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Abstract—Natural zeolite as a low cost clay was tested for removal of crystal violet known as a noxious dye. Five char-
acterization techniques were used for this study. Optimizing and modeling of adsorption were performed at minimum
time by an applicable technique named as response surface methodology (RSM). Three effective variables (pH, tem-
perature (T) and adsorbate-to-adsorbent ratio (a/A)) were monitored to obtain the dye removal efficiencies. The maxi-
mum removal of dye was obtained at pH=10, T=25°C and a/A=0.1 g/g. For natural zeolite, the Fractal-Langmuir
model was selected as an appropriate model for kinetic studies and the Freundlich isotherm was the best isotherm for
equilibrium studies. Thermodynamic investigations showed that the adsorption of dye on natural zeolite is endother-
mic process and a spontaneous reaction. The maximum dye adsorption capacity of natural zeolite and Merck activated
carbon on the surface of each adsorbent was obtained at 177.75 and 84.11 mg/g, respectively. In comparison with the
maximum adsorption capacity of activated carbon obtained from Merck Company, we can conclude that natural zeo-
lite possesses a higher adsorption capacity. These results reveal that, natural zeolite is an excellent and affordable adsor-
bent for removal of crystal violet from wastewater as compared to activated carbon.
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INTRODUCTION

One of the main environmental issues is the quality of water and
drinking water. Many of the water sources are contaminated by dyes.
Dyes are basically complicated molecules that are very difficult to
degrade naturally in the water system. They are noxious, carcino-
genic and very hazardous. Crystal violet (CV) as a cationic dye is
toxic and very dangerous [1,2]. It leads to respiratory failure, brain
confusion and eye irritation. This dye is used in textile, paper and
wood industries, veterinary medicine and drugs [3,4]. Hence, the
removal of this dye from environment is critical and essential. For
increasing water quality, several ways have been investigated [5,6].
Adsorption methods are widely applicable because they are fast and
require lower cost [7,8].

Some economic and effective adsorbents are used for removal
of dyes, such as activated slag [9], fly ash [10] and zeolites [11]. Zeo-
lites are extensively used as adsorbents in environmental systems
because of their porous structure, high adsorption capacity, low cost,
non-toxicity and abundance in nature. The adsorption of CV on
the zeolite occurs by electrostatic attraction between the negatively
charged sites of the adsorbent and the positively charged dye mol-
ecules and also by cation exchange. Zeolites have various structures
which consist of a three-dimensional network with a negative charge
balanced by some cations such as Na’, K, Mg2+ and Ca® [12]. These
cations can be exchanged with some cations in water [13-15]. Ability
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of zeolites to remove several cationic dyes such as methylene blue,
safranine and malachite green and so on has been proved [16],
while adsorption studies of anionic dyes are very limited. Zeolites
have narrow pores, which makes access difficult for some dye mol-
ecules [17]. The pore size of clinoptilolite has the largest maximum
dimensions (0.76 nm) of the zeolites studied [18]. Therefore, the
size of cationic dyes is an important factor in ion-exchange mech-
anism and zeolites have more affinity for the dyes with the small
molecular size [16]. The molecular dimension of the dyes affects
the adsorption capacity and the adsorption rate. The molecular
dimension (°A) of CV is 11.37x10.25x8.70 [19]; this study will show
it can penetrate into the pores of natural zeolite or not.

Activated carbons are used as suitable adsorbents in removal of
pollutants from wastewater. They have high adsorption capacity
and can adsorb both cationic and anionic dyes [20,21]. Merck acti-
vated carbon is one of the best adsorbents for dye removal since it
has high adsorption capacity, but it is expensive [8,22]. For exam-
ple, adsorption of dyes (methylene blue (MB) and methyl orange
(MO)) on activated carbon prepared from apricot stones and com-
mercial activated carbon was investigated by Djilani et al [23]. They
prepared an activated carbon from apricot stones and compared it
to a commercial activated carbon. The maximum uptake of MB and
MO onto two activated carbons under optimized conditions was
determined to be 99.5%. Belaid et al. [24] investigated adsorption
kinetics of some textile dyes onto granular activated carbon. They
showed that the Elovich model describes the experimental results,
and adsorption process of dyes onto heterogeneous surface of acti-
vated carbon is chemisorption. Giannakoudakis et al. investigated
multi-parametric adsorption effects of the reactive dye removal with
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commercial activated carbons. They used three commercial car-
bons (DARCO, R008, PK13) for removal of RB5 from aqueous
solutions. Equilibrium experiments was performed by using Lang-
muir, Freundlich and Langmuir-Freundlich isotherms and the
maximum adsorption capacity for all carbon samples at 25 °C was
348, 527, 394 mg/g for DARCO, R008, PK13, respectively [25].
Yavuz et al. [26] investigated removal of direct dyes (direct yellow,
direct red and direct blue) from an aqueous solution by different
adsorbents such as activated carbon, raw kaolinite and montmoril-
lonite. They showed that commercial activated carbon has the high-
est removal efficiency and adsorption capacity among other ad-
sorbents.

In this study, we performed the adsorption of CV onto natural
zeolite and Merck activated carbon and compared the obtained
results. This comparison shows that some natural adsorbents such
as natural zeolite can have high adsorption capacity like some expen-
sive and high efficiency adsorbents such as Merck activated carbon.
Some variables can affect the response of an adsorption experiment
and they can be optimized and modeled to obtain maximum of
efficiency. Response surface methodology (RSM) helps to investi-
gate the effective variables to design experiments and obtain opti-
mum conditions at less times [27,28]. For example, Karimifard and
Alavi Moghaddam optimized removal of Reactive Blue using carbon
nanotubes by RSM [29]. Satapathy et al. investigated the adsorption
process of crystal violet using a novel nanocomposite by RSM [30].

In this paper, removal of CV by natural zeolite and modeling of
adsorption process was studied. The zeolite used in this study is
not expensive and is abundant in nature. The important variables
for CV adsorption on this zeolite were examined by RSM. Also, the
kinetics, isotherms and thermodynamic studies were performed.
The maximum adsorption capacity of this adsorbent at optimum
condition was compared with activated carbon from Merck Com-
pany and various adsorbents. It was shown that natural adsor-
bents such as zeolite can be comparable with the synthesized or
commercial adsorbents such as Merck activated carbon.

EXPERIMENTAL

1. Materials

Natural zeolite was collected from Semnan city in Iran. The size
of sample particles ranged from pm to nm. For purification of col-
lected samples, 20 g of zeolite was initially dispersed in 600 mL
deionized water and placed in a shaker at 130 rpm for 24 h. Then,
the mixture was filtered and zeolite was washed with deionized water
and dried into oven at 120 °C for 12 h. Crystal violet (C,sH;,N,Cl)
and activated carbon were procured from Merck company and
were used without further purification. A solution of CV with con-
centration 1,000 mg/L was prepared by dissolving 1.00 g of CV in
1L deionized water. The HCl and NaOH solutions (0.1 N) were
purchased from Merck Company.
2. Instrumentation

Chemical functional groups were identified by Fourier transform
infrared (FTIR) absorption spectra, which were obtained with an
infrared spectrophotometer with the KBr pellet technique (FTIR-
Magna 550 - Nicolet). The structure was investigated by powder
X-ray diffraction (XRD) patterns of the as-prepared samples which
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were recorded on the X-ray diffractometer (XRD, Philips X” pert
Pro MPD) using Cu ka X-ray irradiation. Specific surface area
was determined using surface area analyzer (BEL Sorb Gas Adsorp-
tion Analyzer). Morphology was revealed by field emission scan-
ning electron microscopy (FE-SEM) and was performed by electron
microscope (MIRA3 TESCAN). The absorbance spectra were ob-
tained using UV-Vis spectrophotometer (Shimadzu Model: T-80).
3. Experimental Design

Experimental design enables researchers to obtain useful infor-
mation concerning the effect of various variables on the response.
Central composite design (CCD) was used to consider the impor-
tance of variables on the removal efficiency of CV [31]. In this
work, dye removal efficiency (%) by the natural zeolite was stud-
ied using CCD with a=+1.68. The selected variables were pH (3-
11), temperature (25-55 °C) and adsorbate-to-adsorbent (a/A) weight
ratio (0.1-0.5 g/g). Design Expert software (Ver. 8.0.7.1) was used
and 20 experiments were designed and recorded in Table 1. The
correlation between the response and the selected variables can be
expressed by:

=5+ Zleﬂixi + Z?:lﬂiixiz + Zf:lzjiiﬂﬂijxixj +é 6y)

where, f3 is a constant term, £ is the linear effect term, £; is the
quadratic effect term, and £3; is the interaction effect term; x; and x;
are factors; &is the residue and y is the response.
4. Adsorption Experiments

To perform the equilibrium studies of CV adsorption on natu-
ral zeolite, 50 mL of the CV solutions with different concentra-
tions (20-200 mg/L) were mixed with 2 g/L of natural zeolite and
then put for 24 h in a shaker (130 rpm). The equilibrium experiment
for CV adsorption on activated carbon was performed by mixing

Table 1. The CCD matrix and value of CV removal efficiency

Temperature Adsorbate-to-adsorbent ~ Removal
Run pH o . . .
(°C) weight ratio (g/g) efficiency (%)
1 7 40 0.3 93.6
2 938 31.08 0.42 93.85
3 7 40 0.3 94.01
4 462 31.08 0.42 90.21
5 938 31.08 0.18 97.22
6 4.62 48.92 0.42 90.7
7 4.62 48.92 0.18 97.36
8 7 40.00 0.30 94.1
9 11 40 0.3 98
10 9.38 48.92 0.18 98.1
1 7 40 0.3 93.1
12 7 40 0.1 96.9
13 7 40 0.3 95.1
14 7 40 0.3 93.7
15 3 40 0.3 90.7
16 7 55 0.3 97.76
17 7 40 0.5 90.21
18 4.62 31 0.18 94.6
19 7 25 0.3 94.01
20 9.38 48.92 0.42 97.1
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1 g/L of Merck carbon with 50 mL of the CV solution (30, 40, 50,
60, 70 and 80 mg/L), and solutions were put for 24 h in a shaker
(130 rpm). After equilibrium, the CV concentrations were deter-
mined using the UV-visible spectrophotometer at 4,,,,=590 nm.
The removal percentage of CV is representing by Eq. (2):

CO_Ce

R%=

x 100 ()

0
where, C, and C, are the initial and equilibrium concentrations of
CV (mg/L), respectively. The amount of adsorbed CV at equilibrium
can be expressed by:

_ (CO — Ce)V

- )

where, V (mL) is the volume of CV solution and W (g) is the weight
of zeolite or activated carbon.

For studying the adsorption kinetic, 50 mL of CV solutions (4,
6, 8, 10 mg/L) was added to 2 g/L of the natural zeolite, and then
the solutions were placed in a shaker with 130 rpm. The CV con-

centrations in the solutions were determined at different adsorb-
ing times (2-300 min) and the amount of adsorbed CV at each time
was obtained by:

_ (CO_Ct)V
q=——

W @

where, C, (mg/L) is the concentration of CV after the correspond-
ing adsorption time and V (mL) and W (g) are the volume of CV
solution and the weight of zeolite and activated carbon, respectively.

RESULTS

1. Characterization

XRD, FT-IR, BET, FE-SEM and EDX were performed to ana-
lyze the chemical composition and morphology of natural zeolite.
The XRD pattern of natural zeolite shows clinoptilolite is the main
component with minor amounts of gypsum and quartz (Fig. 1(a)).
The reflections in pattern referred to the presence of various forms
of clinoptilolite (20=10° 12°) with chemical formula of (Na, K,
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Fig. 1. The XRD (a) and FT-IR (b) spectra for natural zeolite.
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Ca)y(Si, Al);0,,-20 H,O, gypsum (260=22.5°) with chemical for-
mula of CaSO,-2H,0 and quartz (SiO,) at 26=27.5° [32]. Zeolites
generally display an affinity for cationic dyes like CV. The adsorp-
tion of CV on the zeolite occurs by electrostatic attraction between
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Fig. 2. The FE- SEM images of natural zeolite in different magnifi-
cation: (a) 2 um, (b) 1 pm and (c) 500 nm.
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adsorbent and dye molecules and also by cation exchange. The size
of dye and the pore size of zeolite are important variables in the
dye adsorption process by zeolites. The pore size of clinoptilolite
has the dimensions 0.76 nm [18]. GaussView software was used to
calculate molecular size of CV. It was obtained as 9.72 °A and with
respect to its size, it cannot penetrate into the pores of zeolite.

In the FT-IR spectrum of natural zeolite, the bands located at
400-1,200 cm ™" wavelength are attributed to the vibrations of the
Si-O-Si and Si-O-Al [33]. The most intense bands at 1,063, 1,629,
and 3,426cm™ can be assigned to external tetrahedral linkage asym-
metric stretching, stretching vibration mode of adsorbed water in
natural zeolite, and intermolecular hydrogen bonding, respectively
(Fig. 1(b)).

The BET surface area of natural zeolite corresponds to 24.08 m*/g
and pore volume was determined as 0.1130 cm’/g; additionally, its
mean pore diameter is equal to 18.761 nm. It seems that zeolite parti-
cles are aggregated or some big zeolite particles have holes so that
some big mesopores of 18.761 nm are created.

The FE-SEM images of natural zeolite in magnifications: (a) 2
pm, (b) 1 um and (c) 500 nm are shown in Fig. 2. These images show
the surface texture and porosity and also, the particle size and cav-
ity shape of natural zeolite. The SEM images show that zeolite par-
ticles are aggregated and some big mesopores are created in the
adsorbent samples. The CV molecules can be adsorbed on the outer
surface of smaller zeolite particles or the holes of big zeolite parti-
cles not inside the zeolites.

EDX micrograph shows that the Si compounds are the major
portion of natural zeolite, so they are suitable for the adsorption of
organic dyes such as CV. The weight percent (wt%) of O, Si, AL K,
Na, Fe and Mg compounds within the adsorbent was determined
as 55.62, 33.3, 5.40, 3.12, 1.65, 0.62 and 0.2%, respectively (Fig. 3).
2. Response Surface Methodology
2-1. Regression Model Equation

According to the results, a second-order polynomial equation
was obtained [34]. The correlation between response, R, and inde-
pendent variables is:

R=+93.93+1.88xA+1.00xB—1.95xC+0.11xAxB 5)
+0.84x AXC+0.013xBxC+0.2x A%+0.74xB*— 0.08x C*

IR

.
2

Fig. 3. The EDX micrograph of natural zeolite.
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Table 2. ANOVA analysis for the fit of the experimental data to response surface model

Source Sum of squares DF Mean square F-value P-value prob. >
Model 128.36 9 14.26 23.37 <0.0001
A-pH 48.28 1 48.28 79.11 <0.0001
B-temp 13.72 1 13.72 22.48 0.0008
C-wt% 52.09 1 52.09 85.35 <0.0001
AB 0.097 1 0.097 0.16 0.6988
AC 5.58 1 5.58 9.14 0.0128
BC 0.0012 1 0.0012 0.0020 0.9648
A’ 0.58 1 0.58 0.95 0.3525
B’ 7.96 1 7.96 13.05 0.0047
c 0.093 1 0.093 0.15 0.7042
Residual 6.10 10 0.61
Lack of fit 3.85 5 0.77 1.71 0.2859
Pure error 2.25 5 0.45
Cor total 134.46 19

Model statistics summary
Std. Dev 0.78 R-Squared 0.9546
CV 0.83 Adj R-Squared 0.9138
Adeq. precision 17.507 Pred R-Squared 0.7271

In this equation, pH, temperature and adsorbate-to-adsorbent weight
ratio are denoted by A, B and C, respectively. Hence, pH and tem-
perature have a positive effect on the dye removal and by their
increasing, the dye removal increases. The adsorbate-to-adsorbent
weight ratio has a negative effect on the dye removal, and by increas-
ing of this ratio, the dye removal decreases.

2-2. Analysis of Variance (ANOVA)

The ANOVA results help identify the role and importance of each
variable and also the accuracy of the selected model [35]. Low P-
value of 0.0001, high F-value of 23.37, high R? of 0.9546 and insig-
nificant lack of fit reveal that the model is accurate (Table 2). The
results reveal the adsorbate-to-adsorbent weight ratio is the most
effective variable and temperature is the least effective variable.
The lack of fit F-value 1.71 implies that it is not significant relative
to the pure error. Adequate precision measures the signal-to-noise
ratio, and adequate precision of 17.507 reveals that this model can
be applied for design space navigation.
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Fig. 4. Pareto graphic analysis for CV removal.

A Pareto analysis indicates the percentage effect of each variable
on the dye removal efficiency. The results of the Pareto analysis show
that adsorbate-to-adsorbent weight ratio is the most effective vari-
able in dye removal (Fig. 4).

2-3. CCD Plots

A perturbation plot helps to compare the effect of all the vari-
ables at a special point in the design space [36]. This plot shows that
pH and temperature have positive effects, while adsorbate-to-adsor-
bent weight ratio indicates a negative effect on the dye removal effi-
ciency (Fig. 5).

The surface plots from the model help to indicate the effect of
the interactions of variables on dye removal (Fig. 6). In Fig. 6, pH
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Fig. 5. The perturbation plots: pH (A), temperature (B), adsorbate-
to-adsorbent weight ratio (C) and dye removal efficiency (R%).
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Fig. 6. Response surface and counter plots: pH (A), temperature (B),
adsorbate-to-adsorbent weight ratio (C) and dye removal effi-
ciency (R%).

is labeled A, temperature is labeled B and adsorbate-to-adsorbent
weight ratio is labeled (C), respectively. The effect of pH and tempera-
ture on the efficiency of CV removal reveals the efficiency of removal
increases with pH increasing (Fig. 6(a)). It is because at high pH
there is an excessive number of negative sites on the zeolite sur-
face, which leads to adsorption of cationic dye. The influence of
pH and adsorbate-to-adsorbent weight ratio indicates that the effi-
ciency of dye removal decreases at high weight ratio of adsorbate
to adsorbent, because at high concentration of adsorbate, many of
the adsorbent sites are covered, while at lower dye concentration,
most of the sites are uncovered (Fig. 6(b)). The interaction between
temperature and adsorbate-to-adsorbent weight ratio indicates that
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Fig. 7. Adsorption isotherms of CV on natural zeolite at different
temperature (25, 40, 55 °C).

the removal of CV is facilitated by temperature increasing. With
increasing temperature, the mobility of dye molecules increases
and it facilitates their adsorption on the surface (Fig. 6(c)).
2-4. Optimization Study

To determine the optimum conditions for maximum of dye re-
moval, variables of adsorbate-to-adsorbent weight ratio (a/A), tem-
perature and pH were set in the studied range. Design Expert soft-
ware suggested 0.1 g/g of adsorbate-to-adsorbent weight ratio (a/A),
temperature 25°C and pH of 10 as the optimum conditions to
achieve the maximum dye removal efficiency of 99.9%.
3. Effect of Temperature of Solution

Fig. 7 shows the adsorption isotherms of CV on natural zeolite
at different temperatures (25-55 °C). This Figure shows the q, value
at 55°C (74.2mg/g) is higher than that at 25°C (724 mg/g). By
temperature increasing, the mobility of dye ions in solution will
increase and interaction between dye ions with active sites on the
surface of adsorbent will increase. At high temperature, large dye
molecules can penetrate into the pores of zeolite. Also, the adsorp-
tion capacity increases by temperature increasing, which indicates
the endothermic nature of adsorption process.
4. Adsorption Isotherm

Equilibrium studies for CV adsorption on natural zeolite were
carried out by mixing 2 g/L of clay with various concentrations of
CV (20, 40, 60, 80, 100 and 200 mg/L) at the optimum values of
pH and temperature. The equilibrium experiment for CV adsorp-
tion on activated carbon was carried by mixing 1 g/L of Merck car-
bon with 50 mL of the CV solution (30, 40, 50, 60, 70 and 80 mg/
L) and solutions were placed during 24 h in a shaker (130 rpm).
After equilibrium, concentrations of CV in solutions were analyzed.
Adsorption isotherms were investigated to evaluate the maximum
adsorption capacities of these two adsorbents. Fig. 8(a) shows the
adsorption isotherm of CV on natural zeolite. Fig. 8(b) shows the
adsorption isotherm of CV on activated carbon from Merck com-
pany. Applied concentration ranges for CV adsorption on zeolite
and activated carbon were different. We investigated zeolite in opti-
mum condition and, therefore, it was applied in large concentra-
tion range. Adsorption isotherms show at low concentration of CV,
activated carbon works better than natural zeolite, and at high con-
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centration zeolite is a better adsorbent. Therefore, activated carbon
can be used for low concentration of CV, while zeolite has higher
adsorption capacity. The nonlinear fittings of isotherms for two ad-
sorbents were performed by using Langmuir, Freundlich, Temkin,
Redlich-Peterson, Sips and Flory-Huggins isotherms.
4-1. Langmuir Isotherm

Langmuir isotherm is applied for monolayer adsorption with the
limited number of active sites which have similar situations [37].
The Langmuir isotherm is given as:

_ quLCe

9TTVK,C, ©)

where, K}, is the Langmuir adsorption constant (L/mg) and g, is the
maximum adsorption capacity (mg /g). The obtained values of g,,,
K; and R’ are presented in Table 3.
4-2. Freundlich Isotherm
For heterogeneous surfaces with a different distribution of heat
of sorption over the surface, Freundlich isotherm is used [38]:
1

9= KFCZ (7)

where, K;; is the Freundlich adsorption constant and n is a constant
related to the surface heterogeneity.

Table 3. Parameters for adsorption isotherms on natural zeolite and

Merck activated carbon
Models Parameter Natu.ral Merck activated
zeolite carbon
Langmuir Qar (/) 106.67 67.09
isotherm K; (L/mg) 0.266 47.52
R’ 0.9604 0.8574
Freundlich Ky (L/mg) 21.99 70.23
isotherm n 15 5.0
R’ 0.9946 0.9781
Redlich-Peterson A (L/g) 6468 6309
isotherm B (L/mg) 286.70 90.20
g (L/mg) 0.33 0.87
R? 0.9939 0.9893
Temkin isotherm B, (J-g/mol-mg)  13.57 31.54
A, (L/mg) 7.5371 10.75
R? 0.8307 0.9783
Sips isotherm Qar (/) 175.54 84.11
K.r (L/mg) 0.0904 22.76
n 1.240 1.6
R’ 0.9786 0.9994
Flory-Huggins G (mg/g) 177.75 91.48
isotherm Ky 20.54 34.14
n 1.22 2.67
R’ 0.9832 0.9785

4-3. Temkin Isotherm

Temkin and Pyzhev [39] investigated the effects of adsorbate-ad-
sorbate interactions, and they assumed that the heat of adsorption
of all the molecules because of these interactions would decrease
linearly with coverage. Temkin isotherm has the following form:

q=BAnK:+BnC, (8)

where, By is a temperature dependent constant related to the heat
of adsorption and Ky is the equilibrium constant (L/mg).
4-4. Redlich-Peterson Isotherm
Redlich-Peterson model, which investigates three parameters in
an isotherm, is used for both monolayer and multilayer adsorption
[40]:
AC

—_c (9)

q =
© 14BC

where A, B and g are the constants, and 0<g<1.
4-5. Sips (Langmuir-Freundlich) Isotherm

Sips or Langmuir-Freundlich isotherm assumes that adsorbent
surface is heterogeneous, and it has different distribution of heat of
sorption [41]:

1/n

(K :Co)

(10)
"1+ (KLFCE)I/n

9.=9q,

where K is Langmuir-Freundlich constant (L/mg) and n is a non-
dimensional parameter for surface heterogeneity.
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Table 4. Maximum adsorption capacities of CV obtained by different adsorbents

Adsorbent Maximum adsorption capacity (mg/g) References
Magnetic carbon-iron oxide nanocomposite 81.7 [44]
Soil-Ag NP 1.918 [30]
ZnO-NRs-AC 113.64 [46]
Semi-IPN hydrogels 35.09 [2]
Magnetic Zeolite 0.9711 [47]
Almond Shell 114 [68]
Zeolite from fly ash 19.6 [45]
Zeolite from bottom ash 17.6 [45]
Amino silica 40 [50]
Kaolin 4727 [49]
Polyacrylamide-bentonite composite 144.60 [51]
Kaolinite-supported zero-valent iron 129.9 [52]
Phosphoric acid activated carbon 60.42 [48]
Sulfuric acid activated carbon 85.84 [48]
Magnetically modified activated carbon 67.1 [53]
SnFe,O,@activated carbon magnetic nanocomposite 158.73 [54]
Natural zeolite 177.75 This work
Merck activated carbon 84.11 This work

4-6. Flory-Huggins Isotherm

The Flory-Huggins (FH) isotherm can be used for an adsorbent

with several geometries of adsorption on the surface:
Cl2,-9)"

q. Ko (11)
where, Ky is Flory-Huggins constant.

All isotherm equations were fitted with experimental data, and the
results of fittings with isotherms and the values of their correspond-
ing correlation coefficients (R’) are listed in Table 3. For CV ad-
sorption on natural zeolite, the Freundlich isotherm is the best.
Therefore, the adsorption process is non-ideal, reversible and not
restricted to the formation of monolayer. Dye adsorption onto adsor-
bent can be multilayer, with non-uniform distribution of adsorp-
tion heat and affinities over the heterogeneous surface. A favorable
adsorption tends to having the Freundlich constant n between 1 and
10. Larger value of n implies stronger interaction between adsor-
bent and dye, while 1/n equal to 1 indicates linear adsorption leading
to identical adsorption energies for all sites [42]. In this study; n value
was obtained as 1.5; therefore, the interaction between natural zeo-
lite and CV is not strong and its surface heterogeneity is not high.

For Merck activated carbon, the Sips or Langmuir-Freundlich iso-
therm is the best. It can be assumed the adsorbent surface is het-
erogeneous and the adsorption process is monolayer. Sips isotherm
circumvents the limitation of the rising adsorbate concentration
associated with the Freundlich isotherm. At low adsorbate concen-
trations, it reduces to the Freundlich isotherm; while at high con-
centrations, it predicts a monolayer adsorption capacity characteristic
of the Langmuir isotherm [43]. In the Sips isotherm, n is a parame-
ter for surface heterogeneity. Different models are suitable for these
adsorbents, because the surfaces of zeolite and activated carbon are
different from each other. The maximum adsorption capacity of nat-
ural zeolite at optimum condition and activated carbon was ob-
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tained 177.75 mg/g and 84.11 mg/g, respectively.

Table 4 presents the comparison of the maximum adsorption
capacities of CV of natural zeolite at optimum condition with Merck
activated carbon and some adsorbents [2,30,44-54]. It was revealed
that the maximum adsorption capacity of natural zeolite (177.75
mg/g) is higher than Merck activated carbon and other adsorbents,
while some of them can be hardly prepared and the most of them
are more expensive than zeolite.

5. Adsorption Kinetic

Kinetic studies of CV adsorption onto the natural zeolite were
carried out with 2 g/L of adsorbent at CV concentrations of 4, 6, 8,
10 mg/L, adsorption time of 2-300 min and at the optimum values
of pH and temperature. The obtained results are shown in Fig. 9. In
this study; the kinetics models pseudo-first-order (PFO), pseudo-sec-
ond-order (PSO), Elovich, Modified pseudo-first-order (MPFO),

4
3 3
E 6o & © O
i o
= 2
= & r ] [ 1 [
- O - e
1 A 1Co=4 (mg/L)
T Co=6(mg/L)
Co=8 (mg/L)
Co=10 (mg/L)
01
0 50 100 150 200 250 300 350

1 (min)

Fig. 9. Adsorption kinetics of CV on natural zeolite (pH 10, tempera-
ture 25 °C, adsorbent dosage 2 g/L and initial dye concentra-
tion 4, 6, 8, 10 mg/L).
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intraparticle diffusion, integrated Kinetic Langmuir (IKL) and fractal
like-integrated kinetic Langmuir (FLIKL) were investigated to study
the adsorption kinetics. Linear regressions of kinetics models are
broadly applied in the previous works. Recently, Simonin revealed
mistakes using the linear fit for a nonlinear model [55]. He indi-
cated a linear fit of #/q versus time always lead to a perfect linear
fit, because of the linear increase of time over time, not because of
the properties of the measured dependent variable g, The kinetic
data were fitted by the nonlinear form of kinetic models.

5-1. Pseudo-first-order Model

Pseudo-first-order equation of Lagergren [56] is expressed as:

qﬂ=1— exp(—k,t) (12)

where, k; (min™") is the pseudo-first-order rate constant.
5-2. Pseudo-second-order Model
Pseudo-second-order model [57] is represented by following equa-
tion:
g_t (13)
Qe 1+ kzt

where, k;, is the pseudo-second-order rate constant.
5-3. Elovich Model

The Elovich is another rate equation [58], which is expressed as
follows:

9-Liyap+Lnt (14)
9 @ A
where, o is the initial adsorption rate and S s the relationship be-

Table 5. Kinetic parameters for CV adsorption on natural zeolite

tween the degree of surface coverage and the activation energy
involved in the chemisorption.
5-4. Modified Pseudo-first-order Model

The modified-pseudo-first order (MPFO) kinetic equation pro-
posed by Yang and Al-Duri simulates well the behavior of the kinet-
ics governed by the rate of adsorption [59]. Then, it was obtained
based on the statistical rate theory [60]:

qﬂ =Ing,—k,,t+In(q,—q) (15)
where, k,, is modified pseudo-first-order rate constant.
5-5. Intra Particle Diffusion Model

Generally, a process is diffusion-controlled if its rate depends on
the rate at which components diffuse towards one another [61] and
the adsorption rate can be expressed by:

1
q= kit2 +1 (16)

where, k, is intraparticle diffusion rate constant.
5-6. Integrated Kinetic Langmuir Model
The kinetic Langmuir models had no analytical solutions until
integrated kinetic Langmuir method was provided [62-64]. IKL is
a simple and easy but complete method to obtain an analytical
solution. It is expressed by Marczewski [64] for non-dissociative
adsorption:
q_(-e")
9e (l—aefk"t)

where, a and k; are IKL equation constants.

17)

C, (mg/L)
Models Parameters
4 6 8 10
Pseudo-first order k, (min™") 0.0223 0.0200 0.0188 0.0182
R’ 0.9821 0.9816 0.9821 0.9912
Pseudo-second order k, (mg g’1 min™') 0.0216 0.0134 0.0106 0.0565
R’ 0.9813 0.9760 0.9705 0.9664
Elovich o (mg/g-min) 0.1606 0.2054 0.4861 0.4618
B (g/mg) 24474 15840 1.2400 10260
R’ 09121 0.9870 0.9781 0.9597
MPFO ky (min)_1 0.0107 0.0104 0.0105 0.0115
R’ 0.9743 0.9630 0.9617 0.9492
Intra particle diffusion k; 0.1048 0.1456 0.1843 0.2318
1 0.2841 0.4932 0.8110 1.0308
R’ 0.9155 0.9106 0.8893 0.8694
Langmuir k; (min)™ 0.0084 0.0085 0.0088 0.0107
a 0.7343 0.7022 0.6783 0.5801
R’ 0.9989 0.9988 0.9988 0.9993
Fractal-Langmuir f 0.2804 0.2304 0.2827 0.2225
n 0.8155 0.8175 0.8064 0.8325
kg, (min) 0.03504 0.0340 0.0356 0.0329
R’ 0.9996 0.9996 0.9992 0.9991
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5-7. Fractal Like-integrated Kinetic Langmuir Model
Fractal like-integrated kinetic Langmuir model has been pre-
sented by a combination of the fractal-like approach and integrated
kinetic Langmuir equation by Haerifar and Azizian [65]:
q_(-e")

e 18)
e (1-fe™)

where, n, k; and f are FLIKL equation constants.

The kinetic parameters and correlation coefficients (R”) obtained
by fitting of kinetic data are shown in Table 5. For the pseudo-first-
order, pseudo-second-order, Elovich, MPFO and intraparticle dif-
fusion models, the values of the coefficients are less than 0.990 (R*<
0.990). This result indicates the agreement between experimental
data and these models can be weak and these models are not proper
to fit the experimental kinetic data. For IKL and FLIKL models,
the predicted values agree well with the experimental values (R>>
0.99). Therefore, these models are applicable for fitting the experi-
mental kinetic data. Also, comparison of the R” values of the two
kinetic models indicates that the FLIKL model with R* value of
0.9991-0.9996 is better than the IKL model; it reveals that adsorbent
surface is heterogeneous and has fractal like adsorption. It con-
firms the result of the isothermal study:.

6. Thermodynamic studies

The thermodynamic parameters, AG’, AH’, and AS’ can be deter-

mined by using Egs. (19) and (20):

AG’=-RTInK, (19)
AG’ AS° AH’
InK.=- TSR RT (20)

where, T is the temperature of solution in Kelvin, K is the dimen-
sionless equilibrium constant and R is the gas constant (8.314]
mol ™' K™). The K. was obtained as a dimensionless parameter by
multiplying K; (Langmuir constant) by 55.5 and then 1000 [66].
The values of thermodynamic parameters were calculated from the
plot of InK,. versus 1/T. These plots are presented for CV adsorption
on natural zeolite and Merck activated carbon in Fig. 10 and the
results of thermodynamic parameters are summarized in Table 6.
AG’ has negative values for CV adsorption onto zeolite, which
reflects the spontaneity of the process and affinity of CV to zeolites.
However, the negative value of AG’ increases by increasing of tem-
perature, indicating the nature of CV exchange is proportional to
the temperature. For natural zeolite, the low and positive value of
enthalpy shows that CV adsorption on the adsorbent surface is a
physical process and endothermic. Also, the ion exchange is endo-

@) 150
15.8 H“"“—a._
& ~__
= @
o L
=157 B
£ ~
"""-H.\_\_\_\_\_x
T
bl
15.6 ¢
15.5
0.003 0.0031 0.0032 0.0033 0.0034
1T
(b) »
2
21 _
//
- 7
~
= <eL'/_/
= P
- 19 ..//
18 P
‘@\
17
0.003 0.0031 0.0032 0.0033 0.0034
1T

Fig. 10. The plot of InK. versus 1/T for CV adsorption on (a) natu-
ral zeolite and (b) Merck activated carbon.

thermic because some energy must be supplied to CV as it under-
goes dehydration to occupy the less accessible sites located in the
cages of zeolite [67]. The positive value of AS’ shows the random-
ness increasing at the solution during the adsorption process. The
entropy also shows the changes of ion hydration, which occurs
during the ion exchange process. The low value of AS® indicates no
remarkable changes in entropy occur during the adsorption pro-
cess. Usually; enthalpy changes of ion exchange reactions in zeolites
are small [67].

AG’ has negative values for CV adsorption onto Merck carbon,
which shows the adsorption process is spontaneous. In compari-
son to zeolite, the larger value of AG’ indicates more affinity of
CV to activated carbon. Thermodynamic study for CV adsorp-
tion on Merck activated carbon shows this process is exothermic

Table 6. Thermodynamic parameters of dye adsorption on natural zeolite and Merck activated carbon

Adsorbent Temperature (°C) AG’ (kJ/mol) AH’ (kJ/mol) AS° (kJ/mol K)
Natural zeolite 25 —-38.715

40 —40.936 +4.979 +0.1466

55 —43.136
Merck activated carbon 25 —51.865

40 —50.283 —82.983 -0.104

55 —48.717
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and the high value of enthalpy shows that it is a chemical process.
It indicates the strong chemical bonding between CV and acti-
vated carbon occurs during adsorption. The negative value of AS’
shows the randomness decreasing during the adsorption process.

The results of enthalpy and entropy changing of CV adsorp-
tion on zeolite and activated carbon are different. This difference
indicates the mechanisms of CV adsorption on these adsorbents
are not the same. In the case of zeolite, ion exchange occurs, while
CV only adsorbs on the surface activated carbon.

CONCLUSION

Natural zeolite as a low cost adsorbent has been used for re-
moval of crystal violet from water. Modeling and optimizing of ad-
sorption performance were performed by response surface meth-
odology. Three effective variables were investigated and RSM results
revealed the adsorbate-to-adsorbent weight ratio (%) is the most
important variable, and it has negative effect on the dye removal.
The results of ANOVA analysis, R® values and also lack of fit indi-
cated that the model used in this study is proper. The optimum
conditions were obtained at 0.1 g/g of adsorbate-to-adsorbent weight
ratio, temperature=25°C and pH=10. Various isotherms were
applied to study CV adsorption on natural zeolite and activated
carbon from Merck company. Among these isotherms, the Freun-
dlich and Sips were the best for CV adsorption on zeolite and Merck
activated carbon, respectively. Kinetic studies for natural zeolite
indicated that the Fractal-Langmuir model is a suitable model.
The thermodynamic parameters showed CV adsorption on natu-
ral zeolite is an endothermic and spontaneous process. The maxi-
mum adsorption capacities of natural zeolite, Merck activated carbon
and different adsorbents for CV removal were compared. Results
revealed that the zeolite used possesses the highest adsorption capac-
ity (177.75 mg/g), and also it is an abundant and effective adsor-
bent for CV removal from wastewater.
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