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a b s t r a c t

Kaolinite, a low-costly material, is the most abundant phyllosilicate mineral in highly weathered soils. In
this work, the adsorption kinetics of maxilon yellow 4GL (MY 4GL) and maxilon red GRL (MR GRL) dyes
on kaolinite from aqueous solutions was investigated using the parameters such as contact time, stir-
ring speed, initial dye concentration, initial pH, ionic strength, acid-activation, calcination and solution
temperature. The equilibrium time was 150 min for both dyes. The results showed that alkaline pH was
favorable for the adsorption of MY 4GL and MR GRL dyes and physisorption seemed to play a major role in
the adsorption process. It was found that the rate of adsorption decreases with increasing temperature and
the process is exothermic. The adsorption kinetics followed the pseudo-second-order equation for both
yes

inetics
ctivation parameters

dyes investigated in this work with the k2 values lying in the region of 1.79 × 104 to 107.87 × 104 g/mol min
for MY 4GL and 3.44 × 104 to 72.09 × 104 g/mol min for MR GRL. The diffusion coefficient values calcu-
lated for the dyes were in the range of 3.76 × 10−9 to 62.50 × 10−9 cm2/s for MY 4GL and 1.98 × 10−9 to
44.00 × 10−9 cm2/s for MR GRL, and are compatible with other studies reported in the literature. The ther-
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. Introduction

Various kinds of synthetic dyestuffs appear in the effluents of
astewater in some industries such as dyestuff, textiles, leather,
aper, plastics, etc. [1]. Discharge of dye-bearing wastewater into
atural streams and rivers from textile, paper, carpet, leather, dis-
illery, and printing industries poses severe problems because dyes
mpart toxicity to the aquatic life and cause damage to the aesthetic
ature of the environment [2]. However, wastewater containing
yes is very difficult to treat, since the dyes are recalcitrant organic
olecules, resistant to aerobic digestion, and are stable to light,

eat and oxidizing agents [3]. Such effluents contain a number
f contaminants, including acid or caustic, dissolved solids, toxic
ompounds and color [4]. Considering both volume-discharged and
ffluent combustion, the wastewater from the textile industry is
ated as the most polluting among all industrial sectors [2]. Color
s the first contaminant to be recognized in wastewater. The pres-
nce of very small amounts of dyes in water is highly visible and

ndesirable [5].

During the past three decades, several physical, chemical and
iological decolorization methods such as aerobic and anaero-
ic microbial degradation, coagulation, and chemical oxidation,

∗ Corresponding author. Tel.: +90 266 612 10 00 fax: +90 266 612 12 15.
E-mail address: mdogan@balikesir.edu.tr (M. Doğan).
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ters such as the enthalpy, entropy and free energy were determined. The
applicability of this clay as an efficient adsorbent for cationic dyes.

© 2008 Elsevier B.V. All rights reserved.

embrane separation process, electrochemical, dilution, filtration,
otation, softening, and reverse osmosis, have been proposed [2].
owever, all of these methods suffered with one or another limita-

ion, and none of these were successful in removing color from the
astewater completely.

Amongst the numerous techniques of dye removal, the adsorp-
ion process is one of the effective techniques that have been
uccessfully employed for color removal from wastewater [1].
lmost all the work related to adsorption techniques for color
emoval from industrial effluents was based on studies using acti-
ated carbon. However, although activated carbon is a preferred
orbent, its widespread use is restricted due to high cost. In order
o decrease the cost of treatment, attempts have been made to find
nexpensive alternative adsorbents. There is growing interest in
sing low cost, commercially available materials for the adsorption
f dyes. Various low-cost materials have been used for the removal
f dyes. Such materials range from industrial waste to agricultural
roducts.

Clays have been used as promising low-cost adsorbents. Kaolin-
te is the most abundant phyllosilicate mineral in highly weathered
oils. It is a 1:1 aluminosilicate comprising a tetrahedral silica sheet

onded to an octahedral sheet through the sharing of oxygen atoms
etween silicon and aluminium atoms in adjacent sheets. The tetra-
edral sheet carries a small permanent negative charge due to

somorphous substitution of Si4+ by Al3+, leaving a single-negative
harge for each substitution [6]. Both the octahedral sheet and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mdogan@balikesir.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.10.101
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he crystal edges have a pH-dependent variable charge caused by
rotonation and deprotonation of surface hydroxyl (SOH) groups.
aolinite has a low-cation exchange capacity (CEC) of the order of
–15 mequiv./100 g and therefore it is not expected to be an ion-
xchanger of high order. The small number of exchange sites is
ocated on the surface of kaolinite and it has no interlayer exchange
ites. Nevertheless, the small CEC and the adsorption properties
ay play an effective role in scavenging inorganic and organic pol-

utants from water [7,8].
In our previous works, we investigated the electrokinetic prop-

rties of kaolinite suspensions [8]; and also the adsorption of
opper(II) [9] and trivalent chromium ions [7] from aqueous solu-
ions onto kaolinite samples. Therefore, the aim of this study was to
etermine the adsorption kinetics of cationic dyes such as maxilon
ellow 4GL (MY 4GL) and maxilon red GRL (MR GRL) on kaolin-
te over a range of physicochemical conditions that are important
o identify various natural environmental systems. For a success-
ul scale-up of such a process, kinetic studies are essential since
hey describe the adsorbate removal rate, which in turn controls
he residence time in the adsorbent–solution interface. A number
f experimental parameters in this study are considered, including
he effect of stirring speed, initial dye concentration, initial solution
H, ionic strength, acid activation, calcination and solution temper-
tures. The thermodynamic activation parameters of the process,
uch as activation energy, enthalpy, entropy and the free energy,
ere also determined.

. Materials and methods

.1. Materials

The kaolinite sample was obtained from Güzelyurt (Aksaray,
urkey). Kaolinite was treated before using in the experiments
s follows [10]: the suspension containing 10 g/L kaolinite was
echanically stirred for 24 h, after waiting for about 2 min the

upernatant suspension was filtered through a white-band filter
aper (˚ = 12.5 cm). The solid sample was dried at 110 ◦C for 24 h.
he particles were crushed using a ball mill to pass through a 100-
m metal sieve. The fraction of the particles between 0 and 100 �m
as used in further experiments.

All chemicals used were of analytical reagent grade and were

sed without further purification. The chemical structures of max-

lon yellow 4GL and maxilon red GRL are illustrated in Fig. 1.
he cation exchange capacity of kaolinite was determined as
3 mequiv./100 g by the ammonium acetate method [11]. The

Fig. 1. (a and b) Structures of dyes.
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hemical composition of this clay obtained by X-ray florescence
XRF) is 53.00% SiO2, 26.71% Al2O3, 0.62% Na2O, 0.37% Fe2O3, 0.57%
aO, 1.39% K2O, 0.28% MgO and 17.20% loss ignition [8].

.2. Kinetic experiment

Adsorption kinetic experiments were carried out using
echanic stirrer. All of the dye solution was prepared with ultra-

ure water. Kinetic experiments were carried out by agitating 2 L of
olution of a constant dye concentration with 20 g of kaolinite at a
onstant agitation speed, 30 ◦C and natural pH. Agitation was made
or 150 min, which is more than sufficient time to reach equilibrium
t a constant stirring speed of 400 rpm. Preliminary experiments
ad shown that the effect of the separation time on the adsorbed
mount of dye was negligible. Two millilitres of samples were
rawn at suitable time intervals. The samples were then centrifuged
or 15 min at 5000 rpm and the left out concentration in the super-
atant solution were analysed using UV–vis spectrophotometer
PerkinElmer Lamda 25 UV–vis spectrophotometer) by monitoring
he absorbance changes at a wavelength of maximum absorbance
410 and 531 nm for MY 4GL and MR GRL, respectively). Each exper-
ment continued until equilibrium conditions were reached when
o further decrease in the dye concentration was measured. Cali-
ration curves were plotted between absorbance and concentration
f the dye solution [12]. It was investigated the effects of the fol-
owing parameters to the removal rate of maxilon yellow 4GL and

axilon red GRL dyes on kaolinite in the experiments.

.2.1. Effect of stirring speed
The effect of stirring speed on removal rate of maxilon yellow

GL and maxilon red GRL dyes with kaolinite was investigated at
ifferent stirring speeds such as 200, 400 and 600 rpm at the ini-
ial dye concentrations of 5 × 10−4 and 2 × 10−4 mol/L at 30 ◦C and
atural solution pH (4.5 and 5.8), respectively.

.2.2. Effect of initial dye concentration
The initial tested concentrations of dyes were 3 × 10−4, 5 × 10−4

nd 7 × 10−4 mol/L for MY 4GL and 1.5 × 10−4, 2.0 × 10−4 and
.5 × 10−4 mol/L for MR GRL at 30 ◦C, natural solution pH and
00 rpm.

.2.3. Effect of pH
The effect of pH on the rate of color removal was analysed in

he pH range from 3 to 9 at 30 ◦C, natural solution pH, 400 rpm and
onstant initial dye concentration. The pH was adjusted using 0.1N
aOH and 0.1N HCl solutions by using an Orion 920A pH-meter
ith a combined pH electrode. pH-meter was standardized with
BS buffers before every measurement.

.2.4. Effect of ionic strength
The effect of ionic strength to removal rate of dyes on kaolin-

te was investigated at 0.001–0.100 mol/L KCl salt concentrations
t 30 ◦C, natural solution pH, 400 rpm and constant initial dye con-
entration.

.2.5. Effect of acid-activation
In order to obtain the acid-activated kaolinite samples H2SO4

olutions were used. The aqueous suspensions of kaolinite in 0.2,
.4 and 0.6 M H2SO4 solutions (so that acid/solid ratios were 1/5,

/5 and 3/5 g/g) were refluxed with a reflux apparatus, then fil-
ered and dried at 110 ◦C for 24 h [10]. In order to study the effect of
cid-activation on removal rate of dyes, the experiments were made
sing acid-activated kaolinite samples at 30 ◦C, natural solution pH,
00 rpm and constant initial dye concentration.
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.2.6. Effect of calcination temperature
After cleaning the sample mechanically of the visible impuri-

ies, it was ground and sieved to obtain 100 �m size fraction. Then,
t was dried at 110 ◦C, and used in further experiments. Calcinated
aolinite samples have been prepared in the temperature range of
10–800 ◦C with a Nuve MF-140 furnace [9]. The effect of calcina-
ion temperature on the removal rate of dyes was investigated using
alcinated-kaolinite samples at 30 ◦C, natural solution pH, 400 rpm
nd constant initial dye concentration.

.2.7. Effect of solution temperature
The effect of temperature to the adsorption capacity of kaolinite

as carried out at 30, 40, 50 and 60 ◦C in a constant temperature
ath at natural solution pH, 400 rpm and constant initial dye con-
entration.

.3. Data evaluation

In the kinetic experiments the amount of dyes adsorbed at any
ime t, qt (mol/g), was calculated using the following mass balance
quation by (1)

t = (C0 − Ct)
V

m
(1)

here C0 and Ct are the initial and liquid-phase concentrations at
ny time t of dye solution (mol/L), respectively; qt is the dye con-
entration on adsorbent at any time t (mol/g), V the volume of dye
olution (L), and m is the mass of kaolinite sample used (g).

. Results and discussion

.1. Adsorption rate

The adsorption of dyes from aqueous phase onto a solid surface
an be well described as a reversible reaction under an equilib-
ium condition established between the two phases [13]. The rate
t which the species are removed from solution onto an adsorbent
urface is an important factor for designing treatment plants. Thus,
n order to characterise the adsorption process of the dyes on kaoli-
ite, in this section, we have discussed the effect of factors such as
ontact time, stirring speed, initial dye concentration, initial solu-
ion pH, ionic strength, acid-activation, calcination and solution
emperatures on the removal rate of cationic dyes onto kaolinite
rom aqueous solution.

.1.1. Effect of contact time and initial dye concentration
From an economical point of view, the contact time required

o reach equilibrium is an important parameter in the wastewater
reatment. The adsorption of MY 4GL and MR GRL dyes on kaolinite
t different initial concentrations and stirring speed of 400 rpm was
tudied as a function of contact time in order to determine the equi-
ibrium time. Fig. 2 shows time course of the adsorption equilibrium
f MY 4GL and MR GRL onto kaolinite. The removal of dyes was
apid in the initial stages of contact time and gradually decreased
ith lapse of time until equilibrium. The rapid adsorption observed
uring the first 5 min is probably due to the abundant availability
f active sites on the kaolinite surface, and with the gradual occu-
ancy of these sites, the sorption becomes less efficient. At this
oint, the amount of dye being adsorbed onto the adsorbent was

n a state of dynamic equilibrium with the amount of dye desorbed

rom the adsorbent. The time required to attain this state of equi-
ibrium was termed as the equilibrium time and the amount of
ye adsorbed at the equilibrium time reflected the maximum dye
dsorption capacity of the adsorbent under these particular con-
itions [14]. It is clear from Fig. 2 that the contact time needed to

f
i
i
t
s

ig. 2. (a and b) The effect of contact time and initial dye concentration to the
dsorption rate of dyes on kaolinite.

each equilibrium conditions was about 150 min. The time required
o reach the equilibrium is in accordance with the results obtained
y Kargi and Ozmihci [15] investigating dyestuffs biosorption by
owdered activated sludge; by Sun et al. [16] investigating mala-
hite green biosorption by aerobic granules; and by Senthilkumaar
t al. [17] investigating various dyes adsorption by activated carbon.

The amount of dyes adsorbed, qt, increases with time for all ini-
ial concentration. However, the uptake rate of the dyes was found
o decrease with increase in time until it approaches a pseudo-
teady-state value known as the equilibrium loading capacity,
e. When the equilibrium conditions are reached the adsorbate
olecules in the solutions are in a state of dynamic equilibrium
ith the molecules adsorbed by the adsorbent. This behaviour indi-

ates negligible further removal of the dye. From Fig. 2, it was clear
hat the removal of dye was dependent on the concentration of the
ye. At low concentrations, adsorption sites took up the available
ye more quickly. However, at higher concentrations, dye needed
o diffuse to the sorbent surface by intraparticle diffusion. Also, the
teric repulsion between the solute molecules could slow down the
dsorption process. The equilibrium loading capacity increases at
0 ◦C from 2.92 × 10−5 to 6.46 × 10−5 mol/L as the initial concen-
ration increases from 3 × 10−4 to 7 × 10−4 mol/L for MY 4GL; and
rom 1.48 × 10−5 to 2.41 × 10−5 mol/L as the initial concentration

ncreases from 1.5 × 10−4 to 2.5 × 10−4 mol/L for MR GRL, indicat-
ng that the initial concentration provided a powerful driving force
o overcome the mass transfer resistance between the aqueous and
olid phases [18]. The shapes of the curves are similar and approx-
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ig. 3. (a and b) The effect of stirring speed to the adsorption rate of dyes on kaolinite.

mately independent on the initial dye concentration (Fig. 2). This
ndicates a monolayer formation of the dye on the external sur-
ace [19]. A similar trend was reported for the adsorption of dyes
uch as MG onto treated sawdust [20], reactive dyes onto dried acti-
ated sludge [21], metal complex dyes onto pine sawdust [22] and
hodamine-B onto activated carbon [23].

.1.2. Effect of stirring speed
Fig. 3 shows the effect of stirring speed (i.e., 200, 400 and

00 rpm) on the cationic dye adsorption at initial dye concentra-
ions of 5 × 10−4 mol/L for MY 4GL and 2 × 10−4 mol/L for MR GRL.
he difference of adsorption rate was insignificant as the stirring
peed increases. Similar phenomena were observed in the kinetic
xperiments of victoria blue [24], methyl violet [25] and methylene
lue [26] on perlite, basic brilliant green on modified peat–resin
article [27], maxilon blue 5G on sepiolite [12] and maxilon blue
RL on sepiolite [28]. Therefore, the stirring speed was taken as
00 rpm in further experiments.

.1.3. Effect of initial pH
Since pH is one of the main variables affecting the adsorption

rocess [29], influencing not only the surface charge of the sorbent,

he degree of ionization of the material present in the solution and
he dissociation of functional groups on the active sites of the sor-
ent, but also the solution dye chemistry [30]. In this work, the
ffect of the four initial solution pH (i.e., 3.0, 5.0, 7.0 and 9.0) on the
emoval rate of MY 4GL and MR GRL dyes by kaolinite was inves-

[

3

o

ig. 4. (a and b) The effect of initial pH to the adsorption rate of dyes on kaolinite.

igated at stirring speed of 400 rpm and initial dye concentrations
f 5 × 10−4 mol/L for MY 4GL and 2 × 10−4 mol/L for MR GRL. As
een from Fig. 4, the adsorption capacity for both dyes increased
hen the initial pH was increased from 3.0 to 9.0. The adsorption
atterns of both dyes were similar in the studied pH range. The
H effect on dye adsorption observed in this study was explained
y electrostatic interaction between kaolinite and dye molecules.
aximum adsorption occurs at basic pH (pH 9). In our previously

tudy [8], we found that the charge sign on the surface of kaolinite
as negative in a wide pH range (i.e., 3–9). As the pH of the system

ncreases, the number of negatively charged sites increases and the
umber of positively charged sites decreases. Therefore, the extent
f dyes adsorbed on kaolinite tended to increase with the increase
f pH values, which can be attributed to the electrostatic attraction
etween the negatively charged surface and the positively charged
ye molecule according to the following reaction:

O− + Dye+ = SO−· · ·Dye+ (2)

Also, lower adsorption of cationic dyes at acidic pH is because of
he presence of excess H+ ions competing with dye cations for the
dsorption sites. These observations were similar to earlier findings
y other workers for adsorption of methylene blue (i.e., basic blue
) on kaolinite [31] and perlite [26], and MG onto activated charcoal

32].

.1.4. Effect of ionic strength
Since industrial effluents are always contaminated with vari-

us additives such as inorganic salts, it is important to study the
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of kaolinite for MY 4GL and MR GRL dyes tends to decrease with
ig. 5. (a and b) The effect of ionic strength to the adsorption rate of dyes on kaolinite.

ffect of these ions on the adsorption property of dye solutions.
he adsorption of dye in the presence of salt was therefore car-
ied out. The adsorption of dyes on kaolinite was slightly negatively
ffected by the presence of KCl (Fig. 5). The concentrations of KCl
n solution were in the range of 0.001–0.1 mol/L. Increasing ion
trength decreased adsorption capacity when there is the electro-
tatic attraction between the adsorbent surface and adsorbate ions
33,34]. As ionic strength of solution increases, final pH of suspen-
ion decreases. This means that the number of positively charged
ites on kaolinite increases. Therefore, the adsorption capacity of
yes on kaolinite decreases. Furthermore, since the salt screens the
lectrostatic interaction of opposite changes of the oxide surface
nd the dye molecules, the adsorbed amount will also decrease
ith increase of KCl concentration [35].

.1.5. Effect of acid-activation
The adsorption rate of MY 4GL and MR GRL dyes on the acid-

ctivated kaolinite samples was investigated at 30 ◦C and 400 rpm
s a function of time. Fig. 6 shows the relationship between the
dsorbed dye amount and time. As seen from Fig. 6, the adsorp-
ion rate and amount of MY 4GL and MR GRL dyes on the kaolinite
urface decreased with increase in acid-activation. The fact that the
mount of dyes adsorbed decreases with increase in acid-activation

ay be due to transforming of SOH groups to SOH2

+ groups on
aolinite surface according to the following reaction [9]:

− OH + H+ = SOH2
+ (3)

i
a
w
a

ig. 6. (a and b) The effect of acid-activation to the adsorption rate of dyes on
aolinite.

.1.6. Effect of calcination-temperature
The removal rate of MY 4GL and MR GRL dyes on calcinated

aolinite samples at 110, 300, 600 and 800 ◦C was studied at 30 ◦C
nd 400 rpm. Fig. 7 shows the plots of adsorbed amount (qt) ver-
us time (t). The removal rate of dyes has decreased with increase
n calcination temperature. During calcination, the silicon atoms
xperience a range of environments of differing distortion due to
ehydroxylation [36]. In our previous works, we found that the

ntensity of hydroxyl peaks decreased with increase in calcination
emperature [9]. Therefore, the decrease in the amount adsorbed
f MY 4GL and MR GRL dyes with increasing activation tempera-
ure may be a result of the removal of most of the micropores due
o heating the sample and due to the decrease in OH groups in
aolinite during the calcination process.

.1.7. Effect of solution temperature
The degree of adsorption depends on the temperature of the

olid–liquid interface. The rates of adsorption were studied in the
emperature range of 303 and 333 K. The effect of temperature on
he adsorption is shown in Fig. 8. It is observed that at higher
emperatures the adsorption is slower, and the adsorption pro-
ess was exothermic process. The fact that the adsorption capacity
ncrease in temperature shows that the adsorption process occurs
s a physisorption in this case, in which adsorption arises from the
eaker van der Waals and dipole forces which are usually associ-

ted with low heat of adsorption. Moreover, careful examination of
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ig. 7. (a and b) The effect of calcination temperature to the adsorption rate of dyes
n kaolinite.

ig. 8, in particular at high temperatures, reveals that desorption
ight be occurring. This behaviour could be attributed to either
reversible adsorption or a back diffusion controlling mechanism

37].

.2. Kinetic models

The kinetic study of the adsorption processes provides use-
ul data regarding the efficiency of adsorption and feasibility of
cale-up operations. To evaluate the effectiveness of an adsor-
ate, studies of kinetics of adsorption equilibria are also needed.
everal kinetic models are available to examine the controlling
echanism of the adsorption process and to test the experimen-

al data. The rate constant of the dye removal from the solution
y kaolinite was determined using Lagergren pseudo-first-order
nd pseudo-second-order equations. These equations have been
sed widely for the adsorption of an adsorbate from aqueous
olution.

.2.1. Lagergren pseudo-first-order equation
The Lagergren pseudo-first-order equation was used to fit the

xperimental results [38]:
n(qe − qt) = ln qe − k1t (4)

here qe and qt are the amount of dye adsorbed per unit weight
f the adsorbent (mol/g) at equilibrium time and time t, respec-
ively. k1 is the rate constant for the first-order kinetics. The values

i
t
r

ig. 8. (a and b) The effect of temperature to the adsorption rate of dyes on kaolinite.

f adsorption rate constant for dyes adsorption on kaolinite were
etermined from the plots of ln(qe − qt) against t.

In many cases the above equation does not fully describes the
dsorption kinetics. In such cases, a pseudo-second-order equation
an be used.

.2.2. Pseudo-second-order equation
The pseudo-second-order equation is often successfully used to

escribe the kinetics of the fixation reaction of pollutants on the
dsorbent. The pseudo-second-order kinetics may be expressed as
39]

t

qt
= 1

k2q2
e

+ t

qe
(5)

where k2 is the rate constant of adsorption, qe is the amount
f dye adsorbed at equilibrium (mol/g) and qt is the amount of
ye adsorbed at time t (mol/g). The equilibrium adsorption capac-

ty (qe) and the second-order rate constant k2 (g/mol min) can be
etermined experimentally from the slope and intercept of plot of
/qt versus t.

.3. Kinetic analysis
As mentioned above, two kinetic models were used to exam-
ne the kinetics of the adsorption process. First, kinetic data were
reated with the pseudo-first-order kinetic model. Values of the
ate constant (k1), equilibrium adsorption capacity (qe), the corre-
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ation coefficient (R2) were calculated from the plots of ln(qe − qt)
ersus t for each individual dye under different conditions and are
resented in Tables 1 and 2. The experimental data deviated greatly
rom linearity. Based on regression coefficient (R2), it appeared that
he first-order model was not well fit with the experimental data.
n addition, the calculated equilibrium adsorption capacities do not
gree with experimental values (these data not given in tables).

Kinetic data were further treated with the pseudo-second-order
inetic model. If the pseudo-second-order kinetics is applicable,
he plot of t/qt versus t should show a linear relationship. The cor-
elation coefficients (R2), the second-order rate constants (k2) and
alculated (qcal) and experimental (qe) equilibrium sorption capaci-
ies are shown in Tables 1 and 2 for both dyes. The linear plots of t/qt

ersus t show that the experimental data agree with the pseudo-
econd-order-kinetic model for two dyes. In addition, the values of
alculated qcal in the case of the second-order model are very close
o the experimental values under all work conditions. The correla-
ion coefficients for the second-order kinetic model are higher than
.99 in all cases. The values of k2 and qe all increased with increasing
oncentration of dye presumably due to the enhanced mass transfer
f dye molecules to the surface of kaolinite. This observation sug-
ested that the boundary layer resistance was not the rate-limiting
tep [40]. These results, which confirmed that the adsorption of
yes by kaolinite is best described by the pseudo-second-order
odel are in agreement with many work in literature [24,26,39].
The half-adsorption time, t1/2, is another parameter which can

e calculated from the equilibrium concentration and the diffusion
oefficient rate values. Half-adsorption time, t1/2, is defined as the
ime required for the adsorption to take up half as much kaolinite
s its equilibrium value. This time is often used as a measure of the
dsorption rate. This was calculated by using the following equation
41]:

1/2 = 1
k2qe

(6)

The diffusion coefficient largely depends on the surface prop-
rties of adsorbents. The diffusion coefficient for the intra particle
ransport of the two dyes under different conditions were also cal-
ulated by using the following relationship [42]:

1/2 = 0.030r2
0

D
(7)

here t1/2 is the half life in seconds as calculated from Eq. (6), r0
he radius of the adsorbent particle in centimeters and D is the
iffusion coefficient value in cm2/s. In these calculations, it has been
ssumed that the solid phase consists of spherical particles with
n average radius between the radii corresponding to upper- and
ower-size fractions. The value of r0 was calculated as 2.5 × 10−3 cm
or kaolinite samples. Calculated values of t1/2 and D are given in
ables 1 and 2. D values for the adsorption of MY 4GL and MR GRL on
aolinite under different conditions are in the range of 2.65 × 10−9

o 62.5 × 10−9 and 1.98 × 10−9 to 25 × 10−9 cm2/s, respectively. The
values obtained in our study are comparable to those available

n the literature [25,26,28,43–46]. Similar results were found for
ethylene blue on fly ash [43], phenol and benzene on carbon [45],
ethylene blue and methyl violet on perlite [25,26], and maxilon

lue GRL on sepiolite [28]. On the other hand, the D values obtained
or adsorption of reactive dyes on shale oil ash were higher than
hose in this study [44], whereas our values were lower than those
btained for astrazone blue and telon blue on wood [46].
.4. Activation parameters

According to the results of the kinetic study the pseudo-second-
rder model was found to be the best model to describe the Ta
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Fig. 9. (a and b) Arrhenius plot for the adsorption of dyes on kaolinite.

xperimental kinetic data for the adsorption of dyes with kaoli-
ite. The second-order rate constants listed in Tables 1 and 2 are
sed to estimate the activation energy of MY 4GL and MR GRL dyes
dsorption on kaolinite using Arrhenius equation:

n k2 = ln k0 − Ea

RgT
(8)

here Ea is the activation energy (J/mol), k2 is the rate constant of
dsorption (g/mol s), k0 is Arrhenius factor, which is the tempera-
ure independent factor (g/mol s), Rg is the gas constant (J/K mol),
nd T is the solution temperature (K). Accordingly the activation
nergies of the adsorption of the dyes were calculated using Eq.
8). The value of Ea was obtained from the slope of the plot of ln k2
ersus 1/T as shown in Fig. 9. Ea values were found to be 17.72 and
9.13 kJ/mol for MY 4GL and MR GRL, respectively. The magnitude of
ctivation energy gives an idea about the type of adsorption which
s mainly physical or chemical. Since the values of the activation
nergy are lower than 40 kJ/mol [47], this indicates that the adsorp-
ion has a potential barrier corresponding to a physisorption. There-
ore, the affinity of dyes for kaolinite may be ascribed to Van der

aals forces, electrostatic attractions or hydrogen bonds between
he dye and the surface of the particles. These values are consistent

ith the values in the literature where the activation energy was

ound to be 43.0 kJ/mol for the adsorption of reactive red 189 on
rosslinked chitosan beads [48], 5.6–49.1 kJ/mol for the adsorption
f polychlorinated biphenyls on fly ash [49] and 33.96 kJ/mol for
he adsorption of maxilon blue GRL on sepiolite [28].
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Fig. 10. (a and b) Plot of ln(k2/T) vs. 1/T for adsorption of dyes on kaolinite.

Another aim of this paper is to consider the effect of solution
emperature on the transport/kinetic process of dye adsorption.
herefore, the thermodynamic activation parameters of the pro-
ess such as enthalpy (�H*), entropy (�S*) and free energy (�G*)
ere determined using the Eyring equation [50]:

n
(

k2

T

)
= ln

(
kB

hP

)
+ �S∗

Rg
− �H∗

RgT
(9)

here kB is the Boltzmann constant (1.3807 × 10−23 J/K) and hP is
he Planck constant (6.6261 × 10−34 J s). Fig. 10 shows the plot of
n(k2/T) against 1/T. The values of �H* for MY 4GL and MR GRL dyes
re −13.64 and −31.77 kJ/mol, respectively. The value of the activa-
ion enthalpy change indicates that the adsorption is physical in
ature involving weak forces of attraction and is also exothermic.
t the same time, the low value of �H* implies that there was loose
onding between the adsorbate molecules and the adsorbent sur-
ace [51]. The values of �S* for MY 4GL and MR GRL dyes from
q. (9) were found as −196.2 and −250.7 J/mol K, respectively. The
egative activation entropy change (�S*) value corresponds to a
ecrease in the degree of freedom of the adsorbed species. The
hange of activation Gibbs energy is given by following equation:
G∗ = �H∗ − T �S∗ (10)

The results obtained for the change of Gibbs energy are 45.80
nd 44.19 kJ/mol for MY 4GL and MR GRL dyes, respectively, at 30 ◦C.

[

[

Materials 165 (2009) 1142–1151

.5. Conclusions

Results of this study provide for a better understanding of the
dsorption kinetics of MY 4GL and MR GRL dyes on kaolinite. The
dsorption of MY 4GL and MR GRL was highly dependent on initial
ye concentration, pH, ionic strength, acid-activation, calcination
nd solution temperature. An increase in the initial dye con-
entration enhances the interaction between dyes and kaolinite,
esulting in greater adsorption capacity. The dyes adsorption capac-
ty increased with the increase of pH in the range of 3–9. The results
howed that the adsorption system could be explained by the elec-
rostatic attraction between the negatively charged surface and the
ositively charged dye molecule in the basic medium. The addition
f salt had a negative effect on the adsorption capacity of kaoli-
ite. The loading capacity of kaolinite decreased with increase in
emperature indicating that the adsorption process is exothermic.
he adsorption kinetics is fast with 150 min needed to reach equi-
ibrium. Furthermore, the adsorption kinetics of cationic dyes onto
aolinite can be well described by pseudo-second-order reaction
odel. The kinetic parameters thus obtained from the fittings of the
odel were dependent on initial adsorbate concentration, pH, ionic

trength and temperature. Kaolinite has proven to be a promising
aterial for the removal of contaminants from aqueous phase.
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28] M. Doğan, M. Alkan, Ö. Demirbas, Y. Özdemir, C. Ozmetin, Adsorption kinetics
of maxilon blue GRL onto sepiolite from aqueous solutions, Chem. Eng. J. 124
(2006) 89–101.

29] Z. Aksu, Application of biosorption for the removal of organic pollutants: a
review, Process Biochem. 40 (2005) 997–1026.

30] G. Crini, H.N. Peindy, F. Gimbert, C. Robert, Removal of C.I. Basic Green 4
(malachite green) from aqueous solutions by adsorption using cyclodextrin-
based adsorbent: kinetic and equilibrium studies, Sep. Purif. Technol. 53 (2007)
97–110.

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

32] M.J. Iqbal, M.N. Ashiq, Adsorption of dyes from aqueous solutions on activated
charcoal, J. Hazard. Mater. 139 (2007) 57–66.

33] P. Pengthamkeerati, T. Satapanajaru, O. Singchan, Sorption of reactive dye from
aqueous solution on biomass fly ash, J. Hazard. Mater. 153 (2008) 1149–1156.

34] Y.S. Al-Degs, M.I. El-Barghouthi, A.H. El-Sheikh, G.M. Walker, Effect of solution
pH, ionic strength, and temperature on adsorption behavior of reactive dyes on

activated carbon, Dyes Pigments 77 (2008) 16–23.
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