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ABSTRACT

The adsorptive removal of Cr(VI) using magnetic nanohybrid of Fe**-TMSPT-MNPs as a novel adsor-
bent has been investigated. In this regards, magnetic Fe,O, nanoparticles (MNPs) were synthesized
by the sol-gel method and then modified by 3-(trimethoxysilyl)-1-propanethiol and ferric chloride.
The structural features of the produced materials were characterized by means of XRD, N, adsorp-
tion-desorption, FT-IR, VSM and SEM. Central composite design (CCD) under response surface
methodology (RSM) was applied to the design of the experiments to maximize Cr(VI) removal from
aqueous solutions. More specifically, the effects of pH, temperature, chromium ion concentration
and sorbent dosage were investigated on the chromium adsorption. A total of 20 sets of experiments
were designed by the software to achieve maximum removal efficiency (R). The significance of the
independent variables and model were tested by the analysis of variance (ANOVA). The best local
maximum values for pH, Cr(VI) concentration and sorbent dosage were found to be 4.28, 30 mg-L™
and 2 g-L7, respectively, that yielded maximum R of 62.10%. Furthermore, the obtained value for
desirability was equal to 0.945. The results indicated that the equilibrium data are well fitted by
the Freundlich model. Additionally, the kinetic data are analyzed well by the pseudo-second-order
model with a high correlation coefficient. The thermodynamic study illustrated the feasibility, spon-

taneous and exothermic nature of the adsorption process.
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1. Introduction

In many countries water contamination with heavy met-
als has become a serious problem. Chromium is a highly
toxic metal that exists usually in water bodies in two oxi-
dation states of Cr(IlI) and Cr(VI). Hexavalent chromium
is more toxic than trivalent chromium due to its high water
solubility and mobility, as well as strong oxidizing nature
of the Cr(VI) which can lead to carcinogenic and mutagenic
effects [1-3]. Cr(VI) is usually released into the environment
from various industrial effluents such as, leather tanning,
electroplating, paint, paper, pulp production and ore and
petroleum refining [4,5]. The United States Environmental
Protection Agency (usEPA) and World Health Organization
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(WHO) have limited the amount for Cr(VI) concentration
in drinking water at 0.1 and 0.05 mg-L™, respectively [6].
Therefore, the removal of Cr(VI) from industrial waste-
waters before discharge into the environment is very
important.

In this regard, a variety of methods have been used for
the removal of Cr(VI) from water and wastewaters including
adsorption [7], ion-exchange [8], coagulation [9], reduction
[2], membrane separation [10], etc. Among these processes,
adsorption is one of the more popular and widely used meth-
ods due to simplicity, easiness of handling, availability of wide
range of adsorbents and its efficiency in the removal of metal
ions [11]. According to the literature, a variety of natural and
synthesized materials such as carbon active, clay, resin, zeolite,
biomass, lignin and chitosan have been used as an adsorbent
for the removal of heavy metals from aqueous solutions [12].
In recent years, magnetic nanoparticles (MNPs) have shown
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to be promising for the removal of heavy metal ions from
aqueous solutions because no centrifugation and filtration
is required. Furthermore, MNPs have premier features such
as large removal capacity, fast kinetics and high reactivity
and high surface area [13,14]. But some of the challenges that
magnetic nanoparticles face is the susceptibility of consisted
oxidize and dissolving easily, and also the recycling process
is difficult due to the small size of nanoparticles. Finally, the
MNPs tend to co-aggregate and cause reduction of the reac-
tion activities and surface area limitation [15]. So MNPs func-
tionalization is one of the best solutions to overcome these
drawbacks [16]. Besides, surface modification techniques
(physical or chemical) by different materials were used to
reinforce the adsorption capacity and selectivity [17]. Many
studies have been conducted regarding the surface improve-
ment of MNPs by different functional groups for heavy met-
als removal. For example, Fe,O, nanoparticle coated with
talc exhibited effective removal of Cu(Il), Ni(Il), and Pb(II)
ions from aqueous solutions [15]; magnetic nanoparticles
impregnated onto tea waste (Fe,O,-TW) was developed for
the highly efficient removal of Ni(II) from aqueous solutions
[18]; iron oxide nanoparticles functionalized with starch was
applied for the efficient adsorption of Cr(VI) from aqueous
solutions [19]; amine-functionalized Fe,O, used as an efficient
agent to remove Cu(Il) from aqueous solutions [20].

In most previous studies, the traditional methods of “one
variable at a time (OVAT)” were used for optimization. This
technique is not only timely, entails a lot of work and costly,
but also cannot show the effect of interaction between differ-
ent factors [11,21]. Response surface methodology (RSM) is
a collection of mathematical and statistical techniques useful
for studying the effect of several variables influencing the
responses where its main objective is to determine the opti-
mum condition of operational variables of the process [22].

The objectives of the present study is to investigate the
synthesis of magnetic nanohybrid of Fe**-TMSPT-MNPs
as a novel adsorbent and its application for the removal
of Cr(VI) from aqueous solutions. Moreover, optimiza-
tion of variables was conducted using central composite
design (CCD) under response surface methodology (RSM)
to get maximum removal efficiency (R). In this regard, the
combined effect of sorbent dosage, pH and initial Cr(VI)
concentrations on R as a response was investigated. The
physicochemical characteristics of synthesized sorbent
were evaluated by Fourier transform infrared (FI-IR),
N, sorption-desorption, vibrating sample magnetome-
ter (VSM), X-ray diffraction (XRD), and scanning electron
microscopy (SEM). Moreover, Langmuir and Freundlich
isotherms were applied to the equilibrium data to describe
the main interactive mechanisms involved in the removal
process. Kinetic parameters were also calculated from the
pseudo-first-order and pseudo-second-order models. Fur-
thermore, thermodynamic parameters (enthalpy, entropy
and adsorption free energy), were calculated for a better
description of the adsorption mechanism.

2. Materials and methods
2.1. Chemicals

Analytical grade ferric chloride hexahydrate
(FeCl,-6H,0), ferrous chloride tetrahydrate (FeCl,-4H,0),

ammonium hydroxide solution (25%), sodium hydrox-
ide, hydrochloric acid, ethanol, n-Hexane, 2-propanol and
3-(trimethoxysilyl)-1-propanethiol were all purchased
from Sigma-Aldrich and used without further purifica-
tion. 1000 mL stock solution of Cr(VI) were prepared by
dissolving potassium dichromate (K,Cr,0,) in deionized
water. Experimental solutions with the desired concen-
tration were prepared by successive dilutions of the stock
solution. Deionized distilled water was used in the prepa-
ration of all solutions.

2.2. Synthesis of magnetic Fe,O, nanoparticles

Magnetic Fe,O, nanoparticles (MNPs) were synthe-
sized by the sol-gel method according to the literature [23].
In brief, firstly 5.2 g of FeClL,-6H,O and 2.0 g of FeCl,-4H,O
were dissolved in the 200 mL deionized and deoxygenated
water with mechanical stirring. Then under the protection
of N, gas, 1.5 M (57.8 mL) of ammonium hydroxide solu-
tion (25%) was added dropwise into the above reaction mix-
ture under vigorous stirring for 30 min. The resulting black
nanoparticles were separated by an external magnetic field
and for further purification were rinsed with deionized
water three times. The collected black precipitate was dried
in the oven at 50°C for 12 h.

2.3. Preparation of magnetic nanohybrid of Fe>*-TMSPT-MNPs

The magnetic nanohybrid of Fe**-TMSPT-MNPs was
prepared via the post-synthesis method for the first time.
Briefly, 5 g of Fe,O, was dispersed in 150 mL anhydrous
n-Hexane. Then, under the protection of N, gas, 30 mmol
of 3-(trimethoxysilyl)-1-propanethiol was added drop wise
into the above reaction mixture. Then the mixture was
refluxed at 70°C for 24 h and the product was separated
by an external magnetic field, washed several times with
n-hexane and dried in the oven at 50°C for 12 h. The prod-
uct was represented as TMSPT-MNPs. In the second func-
tionalization step, 5.21 g of as-synthesized TMSPT-MNPs
was dispersed in the 100 mL 2-propanpl then 13.5 g of
FeCl,-6H,O was added to the reaction mixture and refluxed
at 30°C for 12 h. Finally, the magnetic nanohybrid of Fe*-
TMSPT-MNPs was collected by an external magnetic field,
washed several times with 2-propanpl and dried in the
oven at 50°C for 12 h. Fig. 1 shows the schematic structure
of Fe**-TMSPT-MNPs.

Ho OH OH

Fig. 1. Schematic structure of synthesized magnetic nanohybrid
of Fe**-TMSPT-MNPs.
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2.4. Characterization techniques

The produced materials were characterized by XRD,
FI-IR, VSM, N, adsorption-desorption and SEM analyzes.
The crystalline structures of the produced MNPs were
examined by X-ray diffraction using GBC-Difftech MMA
diffractometer. The nickel filtered Co Ka (A = 1.54 A°) radi-
ation was used at an acceleration voltage of 40 kV and cur-
rent of 40 mA. The diffraction angle was scanned from 10
to 80 [20] at a rate of 18/min. Fourier transform infrared
spectrometry (FI-IR) analyses were carried out on Bruker
Vector 22 FT-IR Spectrometer in the range of 400-4000 cm™
employing the KBr pellet method. Vibrating sample mag-
netometer (VSM) was employed to determine magnetic
properties of synthesized materials (Lake Shore 7037 /9509-
P, USA). In order to determine the textural properties, the
N, adsorption—desorption isotherms were measured using
a 77 K by a Quantachrome Autosorb 1® volumetric ana-
lyzer. All of the samples were degassed at 50°C under an
N, gas flow for 6 h before analysis. The specific surface
area of the synthesized materials was evaluated using the
Brunauer-Emmett-Teller (BET) method (P/P,= 0.02-0.98),
and the pore size distribution was calculated from the
desorption branch using the Barrett-Joyner-Halenda (BJH)
method. The scanning electron microscopy (SEM) images
were obtained with a microscope operating at 30 kV (SEM,
MIRAS3TESCAN, Czech Republic).

2.5. Batch adsorption procedure and modeling

The adsorption of Cr(VI) onto the Fe**-TMSPT-MNPs
nanohybrid was investigated using batch experiments. Each
experiment was carried out in 250 mL Erlenmeyer flasks
containing 100 mL Cr(VI) solution by shaking the flasks
for a contact period of 120 min. Samples were withdrawn
at predetermined time intervals (0, 5, 10, 15, 30, 60, 90 and
120 min). All the adsorption experiments were carried out
at room temperature of 25°C. Cr(VI) stock solutions were
prepared by dissolving potassium dichromate (K,Cr,O,)
powder in deionized water. The stock solution was diluted
with de-ionized water to obtain the desired concentration
range of Cr(VI) solutions. The pH of the Cr(VI) solutions
was firstly adjusted using diluted HCl or NaOH solution
before addition of the Fe*-TMSPT-MNPs nanohybrid.
After adsorption reached equilibrium, the adsorbent was
separated via an external magnetic field and the superna-
tant was collected for metal concentration measurements.
Residual Cr(VI) concentration in the supernatant was deter-
mined by atomic adsorption spectrophotometer (Biotech,
PHOENIX. 986 model). The removal efficiency (R) and
adsorption capacity (q,) were calculated according to the
following equations [24]:
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where, C, and C, are the initial and equivalent (residual)
concentrations of Cr(VI) ions in mg-L™, V is the volume of

Cr(VI) containing solution in contact with the adsorbent in
L, respectively, and S is the amount of added adsorbent on

)

dry basis in g. All experiments were carried out in triplicate
and the mean values were reported.

2.6. Central composite design

Optimum conditions for the adsorption of Cr(VI) were
conducted based on a central composite design (CCD) and
analyzed using response surface method (RSM). A CCD has
three groups of design points including: a) two-level fac-
torial or fractional factorial design points, b) axial points
(sometimes called “star” points) and c) center points. CCD’s
are designed to estimate the coefficients of a quadratic
model. All point descriptions will be in terms of coded val-
ues of the factors. Optimization studies were carried out by
studying the effect of three variables, including Fe’*-TM-
SPT-MNPs dosage, initial Cr(VI) concentrations and pH of
the solutions. The selected independent variables used in
this study were coded according to Eq. (3), [25]:

7 =% % 3)

AX
where Z is the coded value of an independent variable, X; is
the actual value of an independent variable, X is the actual
value of an independent variable at the center point and
AX is the value of step change. The actual values of process
variables and their variation limits were selected based on
the values obtained in the literature [22, 26-28] and coded
as shown in Table 1.

As presented in Table 1, the experimental design
involved three parameters (X, X, and X,), each at five lev-
els, coded -1, -0, 0, +o. and +1, respectively. Factor ranges in
term of (+1) levels selected by user (according to the litera-
ture) and factors in term of (xa) and (0) levels were selected
by the software. Eight factorial points (x1), six axial points
(x0) and six replicates at the center point (0) were chosen as
experimental points. The removal efficiency (R) was given
to software as an independent parameter (response). The
following empirical second-order polynomial model (Eq. 4)
explains the behavior of the system:

- X2 4§ (D) ;
Y=a,+ 28X, + X aiX; + X5 X ajX.X; +e 4)

where Y is the predicted response, i and j are linear qua-
dratic coefficients, a, is the intercept term, a, is the linear
coefficient, a, is the interactive coefficient, a, is quadratic
coefficient, and € is a random error [29]. The optimal val-
ues of the variables selected were obtained by the equation

Table 1
Independent variables and their coded levels for the central
composite design (CCD)

Independent variables Range and levels (coded)

-o -1 0 +1 +0
pH (X)) 200 300 750 12.00 13.00
Sorbents dosage (X, 001 010 1.05 2.00 2.65
(gL
Cr(VI) concentration  (X;) 2.50 5.00 52.50 100.00 132.39
(mg-L7)
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regression and response surface curves. Twenty experi-
ments were conducted according to the scheme mentioned
in Table 2. The statistical significance of the variables, indi-
vidual effect and interaction effects were evaluated on metal
ion removal process by the analysis of variance (ANOVA).
The quality of the fitted model was expressed by the coeffi-
cient of determination (R?), and statistical significance was
evaluated based on the p-value and F-value.

3. Results and discussion
3.1. Characterization of synthesized adsorbent

XRD analysis was used to investigate the crystalline
structure of synthesized MNPs. Fig. 2 shows the X-ray dif-
fraction patterns of the synthesized MNPs. It is consistent
with the standard pattern in JCPDS file (65-3107). Seven
characteristic peaks were observed in the XRD pattern at
20 of 21.31°, 35.26°, 41.64°, 50.66°, 63.17°, 67.55°, and 74.47°
(Fig. 2). These strong peaks ((111), (220), (311), (400), (422),
(511), and (440)) confirmed that the products were well
crystallized, which is in agreement with the results reported
by Tan et al. and Li et al. [30,31]. The average particle size
was calculated to be 10.80 nm using the Sherrer’s equation
Eq. (5) [32].

*
p- K2 ©)

B * cos®

Table 2
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where L is the average core diameter of particles (nm), K is
grain shape factor (K = 0.94), A is incident X-ray wavelength
(nm), B is full width at half-maximum (FWHM) of the high-
est intensity 311 powder diffraction reflection (0.95), and 6
is the corresponding diffraction angle (26 = 41.64°).

Fig. 3 shows the SEM images of MNPs with different
magnifications. The shape of these particles was approxi-
mately spherical and appeared to be highly uniform. The
comparison of the particles size estimated by Sherrer’s

Intensity, (a.u.)

2Theta

Fig. 2. X-ray diffraction pattern of synthesized MNPs.

Experimental design in term of the coded factors and results of the CCD

Run number Categorical factor Independent values

Response (R%)

levels Real values Coded values Predicted value Observed value
Xl XZ X3 Xl XZ X3

1 Factorial points 3.00 0.10 20.00 -1 -1 -1 25.25 25.89
2 11.00 0.10 5.00 1 1 -1 1.83 6.72

3 3.00 2.00 5.00 -1 1 -1 67.53 76.15
4 12.00 2.00 50.00 1 1 -1 15.00 14.66
5 4.00 0.10 100.00 -1 -1 1 8.80 13.12
6 5.00 0.10 80.00 1 -1 1 28.02 26.74
7 Axial points 8.00 2.00 100.00 -1 1 1 29.02 3691
8 10.00 2.00 75.00 1 1 1 32.71 30.50
9 2.00 1.05 52.50 -o 0 0 33.18 32.15
10 13.00 1.05 52.50 +o 0 15.56 14.89
11 5.00 0.01 52.50 0 -0 0 33.25 28.81
12 2.00 2.65 52.50 0 +a 0 62.13 56.05
13 7.50 1.05 2.50 0 0 - 31.79 21.03
14 9.00 1.05 132.39 0 0 +o 17.16 12.50
15 Central points 7.50 1.05 52.50 0 0 0 45.37 42.89
16 7.50 1.05 52.50 0 0 0 45.37 48.18
17 7.50 1.05 52.50 0 0 0 45.37 52.35
18 7.50 1.05 52.50 0 0 0 45.37 44.64
19 7.50 1.05 52.50 0 0 0 45.37 4447
20 7.50 1.05 52.50 0 0 0 45.37 44.82




N. Nikraftar, F. Ghorbani / Desalination and Water Treatment 76 (2017) 241-253 245

SEM HV: 30.0 kV
View field: 1.46 pm
SEM MAG: 142 kx  Date(midly): 1110114

WD: 2.42 mm
Det: InBeam 200 nm
Kurdistan University

equation with SEM results revealed that estimation of the
MNPs size by SEM is difficult, because of the agglomera-
tion and optical illusions.

Fig. 4 shows the FTIR spectra of MNPs and Fe**-TMSPT-
MNPs in the wavenumber range 4000-400 cm™. The spectra
displays a broad band at 568 cm™ which is believed to be
associated with the stretching vibrations of the tetrahedral
groups (Fe**-O*) for Fe,O,. These results were similar to
the Wang et al. study [33]. The band corresponding to -SH
group in the spectrum of TMSPT-MNPs and Fe**-TMSPT-
MNPs was not clearly observed (must be observed at 2551
2561 cm™) due to relative poor sensitivity of IR to the thiol
group [13]. However, bands at 2920 and 2850 cm™ attributed
to the C-H stretch of methylene of the alkyl chain were obvi-
ous indicating TMSTP was successfully grafted to the sur-
face of TMSPT-MNPs and Fe**-TMSPT-MNPs. On the other
hand, the peaks around 1625 and 2856 cm™ can be assigned
to -CH, stretching mode and strong absorption band at 1100
cm™, resulting from the vibration of Si-O-5i that confirmed
the grafting of silica network on to the MNPs [34].

The magnetic properties of the synthesized materials
were investigated at room temperature (300°K). Fig. 5 shows
them agnetization curve of MNPs, TMSPT-MNPs and Fe*-
TMSPT-MNPs with the external field sweeping between +8
k Oe at room temperature. It can be seen that the saturated
magnetization (Ms) values were found to be 65.40, 62.80
and 48.47 emu/g™" for MNPs, TMSPT-MNPs and Fe**-TM-
SPT-MNPs, respectively. Besides, the three magnetization
curves go through the zero point and overlap each other
(that means that the values of the magnetizability and coer-
civity of the sample are zero) [35]. All manifest the super
paramagnetic nature of the MNPs, TMSPT-MNPs and Fe*-
TMSPT-MNPs samples with no magnetic hysteresis.

The textural features of the synthesized MNPs, TMSPT-
MNPs and Fe*-TMSPT-MNPs samples were determined
by the N, adsorption-desorption analysis. Physical param-
eters of nitrogen isotherms containing the BET surface area
(Sgep) and the total pore volumes (V) of the synthesized
samples are summarized in Table 3. The surface area of an

View field: 0.560 pm
SEM MAG: 371 kx |Date(m/dly): 11/10/14

(b)

Fig. 3. SEM images of MNPs with different magnifications: a) x142,000 and b) x371,000.

WD: 2.42 mm
Det: InBeam 100 nm

SEM HV: 30.0 kV MIRA3 TESCAN

Kurdistan University
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Table 3
Textural properties of MNPs, TMSPT-MNPs and Fe**-TMSPT-
MNPs

Sample Sper (?/8) Viw (cm’/8)
MNPs 89.99 0.33
TMSPT-MNPs 62.65 0.21
Fe**-TMSPT-MNPs 57.5 017
——&——  adsorption (MNPs)
5004 JoYRTNN desorption (MNPs)
——-%¥-——  adsorption (TMSPT-MNPs)
——v-—-  desorption (TMSPT-MNPs) +300
400 1 — —® —  adsorption (Fe?-TMSPT-MNPs) o //—D
——0——  desorption (Fe’"-TMSPT-MNPs) P |

300

200 A

Volume, (cc/g)

100

0.0 0.2 0.4 06 0.8 1.0 1.2
Relative pressure, P/p(

Fig. 6. Nitrogen adsorption—desorption of MNPs, TMSPT-MNPs
and Fe’*-TMSPT-MNPs.

adsorbent is one of the important structural parameters that
can determine its adsorption efficiency. The obtained result
revealed that after functionalization, a decrease in the sur-
face area (S,,,) was observed. It can be due to the presence
of functional groups on the surface that can partially block
the adsorption of N, molecules. The results of N, adsorp-
tion-desorption measurements for MNPs, TMSPT-MNPs
and Fe**-TMSPT-MNPs are presented in Fig. 6.

3.2. Evaluation of adsorption potential by MINPs,
TMSPT-MNPs and Fe**-TMSPT-MNPs

In order to evaluate and comparison of the adsorbent
efficiency and adsorption capacity, the effect of MNPs,
TMSPT-MNPs and Fe**-TMSPT-MNPs on the adsorption of
Cr(VI) at three test run with pH 5, sorbent dosage of 0.1
gL and Cr(VI) concentration 80 mg-L™" were studied. The
obtained results revealed that the removal efficiency (R) of
Cr(VI) by MNPs, TMSPT-MNPs and Fe*-TMSPT-MNPs
increased from 13.27% to 20.01% and 25.49% after function-
alization by TMSPT and Fe* at the same conditions, respec-
tively (Fig. 7). In addition, the Cr(VI) adsorption capacity
(g, of MNPs, TMSPT-MNPs and Fe**-TMSPT-MNPs were
106.17, 160.08 and 203.95 mg-g~, respectively. As demon-
strated in Fig. 7, Fe>*-TMSPT-MNPs adsorbent has much
higher Cr(VI) removal efficiency and adsorption capacity
compared to TMSPT-MNPs and MNPs, which referred to
the grafted thiol and Fe*® groups on the surface of magnetic
nanoparticles and its more active adsorption sites. Therefore
Fe**-TMSPT-MNPs was chosen as an appropriate adsorbent
for optimization of the other parameters.

N. Nikraftar, F. Ghorbani / Desalination and Water Treatment 76 (2017) 241-253
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Fig. 7. Comparison of Cr(VI) removal efficiency potentials by
MNPs, TMSPT-MNPs and Fe**-TMSPT-MNPs.

3.3. Fitting of process models and statistical analysis

The CCD was used to develop a polynomial regression
equation to determine the interactions of selected vari-
ables on the adsorption of Cr (VI). The analysis of variance
(ANOVA) was used to determine the main and interaction
effects of independent variables on Cr(VI) adsorption onto
the Fe**-TMSPT-MNPs, the results of which are given in
Table 4. The relationship between the removal of chromium
ions and the independent variables was obtained by qua-
dratic model (Eq. (6)):

R=+3.96 + 6.95* X, +33.78 * X, + 0.06 * X,~2.73 * X, *
X,+0.09* X, * X,~0.15* X,* X, - 0.69 * X~ 0.53 * ©6)
X2-5.47E -3 * X2 (R? = 0.925)

The significance of the quadratic model coefficients
was evaluated by the F-value and p-values and sum of
square (SS) listed in Table 4. The effect of each factor was
statistically significant at P < 0.05 and also quantifies sum of
squares (SS) of each factor is important in the process and
as the value of the SS increases the significance of the cor-
responding factor in the undergoing process also increases
[17]. The larger magnitude of the F-value (13.67) and the
p-value less than 0.05 demonstrate that model terms are
significant for the sorption of Cr(VI). The correlation coef-
ficient (R?) is found to be 0.925, indicates the better fitness
of the model in the experimental data. On the basis of qua-
dratic equation of response surface methodology [Eq. (6)],
the effect of independent variables: pH, sorbents dosage
and initial ion concentrations on the adsorption of Cr(VI)
were analyzed. As demonstrated in Eq. (6), each three
variables have a positive effect on the removal of Cr(VI),
it means that the removal of Cr(VI) increased as the pH,
sorbent dosage and ion concentrations increased. Initial
solution pH compared to the other variables has the most
influential and significant effect on the adsorption process
(p =0.0434, SS = 238.52, F = 5.34). The actual and predicted
removal efficiency plot for Cr(VI) is displayed in Fig. 8. The
actual values were the measured response data for a par-
ticular run [estimated experimentally by Eq. (1)], and the
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Table 4
Regression analysis using response surface quadratic model for
R response

Term Sumof Degreesof Mean F-value P-value
squares freedom  square
Model 548999 9 610.00 13.67 0.0002
X, 23852 1 238.52 5.34 0.0434
X, 61.04 1 61.04 137 0.2693
X, 0.039 1 0.039  879E-4 09769
XX, 62255 1 622.55 1395 0.0039
XX, 567.14 1 56714  12.71 0.0051
X, X, 193.40 1 19340 4.33 0.0640
X2 828.55 1 828.55 1857  0.0015
X2 1.27 1 1.27 0.028 0.8694
X2 914.55 1 914.55 2049 0.0011
Residual 44625 10 44.62
Lack of fit 38617 5 7723 643 0.0311
Pure error  60.07 5 12.01
Cor. total 593624 19

predicted values of R were evaluated from the models and
generated by using the approximating functions [generated
by Eq. (6)]. It indicated that the predicted values obtained
by the model and the actual experimental data were in good
agreement. Generally, this methodology could be successful
in studying the importance of individual, cumulative, and
interactive effects of the process variables in adsorption.

3.4. 3D response surface and contour plots

Fig. 9a—c demonstrate the three dimensional and con-
tour plots for evaluation of interaction effects between pH,
initial Cr(VI) concentration and sorbent dosage for Cr(VI)
ion removal.

3.4.1. Effect of initial pH

To investigate the combined effect of pH with sorbent
dosage and initial Cr(VI) concentration, the RSM was used
and the results were presented in the form of 3D and con-
tours plots (Fig. 9a and b). The pH of the solution is an
important factor in the adsorption process, which affects
surface charge of the adsorbent by their functional group
and chromium speciation in the solution. It seems that at
acidic conditions, chromium ions exists in different forms
including HCrO,, Cr,0,, Cr,0.>, Cr,0 2 and when the pH of
the solution increases predominant species were CrO;- and
Cr,07[36]. As seen in Fig. 9 a and b, the removal efficiency
of Cr(VI) increased with the increasing of solution pH from
2 until 4.28, and decreases when the pH value is higher than
5. Atlow pH (pH < 5) predominating form of Cr(VI) in solu-
tion is HCrO; and the —Fe*" groups on the sorbent surface
were protonated and possess positive electric. Hence, elec-
trostatic attraction between positively charged sorbent sur-
face and negatively charged chromium species increased
and finally leads to increasing removal efficiency of Cr(VI).
According to the literature, chromium adsorption by differ-

Removal efficiency, (%)

77.00—

58.00—

39.00—

Predicted

20.00—

1.00—

I I I I I
1.83 20.41 38.99 57.57 76.15

Actual

Fig. 8. Correlation of actual and predicted values for removal
efficiency.

ent sorbents was higher at acidic conditions [19,36-38]. For
example, Parsons et al. [7] used the magnetite nanoparticles
for the removal of Cr(III) and Cr(VI). Their results revealed
that the best pH for adsorption of Cr(VI) was 4.

3.4.2. Effect of initial Cr(VI) concentration

The results of the mutual effect of initial Cr(VI) concen-
tration with pH and sorbent dosage are presented in Fig.
9b and c. It can be observed that the removal efficiency
decreased as the initial Cr(VI) concentration increased. Since
in the high concentrations, the adsorption sites saturated
and the number of available adsorption sites decreased.
Also it may be concluded that at a lower concentration, the
ratio of available surface to the initial Cr(VI) concentration
is larger, therefore, the removal is higher [37].

3.4.3. Effect of sorbent dosage

The mutual effect of sorbent dosage with pH and ini-
tial Cr(VI) concentration has been presented in Fig. 9a and
c. It can be observed that the removal efficiency improved
with an increase in the sorbent dosage. Actually, with the
increase of sorbent dosage, more surface area was available
for adsorption due to the increase in the number of active
binding sites. A similar type of result has also been observed
by other researchers [26,39]. As can be seen from Table 4, all
the p-values of X, X?, X2, X X, and X X, are less than 0.05,
which indicates that these variables are significant and have
great influence on Cr(VI) adsorption.

3.5. Process optimization

One of the main aims of this study was to find the opti-
mum process parameters to maximize the removal effi-
ciency (R) of Cr(VI) by the developed mathematical models.
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Fig. 9. 3D surface and contour plots for chromium removal efficiency at 120 min showing the mutual effect of: a) pH and sorbent
dosage, b) pH and Cr(VI) concentration, c) sorbent dosage and Cr(VI) concentration.

The process parameters were optimized using numerical
optimization option in the software in a manner that the
desired goal for each factor and response was selected from
the menu. The possible goals are: maximize, minimize, tar-
get, within range, none (for responses only) and set to an
exact value (factors only). The goals are composed into an
overall desirability function. In the numerical optimization,
we choose the desired goal for each factor and response
from the menu. Optimum values of the selected variables

were obtained by analyzing the response surface 3D and
contour plots and solving the regression equation. A multi-
ple response method was applied for optimizing any com-
bination of the four goals, namely the initial solution pH,
initial Cr(VI) concentration, sorbent dosage, and removal
efficiency (R). The optimum values of every factor and
desirability ramps are shown in Fig. 10. These charts show
the slope of changes for variables. The numerical optimiza-
tion found a point that maximizes the desirability function.
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In this study, numerical optimization using RSM led to the
optimum operating condition as pH of 4.28, initial Cr (VI)
concentration of 30 mg-L™ and sorbent dosage of 2 g-L!
with desirability of 0.945. The obtained value of desirability
(0.945) shows that the estimated function may represent the
experimental model and desired conditions. It can be con-
cluded that CCD statistical design was effective in deter-
mining the optimum conditions for Cr(VI) adsorption onto
Fe**-TMSPT-MNPs as an adsorbent.

3.6. Adsorption kinetics

The adsorption kinetic data obtained from batch exper-
iments were analyzed using a pseudo-first-order and pseu-
do-second-order that these models most often used to
analyze the rate of adsorption. The pseudo-first order and
pseudo-second order models can be expressed as Egs. (7)
and (8), respectively [40]:

ln(qg - q,) =Ing, -kt ()
S ®)
9 ka4,

4.28

2.00 13.00 0.10 2.00

pH=4.28 Sorbent dosage =2.00

30.00

5.00 100.00 6.72 76.146

Cr concentration = 30.00 %R =62.0989

Desirability = 0.945

Fig. 10. Desirability ramps for numerical optimization of four
goals, namely the initial solution pH, sorbent dosage, initial
Cr(VI) concentration and removal efficiency (R).

Table 5
Kinetic parameters for the adsorption rate expressions

where g, and g, are the amounts of metal ions adsorbed on
to Fe**-TMSPT-MNPs at equilibrium and at time t (mg-g™),
respectively, and k, (min™), k, (g-mg™"-min™) are the equilib-
rium rate constants for pseudo first order and pseudo sec-
ond order adsorption. Additionally, and k, parameters for
the pseudo first order kinetic model were calculated from
intercept and slope linear plots of versus ¢ (min) and for
pseudo second order kinetic model parameters g, and k,
were calculated from slope and intercept linear plots of t-g,*
(min-g-mg™) versus t. The estimated kinetic models and
related parameters with linear regression coefficient (R?) are
shown in Table 5. As demonstrated in this table, the correla-
tion coefficients of the pseudo-second order equation, in all
of the Cr(VI) concentrations are near to 1 and significantly
higher than that for the pseudo-first order equation. The
theoretical g, (q,,) values for metal ions were also very close
to the values construed from the experiment (g,*). These
observations suggest that adsorption kinetics followed the
pseudo-second-order equation, indicating that the chemical
sorption as the rate-limiting step of adsorption mechanism
[41,42].

3.7. Adsorption isotherms

The adsorption isotherm describes the equilibrium of
the sorption of a material on the surface. Adsorption iso-
therms were used to determine the binding capacities for
Cr(VI) to the Fe**-TMSPT-MNPs adsorbent. Two different
isotherms that are widely used to describe the adsorption
processes are Langmuir and Freundlich isotherms. The
Langmuir model assumes that the uptake occurs on a homo-
geneous surface with a finite number of identical sites and
has been applied successfully in many monolayer adsorp-
tion processes [20,43]. The Langmuir isotherm model has
the following form [44]:

_ qmaxbce
=14, ©)

where g, is the amount of Cr(VI) adsorbed at equilibrium in
(mg-g™), C,is the equilibrium metal concentration in (mg-L™),
g, is the maximum adsorption capacity in (mg-g™), and b
is the Langmuir constant (L-mg™) referred to adsorption
energy. In other words, b is a constant related to the affinity
of binding sites with the metal ions. The Freundlich model,
an empirical equation used to describe heterogeneous
adsorption systems, can be represented as follows [5]:

C, mgL™ g, 7mg-g! Pseudo—first-order Pseudo—-second—order

q,, mgg’ -K,, min™ R? 9, mgg! K,, min™ R?
5 6.962 5.748 0.087 0.883 7.07 0.574 0.998
25 21.53 9.333 0.065 0.624 34.01 0.330 0.933
50 33.37 19.104 0.035 0.794 34.01 0.141 0.996
80 42.61 15.439 0.015 0.354 3731 -0.071 0.994
100 45.77 13.69 0.149 0.671 44.05 -0.037 0.989

C;: initial Cr (VI) concentration; g,*: experimental value; g, and q,,: calculated values; K, and K,: rate constants.
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q.=k,C" (10)
where kf(mg~g’l) and n (L-mg™) are the Freundlich constants
related to adsorption capacity and intensity, respectively.
The Langmuir and Freundlich parameters and their cor-
relation coefficients (R*) evaluated by plotting g, versus C,
(Fig. 11) are given in Table 6. The comparison of obtained R*
values for both models in Table 3 reveals that adsorption of
Cr(VI) by Fe*-TMSPT-MNPs adsorbent follows the Freun-
dlich isotherm model. Therefore the experimental data fit
very well to this isotherm model and indicate that adsorp-
tion of Cr(VI) occurs follows multilayer and heterogeneous
adsorption process. Table 6 also presents that n value is
greater than 1.0, reflects that the adsorption of Cr(VI) on the
adsorbents is favorable. The maximum adsorption capac-
ity (q,,,,) of Cr(VI) on adsorbent calculated from Langmuir
adsorption isotherm was 128.65 mg-g”! which shows a
stronger binding of Cr (VI) on adsorbent.

3.8. Thermodynamic studies

The thermodynamics is important in understanding the
adsorption and designing better adsorption parameters.
In thermodynamic studies, the determination of standard
enthalpy (AH®), standard free energy (AG®) and standard
entropy (AS°) is necessary. The thermodynamic parameters
can be determined using the distribution coefficient (K)
that is dependent on temperature. The change in Gibbs free
energies (AG) were then calculated with Eq. (11). AH and AS
were calculated from the slope and intercept of the plot of
versus 1/T using Eq. (12). In addition, the distribution coef-

50

40

30 4

qe, M.

®  Experimental data
—— Langnuir Isotherm
—— Freundlich Isotherm

20 1

Ce, mg.L'l

Fig. 11. Langmuir and Freundlich isotherms for adsorption of
Cr(VI) ions on Fe**-TMSPT-MNPs.

Table 6
Constants of Langmuir and Freundlich isotherms for Cr(VI)
ions adsorption by Fe**-TMSPT-MNPs

Langmuir Freundlich
Do b R? K, n R?
128.65 0.008 0.986 2.198 1.381 0.992

ficient (K) was calculated from the concentration of Cr(VI)
in the initial concentration (C,) and equilibrium concentra-
tion (C ) according to the Eq. (13), [42,45]:

AG=AH —-TAS (11)
lnk:f—ﬁ (12)
R RT
C,-C .V
K==0 —e+’ (13)
C m

e

where, R is the universal gas constant (8.314 ] /mol K) and T
(°K) is the solution temperature. The parameters of AH® and
AS°, can be obtained from the slope and intercept of plots (In
k versus 1/T), respectively. V is the volume of the solution
(mL) and m is the mass of the sorbent (g). Temperature has
a direct influence on the adsorption process. The adsorption
experiments were conducted in the temperature range of
293-323°K. The values of thermodynamic parameters such
as AG®, AH®, AS®, describing Cr(VI) uptake by Fe**-TMSPT-
MNPs adsorbent that were calculated using mentioned
above Eqns. (11-13). All the thermodynamic parameters are
listed in Table 7 and the thermodynamic curves of Cr(VI)
adsorption shows in Fig. 12. It was observed that Cr(VI)
adsorption increased with increasing temperature. The
negative value AH® confirms that the sorption process was
exothermic in nature. The negative values of AG® at all tem-
peratures illustrate the feasibility and spontaneous nature

Table 7

Thermodynamic parameters of Cr(VI) adsorption on Fe’*—
TMSPT-MNPs at different temperatures in Kelvin (initial
concentration of Cr(VI) ions was 60 mg-L™)

~AHY,  ASY, ~AG®, k] /mol R
J/mol  J/molK  pg30i 303k 313°K  323°K
2540 13891 40.73 4212 4350  44.89 0.921
74
7.2 A
¢ ®  Exprimental data
7.0 4 Thermodynamic Isotherm
Ty 68
-
é 66
64 -
6.2
6.0 . . i ‘
31 32 33 14

#1073, K7L

Fig. 12. Plot of InK vs. 1/T x 10-? for estimation of thermodynam-
ic parameters for Cr(VI) adsorption.
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of adsorption process. As can be seen, the values of AG were
decreased with an increase in temperature that shows the
reaction is more feasible at a higher temperature. The posi-
tive value of AS® indicated the affinity of Cr(VI) for the Fe*-
TMSPT-MNPs and thus the disorderliness prevails.

3.9. Sorbent regeneration and competing ions study

Sorbent regeneration studies help to elucidate the adsorp-
tion mechanism and recovery of metal-loaded adsorbent,
hence may be able to reduce operational cost and protect the
environment [46]. In the present study,desorption of Cr(VI)
ions from loaded Fe**-TMSPT-MNPs was carried out using
0.3 M HCL solutions in four successive adsorption-desorp-
tion cycles with sorbent dosage of 0.15 g-L™, pH level of 4.28
and Cr (VI) concentration 60 mg-L™ by the following method.
The Cr (VI)-loaded Fe**-TMSPT-MNPs nanohybrid was sep-
arated and stirred with HCL 0.3 M solutions for 6 h at room
temperature. Then the adsorbent was washed with deion-
ized water and was dried in the oven at 50°C for 12 h. When
the Cr(VI)-loaded Fe**-TMSPT-MNPs sorbent was added to
the HCL solution, the H* ions begin replacing with Cr(VI)
ions on the sorbent surface. In the other words, if Cr(VI) was
adsorbed on Fe** binding groups by electrostatic interaction,
then acid solutions would regenerate the adsorbent surface
since the concentration of H* ions increases and thus leads to
ion exchange with the chromium adsorbed [47]. As evident
from the results (Fig. 13), the removal efficiency of Cr(VI)
does not noticeably change during the four reactive cycles.
Therefore, the results suggest that the Fe**-TMSPT-MNPs
adsorbent has an excellent reusability and is cost effective for
the removal of Cr(VI).

The removal efficiency of Cr(VI) was compared with
several inorganic elements including Cu(Il), Mn(II), Zn(II),
Fe(1l), As(V), Pb(Il), Cd(II) and Ni(II) at the ideal conditions
(Table 8). The obtained results revealed that in all of the
evaluated elements there is not significant interference on
Cr(VI) adsorption, except with As(V). It seems that As(V)
shows a chemical behavior similar to that of Cr(VI) ions and
can be a serious competitor in adsorption process. This is in
further accordance with kinetic studies of Cr(VI) and As(V)
sorption in binary mixtures reported by previous study [48].

Removal efficiency, (%)

L]

Number of eycles

Fig. 13. W Regeneration studies of Fe’**-TMSPT-MNPs nanohy-
brid after four cycles.

Table 8

Effect of competing ions on Cr(VI) removal efficiency with pH
4.28, sorbent dosage of 2 g-L™ and ions concentration 30 mg-L*
were studied

Removal efficiency (%)

Cu(Il) 0
Mn(II) 0
Zn(IT) 214
Fe(1I) 0
As(V) 71.65
Pb(II) 113
cd(n 217
Ni(IT) 0
Cr(VI) 62.09

4. Conclusion

In this study, removal of Cr(VI) ions by Fe**-TMSPT-
MNPs was investigated and optimal conditions of process
parameters and maximum Cr(VI) removal efficiency was
found using central composite design under response sur-
face methodology. The ANOVA results demonstrate that
the selected quadratic model with p-value of <0.05 was
significant for the experimental data. The value of R?=
0.945 for the obtained quadratic model indicates the high
correlation between experimental values and predicted
values. Numerical optimization using RSM led to the opti-
mum operating condition as pH of 4.28, Cr(VI) concen-
tration of 30 mg-L™" and sorbent dosage of 2 g-L™' yielding
Cr(VI) removal of 62.1%. Adsorption isotherms followed
the multilayer adsorption and pseudo-second-order kinetic
model fits well with the adsorption data obtained for Cr(VI)
adsorptions. The calculated thermodynamic parameters
indicated the feasible, spontaneous and endothermic nature
of the adsorption process. Moreover, the adsorbed Cr(VI)
was readily desorbed with HCl solution and the sorbents
exhibited good reusability.
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