iffusion was the rate limiting step [55].
.7. Adsorption thermodynamics

The concept of thermodynamic assumes that in an isolated sys-
em where energy cannot be gained or lost, the entropy change is
he driving force [56]. The thermodynamic parameters that must

ig. 9. Boyd plot for adsorption of TCP on EFB-based activated carbon at 30 ◦C.
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Table 5
Thermodynamic parameters for adsorption of TCP on EFB-based activated carbon

�H◦ (kJ/mol) �S◦ (J/mol K) Ea (kJ/mol) �G◦ (kJ/mol)

1
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A

s
(
c

A

303 K 313 K 323 K

5.65 25.59 1.52 8.05 7.32 7.56

e considered to determine the adsorption processes were changes
n standard enthalpy (�H◦), standard entropy (�S◦), standard free
nergy (�G◦) due to transfer of unit mole of solute from solution
nto the solid–liquid interface, as well activation energy of adsorp-
ion (Ea). The value of �H◦ and �S◦ can be computed using the
ollowing equation:

n KL = �S◦

R
− �H◦

RT
(20)

here R (8.314 J/mol K) is the universal gas constant, T (K) is
he absolute solution temperature and KL (L/mg) is the Langmuir
sotherm constant.

The values of �H◦ and �S◦ can be calculated, respectively from
he slope and intercept of the van’t Hoff plot of ln KL versus 1/T
figure not shown). �G◦ can then be calculated using the relation
elow:

G◦ = −RT ln KL (21)

Arrhenius equation has been applied to evaluate the activa-
ion energy of adsorption representing the minimum energy that
eactants must have for the reaction to proceed, as shown by the
ollowing relationship:

n k2 = ln A − Ea

RT
(22)

here k2 (g/mg h) is the rate constant obtained from the pseudo-
econd-order kinetic model, Ea (kJ/mol) is the Arrhenius activation
nergy of adsorption and A is the Arrhenius factor. When ln k2 is
lotted against 1/T, a straight line with slope of −Ea/R is obtained
figure not shown).

The calculated values of �H◦, �S◦, �G◦ and Ea for adsorption
f TCP on the activated carbon prepared are listed in Table 5. The
ositive �H◦ value obtained indicated that the adsorption pro-
ess was endothermic in nature. This finding was consistent with
he results obtained earlier where the TCP uptake increased with
ncreasing solution temperature. The adsorption reaction for the
ndothermic processes could be due to the increase in temper-
ture increased the rate of diffusion of the adsorbate molecules
cross the external boundary layer and in the internal pores of the
dsorbent particle, owing to the decrease in the viscosity of the
olution [29]. Senthilkumaar et al. [31] in the other hand suggested
hat the increase in adsorption uptake with increase in tempera-
ure was due to the possibility of an increase in the mobility of the
dsorbate molecules.

The positive values of �S◦ obtained showed the affinity of the
ctivated carbon for TCP and the increasing randomness at the
olid–solution interface with some structural changes in the adsor-
ates and adsorbents during the adsorption process whereas the
ositive values of �G◦ obtained indicated the non-spontaneous
ature of the adsorption process at the range of temperatures being
tudied. This phenomenon had also been observed in the adsorp-
ion of 2,4-dichlorophenol on palm pith carbon [57].
.8. Regeneration of spent activated carbon

The feasibility of regenerating the spent activated carbon satu-
ated with TCP was evaluated using ethanol desorption technique.

R
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t was found that the TCP percent desorption was as high as 99.6%.
t was reported in the literature that by using ethanol desorption,
he regeneration efficiency of waste tires-based activated carbons
or phenol was 35–45% [26] whereas NaOH desorption method
as reported to give 78% and 85.4% of parachlorophenol and TCP
esorption, respectively from spent commercial activated carbons
rom Anand Carbons, India [2]. Thus, ethanol desorption technique
as shown to be a promising way to regenerate the spent activated

arbon prepared in this study as nearly all the adsorption sites could
e recovered from the regenerated activated carbon.

. Conclusions

The present investigation showed that EFB-based activated car-
on was a promising low cost adsorbent to be used in the removal
f TCP from aqueous solutions over a wide range of concentra-
ions. Adsorption of TCP was found to increase with increase in
gitation time, TCP initial concentration and solution temperature.
cidic solution pH was proved to be more favourable for adsorp-

ion of TCP on the activated carbon. The equilibrium data were
est described by the Freundlich and Redlich–Peterson isotherm
odels. The kinetics of the adsorption process was found to fol-

ow the pseudo-second-order kinetic model. From Boyd plot, the
dsorption of TCP on the prepared activated carbon was shown to
e mainly governed by particle diffusion. The positive �H◦ value

ndicated that the adsorption process was endothermic in nature.
thanol desorption technique was shown to be a promising way
o regenerate the spent activated carbon prepared in this study by
iving relatively high TCP desorption of 99.6%.
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