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a b s t r a c t
The adsorption of hexavalent chromium by bentonite has been improved using solid-state iron 
exchange method. To understand the adsorption mechanisms and characteristics of parent ben-
tonite and solid-state iron exchanged bentonite (SSIEB), various techniques including X-ray dif-
fraction, Brunauer–Emmett–Teller analysis, Fourier-transform infrared spectroscopy, scanning 
electron microscopy, and energy-dispersive X-ray spectroscopy were employed. The results 
revealed that iron ions replaced some of the calcium and magnesium in bentonite during sol-
id-state ion exchange, but no significant changes in morphology were observed. The d-spac-
ing of the montmorillonite changed from 14.90  Å in the parent bentonite to 14.50, 14.60, and 
14.90 Å for iron-exchanged bentonite prepared in 1, 3, and 5  min, respectively. The surface area 
increased from 44.5 m2/g for bentonite to higher values (51.3–53.1 m2/g) due to the solid-state iron 
exchange process. The chromate ion adsorption from aqueous solution increased from 5.61% to 
18.85% for the sample synthesized at a temperature of 100°C and a time of 3 min. Consequently, 
the chromate adsorption capacity of the optimal SSIEB was nearly three times higher than that 
of pure bentonite. The data obtained from the solid-phase ion exchange method demonstrate that 
modified SSIEB can serve as an effective adsorbent in the absorption process.
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1. Introduction

Drinking water contamination with chromium is one 
of the most important global health concerns due to its sta-
bility and relative toxicity [1]. Hexavalent chromium ions, 
Cr2O7

2–, have the potential to cause serious harm to the envi-
ronment. Chromium release to water bodies is regulated at 
about 0.05 mg/L, while total chromium is regulated below 
2.0  mg/L [1–3]. Today, various adsorbents including clay 
[4], activated carbon [5], alumina [6], silica [7], and zeolite 
[8] have been used to remove chromium from solutions 
[9]. Meanwhile, bentonite has special advantages such as 
inexpensiveness, biocompatibility, abundance, chemical 

stability, high adsorption capacity, and ion exchange capa-
bility [10–12]. Bentonite is a montmorillonite clay contain-
ing layered silicates. These layers consist of an octahedral 
alumina sheet placed between two tetrahedral silica sheets 
[13]. Surface alteration occurs due to the isomorphic replace-
ment of central atoms in octahedra/tetrahedra by smaller 
valence cations, leading to changes in surface of the clay 
[14]. Consequently, the surface of the clay can adsorb pos-
itively charged ions through electrostatic interaction [15]. 
Thus, according to the characteristics and properties of 
absorbed cations, the surface charge of bentonite can be 
changed or new functional groups can be introduced to it 
[13]. The modified clays such as pillared bentonite [16,17], 
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cation-exchanged bentonite [18,19], and bentonite mod-
ified with surfactant [20] have been developed and can 
serve as catalysts or efficient adsorbents for the treatment of 
various organic pollutants and minerals.

One of the simplest and most effective methods for mod-
ifying bentonite is solid-phase ion exchange, which involves 
the exchange of the exchangeable cation of bentonite and a 
suitable cation. This process is simple, fast, and highly effec-
tive. In this method, clay and a suitable salt are mixed and 
heated at a temperature close to the melting point of the 
salt. The molten salt infiltrates the clay’s pores, facilitating 
cation exchange in the molten salt environment. Solid-state 
iron exchanged bentonite (SSIEB) has found applications 
in various fields. For instance, Ulhaq et al. [21] synthesized 
bentonite/copper catalysts using solid-phase ion exchange 
as heterogeneous catalysts for photo Fenton treatment of 
methyl orange under UV irradiation. In other studies, sol-
id-state cation exchange has been employed to synthesize 
zinc, copper or silver-exchanged bentonite as antibacterial 
or photocatalytic materials [21,22]. Furthermore, solid-phase 
iron-exchanged bentonite has been utilized for the adsorp-
tion of dye from edible oil or solution [23,24]. However, to the 
best of our knowledge, using this adsorbent for heavy metal 
adsorption such as chromium has not been reported to date.

2. Materials and methods

2.1. Materials and chemicals

The original bentonite, predominantly of composed 
of Ca-montmorillonite, was purchased from the Kanisaz 
Jam Company (Rasht, Iran). All the chemicals used were 
of analytical grade and were purchased from Merck Co., 
Germany. The stock Cr(VI) solution was prepared by dis-
solving potassium dichromate in de-ionized water. The pH 
of the solution was adjusted by adding either 0.1  mol/L of 
HCl or 0.1 mol/L of NaOH, and measured with pH changes 
during the reaction with a pH meter.

2.2. Preparation of the SSIEBs

The detailed methods of preparing the SSIEB have been 
described in our previous work [21,23]. To prepare SSIEBs, 
a mixture of 5  g of bentonite and 2.5  g of FeCl2·xH2O was 
thoroughly combined and then heated at 100°C for 1, 3 and 
5 min. The resulting samples were labeled as solid-state iron 
exchanged bentonite for 1 min (SSIEB1), for 3 min (SSIEB3) 
and for 5 min (SSIEB5), respectively. The mixture was then 
appropriately washed with distilled water, filtered, and 
dried in an oven for 24 h at 50°C.

2.3. Adsorption of Cr by SSIEBs

Adsorption isotherms of Cr(VI) on bentonite and pre-
pared SSIEBs were determined using a batch equilibrium 
method. In each experiment 0.1  g of adsorbent was mixed 
with 25 mL Cr(VI) solution (25 mg/L) at various initial con-
centrations. The adsorption experiments were conducted 
in a thermostatic shaker bath at 25°C  ±  0.1°C for 120  min. 
After equilibrium, the suspension was centrifuged, and 
concentration of Cr(VI) in the supernatant was measured 

using a UV-Vis spectrophotometer at 540 nm. The adsorbed 
amount (qe) was calculated based on the difference between 
the initial (C0 (mg/L)) and equilibrium (Ce (mg/L)) concen-
tration according to Eq. (1):

q
C C V

me
e�

�� ���� ��0 	 (1)

where V is the total volume of solution (mL), and m is the 
mass of adsorbent (g). In order to determine the optimal 
conditions for chromate adsorption, the initial concentration 
of chromate, initial pH of solution, and adsorbent dosage 
were evaluated at 5–40 mg/L, 3–9, 0.025–0.15, respectively.

2.4. Characterization

Scanning electron microscopy (SEM) and elemental dis-
persive X-ray spectroscopy were carried out with an LEO 
1430VP instrument (Germany). Fourier-transform infrared 
spectroscopy (FTIR) assessed the functional groups influ-
encing the adsorption process in the wave number of 400–
4,000  cm–1, using a PerkinElmer Spectrophotometer (USA). 
The X-ray diffraction (XRD) patterns of the samples were 
characterized using an X-ray diffractometer (Philips PW 1050, 
The Netherlands) with CuKα radiation (λ = 1.5418 Å, 40 kV 
and 30 mA, 2θ from 0° to 80° and 0.05° step). A Micromeritics 
Brunauer–Emmett–Teller (BET) surface area and porosity 
analyzer (Gemini 2375, Germany) was used to evaluate the 
products with N2 adsorption/desorption at the constant tem-
perature of 77 K in the relative pressure range of 0.05–1.00.

3. Results and discussion

3.1. Characterization

3.1.1. SEM images

The SEM image obtained from parent bentonite and 
SSIEB3 is shown in Fig. 1. The typical structure of benton-
ite can be observed in Fig. 1a. After ion exchange, there is 
no noticeable change in the apparent morphology of the 
bentonite. This is due diffusion of iron ions into the mont-
morillonite interlayers, which cannot be visualized by the 
electron microscopy equipment.

3.1.2. FTIR spectra

The FTIR spectra of parent bentonite and SSIEB3 are 
given in Fig. 2. The spectrum of the parent bentonite exhib-
its the bands at 3,430 and 3,642 cm–1, which correspond to 
the H–OH vibration of the water molecules adsorbed on the 
sorbent surface and –OH stretching vibration bands of water 
molecules bonded to the Si–O surface. The spectral band at 
1,654  cm–1 is related to the bending of the H–OH bond of 
water molecules, which is retained in the matrix. The strong 
band at 1,048  cm–1 illustrates the presence of the Si–O–Si 
group of the tetrahedral sheet. The bands corresponding 
to Al–Al–OH bending vibrations are observed at 917  cm–1. 
Peaks at 840 and 732  cm–1 confirm the presence of quartz 
in the samples [24]. Compared to the parent bentonite, the 
position of the –OH stretching vibration band shifts from 
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3,430 to 3,450 cm–1 in SSIEB3. In addition, significant changes 
were also detected for the relative band intensities in the 
region between 900 and 450  cm–1. All those results reveal 
that ion exchange takes place successfully. In addition, it 
also confirms that this process maintains the basic composi-
tion of parent bentonite [25].

3.1.3. X-ray diffraction

Fig. 3 illustrates the XRD patterns of parent bentonite 
and SSIEB3. The XRD pattern of parent bentonite indicates 
the presence of montmorillonite (2θ = 5.6°, 19.5° and 49.9°) 
associated with quartzes (2θ = 20.8°, 26.2° and 49.9°) and cal-
cite (2θ = 29.9°). As can be seen from Fig. 3, the diffraction 
peaks corresponding to the structure of bentonite existed 
in the XRD pattern of the ion-exchanged samples, which 
indicates that the montmorillonite structure remains intact 
after modification.

During solid-state ion exchange, the d-spacing calcu-
lated for the montmorillonite phase decreases from 14.90 Å 
in the parent bentonite to 14.50 Å for SSIEB1. According to 
available reports, this is due to water evaporation in the 
bentonite structure during the solid-phase ion exchange 

process [26]. By increasing the time of ion exchange to 3 and 
5 min, the d-spacing increases to 14.60 and 14.90 Å, respec-
tively. This is due to ion exchange and the presence of iron 
atoms with a larger size than cations existing in the interlayer 
space of bentonite. Relative changes in the peak positions 
and peak intensities in the ion-exchanged samples indicate 
that Fe atoms are well incorporated in the bentonite inter-
layers. In addition, no peaks in impurities were observed, 
indicating the high purity of the synthesized samples.

3.1.4. Elemental dispersive X-ray spectroscopy

The elemental composition of the parent bentonite and 
SSIEBs is present in Table 1. According to the results of 
Table 1, the existence of calcium, magnesium, and potas-
sium in the interlayer structure of parent bentonite has 
been confirmed. Cations are responsible for connecting sil-
icate layers. Compared to the parent bentonite, the ion-ex-
changed samples show an increase in iron content and a 
decrease in calcium, magnesium and potassium content. In 
other words, ion-exchanged samples do not contain any cal-
cium, while bentonite contains it. It can be concluded that 

(a) (b)

Fig. 1. Scanning electron microscopy image of parent bentonite (a) and SSIEB3 (b).
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Fig. 2. Fourier-transform infrared spectra of parent bentonite 
and SSIEB3.

Fig. 3. X-ray diffraction patterns of parent bentonite and the 
ion exchanged samples (M: montmorillonite, Q: quartzes and 
C: calcite).
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the cation exchange has been conducted successfully. Finally, 
the amount of iron loaded increased significantly during the 
first minute and the changes made during the next minutes 
are less. This indicates the high penetration made during 
this process due to the use of heating during ion exchange.

3.1.5. Brunauer–Emmett–Teller

BET analysis of parent bentonite and SSIEBs is pre-
sented in Table 2. The surface area increases from 44.5 m2/g 
for bentonite to higher amounts (between 51.3–53.1  m2/g) 
as a consequence of the solid-state ion exchange process. 
This increase can be attributed to the formation of surface 
cracks and defects as a result of the collapse of the pore 
structure during this process.

3.2. Cr(VI) adsorption by various SSIEBs

The adsorption of Cr(VI) by SSIEBs and parent benton-
ite is shown in Fig. 4. It can be seen that, under identical 
conditions, the Cr(VI) adsorption by parent bentonite after 
120 min was only 5.6%. The adsorption of Cr(VI) by SSIEB3 
was 18.85%. The significantly increased adsorption of Cr(VI) 
by iron-exchanged bentonite may be related to the electro-
static interaction. It was reported that bentonite primarily 
consists of montmorillonite with the negatively charged 
surface, which is unfavorable for the adsorption of anionic 
chromate (CrO4

2− and HCrO4
−) due to electrostatic repulsion. 

After the ion-exchanged reaction, Fe-exchanged bentonite 
was obtained which contained higher positive charges, and 
could balance the surface charges of bentonite. Therefore, 
Fe-exchanged bentonite exhibited higher adsorption capac-
ity for Cr(VI) anions in comparison with bentonite. This 
being so, more Cr(VI) anions can be enriched on the solid 

phase, facilitating the approach of Cr(VI) to the reactive 
sites of Fe-exchanged bentonite [27].

3.2.1. Effect of initial pH

Fig. 5 shows the effect of pH on Cr(VI) adsorption by 
the optimally prepared sample, SSIEB3. The final Cr(VI) 
adsorption by SSIEB3 increased from 5.0% to 57.3% as the 
initial pH increased from 3.0 to 7.0. This indicates that the 
reduction of Cr(VI) by SSIEB3 is strongly pH dependent. 
At higher pH, the reduction of Cr(VI) decreases to 45.4%. 
The reactions for Cr(VI) are as follows:

H CrO HCrO H2 4 4�� �� � 	 (2)

HCrO H Cr H O4
3

27 4� � �� � � 	 (3)

HCrO CrO H4 4
2� � ��� � 	 (4)

2HCrO Cr O H O4 2 7
2

2
� ��� � 	 (5)

The decrease in adsorption efficiency at low pH is caused 
by the adsorption competition between H+ and Cr3+ species 
in solution. Conversely, at low pH values, many H+ ions 
can adsorb and neutralize the negatively charged surface 

Table 1
Elemental composition of the parent bentonite and SSIEBs

Ion exchange time (min) 0 1 3 5

Oxygen 56.9 51.90 48.82 49.48
Magnesium 2.2 2.07 1.88 1.55
Aluminum 6.2 7.80 7.55 7.26
Silicon 29.8 33.30 37.21 36.10
Potassium 1.5 0.63 0.48 0.64
Iron 0.6 4.31 4.07 4.97
Calcium 2.8 0 0 0

Table 2
Brunauer–Emmett–Teller analysis of the parent bentonite and 
SSIEBs

Ion exchange 
time (min)

Surface area 
(m2/g)

Cavity size 
(nm)

Cavity volume 
(cm3/g)

0 44.5 1.66 0.067889
1 51.2 1.66 0.063881
3 53.1 1.22 0.066374
5 51.6 1.22 0.063757
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Fig. 4. Adsorption of Cr(VI) by SSIEBs and parent bentonite 
(50 mL, 9.85 ppm, pH = 5, 0.05 g/L).
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9.85 ppm, 0.05 g/L).
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of the adsorbent [Eq. (3)]. With increasing pH, the concen-
tration of available hydrogen ions decreases, and allowing 
more chromate is absorbed and the adsorption efficiency 
of Cr(VI) reaches a maximum [Eq. (4)]. However, with a 
further increase in pH, chromate turns into Cr2O7

2– and 
bentonite releases absorbed hydrogen ions [Eq. (5)]. As a 
result, the surface of bentonite becomes more negative and 
the amount of absorption decreases. Atman et al. demon-
strated that a pH range of 5–6 resulted in maximum uptake 
of heavy metals by bentonite [28–31]. In addition, the stud-
ies of Athman et al. [32] indicated that neutral pH is an 
ideal adsorption environment for metals by clay.

3.2.2. Effect of initial concentration

Fig. 6 presents the effect of the initial concentration 
of chromium(VI) on its adsorption by SSIEB3. The results 
showed that as initial concentration increases, the percent-
age of chromate adsorption decreases (Fig. 6a). This hap-
pens due to the saturation of the absorber. To facilitate bet-
ter comparison, a graph of adsorption equilibrium vs. initial 
concentration (Fig. 6b) is also included. It illustrates that as 
the concentration of chromate solution increased, the equi-
librium absorption (qe) exhibits an upward trend. However, 
this upward trend stops as saturation is achieved at the 
concentration of 11.85 mg/L. At lower concentrations, there 
are more empty active sites and thus higher adsorption effi-
ciency is expected. However, as the chromate concentration 
further increases, the adsorption efficiency decreases [33].

3.2.3. Effect of time

Fig. 7 shows the effect of time on Cr(VI) adsorption by 
SSIEB3. As observed in Fig. 6, the adsorption of Cr(VI) on 
SSIEB3 increases rapidly during the initial contact time of 
5  min and then the sorption maintains a high level with 
increasing contact time. The kinetics of the sorption pro-
cess can be divided into two distinct steps: an initial fast 
sorption, followed by a slow sorption. The quick Cr(VI) 
sorption rate at the beginning is attributed to the rapid 
diffusion of Cr(VI) from aqueous solutions to the exter-
nal surfaces of SSIEB3. This can be explained on the basis 
that, initially a large number of vacant surface sites may 
be available for the adsorption of metal ions and over time, 
the surface sites become exhausted. The slow sorption pro-
cess is attributed to the longer diffusion range of Cr(VI) 
into the inner-sphere pores of sorbent or the exchange with 
cations in the inner surface of SSIEB3 [34]. In this study, 
two pseudo-first-order and pseudo-second-order synthetic 
models were used for data analysis. These models are 
represented by Eqs. (6) and (7):

log log
.

q q q
k

te t e�� � � � � � 1

2 303
	 (6)

t
q k q q

t
t e e

� �
1 1

2
2 	 (7)

where k1 (min–1) is the adsorption rate constant, qe, and 
qt (mg/g) are the adsorption capacity of the adsorbent at 
equilibrium time, t(s) is the time, and k2 (g/mg·min) is the 
adsorption rate constant. Fig. 8 shows the conformation 
of the experimental data with the pseudo-second-order 
model. The results are summarized in Table 3. The correla-
tion coefficients (R2) of the pseudo-second-order rate equa-
tion for the linear plot are very close to one, indicating that 
the kinetic sorption of Cr(VI) can be well described by the 
pseudo-second-order rate equation [35]. The q values for 
the optimal adsorbent from the pseudo-second-order equa-
tion were equal to 15.41 mg/g and the k value was equal to 
0.0773 g/mg·min. The pseudo-second-order kinetic model is 
based on the assumption that the rate-limiting step is chem-
ical sorption or chemisorption and predicts the behavior 
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Fig. 6. Effect of initial concentration of Cr(VI) on its adsorp-
tion by SSIEB3 (50 mL, pH = 7, 0.05 g/L).
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over the whole range of adsorption. In this condition, the 
adsorption rate is dependent on adsorption capacity not 
on concentration of adsorbate [36].

3.2.4. Effect of adsorbent dosage

The percentage of Cr(VI) ion adsorption onto SSIEB3 
was investigated at different adsorbent dosages in range 
0.016–0.15 g/L (Fig. 9). Adsorbent concentration represents 
the number of adsorption sites available for removing the 
chromate from the aqueous solution. The number of active 
sites for chromate absorption has increased by keeping the 
parameters mentioned above constant and increasing the 
adsorbent dosages. The adsorption percentage increased 
sharply when the adsorbent dosages changed from 0.016 to 
0.05  g/L. Subsequently, as the adsorbent dosage increased 
from 0.05 to 0.1  g/L, the adsorption percentage showed a 
gentle slope, suggesting a reduction in available chromate. 

Eventually, the absorption percentage reached equilibrium 
and remained uniform from the dosage of 0.1–0.15  g/L, 
without further increase. This is due to the balance between 
the absorbent and chromate. Therefore, an adsorbent 
dosage of 0.05 g/L was considered optimal.

3.2.5. Isotherms

To evaluate the sorption capacity of the sample, the sorp-
tion of Cr(VI) by SSIEB3 was carried out. In order to gain 
a better understanding of the mechanism and quantify the 
sorption data, the Langmuir and Freundlich models were 
adopted to fit the experimental sorption data. Freundlich 
equation is used for heterogeneous systems, irrevers-
ible adsorption systems, and non-monolayer adsorption. 
Its linear form can be expressed by Eq. (8):

C
q q K

C
q

e

e m l

e

m

� �
1 	 (8)

where qmax, is the maximum sorption capacity (mg/g), 
and b (L/mg) is the Langmuir constant. In comparison, 
the Langmuir adsorption isotherm is suitable for surface 
adsorption and homogeneous monolayer adsorption [37,38]. 
The Langmuir isotherm model is a theoretical model used 
to describe the monolayer sorption process onto a surface. 
The linear model can be represented by Eq. (9):

log log logq k
n

Ce f e� �
�

�
�

�

�
�

1 	 (9)

where kf and n are Freundlich constants. The obtained iso-
therm for Cr(VI) adsorption is shown in Fig. 10. From the 
correlation coefficients (R2) (Table 4), one can see that the 
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tion by SSIEB3 (50 mL, 9.85 ppm, pH = 7).

(a) 

y = -0�0212x + 0�1598

R² = 0�9045

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 20 40 60 80 100 120

ln
(q

e-
q

t)

Contact Time (min)

(b) y = 0�0649x + 0�0544

R² = 0�9999

0

1

2

3

4

5

6

7

8

9

0 20 40 60 80 100 120

t/
q

t

Contact Time (min)

Fig. 8. Kinetic studies of Cr(VI) adsorption: pseudo-first-order 
(a) and pseudo-second-order (b) models.

Table 3
Parameter values of pseudo-first-order and pseudo-second-order models

Adsorbent Pseudo-first-order Pseudo-second-order

qe k1 (h–1) R2 qe k2 (mg/m2·h) R2

FeB 1.2814 –0.00022 0.9629 15.4107 0.0773 0.9999
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Langmuir model (0.998) fits the sorption data better than 
the Freundlich model (0.877), which indicates that mono-
layer sorption occurs.

4. Conclusions

bentonite absorbed 5.61% of the chromate ion present 
in the aqueous solution. Among the samples synthesized 
by the ion exchange method at different times, the sam-
ple synthesized at 100°C and 3  min had the highest sur-
face absorption and was selected as the optimal sample. 
Therefore, ion exchange with iron increased the chromate 
adsorption capacity by approximately 3.3  times compared 
to bentonite. The results revealed that iron ions replaced 
some of the calcium and magnesium in bentonite during 
solid-state ion exchange, but no significant changes in mor-
phology were observed. The d-spacing of the montmorillon-
ite changed from 14.90 Å in the parent bentonite to 14.50, 
14.60, and 14.90 Å for iron-exchanged bentonite prepared in 
1, 3, and 5 min, respectively. The surface area increased from 

44.5  m2/g for bentonite to higher values (51.3–53.1  m2/g) 
due to the solid-state iron exchange process. The adsorp-
tion of chromate ions from the aqueous solution using the 
optimal synthesized sample was consistent with the pseu-
do-quadratic equation. The Langmuir adsorption model 
had a better correlation coefficient than the Freundlich 
model indicating the homogeneous surface of the desired 
adsorbent and, consequently, the uniformity of the available 
sites on the adsorbent surface. The data obtained from the 
ion exchange method in the solid phase showed that ben-
tonite modified by this method can be used as an efficient 
adsorbent in the absorption process.
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Fig. 10. Langmuir (a) and Freundlich (b) isotherms for Cr(VI) 
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