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Abstract−We studied the optimization of hexavalent chromium (Cr(VI)) removal from aqueous solution using the

synthesized zero-valent iron nanoparticles stabilized with sepiolite clay (S-ZVIN), under various parameters such as

reaction time (min), initial solution pH and concentration of S-ZVIN (g·L−1) using response surface methodology (RSM).

The kinetic study of Cr(VI) was conducted using three types of the most commonly used kinetic models including pseu-

do zero-order, pseudo first-order, and pseudo second-order models. The rate of reduction reaction showed the best fit

with the pseudo first-order kinetic model. The process optimization results revealed a high agreement between the ex-

perimental and the predicted data (R2=0.945, Adj-R2=0.890). The results of statistical analyses showed that reaction

time was the most impressive factor influencing the efficiency of removal process. The optimum conditions for max-

imum response (98.15%) were achieved at the initial pH of 4.7, S-ZVIN concentration of 1.3 g·L−1 and the reaction

time of 75 min.
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INTRODUCTION

Chromium is a transition-group metal with oxidation states rang-

ing from −2 to +6, of which the trivalent and hexavalent forms are

the most stable states in the environment [1]. The maximum per-

missible level of Cr(VI) in drinking water has already been speci-

fied as 0.05mg·L−1 by the World Health Organization [2]. High

levels of Cr(VI) compounds in the environment are mostly caused

by industrial activities including pigment manufacturing, stainless

steel production, leather tanning, metal finishing, and chrome plat-

ing. followed by lack of proper disposal facilities [3]. Hexavalent

chromium (VI) compounds are known to be human carcinogens

and mutagens, whereas trivalent chromium (Cr(III)) compounds

are less toxic, non-carcinogenic and less mobile due to precipita-

tion as chromium hydroxides or adsorption onto the mineral sur-

faces [4]. Therefore, reducing Cr(VI) to Cr(III) might be a feasible

and environmentally beneficial approach for remediation of Cr(VI)-

contaminated sites. The potential limitation of this approach is the

re-oxidation of the reduced Cr(III) to Cr(VI) in the presence of MnO2

as a powerful oxidizer in the environment. This limitation can be

overcome by using Fe-bearing reductants such as Fe(0) and Fe(II),

where reduced Cr(III) ultimately precipitates as mixed Fe(III) - Cr(III)

hydroxide/oxyhydroxide [1,5,6].

Recently, application of zero-valent iron nanoparticles with high

surface area and reductive characteristics has been suggested as a

promising technique for the removal of several environmental pol-

lutants. A large number of hazardous contaminants such as nitrate

[7], Cr(VI) [8,9], Pb2+ [10], polychlorinated biphenyls [11,12], nitroar-

omatic compounds [13,14], and chlorinated pesticides [15] can be

removed successfully using ZVIN. ZVIN can be synthesized through

the reduction of dissolved iron by means of sodium or potassium

borohydride [16]. However, the chemical synthesis of ZVIN is not

completely a flawless process.

Generally, the bare or uncoated ZVINs, like other nanoparticles,

are prone to agglomerate in aqueous media and create large parti-

cles with micro or millimeter diameters which lead to decreasing

the reactivity of the particles toward target pollutant. The reason

for particle agglomeration is related to the magnetic attraction forces

between the particles [17]. Recently, several stabilizers namely, car-

boxymethyl cellulose (CMC) [18], polyacrylic acid (PAA) [19],

guar gum [20], and starch [21] have been used to enhance the colloi-

dal stability as well as the surface area of ZVIN. Although these

stabilizers represent perfect performance by way of enhancing the

stabilization of ZVIN, natural stabilizers have replaced them due to

their costs and environmental hazards.

Recently, the inclination to use porous materials to stabilize ZVIN

has been observed in some researches. Zhang et al. [22] reported

that kaolinite is as an ideal stabilizer of ZVIN to treat Pb2+-contami-

nated solutions [22]. Besides, sepiolite is not only an abundant clay

mineral in arid and semi-arid regions of the world, but is also cost-
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effective and environmentally friendly with no poisonous effects on

the environment. Therefore, it is a good option to be used as stabiliz-

ing agent for ZVIN.

We used experimental design methodology to investigate the influ-

ence of three experimental parameters (initial solution pH, S-ZVIN

concentration and reaction time) on the efficiency of the reductive

removal of Cr(VI), and then to determine the optimal removal con-

ditions. In most treatment processes, the statistical model that relates

some controllable variables and their interaction effects to a response

is quite complex, and the conventional methods used to determine

this relationship are time-consuming, work demanding and costly.

In this respect, experimental designs such as central composite design

(CCD), as the most popular design in RSM, are appropriate tools

to overcome these limitations and to find improved or optimal pro-

cess conditions to use the resources efficiently.

Response surface methodology has been applied to model and

optimize several wastewater treatment processes including photo-

catalysis [23,24], biosorption [25,26], electrochemical oxidation

[27,28], adsorption [29], photoelectro-Fenton [30] and reduction

[10]. Alidokht et al. [31] have reported that RSM can be success-

fully applied for the optimization of Cr(VI) removal process using

starch-stabilized ZVIN in a Cr-spiked soil [31].

The aim of the present research was to optimize the process of

Cr(VI) removal from aqueous solutions using the synthesized zero-

valent iron nanoparticles stabilized with sepiolite at different exper-

imental variables, including initial pH of the aqueous solution, reac-

tion time (min) and concentration of S-ZVIN (g·L−1). In addition,

an attempt was made to find the best kinetic model among the most

commonly used ones.

EXPERIMENTAL

1.Materials

Ferrous sulfate heptahydrate (FeSO4·7H2O) was purchased from

AppliChem Co. Sodium borohydride (>98.5%), concentrated hy-

drochloric acid, sodium hydroxide, acetone, potassium dichromate

(K2Cr2O7) and 1, 5 diphenylcarbazide were purchased from Merck.

Sepiolite clay was provided by DaneshBonyadFarapouyanIsatis

Co, Yazd, Iran. Prior to use, it was ground using a ball mill and then

passed through a 0.053mm sieve.

2. Instrumentation

A scanning electron microscope (SEM) (Hitachi, S 4160, Japan)

was used to determine the size and morphology of synthesized ZVIN.

A 0.1 g·L−1 of S-ZVIN suspension was prepared for ultrasound ex-

perimentation using a DSA100-SK2 (South Korea) ultrasonic instru-

ment for 15min. Next, a drop of the suspension was placed on the

plate and then put into the SEM instrument. A LEO 906E transmis-

sion electron microscope (TEM) was applied to prepare a TEM image

of sepiolite for the determination of its particles size. An energy

dispersive X-ray spectroscope (EDS) installed on SEM was used to

analyze the elemental compositions of sepiolite and S-ZVIN. Finally,

a UV-visible spectrophotometer (Unico, Spain) with 200-1,000 nm

wavelength range was used to measure the concentration of Cr(VI)

in residual solution in the wavelength of 540 nm.

3. Synthesis of Sepiolite-stabilized ZVIN (S-ZVIN)

The synthesis procedure of S-ZVIN was based on the reduction

of ferrous sulfate using sodium borohydride in conjunction with

sepiolite as stabilizer. First, 100mL of 0.065M ferrous sulfate solu-

tion (0.065M FeSO4) was added to 100mL of distilled water con-

taining 1 g of sepiolite using magnetic stirrer for 30min (Heidolph,

Germany). Afterwards, 20mL of 1.05M sodium borohydride solu-

tion (1.05M NaBH4) was added to the mixture using dropping funnel

in a constant rate of 3mL per minute so that extremely tiny black

particles were produced. The produced particles were separated from

the solution with a strong magnet and then kept in desiccator under

vacuum for 24hours to be dried. All synthesis procedures of S-ZVIN

were performed under N2 atmosphere to prevent oxidation of ZVIN.

4. Batch Experiments for Cr(VI) Removal

Batch experiments were performed in plastic bottles involving

100mg·L−1 of Cr(VI) and in the presence of different concentra-

tions of S-ZVIN (0.5, 0.75, 1.0, 1.5 and 2 g·L−1), different initial

pH values (3, 6 and 9) and different reaction times (5-90min). The

initial pH of solutions was set using 0.1M NaOH and 0.1M HCl.

During the experiment, tubes were shaken by a reciprocal shaker

at 120 rpm. Then, after completion of the reaction, the tubes were

centrifuged at 5,000 rpm for 5min. The reacted S-ZVIN was then

filtered using Whatman No. 42 filter paper and the residual solu-

tion was prepared to determine its Cr(VI) concentration. The diphe-

nylcarbazide colorimetric method was employed to determine the

residual concentration of the Cr(VI) and the removal efficiency (%)

of Cr(VI) was calculated through the following equation [32]:

(1)

where C0 and C are the initial and residual concentrations of Cr(VI),

respectively.

5. Experimental Design

Response surface methodology was applied for optimizing the

contaminant treatment process. In this study, central composite design

(CCD) was employed for the optimization of operational conditions

in removal efficiency of Cr(VI) from aqueous solution using S-ZVIN.

To examine the removal efficiency of Cr(VI), three independent

variables including pH of the aqueous solution, S-ZVIN concen-

tration (g·L−1) and reaction time (min) were chosen.

The equation below was applied to obtain the total number of

experiments (N):

N=2k+2k+C0 (2)

where k is the number of factors, 2k represents the number of factorial

points, 2k is the number of axial points, and C0 is the central points

(in this study, were respectively 8, 6 and 6).

From the point of statistical calculation, each variable (Xi) was

coded as xi based on the following equation:

(3)

Cr VI( ) removal efficiency %( ) = 

C
0
 − C

C
0

--------------- 100×

xi = 

Xi − X
0

δ
 

X
-----------------

Table 1. The natural values of independent factors

Variable
Range and level

1.682 1 0 −1 −1.682

Reaction time (min) 95 77 50 23 5

pH 9.5 8.08 6 3.92 2.5

S-ZVIN concentration (g·L−1) 2 1.65 1.13 0.6 0.25
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where X0 is the central point value of Xi and δX is the step change

[33,34]. The natural values of each independent variable are given

in Table 1.

6. Statistical Analysis

To correlate the dependent and independent parameters in the

present study, a second-order polynomial model was applied as fol-

lows:

(4)

where y is the response variable of Cr(VI) removal efficiency, b0 is

the constant and bi is the linear effect of factor xi (i=1, 2 and 3). In

addition, bii is the regression coefficient for the quadratic effect of

factor xi, bij is defined as an interaction effect between two factors

of xi and xj (i=1, 2 and 3; j=1, 2 and 3) and finally, ε is the residual

term.

The results of the CCD experiments were analyzed by using the

software Design-Expert (version 8.0.0). Analysis of variance (ANOVA)

was required to test the significance and adequacy of the model.

Fisher’s test (F-test), R2, the adjusted-R2 as ANOVA as well as the

residuals analysis were chosen as model evaluation tools. The model

coefficients were estimated using the least squares regression tech-

nique and the statistical significance (at the 95% confidence level)

of the obtained model and the regression coefficients were evalu-

ated using Fisher’s variance analysis (F-test).

The model F-value is equal to the ratio between the mean square

of the model and the residual error. If the model is statistically signifi-

cant and therefore appropriate to predict the experimental responses,

the model F-value should be greater than the tabulated value of F

in specific domains of the degree of freedom at a significance level

of α.

R2 is a key factor which was applied to describe quantitatively

the mutual relationship between the experimental and predicted val-

ues. Furthermore, fitness of the model was examined using the resid-

uals (differences between experimental and predicted responses).

To evaluate the influence of each variable as well as their interac-

tion effects on Cr(VI) removal efficiency, Pareto analysis was done

using the following equation [35]:

(5)

where b is the regression coefficient of each parameter.

The two-dimensional contour plots and the three-dimensional

surface plots were depicted using Design-Expert software.

7. Kinetic Studies

To arrive at a better description of the process of Cr(VI) removal,

three kinetic models, pseudo zero-order, pseudo first-order and pseudo

second-order, were evaluated. Eq. (6) represents the pseudo zero-

order kinetic model [36]:

C0−C=kzerot (6)

where kzero is the pseudo zero-order rate constant, t is the reaction

time (min), and C and C0 represent the residual and initial Cr(VI)

concentrations (mg·L−1), respectively. kzero can be obtained from the

slope of the linear plot of C0−C versus t at different pH values and

S-ZVIN concentrations (g·L−1).

The pseudo first-order kinetic model, which is the most com-

mon model in wastewater treatment kinetic studies, is expressed as

follows [37]:

(7)

y = b
0

bixi + biixi
2
 + bijxi + xj + ε∑∑∑ pi = 

bi
2

bi
w

∑
-----------
⎝ ⎠
⎜ ⎟
⎛ ⎞

100, i 0≠( )×

C

C
0

------
⎝ ⎠
⎛ ⎞

 = kobstln

Fig. 1. (a) TEM image of sepiolite, (b) SEM image of S-ZVIN, (c) EDS spectrum of sepiolite and (d) EDS spectrum of S-ZVIN.
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where kobs is the pseudo first-order rate constant. The terms C, C0

and t are described previously.

Finally, the pseudo second-order kinetic model is based on the

following equation (Eq. (8)):

l/C=kt+1/C0 (8)

where k represents the pseudo second-order rate constant, obtained

from the slope of the linear plot of 1/C against t. Other parameters

in this equation have the same definitions as in Eq. (6).

RESULTS AND DISCUSSION

1. Characteristics of Synthesized S-ZVIN

A transmission electron micrograph of sepiolite is shown in Fig.

1(a). From Fig. 1(a), the needle-like shape of sepiolite with an aver-

age size of 1.6 micrometer was observed. Fig. 1(b) represents the

SEM image of S-ZVIN. As can be seen, stabilized-ZVIN has a mixed

shape in which spheroidal Fe particles with average diameters less

than 100 nm are jointed with sepiolite. In addition, the EDS analy-

sis of sepiolite and S-ZVIN is illustrated in Fig. 1(c) and (d), respec-

tively. As seen in Fig. 1(c), the presence of sepiolite is supported by

sharp peaks of O, Si and Mg and a weak peak that shows a small

amount of Al in the structure of sepiolite. The occurrence of Ca could

be related to the impurity of carbonates [38]. The EDS analysis of

S-ZVIN (Fig.1(d)) shows an additional sharp peak of Fe that implies

joining of Fe0 nanoparticles with sepiolite. Furthermore, Na and S

peaks are thought to have originated from ferrous sulfate and sodium

borohydride used for the synthesis of ZVIN particles.

2. Model Results for Reductive Removal of Cr(VI)

The statistical results between the response and independent vari-

ables were expressed using the second-order polynomial equation

(Eq. (9)) as follows:

y=86.14+7.68X1−8.15X2+10.15X3+0.48X1X2−1.66X1X3

y=−0.38X2X3−4.77X1
2−2.69X2

2−3.6X3
2 (9)

subject to −1.682<xi<+1.682.

The 3-factor central composite design matrix and the experimen-

tal and predicted responses for Cr(VI) removal efficiencies are pre-

sented in Table2. To ensure the adequacy of the model, the coefficient

of determination (R2) can be a handy tool. The obtained R2 value

of the model was high (R2=0.945, Adj-R2=0.890), implying that

94.5% of the variations for Cr(VI) removal efficiency are explained

by the independent variables and only about 5.5% of variation can-

not be explained by the model. The relationship between the experi-

mental and predicted values for Cr(VI) removal was established. High

R2 value (0.945) indicated that the experimental values match well

with the predicted values.

The ANOVA results are presented in Table 3. Accordingly, the

calculated F-value (19.10) was apparently greater than the tabu-

lated-F (4.95), which clearly approves the significance of the model

fits at a confidence level of 95%. Furthermore, residuals versus pre-

dicted responses are plotted as given in Fig. 2. This plot shows the

residuals versus the ascending predicted response values, serving

to test the assumption of constant variance. The plot should be a

random scatter with a constant range of residuals across the graph.

Fig. 2(b) illustrates that the residuals in the plot fluctuate in a ran-

dom pattern around the central line.

Regression coefficients along with F-values and corresponding

P-values are given in Table4. The P-values are used to check whether

the value of F is large enough to indicate statistical significance of

the coefficient. Coefficients with P-values lower than 0.05 are sig-

nificant at the confidence level of 95%. [39]. Furthermore, accord-

ing to Pareto analysis, among all parameters, the linear effects of

reaction time (b3: 37.52%), initial pH of solution (b2: 24.19%) and

S-ZVIN concentration (b1: 21.48%) were the most prominent fac-

tors in Cr(VI) removal process using S-ZVIN, respectively.

Table 2. The three independent factors and the value of dependent
response (%)

Run

order

S-ZVIN

concentration

(g·L−1)

pH

Reaction

time

(min)

Cr (VI) removal

Experimental

(%)

Predicted

(%)

01 1.65 8.08 23 68.54 66.97

02 1.13 6.00 50 85.33 86.14

03 1.13 6.00 50 86.90 86.14

04 0.60 8.08 77 74.69 70.20

05 0.60 3.92 23 67.71 63.85

06 1.13 6.00 95 91.69 93.00

07 1.65 8.08 77 83.45 83.20

08 1.13 6.00 50 87.42 86.14

09 1.13 6.00 50 85.44 86.14

10 1.13 9.50 50 59.57 64.84

11 1.65 3.92 77 97.53 99.29

12 0.60 8.08 23 53.21 47.34

13 1.13 6.00 05 54.36 58.87

14 1.13 2.50 50 91.69 92.24

15 1.13 6.00 50 88.56 86.14

16 1.13 6.00 50 84.18 86.14

17 0.60 3.92 77 90.75 88.21

18 2.00 6.00 50 87.73 85.56

19 1.65 3.92 23 81.16 81.54

20 0.25 6.00 50 51.75 59.74

Table 3. The analysis of variance (ANOVA) of the experimental results of CCD

Variation sources Sum of squares Degree of freedom Adjusted mean square F-value

Regressions 3668.26 09 407.58 19.10

Residuals 0213.44 10

Total 3881.70 19

R2=0.945, Adj-R2=0.890
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3. Effect of Variables on Cr(VI) Removal Efficiency

The contour and surface plots play important role in elaborating

the systems with multiple variables and outputs. The contour plots

of each variable against the rest of the experimental factors demon-

strate how a certain variable has a relationship with another factor

in a constant value of a third variable. In all of the experiments, one

factor was kept constant while the two others were changed. Figs.

(3-5) represent the contour and surface plots of Cr(VI) removal effi-

ciency under different experimental conditions, namely the pH of

aqueous solution, reaction time (min), and S-ZVIN concentration

(g·L−1). Fig. 3 shows the interaction impact of the initial solution

pH and S-ZVIN concentration at constant reaction time on the re-

moval efficiency of Cr(VI) in 100mg·L−1 solution. As can be seen,

the Cr(VI) removal efficiency has an inverse relationship with an

increase of pH value, but a direct correlation with the concentration

of S-ZVIN. It is clear that at low pH values, the removal efficiency

of Cr(VI) increased to 97.53%. However, at higher pH values, it

decreased to about 51%. The most plausible explanation is that in

low pH values, the surface corrosion of zero-valent, due to the abun-

dance of proton (H+), led to enhancing the removal efficiency of

Cr(VI) [40]. However, at alkaline pH, an increase of hydroxyl groups

(OH−) brought about an oxide layer and precipitated Cr(VI) layer

onto the surfaces of zero-valent iron nanoparticles, which prevented

corrosion of ZVIN surfaces and consequently reduced the removal

rate of Cr(VI) [41-43]. Similarly, Alidokht et al. [8] reported that

removal efficiency of Cr(VI) was remarkably decreased by increas-

ing pH from 3 to 9 [8].

Fig. 4 shows the combined effect of reaction time and pH of an

aqueous solution on the removal efficiency of 100mg·L−1 Cr(VI)

solution. At high reaction times and low pH values, removal effi-

ciency hits its maximum values, so it is obvious that at the primary

steps of reaction, the electron transfer from S-ZVIN to Cr(VI) was

high. However, as the time passes, the rate of Cr(VI) removal reaction

is slightly decreased. It can be stated that a significant decrease in

the Cr(VI) removal efficiency was related to the creation of passi-

vated film on the surfaces of ZVIN, leading to the loss of ZVIN

reactivity with Cr(VI) [44].

Fig. 3. The response surface and contour plot of Cr(VI) removal
as a function of pH of aqueous solution and S-ZVIN dos-
age (g·L−1).Table 4. The obtained regression coefficients corresponding to the

model based on experimental variables

Coefficients Parameter estimate F-value P-value

b00 86.14 19.1 <0.0001

b10 07.68 37.7 <0.0001

b20 −8.15 42.48 <0.0001

b30 10.15 65.9 <0.0001

b12 00.48 00.087 <0.7738

b13 −1.66 01.03 <0.3347

b23 −0.38 00.054 <0.8216

b11 −4.77 15.36 <0.0029

b22 −2.69 04.87 <0.0518

b33 −3.60 08.79 <0.0518

Fig. 2. Residual plots for Cr(VI) removal efficiency.
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The integrated influence of the reaction time and S-ZVIN con-

centration on Cr(VI) removal efficiency was evaluated at initial pH

of 6 and results are shown in Fig. 5. The results demonstrate that

much higher removal efficiency of Cr(VI) can be achieved at higher

S-ZVIN concentrations. The most probable reason for this phe-

nomenon is related to the increase in the reactive sites of S-ZVIN

surfaces by enhancing the concentration of S-ZVIN [45]. Similar

results have been reported in previous studies [46,47].

4. Process Optimization of Cr(VI) Removal

The optimization procedure of Cr(VI) removal was carried out

to optimize the experimental conditions and to achieve the maxi-

mum treatment performance. The optimal experimental conditions

for Cr(VI) removal were obtained in solution pH of 4.70, S-ZVIN

concentration of 1.30 g·L−1 and the reaction time of 75min. Fur-

thermore, an experiment was conducted with optimal conditions to

confirm the results of optimization. Results showed that the obtained

Cr(VI) removal efficiency of the experiment agreed well with the

predicted value from the model that apparently verified the results

obtained from RSM. Our findings revealed that RSM is a promising

method for optimization of Cr(VI) removal efficiency from aque-

ous solution using S-ZVIN.

5. Kinetic Studies of Cr(VI) Removal

Figs. 6 and 7(a)-(c) illustrate the results of the kinetic studies of

Cr(VI) removal utilizing different kinetic models. Clearly, all the

applied models can describe the kinetic removal of Cr(VI) at differ-

ent pH values of aqueous solutions and S-ZVIN concentrations. It

is noteworthy that all kinetic experiments were performed in the

reaction time of 90min as equilibrium time obtained from prelimi-

nary experiments. The coefficients of determination (R2) and other

parameters of each kinetic model are presented in Tables 5 to 6.

The larger R2 value is, the more suitable the corresponding model

will be. According to these tables, in the case of pseudo first-order

and pseudo-second order kinetic models, the kobs and k decreased

by enhancing pH values. For pseudo zero-order model, however, a

fluctuating trend was observed. The results from Shi et al. [48] for

Cr(VI) removal using Bentonite-supported ZVIN revealed that in-

creasing pH values from 4 to 8 caused a decrease in kobs from 0.0275

to 0.0083 (min−1) [48]. Besides, Wang et al. (2010) performed reduc-

tive removal of Cr(VI) using iron-encapsulated alginate beads and

reported that the removal of Cr(VI) was absolutely pH-dependent

[46]. At different S-ZVIN concentrations, pseudo first-order kinetic

model could efficiently describe Cr (VI) removal (R1

2>0.91). At

different S-ZVIN concentrations of 0.5, 0.75, 1, 1.5 and 2 g·L−1,

the corresponding kobs was 0.017, 0.0337, 0.0412, 0.0533 and 0.0573

(min−1), respectively. Previous studies have shown that the pseudo

first-order kinetic model strongly relies on the concentration of zero-

valent iron nanoparticles [49]. Finally, in all experimental conditions,

among the studied kinetic models, the pseudo first-order kinetic model

with high R2 could better describe the kinetic parameters of Cr(VI)

compared to all other models.

Fig. 5. The response surface and contour plot of Cr(VI) removal
as a function of reaction time (min) and S-ZVIN dosage (g·
L−1).

Fig. 4. The response surface and contour plot of Cr(VI) removal
as a function of reaction time (min) and pH of aqueous so-
lution.
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Fig. 7. Pseudo first-order (a), Zero-order (b) and pseudo second-
order (c) kinetic studies of Cr(VI) removal at different S-
ZVIN concentration.

Table 5. Kinetic parameters of Cr(VI) removal at different pH values

pH of aqueous

solution

Pseudo zero-order kinetic model Pseudo first-order kinetic model Pseudo second-order kinetic model

kzero (mg L
−1 min−1) R0

2 kobs (min
−1)  R1

2 k (min gmg−1) R2

2

3 0.4312 0.950 0.0170 0.987 0.0008 0.955

6 0.4587 0.940 0.0134 0.990 0.0004 0.985

9 0.5065 0.933 0.0100 0.979 0.0002 0.994

Fig. 6. Pseudo first-order (a), Zero-order (b) and pseudo second-
order (c) kinetic studies of Cr(VI) removal at different
pH values.
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CONCLUSIONS

The present study was conducted with the aim of Cr(VI) removal

from aqueous solutions using sepiolite-stabilized ZVIN. The opti-

mization process of Cr(VI) removal from aqueous solutions using

S-ZVIN employed central composite design. In this regard, pH of

the aqueous solution, the reaction time and the S-ZVIN concentra-

tion were selected as independent variables affecting Cr(VI) removal,

and the removal efficiency of Cr(VI) was considered as a response.

The results showed that all independent variables significantly influ-

enced the Cr(VI) removal. Furthermore, the level of the experimen-

tal variables, 4.7 for initial pH of aqueous solution, 1.3 g L−1 for S-

ZVIN dosage and 75min for the reaction time, were obtained as

optimum conditions for removal efficiency of Cr(VI). The removal

rate for optimum condition was obtained to be 98.15%. Further-

more, results of kinetic studies demonstrated that a pseudo-first order

kinetic model was the most suitable one compared to all other kinetic

models in the study of Cr(VI) removal using S-ZVIN.

ACKNOWLEDGEMENT

The authors gratefully acknowledge Shahid Chamran University

of Ahvaz and University of Tabriz, for all supports they provided

for this study.

ABBREVIATIONS

ANOVA : analysis of variance
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