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Abstract

Adsorption of Acid Orange 8 onto surfactant-modified clinoptilolite was studied conducting batch experiment system. Effect of pH, dye
concentration and contact time on the adsorption was evaluated. Equilibrium adsorption data were analyzed by Langmuir, Freundlich,
RedlichePeterson and KobleeCorrigan isotherm equations using nonlinear regression analysis. The adsorption was analyzed using pseudo-
first-order and pseudo-second-order kinetic models and pseudo-second-order model provided the best correlation of the experimental data.
Adsorption process was found to be controlled by both surface and particle diffusions.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Dyestuff is used widely in textile industry in order to color
the products. Water contamination resulted from dyeing and
finishing in textile industry is a major concern since it can
cause serious environmental problems due to its high color
content. The dyes used in the textile industries include several
structural varieties such as acidic, reactive, basic, disperse,
azo, diazo, anthraquinone-based and metal complex dyes [1].
Among these, azo dyes are characterized by the presence of
the N]N linkage [2] and they are constituting about
20e40% of the total dyes used for coloring [3].

Conventional chemical [4e6] and biological [7e9] treat-
ments have been applied for the removal of dyes from textile
wastewater, but these processes are insufficient in removing
dye contaminants since dyes are stable to light, heat and oxi-
dizing agents [10]. One of the powerful treatment processes
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for the removal of dyes from water with a low cost is adsorp-
tion [11]. Activated carbon is used mostly for adsorption
process but it is very expensive and there is a growing search
activity for cheap and efficient alternate natural materials in-
cluding bentonite and zeolite. Armagan et al. [12,13] showed
that surface modification with quaternary amine improves the
dye removal efficiency of zeolite, and modified zeolites are
comparable to activated carbon.

In this study, surface of clinoptilolite, a natural zeolite min-
eral, was modified using HTAB chemical and adsorption of
Acid Orange 8 onto surfactant-modified clinoptilolite was
investigated in a batch system. Equilibrium and kinetic param-
eters of experimental data were calculated using nonlinear
regression with the help of Data Fit (Version 8) software pro-
gram. Chi-square test was used to evaluate the models which
have best fit with experimental data.

2. Materials and methods

The clinoptilolite sample used as an adsorbent in this study
was obtained from Esen Foreign Trade Company of Turkey.
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Cation exchange capacity of clinoptilolite is 0.95e1.4 meq/g
and its bulk density is 900e1100 kg/m3. Chemical composi-
tion of the clinoptilolite sample is shown in Table 1. A quater-
nary amine hexadecyltrimethylammonium bromide (HTAB,
C19H42BrN) was used for modifying the surface of clinoptilo-
lite. HTAB was purchased from Sigma (USA), and specified to
be of 99% purity with a molecular weight of 346.46 g. Clinop-
tilolite crushed and classified to the diameter of 0.6e1.0 mm
was conditioned with 2� 10�2 M HTAB solution for 2 h at
room temperature, washed with pure water and dried at
100 �C for 2 h. Acid Orange 8 (AO8) was supplied from
SigmaeAldrich (Germany). The chemical structure and prop-
erties of AO8 are given in Fig. 1 and Table 2, respectively.

The adsorption experiments of AO8 on modified clinoptilo-
lite were performed using a batch method. Adsorption exper-
iments were conducted in 50 ml glass vials with 2% solid
concentration for the modified clinoptilolite. Adsorption ex-
periments were carried out with Gallenkamp orbital shaker
at 200 rpm for the temperatures 30, 40 and 50 �C. The solu-
tion pH was adjusted with NaOH or HCl solutions using
Jenway pH meter. The equilibrium concentrations of dye
were determined using Jenway spectrophotometer and
adsorbed amount of dye was calculated by the difference be-
tween the initial and remaining concentrations at equilibrium.

3. Results

3.1. Optimum adsorption conditions

Adsorption equilibrium is governed by several operational
factors such as the nature of solute and adsorbent as well as
the pH and temperature of the medium. Optimization of

Table 1

Chemical analysis of clinoptilolite

Constituent Weight (%)

SiO2 74.4

Al2O3 11.5

Fe2O3 1.1

K2O 5.0

MgO 0.5

Na2O 0.6

CaO 2.0

TiO2 0.1

MnO2 <0.001

P2O5 0.02

Loss of ignition 5.85

Fig. 1. Structure of Acid Orange 8.
such operational parameters is the first step toward the under-
standing of the process [14].

In order to determine optimum adsorption conditions, the
effect of pH, initial dye concentration and contact time was
investigated. Initial pH value of solution is one of the most im-
portant factors influencing the dye adsorption. Fig. 2 shows the
effect of pH on adsorption capacity of AO8 on modified
clinoptilolite at different initial solution pHs for the dye con-
centration of 25 mg/l and at 30 �C. As seen in Fig. 2, maxi-
mum color removal was observed at pH 3. Above pH 3
adsorption capacity is decreasing, since electrostatic attraction
decreases between the positively charged clinoptilolite surface
and anionic dye molecule at higher pH values [15].

The effect of initial dye concentration on the AO8 adsorp-
tion by modified clinoptilolite was investigated in the range of
25e200 mg/l of initial dye concentrations. As shown in Fig. 3,
with increasing initial dye concentration from 25 mg/l to
200 mg/l, the amount of dye adsorbed gets increased from
3.11 to 18.98 mg/g for the contact time of 20 min. The effect
of contact time on adsorption process was investigated at
various initial dye concentrations at 30 �C. It can be seen
from Fig. 3 that the adsorption of AO8 occurred very quickly
within the first 5 min and this may be indicative of chemical
adsorption [16]. After 5 min a gradual increase occurred
with increasing contact time up to 20 min after which a maxi-
mum value of adsorption capacity was attained.

3.2. Equilibrium isotherms

In the present study the Langmiur, Freundlich, Recliche
Peterson and KobleeCorrigan isotherm models were used to

Table 2

Properties of Acid Orange 8

Property

Chemical formula C17H13N2NaO4S

Molecular weight 364.35 g

Structure Azo

CAS number 5850-86-2

Color index number 15575

Dye content 65%

lmax (nm) 490
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Fig. 2. The effect of pH on the adsorption of Acid Orange 8 (solid ratio: 2%,

temperature: 30 �C, agitation rate: 200 rpm, and C0: 25 mg/l).
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describe the adsorption equilibrium. Isotherm studies were con-
ducted at an equilibrium time of 20 min and temperature of
30 �C.

Nonlinear least square optimization technique was applied
and isotherm parameters were determined with the help of
Data Fit software program. The Chi-square test was used as
a criterion for the quality of fitting. In this test, squared differ-
ence between the experimental data and calculated data is
divided by the calculated data obtained from the model. The
Chi-square test can be represented by

c2 ¼
X ðqeexp:

� qemod:
Þ2

qemod:

ð1Þ

where qeexp:
and qemod:

(mg/g) are the experimental value and
model calculation of adsorption capacity, respectively. The
value of c2 is used to evaluate the fit of the isotherm to exper-
imental data, where smaller the c2, better is the fit.

According to Langmiur isotherm model adsorption takes
place at specific homogeneous sites within the adsorbent and
once a dye molecule occupies a site, no further adsorption
can take place at that site. The Langmuir equation can be writ-
ten in the following form:

qe ¼
QKLCe

1þKLCe

ð2Þ

where qe (mg/g) and Ce (mg/l) are the amounts of adsorbed
dye per unit weight of clinoptilolite and equilibrium dye con-
centration in solution. Q (mg/g) is the maximum amount of
adsorbed dye per unit weight of clinoptilolite and KL (l/mg)
is the adsorption equilibrium constant. Q represents a practical
limiting adsorption capacity when the surface of clinoptilolite
is fully covered with dye molecules.

The empirical Freundlich model based on adsorption on
a heterogeneous surface is given below by Eq. (3).

qe ¼ KFC1=n
e ð3Þ

Here KF and n are the Freundlich constants. KF and n are
indicators of adsorption capacity and adsorption intensity,
respectively.
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Fig. 3. Effect of initial dye concentration and contact time (solid ratio: 2%,

temperature: 30 �C, and agitation rate: 200 rpm).
The three parameter KobleeCorrigan (KeC) model is the
combination of Langmuir and Freundlich models and is given
by Eq. (4). This model is valid when m> 1 [17].

qe ¼
ACm

e

1þBCm
e

ð4Þ

Similarly, RedlichePeterson (ReP) model has three con-
stants and it has been proposed to improve the fit by Langmuir
and Freunlich models. Eq. (5) reduces to a linear isotherm at
low surface coverage, to the Freundlich isotherm at high
adsorbate concentration and to the Langmuir isotherm when
b¼ 1 [18].

qe ¼
KRPCe

1þ aRPCb
e

ð5Þ

where KRP, aRP and b are the ReP parameters. Value of b is
between 0 and 1.

The isotherm constants, their correlation coefficients and
value of Chi-square test are listed in Table 3. Value of n con-
stant of Freundlich isotherm (n¼ 1.37) model suggests that
AO8 is favorably adsorbed by modified clinoptilolite [19].
By comparing the results presented in Table 3, it is shown
that the Langmuir, ReP and KeC isotherms have higher cor-
relation coefficient (R2¼ 0.9970) than Freundlich model
(R2¼ 0.9924). It can be seen that the KeC model yields a bet-
ter fit than the ReP and Langmiur models, as reflected by a c2

value of 0.0866, 0.0952 and 0.0970, respectively.

3.3. Kinetic studies
In order to analyze the adsorption kinetics for the adsorp-

tion of AO8, the pseudo-first- and second-order kinetic models

Table 3

Comparison of equilibrium isotherm models

Isotherm Values

Langmuir

Q 44.05

KL 0.0047

R2 0.9967

c2 0.0970

Freundlich

KF 0.46

N 1.37

R2 0.9924

c2 0.2259

ReP

KRP 0.2061

aRP 0.0049

b 0.99

R2 0.9967

c2 0.0952

KeC

A 0.18

B 0.0045

m 1.03

R2 0.9967

c2 0.0866
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were applied for the temperatures of 30, 40 and 50 �C. The
pseudo-first-order kinetic equation based on adsorption equi-
librium capacity is expressed in the following form [20].

qt ¼ q1

�
1� e�k1t

�
ð6Þ

Here q1 and k1 are constants of pseudo-first-order kinetic
model. q1 and k1 were determined by nonlinear regression
and are given in Table 4.

The pseudo-second-order kinetic model can be written in
the following form [20].

qt ¼
t

ð1=k2q2
2Þ þ ðt=q2Þ

ð7Þ

Values of constants q2 and k2 were determined by using
Data Fit 8 software and are given in Table 5.

The correlation coefficients (R2) of the pseudo-first-order
model are lower than that of the pseudo-second-order model.
The R2 values for pseudo-second-order model are very close
to 1, thus suggesting that the kinetics of Acid Orange 8 adsorp-
tion can be described by the pseudo-second-order model.
Therefore, the Acid Orange 8 adsorption by clinoptilolite is
most likely to be controlled by chemisorption process [21,22].

The rate constant k2 for pseudo-second-order model
decreases with increasing initial dye concentration, which is
consistent with the study of Ho and Chiang [23]. q2 values
in Table 5 shows that the equilibrium sorption capacity of
Acid Orange 8 increases with increasing temperature which
indicates that a higher temperature favors AO8 adsorption
onto the clinoptilolite.

3.4. Adsorption mechanism

Determination of adsorption mechanism is required for
design purposes and the intraparticle model is commonly
used for identifying the adsorption mechanism. Intraparticle
equation is written as

qt ¼ kdt1=2þC ð8Þ
The intraparticle diffusion plot for AO8 adsorption is given

in Fig. 4. From the figure it can be observed that there are two

Table 4

Pseudo-first-order kinetic constants for AO8 adsorption onto clinoptilolite

Temperature ( �C) C0 (mg/l) q1 (mg/g) k1 (l/min) R2 c2

30 25 3.30 1.5311 0.8388 0.023

50 10.07 7.8981 0.8911 0.451

100 11.95 1.0894 0.8435 0.045

200 20.80 2.7675 0.9754 0.040

40 25 3.31 1.3878 0.8237 0.062

50 7.58 0.8224 0.9654 0.023

100 13.88 2.0142 0.9564 0.401

200 28.85 0.9831 0.9099 1.249

50 25 2.85 0.6983 0.9541 0.004

50 7.62 1.0213 0.7592 0.278

100 17.21 3.3342 0.9437 1.382

200 32.90 0.7675 0.8650 1.695
linear portions. These two linear portions in the intraparticle
model suggest that the adsorption process consists of both sur-
face adsorption and intraparticle diffusion. While the initial
linear portion of the plot is the indicator of boundary layer ef-
fect, the second linear portion is due to intraparticle diffusion
[24]. The intraparticle diffusion parameter (kd) was calculated
from the slope of the second linear portion and is given in
Table 6. kd value of Acid Orange 8 adsorption was increased
with increasing temperature. The value of C (Table 6) gives
an idea about the thickness of the boundary layer, the larger
the intercept the greater is the boundary layer effect [25]. In-
creasing of temperature leads to the increase in boundary layer
effect for the adsorption of AO8.

External mass transfer is characterized by the initial solute
uptake, and initial sorption rate (Ks) can be calculated from the
slope of plot of C/C0 versus time [26]. The adsorption capacity
of AO8 onto clinoptilolite versus contact time is illustrated in
Fig. 5. Adsorption of AO8 onto clinoptilolite occurred rapidly
within first 10 min of contact time and equilibrium is achieved
at 20 min (Fig. 3). In this work, it is assumed that external
mass transfer occurs in the first 10 min, and Ks values were
calculated as (C10/C0)/10 and are given in Table 6.

Boyd model was used to determine the actual rate-control-
ling step for the adsorption of AO8. The Boyd kinetic model is
written as

Table 5

Pseudo-second-order kinetic constants for AO8 adsorption onto clinoptilolite

Temperature ( �C) C0 (mg/l) q2 (mg/g) k2 (g/mg min) R2 c2

30 25 3.20 0.3322 0.9996 0.039

50 7.41 0.0402 0.9884 0.112

100 11.68 0.1309 0.9998 0.082

200 20.32 0.0220 0.993 0.088

40 25 3.22 0.3593 0.9996 0.044

50 7.60 0.1520 0.9999 0.003

100 13.51 0.0517 0.9995 0.087

200 28.87 0.0339 0.9996 0.048

50 25 2.82 0.6438 0.9999 0.002

50 7.87 0.0743 0.9989 0.089

100 16.59 0.024 0.9987 0.192

200 32.47 0.059 0.9999 0.0916
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Fig. 4. Plots of intraparticle diffusion model.
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F¼ 1� 6

p2
expð �BtÞ ð9Þ

F¼�qt

qe

ð10Þ

where F is the fraction of solute adsorbed at any time t and Bt
is mathematical function of F. qt and qe are amounts of AO8
adsorbed at any time t and infinite time, respectively. In this
study, q2 values of pseudo-second-order model were used as
qe to calculate F values. After substituting Eq. (10) in Eq.
(9), Boyd model can be written as below.

Bt¼�0:4977� lnð1�FÞ ð11Þ

The Bt values were calculated from Eq. (11) and plotted
against time as shown in Fig. 5. It can be seen from Fig. 5, lin-
ear plots which do not pass through the origin indicate that
film diffusion governs the rate limiting process [27].

4. Conclusions

The amount of dye adsorbed onto surfactant-modified cli-
noptilolite was found to vary with pH, initial concentration
and contact time. Equilibrium was achieved in about 20 min
and maximum adsorption capacity was observed at pH 8. Er-
ror analysis showed that the KobleeCorrigan model best fits
the equilibrium adsorption data. The adsorption kinetics fol-
lowed the pseudo-second-order model at all time intervals.
Adsorption process was found to be controlled by external
mass transfer at earlier stages and by intraparticle diffusion
at later stages.

Table 6

Intraparticle diffusion model parameters

Temperature ( �C) C (mg/g) kd (mg/g min0.5) Ks (min�1)

30 11.38 0.018 0.0774

40 12.96 0.022 0.0765

50 15.26 0.070 0.0735
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Fig. 5. Plots of Boyd model.
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