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Abstract—Surface and groundwaters become contaminated with dyes due to discharge into the
environment, which increases the risk of a number of human diseases. Many methods of dye removal
from discharge waters at the source have been developed, but few are effective and the most effective
method (activated carbon) is very expensive. The purpose of the present study was to test a natural zeolite
(clinoptilolite type) as a potentially effective and inexpensive method to remediate dye discharge into the
environment. In the removal experiments, malachite green (MG) and rhodamine B (RB) cationic dyes were
used. The effects of various experimental conditions such as initial dye concentration, pH, and temperature
on dye removal were investigated in a single-dye system. The degree of removal of MG and RB increased
with increasing initial concentration and temperature of the dye in a single-dye system. An increase in pH
decreased RB removal, but increased MG removal. In a two-dye system, MG and RB adsorption decreased
by ~41.74 and 21.51%, respectively, due to competitive adsorption of the two dyes. Adsorption reflected a
pseudo-second order kinetics model with high correlation coefficients (r2 = 0.996�1.000) in single-dye
and two-dye systems. Adsorption was most consistent with the Langmuir-1 and the Redlich-Peterson
isotherm models with high correlation coefficients (r2 = 0.987�0.999) in both systems. The Langmuir-1
adsorption capacities were determined as 43.86 and 44.25 mg/g for the removal of MG and RB in single-
dye systems, respectively. In a two-dye system, the Langmuir-1 capacities were 20.62 and 31.54 mg/g for
the removal of MG and RB, respectively.

Key Words—Adsorption Selectivity, Clinoptilolite, Malachite Green, Rhodamine B, Single- and
Two-dye Systems.

INTRODUCTION

Many dyes have been produced for use in industries

such as textiles, paper, cosmetics, rubber, and plastics.

The total amount of these dyes produced internationally

is ~76105 tons per year (Dawood and Sen, 2012). Dye

pollution in the wastewaters of these industries creates

significant environmental problems. If the dye-contain-

ing wastewaters are discharged to the environment, they

may migrate into the surface and groundwaters. Human

exposure to waste dyes may lead to diseases such as

cancer and skin irritation. Such dyes should, therefore,

be removed before the wastewaters are discharged into

the environment. For this purpose, many methods such

as coagulation, flocculation, chemical oxidation, electro-

chemical processes, osmosis, biological treatments, and

adsorption have been developed to purify dye-containing

wastewaters (Won et al., 2008). Many of these methods,

other than adsorption, give poor results. The advantages

and disadvantages of each technique were reviewed by

Dogan and Alkan (2003). Of these methods, adsorption

by activated carbon is well known to be an effective

method for the removal of organic, inorganic, and dye

pollution from wastewaters. The large cost of activated

carbon, however, restricts its application (Özdemir et al.,

2011). Many researchers have focused, therefore, on the

use of low-cost adsorbents as an alternative to activated

carbon. For example, many low-cost materials such as

peat (Ho and McKay, 1998), fly ash (Acemioğlu, 2004),

perlite (Dogan and Alkan, 2003), fungus (Acemioğlu et

al., 2010), bentonite (Özdemir and Keskin, 2009),

sepiolite (Uğurlu, 2009), zeolite (Han et al., 2010),

cotton wastes (Ertas� et. al., 2010), peanut shell (Samil et

al. 2011), pine cone (Dawood and Sen, 2012), olive

stone, and pirina (Uğurlu et al., 2008; Öncel et al., 2012)

have been used as adsorbents to remove the unwanted

dye pollution by adsorption. Natural zeolites consist of

crystalline hydrated aluminum silicates with a frame-

work structure containing pores occupied by water,

alkali, and alkaline earth cations. Zeolites usually

exhibit ion exchange and large adsorptive properties

because they have a net negative structural charge (Alpat

et al., 2008). Various types of natural zeolites can be

found: clinoptilolite, mordenite, phillipsite, chabazite,

stilbite, analcime, and laumontite are just some exam-

ples. Offretite, paulingite, barrerite, and mazzite are

much rarer (Wang and Peng, 2010). Clinoptilolite is one

of the most abundant materials used internationally. The

amount of clinoptilolite in Turkey is ~4.5 million tons

(Sismanoglu et al., 2010). In the present study, clinop-

tilolite was used as an adsorbent. Because zeolites have

significant adsorptive properties, they are often preferred

as adsorbents in the removal of metal ions (Alvares-

Ayuso et al., 2003; Sprynskyy et al., 2006; Tarlan-Yel
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and Önen, 2010; Tomic et al., 2012) and dyes. In a

single-dye system, many dye-adsorption studies have

been performed using zeolite (Armagan et al., 2004;

Benkli et al., 2005; Wang and Zhu, 2006; Alpat et al.,

2008; Vala and Tichagwa, 2013). The study of adsorp-

tion in multi-component systems is important because

many industrial effluents contain a mixture of several

dyes. For multi-component systems, few studies have

been reported on the adsorption of dyes using clinop-

tilolite. For instance, the adsorption of reactive blue 21

and reactive red 195 onto clinoptilolite was studied by

Sismanoglu et al. (2010). In a study by Hisarli et al.

(2012), clinoptilolite was used as an adsorbent for basic

blue 3 and basic blue 18 in single- and two-dye systems.

The competitive removal of MG and RB using

clinoptilolite in a two-dye system has not been reported

previously.

MATERIALS AND METHODS

Materials

Clinoptilolite (Cpt) was provided by the Enli Mining

Company, İzmir, Turkey, and its characteristics are listed

in Table 1. The cation exchange capacity (CEC) and

particle size of the Cpt were determined using the same

method as Ming and Dixon (1987) (Table 1). The MG and

RB were purchased from Merck (Darmstadt, Germany)

and were used without further purification (Table 2). The

MG and RB have different ionization constant values,

pKa. Malachite green is a weak acid and has two amino

groups, giving the first pKa value as 6.9 and the second,

due to the protonated amino group, as 10.3. Rhodamine B

is a weakly basic dye, and has two amino groups and a

carboxyl group. The pKa value for the deprotonated

carboxyl group is 3.2, for the protonated amino group it is

4.2, and for the neutral form it is 11.5 (Table 2). The

molecular sizes of MG and RB were determined to be

1.378 nm and 1.353 nm, respectively, according to the

theoretical method described by Yazici et al. (2016).

Analytical techniques

A field emission scanning electron microscope (FE-

SEM � Zeiss/Supra 55 SEM, Jena, Germany) equipped

with an energy dispersive X-ray spectroscopy (EDX)

detector was used to study the morphological and

surface characteristics of the Cpt. The SEM (EDS)

measurements were performed at high vacuum and

10.00 kV EHT (electron high tension). A Fourier trans-

form infrared (FTIR) spectrometer (FTIR RX-1, Perkin

Elmer, Shelton, USA) was used to characterize the Cpt

and examine the adsorption of MG and RB. An X-ray

diffractometer (Rigaku RadB-DMAX II, Woodlands,

Texas, USA) was used to study the crystal structure of

the Cpt. The XRD analysis was performed using CuKa
radiation at 40 kV and 40 mA between 0 and 80º2y. A
UV-Vis spectrophotometer (PG Instruments T80 UV-Vis

spectrophotometer, Leicester, UK) was used to deter-

mine the concentrations of dyes. An ultrasonic cleaner

was used to better dissolve the dye in preparing the high-

concentration dye solutions (i.e. 100 mg/L) (Jeiotech

UC-10 Ultrasonic cleaner, Lab companion, Seoul, South

Korea).

Removal of dyes

The Cpt particles were sieved through a 100-mesh

sieve (Retsch AS200, Haan, Germany), and the sieved

samples were treated with 0.1 N HCl for 3�5 min to

remove impurities. Then, the samples were washed well

with distilled water and dried in an oven at 100ºC for 4 h

before experiments.

Removal of dye in a single-dye system

For a single-dye system, stock solutions of 1000 mg/L

of the dyes were prepared. The desired concentrations

were prepared by diluting the stock solutions. The

experiments were performed by adding 0.05 g of the

Cpt to 25 mL of dye solutions. The mixtures were then

shaken in a temperature-controlled water bath. at various

dye concentrations for up to 300 min: (20 mg/L

(0.055 mM MG or 0.042 mM RB), 40 mg/L (0.110 mM

MG or 0.084 mM RB), 60 mg/L (0.164 mM MG or

0.125 mM RB), 80 mg/L (0.219 mM MG or 0.167 mM

RB), and 100 mg/L (0.274 mM MG or 0.208 mM RB)),

pH values (3, 5, 7, or 9, adjusted with 0.1 M HCl or NaOH

solutions), and temperatures (20, 30, 40, or 50ºC) for 5 h

(i.e. equilibrium time). After shaking, each mixture was

Table 1. Clinoptilolite characteristics.

—— Chemical composition —— ———Physical properties ———
Compound (wt.%) Parameters Value

SiO2 67.11 Average pore radius (mm) 0.041
Al2O3 11.84 Porosity (%) 35.00
CaO 2.18 Surface area (m2/g) 40.79
Fe2O3 1.47 Density (g/cm3) 2.10
K2O 3.44 CEC (meq/100 g) 55.14
MgO 1.15
Na2O 0.38
Loss on ignition 12.50
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centrifuged at 19926g for 3 min to separate the solid

particles from the liquid phase. In order to determine the

concentrations of the dyes remaining in the solution, the

supernatants were analyzed using a UV-Vis spectro-

photometer at maximum absorbance wavelengths of the

dyes (617 nm for MG and 554 nm for RB). A calibration

curve was prepared by measuring the absorbance values

of dye solutions at different concentrations over the range

used in the experiments. The amount of dye removed per

gram of adsorbent (qt) and the removal efficiency (RE) of

the dye at time t were calculated by equations 1 and 2,

respectively.

qt ¼
�C0 � Ct

m

�
V ð1Þ

RE ¼
�C0 � Ct

C0

�
100 ð2Þ

where C0 is the initial dye concentration (mg/L); Ct, the

concentration of dye remaining in solution at any time

(mg/L); qt, the amount of dye removed per gram of

adsorbent at any time (mg/g); V, the volume of the dye

solution used (L); and m, the mass of adsorbent used (g).

At equilibrium, qt and Ct can be expressed as qe and Ce,

respectively.

Removal of dyes in a two-dye system

For a two-dye system, the experiments were per-

formed for initial concentrations between 20 and

100 mg/L of MG at a constant initial concentration of

50 mg/L of RB using 500 mg/L stock solutions.

Similarly, the experiments were also done for initial

concentrations between 20 and 100 mg/L of RB at a

constant initial concentration of 50 mg/L of the MG.

Assuming that no interaction occurs between the MG

and RB, the total absorbance of the dye mixture in

solution should be equal to the sum of the absorbance of

each of the two dyes. The total absorbance is represented

by equation 3. The concentration of each dye in a

mixture was calculated using equations 4 and 5 (Chen et

al., 2011):

Al = AMG + ARB (3)

Al1 = e1MGbCMG + e1RBbCRB (4)

Al2 = e2MGbCMG + e2RBbCRB (5)

where AMG and ARB are the absorbance values of MG

and RB at maximum wavelengths (lmax), respectively;

Al1 and Al2 are the total absorbance at wavelengths l1
and l2, respectively; e1MG and e2MG are the molar

absorption coefficients of the MG at wavelengths l1 and
l2, respectively; e1RB and e2RB are the molar absorption

coefficients of RB at wavelengths l1 and l2, respec-

tively; CMG and CRB are the concentrations of the MG

and RB in the mixture, respectively; b is the path-length

of the cell of 1 cm; and l1 and l2 are the wavelengths of

maximum absorbance in the absorption spectra of the

MG and RB, respectively.

For a two-dye system, the total removal efficiency

(TRE) of the dyes was calculated using equation 6 (Yang

et al., 2011):

Table 2. Characteristics of MG and RB.

Malachite green Rhodamine B

Other names
Aniline green; Basic green 4;

Diamond green B Pigment Violet 1; Basic Violet 10

Chemical formula C23H25ClN2 C28H31ClN2O3

Molecular weight (g mol�1) 364.91 479.01
Solubility in water (25ºC) (g L�1) 40 50

Color According to pH
(indicator function)

Below pH 2 � yellow
pH 2�11.8 � green
pH >13.8 � colorless

No indicator feature

lmax (nm) 617 554
pKa 6.90a, 10.3b 3.2c, 4.2d, 11.5e

Molecular structure

a Maleki et al. (2012); Zou et al. (2014)
b Farhadi et al. (2010)
c Milanova et al. (2012)
d Zhang et al. (2011)
e George (1982)
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TRE ¼
P
ðC0;i � Ce;iP

C0;i

� �
100 ð6Þ

where C0,i and Ce,i are the initial and equilibrium

concentrations of the dye in solution (mg/L), respectively.

Adsorption isotherm

In order to study the adsorption isotherms, the

equilibrium data were fitted to the Langmuir,

Freundlich, Temkin, and Redlich-Peterson (R-P) iso-

therm models (Langmuir, 1918; Freundlich, 1906;

Temkin and Pyzhev, 1940; Redlich and Peterson,

1959) in single- and two-dye systems. The linearized

equations of the isotherms can be written as shown

below. In the present study, three linear types of the

Langmuir isotherm were studied (Ofomaja and Ho,

2008):

Ce/qe = 1/Qob + Ce/Qo Langmuir-1 (7)

1/qe = (1/Qob) 1/Ce+ 1/Qo Langmuir-2 (8)

qe/Ce = Qob � bqe Langmuir-3 (9)

ln qe = ln k + 1/n ln Ce Freundlich (10)

qe = B ln AT + B ln Ce Temkin (11)

ln [KR (Ce/qe) � 1] = ln (aR) + b ln (Ce)

Redlich-Peterson (12)

where qe is the maximum amount of the dye removed by

adsorbent at equilibrium time (mg/g); Ce, the equili-

brium concentration of the dye in solution (mg/L); k and

n, the Freundlich isotherm constants indicating the

capacity and intensity of the adsorption, respectively;

Qo and b, the Langmuir isotherm constants indicating the

capacity and the energy of the adsorption, respectively;

B, a constant related to the heat of adsorption (J/mol),

and is equal to RT/bT, bT is a Temkin isotherm constant;

AT, an equilibrium binding constant (L/g); T, the

absolute temperature (K); R, the ideal gas constant

(J/mol K); and KR, aR, and b, the constants of the

Redlich-Peterson isotherm.

Adsorption kinetics

In order to study the adsorption kinetics, the

experimental data were applied to kinetics models used

by Lagergren (1898), Ho and McKay (1998), and Weber

and Morris (1963). The linear forms of these models are

expressed as follows:

Log (qe � qt) = log q1 � (k1/2.303)t

Pseudo first-order kinetics model, Lagergren (1898) (13)
t
qt
¼ 1

k2q2
þ 1

qe
t Pseudo second-order kinetics model,

Ho and McKay (1998) (14)

and

qt = ki·t
1/2 + C Intra-particle diffusion model,

Weber and Morris (1963) (15)

where, t is contact time; qe and qt, the amounts of solute

adsorbed per unit mass of adsorbent at equilibrium and

at any time, respectively; q1 and q2, theoretical

adsorption capacities from the pseudo first- and

second-order models, respectively; k2q2
2 indicates the

initial adsorption rate; k1 and k2, the rate constants of the

pseudo first- and second-order models, respectively; ki,

the rate constant of the intra-particle diffusion; and C,

the intercept, indicating the thickness of the boundary

layer between the adsorbent and the adsorbate.

RESULTS AND DISCUSSION

Characterization of Cpt

Analyses by SEM (Figure 1a) revealed that the Cpt

surface was heterogeneous and rough, and was

unchanged after dye adsorption (data not shown).

Similarly, the crystallinity of Cpt, as revealed by XRD

(Figure 1b), was unaffected by dye adsorption. Analysis

by FTIR (Figure 1c), however, indicated that MG and

RB were adsorbed on the cation exchange sites on the

external surface of the Cpt because the particle sizes of

the dyes were greater than that of the clinoptilolite. The

EDS analysis of the Cpt suggested adsorption of MG and

RB. The results of the FTIR and EDS analyses are

explained in detail below. The dimensions of the 10- and

8-ring channels in Cpt were 0.44 nm60.72 nm and

0.41 nm60.47 nm, respectively, in agreement with

Ming and Dixon (1987). Because the Cpt has small

internal channels, the large dye molecules MG and RB

cannot enter. These dyes, therefore, may migrate from

the bulk phase to the cation exchange sites on the

external surfaces of the Cpt.

Peaks in the XRD patterns were as expected at 9.8º,

11.16º, 16.86º, 17.24º, 22.32º, 26.06º, 28.06º, 30.06º, and

31.94º2y, which correspond to Miller indices (hkl) of

(020), (200), (3̄11), (111), (131, 400), (2̄22), (4̄22),

(151), and (530) corresponding to the crystalline planes

of monoclinic Cpt.

FTIR analysis of the Cpt

The FTIR spectra of the Cpt were recorded over the

wavenumber range 4000�650 cm�1 using an attenuated

total reflectance (ATR, Perkin Elmer FTIR-00-0251,

Shelton, Connecticut, USA) spectrometer (Figure 1c).

The weak peak observed at 3396 cm�1 indicates the

vibration of OH...O bands in the structure of the Cpt

(Hisarli et al., 2012). After adsorption of the dyes, this

band remained almost unchanged. The band at

1628 cm�1 probably indicates a deformation vibration

of adsorbed H2O (Hisarli et al., 2012). After adsorption

of the MG and RB, this band shifted to 1619 cm�1 and

1620 cm�1 in single- and two-dye systems, respectively.

Also, very weak new peaks formed around 1585 and

1590 cm�1 after adsorption in single- and two-dye

systems. In the case of MG and RB adsorption, new

weak peaks were also observed at 1370 and 1339 cm�1,

respectively. These peaks may indicate a chemical

activation resulting from an interaction between posi-
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tively charged nitrogen in the dye molecules and

negatively charged oxygen in the Cpt. The very

prominent band at 1020 cm�1 is assigned to Si�O(Si)
stretching in the vibrations of the tetrahedral sheet

(Farmer, 1974; Hisarli et al., 2012; Hernandez-Montoya

et al., 2013). After adsorption of MG in a single-dye

system, this band shifted to 1013 and the intensity

increased. After the adsorption of RB in a single-dye

system, this band shifted to 1015 cm�1 and the intensity

decreased slightly. In the case of adsorption in a two-dye

system, this band shifted to 1012 cm�1 and the intensity

increased. The peaks at 792 and 726 cm�1 indicate the

bending vibration of Mg�OH in the structure of the Cpt

(Farmer, 1974, Uğurlu, 2009). After the adsorption of

dyes in single- and two-dye systems, these bands shifted

very slightly and the intensities increased slightly. All

these findings suggest that the Cpt has permanently

charged cation exchange sites and has adsorbed the

positively charged dyes.

EDS analysis of the Cpt

Analyses of the Cpt by EDS were performed before

and after adsorption (Table 3a�d). The amounts of C and

N on the Cpt increased after adsorption. These increases

probably reflect the adsorption of organic dye molecules

MG and RB on the external surface of the Cpt.

UV-Vis spectrophotometric analysis of MG and RB

In single- and two-dye systems, UV-Vis absorption

spectra of MG and RB were recorded over wavelengths of

450 and 700 nm (Figure 2a,b). The maximum absorbance

wavelengths of MG and RB were 617 and 554 nm,

Figure 1. (a) SEM image, (b) XRD pattern (CuKa radiation), and (c) FTIR spectrum of Cpt.
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respectively. In a two-dye system, the absorption spectra

were recorded for adsorption periods of between 1 and

300 min. The shapes and maxima of the absorption

spectra of both dyes remained unchanged with adsorption

time. The intensities of the absorption spectra of MG and

RB in solution decreased with increasing contact times

(Figure 2b), however, which indicated the reduction in the

amount of dye in the medium.

Effects of experimental parameters on the removal of

dyes in single-dye systems

The experimental conditions noted during the

removal of MG and RB by the Cpt were contact time,

initial dye concentration, pH, and temperature. The

experiments were performed using an adsorbent dose of

2 g/L for a contact time of 5 h.

Effect of contact time and determination of equilibrium

time

The effect of contact time on the removal of MG and

RB by the Cpt was studied at different contact times of

between 1.0 and 300 min under all experimental

conditions: concentration, pH, and temperature. In

single-dye systems, removal of MG and RB by the Cpt

occurred within 15 min under all experimental condi-

tions and, after 25 min, the amounts removed increased

slowly until equilibrium was reached at ~15�90 min for

low concentrations (20�60 mg/L) and at ~240�300 min

for high concentrations (80�100 mg/L). Similar results

were also reported for the adsorption of MG onto oil

palm trunk fiber (Hameed and El-Khaiary, 2008a) and

for the sorption of remazol brilliant blue R onto

polyurethane-type foam prepared from peanut shell

(Bilir et al., 2013). The rapid removal of the dyes

within the first 15 min was presumably due to the

abundance of cation exchange sites on the surface of the

Cpt. A similar result was reported for the adsorption of

brilliant green dye on kaolin (Nandi et al., 2009).

Table 3. Energy dispersive spectroscopy results.

Element (wt.%) (at.%)

(a) Clinoptilolite
O 45.24 57.48
Si 42.65 30.87
Al 4.65 3.50
C 3.15 5.33
K 2.80 1.46
Ca 0.69 0.35
N 0.55 0.79
Mg 0.20 0.22

(b) MG on clinoptioloite (single-dye system).
O 45.16 54.38
Si 39.30 26.95
C 8.21 13.17
Al 4.16 2.97
K 1.16 0.57
N 1.01 1.39
Ca 0.72 0.35
Mg 0.26 0.21

(c) RB on clinoptilolite (single-dye system).
O 49.03 59.38
Si 34.87 24.06
Al 5.84 4.19
C 5.64 9.10
K 1.96 0.97
Ca 1.24 0.60
N 0.96 1.32
Mg 0.40 0.38

(d) MG and RB on clinoptilolite (two-dye system).
Si 48.35 35.24
O 26.41 33.78
C 12.59 21.45
Al 7.50 5.69
K 1.89 0.99
Ca 1.64 0.84
N 1.04 1.53
Mg 0.58 0.49

Figure 2. Molecular absorption spectra of MG and RB in a single-dye system (a) and in a two-dye system (b) as a function of

adsorption time at 20ºC and natural pH.
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Effect of initial dye concentration

The effect of the initial dye concentration on the

removal of MG and RB by the Cpt was studied at natural

dye pH (pH 4.12 for the MG and 4.18 for the RB) and

20ºC (Figure 3a,b). When the initial concentrations of

MG and RB were increased from 20 to 100 mg/L, the

amounts of MG and RB removed increased from 9.92 to

37.89 mg/g and from 10.0 to 37.74 mg/g, respectively.

The fact that the adsorption of dyes increased with

increasing initial dye concentration indicates that more

adsorbent particles interact with more dye molecules.

When the initial dye concentration was increased from

20 to 100 mg/L, the removal efficiencies of MG and RB

decreased from 100 to 87.97% and from 100 to 72.15%,

respectively. A similar trend was reported for the

adsorption of MG onto chemically modified rice husk

(Chowdhury et al., 2011).

Effect of pH

The pH of the medium in an adsorption process

affects both the surface of an adsorbent and the

ionization of a dye molecule. In these experiments, the

effect of initial pH on the adsorption was studied for pH

values between 3 and 7 for the MG and between 3 and 9

for the RB for an initial dye concentration of 80 mg/L at

20ºC. The results showed that the removal of the MG

increased while the amount of the RB removed

decreased with increasing pH (Figure 4a,b). A graphic

showing the maximum removal of dye species as a

function of pH, on the other hand, is shown for

comparison (Figure 5). The cause of the increase in

MG removal with increasing pH is attributed to the

surface of the adsorbent having a more negative charge

in the higher-pH medium. With increasing pH, an

increase in the concentration of OH� ions in solution

occurs; these OH� ions are adsorbed onto the surface of

the zeolitic particles and the zeolite surface becomes

more negative (Margeta et al., 2013). Dye removal,

therefore, was increased via electrostatic interactions

between more negatively charged Cpt and positively

charged MG molecules (Figure 4a). Similar results were

reported for the adsorption of MG onto rice straw-

Figure 3. Effect of the initial dye concentration on the adsorption of MG (a) and RB (b) dyes onto Cpt in a 2 g/L suspension at 20ºC

and natural pH.

Figure 4. Effect of pH on the adsorption of MG (a) and RB (b) dyes onto Cpt in a 2 g/L suspension at 20ºC and 80 mg/L initial dye

concentration.
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derived char (Hameed and El-Khaiary, 2008b) and onto

chemically modified rice husk (Chowdhury et al., 2011).

While more removal of RB should be expected at higher

pH values, the removal of dye decreased with increasing

pH. A similar result was also reported for adsorption of

RB onto alumina-doped MCM-41 (Mobil Composition

of Matter No. 41) (i.e. AlMCM-41) (Eftekhari et al.,

2010). The reason may be that the RB molecule occurs

in a monomeric form at pH 3, and therefore the dye

molecules may enter easily into the pores of the

adsorbent (Guo et al., 2005). At pH values of >3, the

zwitterionic form of RB in water might cause the

aggregation of the RB molecules and the aggregating

dye molecules may not enter into the pores of the

adsorbent (Anandkumar and Mandal, 2011).

Effect of temperature

The effect of temperature on the removal of the MG

and RB by the Cpt was studied between 20 and 50ºC at

natural pH values and the initial dye concentration of

80 mg/L. The amounts of dyes removed increased

slightly with increases in the temperatures of both MG

and RB solutions (Figure 6a,b). Increases in the removal

of the dyes with increasing temperature may be

attributed to the increasing thermal movement of dye

molecules. A similar result was also reported for the

adsorption of MG onto activated carbon prepared from

Tunçbilek lignite (Önal et al., 2006).

Removal of dyes in a two-dye system

For competitive removal of MG and RB in a two-dye

system, the experiments were conducted separately

using an initial concentration of 80 mg/L of each dye

at natural dye pH values and at 20ºC in both systems. In

a two-dye system, the pH values of the mixture were

measured at between 3.91 and 3.94 and the degree of

removal of both dyes decreased due to competitive

adsorption (Figure 7). For example, the maximum

extents of removal of MG and RB were 21.41 and

27.39 mg/g in a two-dye system while values of 36.75

and 34.90 mg/g, respectively, were found for single-dye

systems. In a two-dye system, the removal of MG and

RB decreased by ~41.74% and 21.51%, respectively,

relative to single-dye systems. Similar results were

reported for the competitive adsorption of reactive

black onto filtrasorb 400 activated carbon in a multi-

solute system (Al-Degs et al., 2007) and of methylene

blue and rhodamine B onto AlMCM-41 (Eftekhari et al.,

2010).

A mixture of binary or multi-solute systems can

exhibit three possible types of adsorption behavior:

synergism, antagonism, or non-interaction (Gao et al.,

2010; Li et al., 2011; Wang et al., 2012; Hernandez-

Montoya et al., 2013). Synergism indicates that the

adsorption of the adsorbates in the mixture is greater

than the adsorption of the individual adsorbate molecule

in a single-dye system. Antagonism is where the

adsorption of the adsorbates in the mixture is less than

Figure 5. Comparison of the adsorption of MG and RB dyes onto

Cpt in a 2 g/L suspension at 20ºC and 80 mg/L initial dye

concentration as a function of pH.

Figure 6. Effect of temperature on the adsorption ofMG (a) and RB (b) dyes onto Cpt in a 2 g/L suspension at natural pH and 80 mg/L

initial dye concentration.
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the adsorption of the individual adsorbate molecules in a

single-dye system. Non-interaction indicates that the

adsorption of each of the adsorbate molecules in the

mixture is almost unchanged relative to the adsorption of

each dye in a single-dye system. In these experiments,

the adsorption process showed an antagonistic effect.

This effect points to a competition between MG and RB

for the same exchange sites of the Cpt. As a result of this

effect, the amount of each dye adsorbed decreased due to

competitive adsorption in the two-dye system.

For a two-dye system, total removal efficiencies

(TRE) of MG and RB by Cpt are shown in Figure 8a,b.

When the initial concentration of MG increased from 20

to 100 mg/L for a constant concentration of 50 mg/L of

the RB, the TRE decreased from 95.22 to 46.79%.

Similarly, when the initial concentration of the RB

increased from 20 to 100 mg/L for a constant concen-

tration of 50 mg/L of the MB, its TRE decreased from

97.84 to 58.24%.

Relative adsorption and adsorption selectivity in a two-

dye system

The relative adsorption of MG and RB in a two-dye

system can be determined using equation 16 (Wang and

Ariyanto, 2007):

AT ¼
qt½ �B
qt½ �S

ð16Þ

where [qt]S and [qt]B are the amounts of MG and RB

removed in both single- and two-dye systems at time t,

respectively. Adsorption selectivity in a two-dye system can

be estimated using equation 17 (Wang and Ariyanto, 2007):

S ¼ ðArÞRB

ðArÞMG

ð17Þ

where S is the adsorption selectivity, and (Ar)RB and (Ar)MG

are the relative adsorption of the RB and MG, respectively.

In a two-dye system, the variation of the relative adsorption

of MG and RB and the adsorption selectivity were

determined (Figure 9). To determine the relative adsorption

of the dyes, the initial concentration of each dye was

selected as 80 mg/L in both systems. The change in relative

adsorption of the RB may be negligible with increasing time

(Figure 9). The relative adsorption of MG increased

gradually with increase in time until a specific time

(~120 min), and thereafter the relative adsorption of MG

did not change significantly. The selectivity of adsorption,

however, decreased and approached a constant value of 1.3

after an equilibrium time of 300 min. This situation

indicated that the Cpt had a greater affinity for RB

adsorption at the initial stage of adsorption in a two-dye

system. Similar behavior was reported for the competitive

adsorption of MG and Pb2+ ions on natural zeolite (Wang

and Ariyanto, 2007), for competitive biosorption of yellow

2G and reactive brilliant red K-2G onto inactive aerobic

granules (Gao et al., 2010), and for competitive biosorption

of acid blue 25 and acid red 337 onto unmodified and

Figure 7. Adsorption of MG and RB in single- and two-dye

systems in a 2 g/L suspension at 20ºC, natural pH, and 80 mg/L

initial dye concentration.

Figure 8. Total removal efficiency of MG (a) and RB (b) dyes onto Cpt in a 2 g/L suspension in a two-dye system at 20ºC and natural

pH (initial dye concentration of MG and RB in single- and two-dye systems: 80 mg/L, constant concentration of each dye in a two-

dye system: 50 mg/L).
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cetyldimethylethyl ammonium bromide-modified biomass

of Aspergillus oryzae (Yang et al., 2011).

Study of adsorption isotherms in single- and two-dye

systems

The experimental equilibrium data for the adsorption

of MG and RB onto Cpt were fitted to four isotherm

models mentioned above in single- and two-dye systems.

In a single-dye system, the experimental equilibrium

data were determined for the initial dye concentrations

of between 20 and 100 mg/L for MG, and between 60

and 120 mg/L for the RB at the natural pH values of the

dyes and 20ºC, respectively. In a two-dye system, the

experimental equilibrium data were calculated for the

initial dye concentrations of 20�100 mg/L for MG or the

RB at a constant initial concentration of 50 mg/L for

each dye, respectively.

The values of Qo and b were taken from the slope and

the intercept, respectively, of the plot of Ce/qe vs. Ce for

the Langmuir-1 isotherm; the values of b and Qo were

taken from the slope and the intercept, respectively, of

the plot of Ce/qe vs. 1/Ce for the Langmuir-2 isotherm;

the values of b and Qo were taken from the slope and the

intercept, respectively, of the plot of qe/Ce vs. qe for the

Langmuir-3 isotherm; the values of n and k were taken

from the slope and the intercept, respectively, of the plot

of lnqe vs. lnCe for the Freundlich isotherm; the values of

B and AT were taken from the slope and the intercept,

respectively, of the plot of qe vs. lnCe for the Temkin

isotherm. The Redlich-Peterson isotherm contains three

unknown constant parameters. In order to determine the

constants of the Redlich-Peterson isotherm, a minimiza-

tion procedure was applied using the ‘solver add-in

function’ of Microsoft’s Excel1 program. Values of the

constant KR were determined by trying to maximize the

values of the correlation coefficient (r2) between the

predicted values of qe and the experimental data and to

obtain a b value of <1. After determining the values of

KR, the values of b and aR were calculated from the

slope and the intercept, respectively, of the linear plot of

ln [KR (Ce/qe) � 1] vs. lnCe. All constant values of the

Langmuir isotherm (Table 4) and the other isotherm

constants (Table 5) were determined.

The adsorption of MG and RB matched the

Langmuir-1 type isotherm best with r2 values of between

0.987 and 1 for the MG and RB between the three

Langmuir-type isotherms in single- and two-dye sys-

tems. When the values of the Langmuir-1 isotherm

constant (Qo) for the adsorption of MG and RB were

43.86 and 44.25 mg/g in a single-dye system, the values

were 20.62 and 31.54 mg/g in a two-dye system,

respectively. The values of Qo determined for the

adsorption of both dyes in a two-dye system were

smaller because of competitive removal or adsorption.

Compliance with the Langmuir-1 isotherm model

indicates monolayer coverage of the dyes on the surface

of the Cpt. Similar results were reported for the

competitive adsorption of MB and RB on AlMCM-41

(Eftekhari et al., 2010) and for binary adsorption of

direct blue 78 and direct red 31 on activated carbon

(Mahmoodi et al., 2011) in single- and two-dye systems.

The values of the Freundlich constant (k) for the

adso rp t ion of MG and RB were 25 .27 and

24.89 mg1�1/ng�1 L1/n in a single-dye system; while

values of 12.87 and 11.36 mg1�1/ng�1 L1/n were found

for a two-dye system. The values of k estimated for the

adsorption of both dyes in a two-dye system were

smaller due to competitive adsorption. The values of r2

determined for the adsorption of MG and RB were

between 0.898 and 0.988 in single- and two-dye systems

(except for the adsorption of MG in a two-dye system).

The higher values of r2 in the Freundlich isotherm

indicate reversible adsorption on a heterogeneous sur-

face. A similar result was also reported for the

adsorption of direct blue 78 and direct red 31 onto

activated carbon in single- and two-dye systems

(Mahmoodi et al., 2011).

While the values of B related to the heat of

adsorption from the Temkin equation were 5.78 and

5.07 J/mol for the adsorption of MG and RB in a single-

dye system, the values were 2.06 and 4.83 J/mol,

respectively, in the two-dye system. The values of B in

the two-dye system were smaller than those in the

single-dye system because of competitive adsorption.

The values of r2 from the Temkin equation for the

adsorption of MG and RB were between 0.924 and 0.988

(except for the adsorption of MG in a two-dye system) in

single- and two-dye systems. These values of r2 showed

that the adsorption isotherm obeyed the Temkin model

in both systems. The compliance of the Temkin model of

adsorption indicates a decrease in heat of adsorption

with increasing coverage of the dyes on the surface of

the Cpt. A similar result was reported for binary

adsorption of direct blue 78 and direct red 31 onto

activated carbon (Mahmoodi et al., 2011).

Figure 9. Relative adsorption and adsorption selectivity of MG

and RB dyes onto Cpt in a 2 g/L suspension in a two-dye system

at 20ºC and natural pH.
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The values of r2 determined from the R-P model were

between 0.9935 and 0.9996 for the adsorption of MG and

RB in single- and two-dye systems, and the values of b
were ~1 (Table 5). These results indicated the applic-

ability of the R-P model. Similar results were also

reported for the competitive adsorption of remazol

reactive yellow, remazol reactive black, and remazol

reactive red onto filtrasorb 400 activated carbon (FS400)

in single- and two-dye systems (Al-Degs et al., 2007).

The results of the isotherm studies showed that the

adsorption of MG and RB followed the mathematical

relationships given by the Langmuir, Freundlich,

Temkin, and R-P isotherms.

Study of adsorption kinetics in single- and two-dye

systems

In single- and two-dye systems, the process of

adsorbing MG and RB onto the Cpt was studied using

the three kinetics models (pseudo-first order, pseudo-

second order, and intra-particle diffusion) mentioned

above. The adsorption kinetics of MG and RB onto Cpt

were studied for initial concentrations of 20 to 100 mg/L

at natural dye pH values and 20ºC according to the three

models. The values of q1 and k1 from the slope and

intercept of the linear plots of log(qe � qt) vs. t for the

pseudo-first order model; the values of q2 and k2 from

the slope and the intercept of the linear plots of t/qt vs. t

for the pseudo-second order model; the values of ki and

C from the slope and the intercept of the linear plots of

qt vs. t1/2 for the intra-particle diffusion model were

calculated. All of the kinetics parameters were estimated

from the models above (Table 6). In single- and two-dye

systems, the values of correlation coefficients (r2) from

the pseudo-first order kinetics model were between

0.7017 and 0.9762 for the adsorption of MG and RB.

The values of q1 from the pseudo-first order kinetics

model did not agree with the experimental data, qe(exp.),

although values of r2 were large. This indicates that the

adsorption process did not obey the pseudo-first order

kinetics model. Graphs for pseudo-first order kinetics,

therefore, are not shown.

The kinetics parameters such as correlation coeffi-

cients (r2), theoretical adsorption capacities (q2), and

adsorption-rate constants (k2) were determined from the

regression analyses of linear plots of t/qt vs. t for the

pseudo-second order kinetics in single- and two-dye

systems (Table 6). The values of r2 from the pseudo-

second order kinetics model were 0.9965 and 1.00 for

the adsorption of MG and RB in single- and two-dye

systems (see Table 5). The values of q2 were consistent

with the experimental data, qe(exp), and the adsorption of

both dyes, therefore, obeyed the pseudo-second order

kinetics model, indicating chemical activation between

the Cpt and dye molecules. Similar results were reported

for the competitive adsorption of methylene blue and

rhodamine B onto AlMCM-41 (Eftekhari et al., 2010)

and for binary adsorption of direct blue 78 and direct red

31 onto activated carbon (Mahmoodi et al., 2011). The

rate constants, k2, in a two-dye system were smaller than

those of a single-dye system because of competitive

adsorption of dye molecules in a two-dye system.

The plots of qt vs. t
1/2 for the intra-particle diffusion

model in both systems comprised two phases. Phase I

represented migration from the bulk phase to the

adsorbent surface, and phase II accounted for intra-

particle diffusion of the adsorbate into the particles. The

intra-particle diffusion rate constants (ki1 and ki2), the

correlation coefficients (r1
2 and r2

2), and the thickness of

the boundary layer (values Ci1 and Ci2) for phases I and

II were obtained (Table 6). The values of r1
2 and ki1 for

the adsorption of MG and RB for phase I were greater

than those of phase II in single- and two-dye systems.

The values of the Ci1 and Ci2 from the intercept of the

intra-particle diffusion equation increased with increas-

ing initial dye concentration for the adsorption of MG

and RB in both systems (except for the values Ci1 of MG

adsorption in both systems). The results showed that the

adsorption process did not obey intra-particle diffusion.

The large r1
2 values for phase I indicated migration from

the bulk phase to the external surface of the Cpt.

CONCLUSIONS

Clinoptilolite may be used as an effective and

selective adsorbent for the removal of MG and RB

from single- and two-dye systems. In a two-dye system,

the clinoptilolite had greater affinity for RB and it was,

therefore, adsorbed selectively relative to the MG, and

the adsorption of MG and RB decreased by ~41.74% and

21.51% due to competitive adsorption, respectively. In

single- and two-dye systems, the adsorption of MG and

RB indicated monolayer coverage on the surface of the

clinoptilolite. Kinetics studies showed that chemical

activation may occur between the clinoptilolite and the

dyes.
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Önal, Y., Akmil-Bas� ar, C., Eren, D., Sarıcı-Özdemir, C., and
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