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ABSTRACT

In this study, malachite green removal from aqueous solutions by natural zeolite was investigated. The
interaction between zeolite and malachite green was determined by SEM/EDX and FTIR. The param-
eters like adsorbent dosage (0.1-1 mg/100 mL), initial malachite green concentration (40-200 mg/L)
and the contact time (10-600 s) were optimized using the central composite design of response
surface methodology. Maximum removal yield (99.70%) was obtained at an adsorbent dosage of
0.68 mg/100 mL, an initial malachite green concentration of 79.02 mg/L, and at 414 s contact time. The
equilibrium process complied better with the Langmuir isotherm model, which exhibits a single layer
adsorption, when compared with the Freundlich isotherm model. Adsorption kinetics followed the
pseudo-second-order type kinetic and intra-particle diffusion played an important role onto adsorp-
tion mechanism of malachite green. The findings of this study demonstrated that zeolite which is
found abundant on earth as a cheap and efficient adsorbent could be used for rapid malachite green

adsorption from aqueous solutions.

Keywords: Malachite green; Natural zeolite; Response surface methodology; Isotherm; Kinetic

1. Introduction

Synthetic dyes are widely used in several industries par-
ticularly for textile, tannery, paper, plastics, pharmaceutical,
and food industries. Commercial paint has more than 100,000
types and every year more than 7 x 10° tones of coloring
agents are manufactured [1].

Malachite green (MG), a cationic dye, is a common dye
from the triphenylmethane dye category and is used widely
for staining cotton, jute, paper, silk, wool, and leather [2]. In
addition, MG is commonly used in aquaculture cultivation
for fungus and parasitic treatment due to its high efficiency
[3]. Despite its extensive use and consumption, MG could
penetrate into food chain and might cause possible damage
in humans and other terrestrial or aquatic living organisms
through direct contact, respiration or digestion, as a result
of its mutagenic, carcinogenic and teratogenic characteris-
tics [2]. In addition to this characteristic, discharge of MG
to hydrosphere might cause environmental degradation,
since it gives an undesired color to water and reduces the

daylight penetration [4]. Hence, wastewater with MG con-
tent should be treated before being discharged to aquatic
environments.

Several methods such as electrocoagulation, flotation,
chemical oxidation, filtration, ion exchange, ozonation, mem-
brane separation, microbial degradation and adsorption are
developed for removal of dye from water [5]. Among these
methods adsorption has higher efficiency due to its opera-
tion simplicity, capacity and adequacy for large quantities of
dye removal and various inexpensive and nontoxic materials
could be used as an adsorbent [6]. Besides, adsorption could
be considered as an attractive and efficient method when
the dyes are typically considered as stable against light and
durable against oxidation and biodegradation [7]. In order to
remove MG from wastewater use of several materials such as
dead biomass [8], immobilized biomass [9], clay [10], active
carbon [11], agricultural waste [12], agro-industrial waste
[13], polymer [14], nanoparticle [15], carbon nanotube [16] is
reported.
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In this study, zeolite, which is one of the most abundant
materials on earth and a geologically natural material that
can be obtained inexpensively, is used as the adsorbent.
Lattice structure of this material provides extensive interior
and exterior surface area for ion exchange and chemical reac-
tions. These pores act as a molecular sieve. Zeolites are nat-
urally anions and they have capacity for high ion exchange
[17]. MG removal from aqueous solutions via the use of zeo-
lite is verified by former adsorption studies. In the study con-
ducted by Han et al. [18], maximum MG removal capacity
(9,..,) is found as 27.34 mg/g through the use of Chinese natu-
ral zeolite and no optimization study was conducted.

In the optimization of adsorption studies by classical
method, an independent parameter is altered while other
parameters are kept at a constant level. Thus, the proce-
dure becomes extremely time consuming and high-priced.
Furthermore, the significant disadvantage is not being able
to determine the effects of interaction between the param-
eters that are studied. In order to overcome this problem,
analytical procedures are optimized using multivariate sta-
tistical techniques. Response surface methodology (RSM) is
a common technical, statistical and mathematical program
used for the optimization of multi variants. RSM facilitates
to determine distinctive and interactive effects of parameters
and process parameters could be optimized through limited
number of experiments [19].

The aim of this study is to determine the optimum condi-
tions for MG adsorption via zeolite through the use of RSM.
In the adsorption process, initial MG concentration, adsor-
bent dosage and the effect of contact time were investigated
through Central Composite Design (CCD). Furthermore,
kinetics and isotherms of adsorption were studied. The
adsorbent is characterized through the use of FTIR and
SEM/EDX analyses.

2. Materials and methods
2.1. Adsorbate and adsorbent

The dye, MG oxalate, (C.I. Basic Green 4, C.I. Classification
Number 42,000, chemical formula = C,,H, N,O,,, molecular
weight =927.00 g/mol) was obtained from Merck (Germany).
Stock solution of MG (500 mg/L) was prepared by dissolving
500 mg MG in 1,000 mL distilled water.

Natural zeolite was obtained from a local company (Enli
Mining) in Turkey. Chemical composition of the zeolite was
analyzed by X-ray fluorescence spectrometry and was found
as follows (in mass, %): SiO, 68.62, AL,O, 12.64, FeO, 1.50,
MgO 0.84, CaO 1.89, Na,0 0.70, K,0 3.43, CuO 0.75, LOI 9.63.
Granulated zeolite was grinded and sifted through a 60 mesh
sieve. In order to remove the fine dust, zeolite samples were
washed with distilled water, dried at 105°C for 15 h and kept
sealed in a flask to be used later in adsorption studies.

2.2. Batch adsorption studies

Batch adsorption analysis for removal of MG was con-
ducted in 250 mL Erlenmeyer flasks. 0.1-1 g of zeolite was
added to 100 mL MG solution with different initial dye con-
centrations between 40 and 200 mg/L. The pH value of the
solution was kept unchanged (measured pH value of 4.5).
The solution mixture was shaken at room temperature (25°C)

in a shaker at 200 rpm and Erlenmeyer flask samples were
retrieved at time intervals determined according to RSM
design (between 10 and 600 s). The sorbent was separated
from the solution by centrifuging for 5 min at 5,000 rpm.
MG concentration in the remaining solution was analyzed at
615 nm using a UV spectrophotometer (UV-1800, Shimadzu).
The removal efficiency of MG was calculated as:

(Co -C )
MG removal, % =100 x? (1)
t
where C and C, are the MG concentrations at t =0 and ¢ = £,
respectively (mg/L).
Adsorbed dosage of MG was calculated via the following
formula:

C,-C)*V
q=7( : X‘) (2)

where ¢ is the adsorbed MG dosage (mg/g), V is the volume
of the solution (L) and X is the mass of MG (g).

Kinetics and isotherm studies were conducted by using
optimum adsorbent dosage determined via RSM at initial
MG concentrations that vary between 40 and 160 mg/L.
Batch adsorption experiments were conducted as explained
above. Pseudo-first-order, pseudo-second-order and intra-
particle diffusion models were tested for the kinetics study
and Langmuir and Freundlich isotherm models were tested
for the equilibrium study.

Regeneration studies have been performed in optimum
conditions established in by the RSM. MG loaded zeolite was
regenerated using 0.1 M NaOH. To desorb dye, adsorbent
treated with dye was extracted with 0.1 M NaOH and then
washed with distilled water until the wash solution reached
to the natural pH. The adsorbent was dried for 24 h at 80°C
for the next cycle. Regeneration experiments were repeated
until the fifth cycle.

2.3. Experimental design

CCD was used to investigate the effects of contact time
(10-600 s), adsorbent dosage (0.1-1 mg/100 mL) and initial
MG concentration (40-200 mg/L) for removal of MG from
aqueous solutions. 2*factorial, CCD was conducted for these
three independent variables in five levels (—a, -1, 0, 1, +at)
with 20 experiments composed of eight factorial points, six
axial points and six center points. Range and levels are pre-
sented in Table 1. Design Expert Version 9 (Stat-Ease, USA)

Table 1
Level of independent variables in experimental design with CCD

Factors Range and levels
-0 -1 0 +1 +ou
(-1.682) (+1.682)
X,: Adsorbent 0.1 0282 055 0.817 1
dosage (g/100 mL)
X,: Initial MG 40 72431 120 167.568 200

concentration (mg/L)

X,: Contact time (s) 10 129.59 305 480.408 600
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was used to optimize the levels of the independent vari-
ables and to evaluate the interaction of process variables.
Percentage of MG removal is taken as a dependent output
response variable. In addition, Design Expert Software was
used for the statistical analysis, variance analysis (ANOVA)
and graphical analysis of the findings. The mathematical
relationship between the three independent variables could
be written down with the following quadratic model [20,21]:

n-1 n

y=b,+ Z”:bixi + i“bﬁxiZ +3 3 b
i1 -1

i=1 j=i+1

©)

where y is the assumed response (percentage of MG removal),
x, and x; are the independent variables, b, is the model con-
stant, b, is the linear coefficient, b, is the quadratic coefficient
and b, the cross-product coefficient. Optimum values of the
independent variables that provide the maximum removal
are found by using the desirability function of Design Expert
Software.

2.4. Characterization

Infrared analysis of zeolite samples was carried out with
a FTIR Spectrometer (Thermo Nicoleti 510), between 400
and 4,000 cm™, before and after the adsorption. In order to
obtain information about the surface morphologies of zeo-
lite and MG loaded zeolite, scanning electron microscopy
(SEM) was performed in Leo, Evo 40 SEM at accelerating
voltage of 20 kV attached to an X-ray energy dispersive
spectrometer.

Table 2
Experimental design and results of CCD
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3. Results and discussion
3.1. Data analysis by response surface methodology

The effect of process variables, namely the initial MG
concentration, adsorbent dosage and contact time, on the
MG removal is investigated using CCD. Table 2 presents the
coded values of the factors and design and the actual and
predicted values of experimental results.

According to the experimental results, the empirical rela-
tionship with the response and independent variables is:

Removal (%), y = 95.45 + 16.65 X, - 6.95 X, +5.09 X,
+6.72 X, X, - 242 X, X, +0.22 X,X,

~9.99 X2-0.51 X,2-2.72 X2 4)

While the positive sign in Eq. (4) shows the synergic
effect, the negative sign indicates the antagonistic effect
[22]. As observed in Eq. (4), the adsorbent dosage (X,) and
contact time (X,) are positive, the initial MG concentration
(X,) is negative. These findings point out that MG adsorp-
tion could be developed further as the increase of adsorbent
dosage and contact time. The results of ANOVA (Table 3)
support the factual relationship between the proposed
regression equation and important variables and reasonable
response [22,23]. Additionally, the importance of the effect
of three independent variables was evaluated using F-value
and P-value with ANOVA results for the quadratic model.
In this study, F-value was determined as 19.69 and P-value is
smaller than the 0.0001 value, which verifies that the model

Run Factor 1 Factor 2 Factor 3 MG removal, (%)
adsorbent dosage (X)), initial concentration (X,), contact time (X), Actual value Predicted value
g/100 mL mg/L (s)

1 +1 +1 -1 94.49 95.75
2 0 0 0 95.71 95.45
3 +1.682 0 99.55 98.19
4 -1 +1 +1 92.22 91.53
5 +1 +1 +1 98.43 98.53
6 0 0 0 95.76 95.45
7 0 0 0 96.32 95.45
8 0 -1.682 0 99.58 99.69
9 0 0 0 95.15 95.45
10 0 +1.682 0 82.13 82.31
11 -1 +1 +1 61.35 59.64
12 -1.682 0 0 28.55 30.18
13 0 0 -1.682 72.10 71.19
14 -1 -1 +1 79.48 79.95
15 0 0 0 95.91 95.45
16 +1 -1 -1 99.37 99.66
17 +1 -1 +1 99.46 99.55
18 +1 +1 -1 50.68 54.16
19 0 0 +1.682 97.12 96.31
20 0 0 0 95.92 95.45
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Table 3
ANOVA for response surface quadratic model

Source Sum of squares Df Mean square F-value P-value prob >F

Model 6,698.09 9 744.23 19.60 <0.0001

Xl-adsorbent dosage 3,787.22 1 3,787.22 99.73 <0.0001

X,-MG concentration 660.00 1 660.00 17.38 0.0019

X,-contact time 353.83 1 353.83 9.32 0.0122

XX, 361.08 1 361.08 9.51 0.0116

X, X, 46.95 1 46.95 1.24 0.2922

X, X, 0.40 1 0.40 0.011 0.9199

X2 1,439.11 1 1,439.11 37.90 0.0001

X} 3.78 1 3.78 0.100 0.7587

X2 106.80 1 106.80 2.81 0.1245

R?=10.95, Adj R*=0.90.

70

removal (%)

187568

0.683786

143784
120

X2 initial concentration 96.2159

(mgiL)

0.55
0.416214

724317 0282428

0.817572

X1: adsorbent dosage
(g/100 mL)

removal (%)

167.568

96,2159

X2 initial concentration (mg/L)

724317 4

0.817572

0.683786

0282428 0.415214 0.565

X1: adsorbent dosage (g/100 mL)

Fig. 1. The effect of adsorbent dosage and initial MG concentration on removal capacity, when the contact time was fixed to 305 s.

is statistically significant. As presented in Table 3, X, X,
X, X, X, and X *are important model terms (P-value<0.05).

R?, with a value of 0.95, indicates the convenience of
the model for MG removal. R? value provides the measure
of variability observed in response values, which could be
explained by the experimental parameters and their inter-
actions. R? value close to 1 estimates a better correlation
between the predicted values and a better model response
[24]. When R?value is stated in percentages, it means that
95% of the total variation for MG removal is ascribed to the
independent variables and only 5% of the total variation
could not be explained with the model. The adjusted R*(Adj
R?) value of the model is 0.90. Adj R*designates the R? value
for the sample size and the number of variables in the model.
As the model and sample size include multiple variables Adj
R?could be smaller than the R? value.

Figs. 1-3 present the 3D response surface and contour
plots, which indicate the effect of interaction between two
independent variables related to the removal efficiency.
In Fig. 1, it is possible to observe the effect of interaction
between the adsorbent dosage (X,) and the initial MG con-
centration (X,) on the removal efficiency, when the contact

time is kept stable at 305 s. As the adsorbent dosage increased
the removal efficiency increased, and the increase in concen-
tration reduced the removal efficiency. This expected obser-
vation actually is a result of the increasing adsorption due to
the increase in initial dye concentration with respect to the
increasing mass transfer from the concentration gradient,
hence the concentration effect would have an inverse effect
on the adsorption frequency, which shows the adsorption
constant, since the adsorption surface for dye accumulation
is limited for the adsorption frequency [25]. Sales et al. [26]
also reported that an increase in the quantity of adsorbent
material is possible to bring a higher percentage removal
due to the increase in available surface area and exposure
of the adsorption sites necessary for the removal of the dye.
Similarly, in Fig. 2 it is possible to observe the effect of inter-
action between the adsorbent dosage (X,) and the contact
time (X,) on the removal efficiency, when the initial concen-
tration is kept constant at 120 mg/L. Increasing contact time
and adsorbent dosage until the maximum removal elevated
the removal efficiency. Rapid MG adsorption is dependent
on the vast number of pores and their structures in the
adsorbent, which facilitates rapid penetration for MG at
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Fig. 2. The effect of adsorbent dosage and contact time on the removal capacity, when the initial MG concentration was fixed to
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Fig. 3. The effect of initial MG concentration and contact time on the removal capacity, when the adsorbent dosage was fixed to

0.55 g/100 mL.

binder surfaces [27]. It is better to have a short contact time
and low adsorbent dosage, when considered economically.
Furthermore, Fig. 3 presents the effect of interaction between
the initial concentration (X,) and the contact time (X,) on the
removal efficiency, when adsorbent dosage is kept constant at
0.55 mg/100 mL. In addition to the findings that the effect of
interaction between the initial MG concentration and the con-
tact time is weak, as the contact time increased the removal
efficiency increased and as the initial concentration increased
the removal efficiency was reduced. In high concentration of
MG, there are not enough spaces for dye due to lack of avail-
able active sites on the adsorbent surface [28].

Maximum removal efficiency with zeolite and suitable
optimum experimental conditions of independent variables
are determined using the desirability function of Design
Expert Software (Fig. 4) [29]. The determined optimum

e

0282428 0817572

S D

724317 167 568

A:dosage = 0.67954 E: concentration= 72.0193

e

125582 480.408 28.5459 99.5891

C.time = 414.074 removal =99.7031

Desirability = 1.000

Fig. 4. Desirability ramp for numerical optimization of three
independent variables, adsorbent dosage, initial MG concentra-
tion and contact time.



M. Tanyol / Desalination and Water Treatment 65 (2017) 294-303 299

conditions are the adsorbent dosage of 0.68 mg/100 mL, the
initial MG concentration of 79.02 mg/L and the contact time
of 414 s. Under these conditions the removal efficiency is
99.70%.

3.2. Adsorption kinetics

In order to determine the adsorption mechanism
kinetic models that include pseudo-first-order model [30],
pseudo-second-order model [31] and intra-particle diffusion
model [32] were implemented for this study.

The linear forms of pseudo-first-order model and
pseudo-second-order model could be denoted with follow-
ing equations, respectively:

kit

108(deq =y =1084.4 = 2103 )
LIS ©)
q kzqeq qeq

where g__is the maximum adsorption capacity (mg/g), 4, and
g are the MG amount adsorbed on zeolite at a given time
(mg/g), k, (1/h) and k, (g/mg min) are the rate constants for
pseudo-first-order and pseudo-second-order kinetic models,
respectively.

Adsorption is a multi-step process that includes the
transfer of dissolved molecules to the surface of the solid
particles of the adsorbent from liquid phase and in a well-
mixed batch adsorption system there is a probability of intra-
particle diffusion for the adsorbate, which is a rate delimiter
step. Therefore, it is necessary to determine the diffusion rate,
since the diffusion of the dissolved molecules is conceivably a
slow process [33]. Intra-particle diffusion parameter, K, could
be found with the following equation:

q,=Kt*? 7)

where K is the intra-particle diffusion rate (mg/g min™?).
K value could be calculated from the slope of the curve of
q,vs. t.

The k, k,, g, values and correlation coefficients for the
pseudo-first-order and pseudo-second-order kinetic models
that are obtained with different concentrations and the K
constant of the intra-particle diffusion model are compared
in Table 4. As indicated in Table 4, although correlation
coefficients for both models are high and the correlation
coefficients for the pseudo-second-order kinetic model were

Table 4
Kinetic parameters for the adsorption of MG with zeolite

found to be higher. Concurrently, theoretical g, values and
experimental g, values yielded better with the pseudo-
second-order kinetic model. K values increased with respect
to the elevated MG concentration. This linear relationship
indicates the high contribution of intra-particle diffusion on
the adsorption process [34,35]. Kinetic results showed that
the sorption process could be defined via pseudo-second-
order kinetic model along with intra-diffusion, which is one
of the rate determination steps.

3.3. Equilibrium isotherms

Langmuir and Freundlich isotherm models provide
information on the trend of the adsorbent and characteristics
of the mechanism for target types, through the analysis of
the experimental equilibrium data [36]. Langmuir adsorption
isotherm assumes a homogeneous surface energy distribu-
tion [37]. The linear form for Langmuir isotherm is repre-
sented as [38]:

_ qmaxb Ceq

= 8
1+bC,, ©)

ch

where g, is the MG amount adsorbed at the time of equilib-
rium (mg/g), C, is the equilibrium concentration of MG in
the solution (mg/L), g, is the maximum adsorption capacity
(mg/g) and b is the adsorption equilibrium constant related to
adsorption energy (L/mg).

The fundamental characteristics of Langmuir isotherm
could be stated according to the dimensionless separation fac-
tor, R, and could be defined with the following expression [39]:

R, = !
1+bC,

©)

where C is the initial MG concentration in the solution
(mg/L).

Freundlich isotherm is used for liquid phase adsorption
on a surface with heterogeneous energy distribution. This
isotherm is represented with the following formula [40,41]:

1,
g, =K,Cln (10)

where K, is an empirical constant to indicate the adsorption
capacity, 1/n is the heterogeneity factor used to characterize
the heterogeneity of the system.

C, Tog, Pseudo first-order- kinetic Pseudo second-order-kinetic Intra-particle diffusion
meg/L me/g k, eqyeal R? k, Teqat R? K R?
1/min mg/g 1/min mg/g mg/(g min?)
40 7.78 0.332 1.25 0.901 3.192 7.81 0.999 0.0006 0.999
80 16.20 0.502 2.33 0.965 1.044 16.34 0.999 0.0383 0.912
120 22.08 0.355 7.78 0.891 0.191 23.04 0.999 0.0435 0.972
160 32.40 0.267 12.31 0.903 0.076 32.78 0.999 0.1142 0.950
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Table 5
Isotherm coefficients for MG adsorbed on zeolite

Langmuir parameters Freundlich parameters

pner (M/8) 98.04 K,(mg/g) 424

b (L/mg) 0.06 1/n 0.78

R? 0.996 R? 0.955
Table 6

Maximum adsorption capacities of MG from aqueous solution
using various sorbents

Sorbents 9. (Mg/g) References
Modified clay 40.48 [5]

China natural zeolite 27.34 [18]
Walnut shell 90.80 [35]
Modified breadnut peel 177.40 [44]
Carrot stem powder 55.50 [46]
Magnetic litchi pericarps 70.42 [47]
Modified hydroxyapatite 188.18 [48]

Avena sativa (oat) hull 83.00 [49]
Superparamagnetic sodium 47.84 [50]
alginate-coated Fe,O, nanoparticles

Carboxylate functionalized 49.45 [51]
multi-walled carbon nanotubes

Used black tea 110.00 [52]

Chitin 97.09 [53]
Zeolite 98.04 This study

Table 5 presents the adsorption model constant values for
the Langmuir and Freundlich isotherms. q__, which denotes
the maximum capacity, demonstrates total capacity of adsor-
bent or the single-layered saturation at equilibrium for MG.
In Table 6, g, _value found in this study is compared to dif-
ferent adsorbents reported for MG removal. If R, > 1, it is
inconvenient; if R, =1, itis linear; 0 <R, <1is appropriate; and
R, = 0 is irreversible [39,40]. Retrieved R, values are between
0.09 and 0.29. This result demonstrates that for removal of
MG from aqueous solutions, zeolite, a natural adsorbent, is
available for the adsorption process.

The Freundlich constant (1/n) is related to the density of
the sorbent. Adsorption is flawless when it is 0.1 < 1/n < 0.5;
adsorption is easy when 0.5 <1/n < 0.1; and adsorption is
hard when 1/n > 1 [42]. In this study, 1/n value found as 0.77
demonstrates that MG could easily be adsorbed on zeolite.
Adsorption data is found to be more in accordance with the
Langmuir model rather than the Freundlich model, when
the correlation coefficients of the two isotherm models are
compared.

3.4. Regeneration studies

Regeneration and subsequent reuse of the adsorbent are
critical for industrial applications due to reduction of costs,
continuous dependence of the adsorbent treatment process
and possible recovery of the dye molecules [43]. Therefore,
zeolite regeneration and reuse study was carried out in five
cycles. In Fig. 5, removal efficiencies of zeolites (either using

100 -

]
=]
I

]
=]
1

B Direct use

Iy
o
L

B MNa0H

Removal efficiency, %

]
o
I

Fig. 5. Effect of regeneration and reuse on MG removal efficiency
(adsorbent dosage: 0.68 mg/100 mL; initial MG concentration:
79.02 mg/L; contact time: 414 s).

directly without desorption or using after treatment with
0.1 M NaOH) used again in the adsorption of MG was com-
pared. While at the end of the fifth cycle, MG removal effi-
ciency of zeolite used directly declines to 30%, MG removal
efficiency rate of the zeolite treated with NaOH and used
again after the end of each cycle is still high (92%). Therefore,
zeolite has great potential to be used in real-life application
in wastewater treatment of MG dye since it can be reused by
recycling the adsorbent and coupled with its ability at main-
taining high removal efficiency after several cycles [44].

3.5. Characterization of adsorbent

In order to examine the morphology of zeolite and zeolite
loaded MG, SEM is equipped with an energy dispersive X-ray
detector. SEM images in Figs. 6(a) and (b) show coverage of the
surface of the MG adsorbent due to adsorption of the adsorbate
molecules presumably leading to formation of a monolayer of
the adsorbate molecule over the adsorbent surface which is
evident from the formation of white layer (molecular cloud)
of uniform thickness and coverage (spread) [45]. The results
of chemical analysis of the zeolite and MG loaded zeolite were
obtained using semiquantitative EDX data, presented in Figs.
6(c) and (d), respectively (Idle picks are the gold palladium
peaks caused by the coating). By the way of loading with MG,
carbon content of zeolite sample was increased from 0.13% to
12.43%. This result which confirms the successful loading of
MG is compatible with previous findings.

The FTIR spectrum of zeolite and zeolite loaded MG
is presented in Fig. 7. For bulk zeolite, picks at 3,416 cm™
attributed to the stretching vibration of O-H; at 1,630 cm™
attributed to the stretching vibration of AI-OH group; at
1,019 cm™ attributed to asymmetric stretching vibration of
either Si-O-Si or (Al-O-Al); at 791 cm™ attributed to sym-
metric Si-O-Si or Al-O-Al showing the in-plane bending.
Picks formed after MG adsorption at 1,685 cm™ attributed to
the stretching vibration of C=N, at 1,585 cm™ attributed to the
stretching of aromatic C=C bond and at 1,370 cm™ attributed
to the stretching vibration of CH, — N bond. Comparing the
two IR spectra; vibration peaks at 1,630 cm™ wavelength exist-
ing before adsorption, disappear with reacting with some
existing groups in MG, parallel to the adsorption mechanism
and characteristic picks belonging to MG at 1,685, 1,585 and
1,370 cm™ appeared. Therefore, it is logical to assume that
MG adsorbed on zeolite.
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Fig. 6. SEM images of (a) zeolite; (b) zeolite after adsorption; (c) EDX analysis of zeolite; (d) EDX analysis of zeolite after adsorption.
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Fig. 7. FTIR spectra of (a) zeolite and (b) zeolite after adsorption.

4. Conclusions

In this study, CCD was used for compliance of exper-
imental conditions for removal of MG by zeolite. The
results pointed out that, when the adsorbent dosage,
initial MG concentration and contact time are fixed to
0.68 mg/100 mL, 79.02 mg/g and 414 s, respectively, 99.70%
maximum removal efficiency for MG is obtained. Quadratic
model analysis proved sufficient sensitivity and confidence

(R?=0.95) of adsorption experiments of the model, for MG
adsorption by zeolite. Adsorption isotherms provided good
compliance with Langmuir model. Maximum adsorption
capacity g is determined as 98.04 mg/g. Kinetics study
was conducted based on pseudo-first-order, pseudo-second-
order and intra-particle diffusion models. Adsorption kinet-
ics could be explained by pseudo-second-order model in
addition to the intra-particle diffusion model. Zeolite, used
in this study, could be preferable in MG removal due to being
subject to no type of modification process, being economical,
being fast and efficient in MG adsorption.
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Symbols

ANOVA — Analysis of variance

b — Langmuir constant for intensity of adsorption,
L/mg

b, — Model constant

b — Linear coefficient
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b, — Quadratic coefficient

b, — Cross-product coefficient

o — Equilibrium concentration of malachite green in

solution, mg/L

G, — Initial malachite green concentration, mg/L

C, — Malachite green concentration at time ¢, mg/L

CCD  — Central composite design

EDX  — Energy dispersive X-ray

DF — Degree of freedom

F — Fischer statistics

FTIR  — Fourier transform infrared spectrometer

K — Intra-particle diffusion rate, mg/g min°

K, — Freundlich constant of adsorption capacity

k, — Rate constant for pseudo-first-order, 1/h

k, — Rate constant for pseudo-second-order,
g/mg/min

MG — Malachite green

Prob>F — Proportion of time or probability expected to
obtain the stated F-value

q — Adsorbed malachite green amount, mg/g

Teq — Malachite green amount adsorbed at equilib-
rium, mg/g

. — Maximum adsorption capacity, mg/g

q, — Malachite green amount adsorbed at a time ¢,
mg/g

R? — Correlation coefficient

R, — Langmuir constant of separation

RSM  — Response surface methodology

SEM  — Scanning electron microscopy

1% — Volume of the solution, L

x,andx; _ Independent variables

X, — First factor, adsorbent dosage, mg/g

X, — Second factor, initial malachite green concentra-
tion, mg/L

X, — Third factor, contact time, s

y — Assumed response

1/n — Heterogeneity factor of Freundlich isotherm

Greek symbol

+o — Axial points
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