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a b s t r a c t
In this study, iron-pillared bentonite nanocomposite was prepared by solid-state ion-exchange 
method as a novel method. Heating was applied during a solid-state substitution of iron from an 
iron salt powder to calcium ions from bentonite. The synthesized nanocomposites were investigated 
using scanning electron microscopy, X-ray diffraction, UV-Vis diffusive reflectance spectroscopy and 
Brunauer–Emmett–Teller method. Finally, the adsorption properties of the nanocomposite using 
methylene blue dye as a molecule model were measured. The bentonite color was changed through 
the solid-state ion exchange from white to red. Surface area and pore volume were enhanced by 
increasing the processing time. The iron-pillared samples showed a significant improvement in the 
capacity of methylene blue dye removal compared with parent bentonite. The adsorption results 
showed that the iron-pillared bentonite nanocomposite is an efficient nano-sorbent for the removal 
of dyes from aqueous solutions.
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1. Introduction

Dye discharged into the environment without pretreat-
ment is an effluent pollutant. Nowadays, dye has been 
widely used in products, such as fabrics, leather, paper, 
cosmetics, polymers and foods [1,2]. The presence of dyes 
in effluents, even in low concentrations, is a major concern 
because they are highly visible, toxic to microorganisms and 
harmful to human health [3]. Recently, removing dyes from 
wastewater has gained researchers’ attention and various 
methods have been developed, such as chemical oxidation, 
biodegradation, membrane separation, electrochemical 
processes, coagulation/flocculation and adsorption [4–7]. 
Among these methods, adsorption is considered an effective 
way to remove dyes from wastewater, since it is not destruc-
tive and easy to apply. In this sense, the characteristics of 
the adsorbent surface are important. Metal nanooxides have 
recently been applied to remove heavy metals and dyes 

from water and wastewater [10,11]. For instance, iron oxide 
nanoparticles are an efficient adsorbent [12,13]. Iron-pillared 
clays are one of the most widely studied nanocomposites 
among the new group of developed micro porous materials 
with high surface area [12,14–16]. An important benefit of 
using these materials is intercalating different active oxide 
species by clay layers equipped with nanoparticles [14]. 
The first and most common method in the preparation of 
metal oxide–pillared clays is the ion exchange process, 
which comprised of the following three steps: polycation 
synthesizing by polymerization; next, intercalation of the 
polycation into layer space of the clay; and finally, applying 
heat treatment. When heated to a temperature greater than 
573 K, the intercalated metal hydroxy cations undergo dehy-
dration and dehydroxylation and are converted to metal 
oxide clusters acting as pillars to prop the clay layers apart, 
thus creating a stable micro porous system in the interla-
mellar space of clay particles [13,17]. The negative outcome 
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of the ion exchange process is its lengthy processing and 
multistep preparation procedures [18]. In this research, to 
resolve these problems, for the first time, a new method 
titled as “solid-state ion exchange method” was applied.

In solid-state ion exchange method, iron salt is mixed 
with bentonite and heated around the melting point of iron 
salt. Diffusion of iron into bentonite was accomplished by 
substitution of iron with exchangeable calcium of bentonite 
[19–21]. Synchronized application of heat with ion exchange 
creates a fast process. Furthermore, under the common pro-
cedure, the usual temperature is 300°C, while in this research 
the reaction was accomplished at 100°C [18,22]. Recent 
research has produced antibacterial nanocomposites by 
solid-state ion exchange [23]. However, as far as this study 
concerns, the present report is the first study on the prepa-
ration of iron oxide-pillared bentonite by solid-state ion- 
exchange method in dye adsorption.

2. Materials and methods

2.1. Materials

Bentonite clay, used as a solid support for iron oxide, was 
obtained from Kany Saz Jam Company (Rasht, Iran). Prior 
to the experiments, the bentonite was sieved to give a parti-
cle size of roughly 38 μm. The Methylene blue dye was used 
as the model adsorbate. Methylene blue (MB) is a cationic 
dye. All aqueous solutions were prepared with deionized 
water. All reagents were of analytical grade and were used 
as received without further refinement.

2.2. Synthesis of iron-pillared bentonite nanocomposite

Bentonite was immersed in molten salt, FeCl2. xH2O, at 
100°C for 0.5, 1, 2, 3 and 5 min. This operation was under-
taken using 5 g of bentonite and 5 g of FeCl2. xH2O. After 
ion exchange, the bentonite was adequately washed with 
distilled water and sonicated. This step was intended to 
remove any compounds that were not diffused in the ben-
tonite structure. After filtration, the obtained composites 
were dried in an oven for 24 h at 25°C.

2.3. Characterization

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). The 
microstructures of the samples were observed through a 
scanning electron microscope (SEM; LEO 1430VP, Germany).

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 temperature of 77K in the relative pressure 
range of 0.05–1.00.

A transmission electron microscope (TEM; Philips 
CM120, Germany) was used to characterize the FeyOx/ben-
tonite composite with respect to its particle size and shape.

Absorption spectra of nanocomposites were measured 
by a UV-Vis diffusive reflectance spectrophotometer (DRS; 
Scinco S4100, Korea) at the wavelength range of 200–700 nm.

2.4. Leaching test

The concentrations of Fe ions released from the nano-
composite were determined by atomic absorption spec-
trometer (AA800, PerkinElmer). For each composite, 0.2 g 
was immersed in 10 mL of distilled water and vigorously 
agitated in a shaking water bath (30°C, 200 RPM) for 24 h. 
Supernatants from each test tube were collected by centrif-
ugation at 4,000 rpm for 10 min. Iron ions released from 
the nanocomposites were qualitatively determined.

2.5. Adsorption experiments

Batch adsorption experiments were carried out in a set 
of glass flasks (30 mL) containing 10 mL of MB solutions 
(50 mg/L) at 298 K, and 0.1 g of each adsorbent added to each 
solution. The MB solutions were kept under stirring using 
a mechanical stirrer at 250 rpm. Aliquots of 0.1 mL were 
withdrawn from the solutions over a period of 4 h, at pre-
determined time intervals during each run. These aliquots 
were then diluted, homogenized and centrifuged before the 
measurement of the supernatant absorbance.

The absorbance was measured using a UV–Vis spec-
trophotometer (Varian Cary 50 Bio UV–Vis spectropho-
tometer, USA) to monitor the absorbance at λmax = 664 nm, 
corresponding to the maximum absorbance. The MB concen-
trations were each time estimated from a previously prepared 
calibration curve obtained by plotting the absorbance against 
the MB concentration of the solution. The batch adsorption 
was conducted for a contact period of 4 h, time sufficient for 
the concentration of the solutions to reach a constant value.

The amount of MB adsorbed by adsorbent in each 
time interval, t, was calculated through the following mass 
balance equation:

q C C V
mt t= −( )0  (1)

where C0 is the initial liquid-phase MB concentration 
(mg/L); Ct is the liquid-phase MB concentration at time t 
(mg/L); V is the volume of the MB solution (10 mL) and m 
is the mass of adsorbent used (0.1 g).

3. Results and discussion

3.1. Solid-state ion exchange method

The solid-state ion exchange was carried out on the base 
of sodium and calcium. In this regard, cations in the benton-
ite structure as a cation exchange were replaced with iron. 
The following equation describes this point:

Bentonite Ca FeCl Bentonite Fe CaCl− + → − ++2
2 2  (2)

Consequently, high temperature resulted in changing the 
replaced iron ions to iron oxide nanoparticles.

Bentonite Fe O Bentonite Fe O− + → −2 y x  (3)

Appearance and color of the parent bentonite was white. 
Solid-state ion exchange of the bentonite by FeCl2 changed 
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its color (Fig. 1). By increasing solid-state ion exchange pro-
cess time at a constant temperature, the color of bentonite 
changed more. After 30 s of solid-state ion exchange, the 
color of the sample became light cream. After 1 min, the 
color was altered to dark cream, creamy brown in 2 min 
and, finally, after 5 min changed to red. It may be concluded 
that the color variation is due to the different particle sizes 
and the amount of metal loaded to the bentonite [23,24]. 
According to the rules of mass transfer, penetration of iron in 
the surface layers of bentonite is faster and in deeper layers is 
more difficult. Here, penetration occurs so that first, iron ions 
substitute with calcium in the surface layers of the bentonite, 
and then penetrate to the deeper layers of bentonite.

3.2. DRS spectra

To identify the presence of Fe3+ in iron-pillared benton-
ite nanocomposite, UV–Vis spectra were used; the results of 
which are illustrated in Fig. 2. It is observed that the maxi-
mum absorption of parent bentonite is around 317 nm. After 
the ion exchange process, this peak was enhanced and shifted 
to higher wavelengths, which was related to the formation 

of the nanocomposite. On the other hand, according to the 
published researches, absorption in wavelength smaller than 
300 nm, between 300 and 400 nm and higher than 400 nm was 
associated with the isolated Fe3+, oligomeric clusters of FexOy 
and large Fe2O3 particles, respectively [25,26]. Furthermore, 
absorption at visible range (>450 nm) may be due to d–d 
transitions, which corresponds to the formation of α-Fe2O3 
particles [27]. Thus, Fe2O3 particles were formed in iron-pil-
lared bentonite nanocomposite when prepared at longer 
times.

3.3. Morphology

The morphology of natural bentonite and the prepared 
composites at different ion exchange times was studied, 
and the SEM images are shown in Fig. 3. In Fig. 3a, ben-
tonite displays a leafy sheet surface texture with a loose 
and porous microstructure, a typical morphological charac-
teristic of such material. After ion exchange, the structure 
of the parent bentonite displays some changes. However, 
the composite prepared at 30 s shows approximately sim-
ilar structure to 1 min (Fig. 3b); the only difference is that 

 

 

(a)                                                           (b)                             (c)                             (d) 

 

(e)                               (f)                               (g)                                                       (h) 

Fig. 1. Photography of the ion exchanged bentonite for (a) 0, (b) 0.5, (c) 1, (d) 1.5, (e) 2, (f) 3, (g) 5 and (h) 10 min.

Fig. 2. DRS spectra of parent bentonite (a) and Fe-exchanged bentonite nanocomposite prepared by solid-state ion exchange method 
for 1 min (b) 1 and 2 min (c).
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the edges of the leafy sheets of bentonite seem to become 
thicker. Increasing time to 1 min resulted in thicker sheets. It 
also seems that by immobilizing the iron, porosity between 
the sheets has declined. However, more processing time 
resulted in expanding the layers, and the distance between 
the sheets increased (Figs. 3c and d).

For further investigation, TEM was conducted for the 
sample prepared at 1 min (Fig. 4). Fig. 4a was taken from 
the middle part of the sheet, and shows some small sep-
arated nanoparticles, whereas, the image of the edge of a 
sheet illustrates more nanoparticles, which are intercon-
nected (Fig. 4b). This implies that the iron immobilization 
caused the changing surface structural alterations, followed 
by intercalation of iron particles into the inner layers of the 
bentonite [28].

3.4. XRD analysis

Fig. 5 shows the XRD pattern of pure bentonite and 
iron-pillared bentonite nanocomposite at different times. 

A typical pattern was observed for bentonite, with an 
intense 2θ = 6.27 reflection relative to the basal spacing d001 
(1.44 nm). The other reflections correspond to montmoril-
lonite’s crystalline structure (2θ = 19.84°, 20.87°, 26.68°, 
27.65°, 32.47°, 34.90°, 50.23°, and 60.13°) [13,15]. These peaks 
appear in the patterns of all the nanocomposites. After ion 
exchange, the original d spacing in the montmorillonite clay 
decreased to 1.29 nm for 0.5 min, due to the loss of water 
initially present in the interlayers.

However, the diffractograms show more differences; 
by enhancing the process time, the d spacing of interlayers 
increased and reached 1.38 nm for 2 min sample. It has been 
also reported that high temperature affected the interlayer 
structure [29]. Therefore, the peaks of montmorillonite and 
in ion exchanged samples became broader and less intense. 
The different d-spacing position and shape of the (001) reflec-
tion suggest the introduction of iron nanoparticles within 
the interlayer structure [13]. Some reported data showed 
higher d-spacing after ion exchange, compared with benton-
ite [17,28]. The reason may be due to using a salt solution 

  

(a) (b) 

(c) (d) 
Fig. 3. SEM images of parent bentonite (a) and iron exchanged bentonite nanocomposite prepared by solid-state ion exchange method 
for 1 (b), 2 (c) and 5 min (d).
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for the process of ion exchange, which increased the number 
of ions between the layers, resulting in swollen bentonite. 
In this study, d-spacing of the products, even after 5 min, is 
less than in the parent bentonite. Here, there are two rea-
sons: the reaction is accomplished in a solid phase, and the 
high process temperature evaporates the moisture between 
the layers.

3.5. BET specific surface area analysis

A comparison of adsorption–desorption N2 isotherms 
for iron-pillared bentonite nanocomposite by BET analy-
sis was carried out, and the results are provided in Table 1. 
At first, the bentonite sample had 180 m2/g porosity. After 
1 min, porosity was decreased to 123 m2/g. It seems that the 
reason is diffusion of iron ions to the bentonite. Furthermore, 
at the beginning of ion exchange process, Fe ions penetrate 

into bentonite layers. Because of the positive charges of Fe 
ions, the distance between the layers decreases. By increas-
ing ion exchange time, porosity was in the range of 202–
221 m2/g. Given the XRD and SEM results, the porosity of 

  
(a) (b) 

Fig. 4. TEM images of iron exchanged bentonite nanocomposite prepared by solid-state ion exchange method for 1 min.

Fig. 5. XRD pattern of parent bentonite (a) and of iron exchanged bentonite nanocomposite prepared by solid-state ion exchange 
method for 0.5 (b), 1 (c) and 2 min (d).

Table 1
BET analysis of pure bentonite and iron exchanged bentonite 
nanocomposite

Sample Surface area (m2/g)

Bentonite 180
1 123
2 211
3 202
5 221
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nanocomposite can be enhanced by the opening of the ben-
tonite’s flakes. Another reason may be the oxidation of iron 
after ion exchange process which is bigger than iron.

3.6. Leaching test

Because the final application of these composites is 
in water treatment, their stability in water was evaluated. 
Table 2 shows that the maximum concentration of released 
Fe was 1.66 mg/l, recorded from nanocomposite synthesized 
in 4 min. The obtained results indicate that the amount of 
released iron from these products poses no danger to drink-
ing water. This can be attributed to the permanent attach-
ment of the diffused iron to the bentonite matrix. The 
advantage of this finding is that the adsorption property of 
iron-pillared bentonite composite would be longer.

3.7. Adsorption study

The results obtained from adsorption study for removal 
of methylene blue dye are depicted in Fig. 6. The data show 
that the samples synthesized in 1 min have better absorp-
tion activity compared with the parent bentonite and other 
samples. Parent bentonite retrieved reduced the solution’s 
dye concentration from 50 to 20 ppm. In other words, 60% 
of the dye had been removed. The sample produced in 30 s 

had similar action with bentonite, while the sample of 1 min 
lowered the concentration to 10 ppm (80% removal effi-
ciency). This phenomenon was attributed to the fact that iron 
nanoparticles introduced into the interlayers of bentonite, 
and the agglomeration of nanoparticles was inhibited, 
meaning that more and more active sites of iron exchanged 
bentonite nanocomposite could be provided than that of 
bentonite or nanoparticles. Consecutively, a large number 
of negative charges on the surfaces of nanocomposite could 
contribute to the binding of cationic dye (methylene blue).

By increasing processing time to 2 min and beyond, 
dye removal activity decreased to 60%. According to the 
DRS results, at the beginning of ion exchange, the major-
ity of doped irons are in the form of ions, and their size is 
small. Hence, their absorption capacity is high. Then, more 
iron converts to Fe2O3 and consequently, the size of particles 
increases.

To show the results of adsorption equilibrium and mea-
suring the adsorption rate in different situations, adsorption 
equilibrium models are used. Equilibrium data of MB adsorp-
tion by nanocomposite using two models of Langmuir and 
Freundlich have been explored. The equations employed in 
fitting the experimental data in the two models are expressed 
as Eqs. (4) and (5), respectively:

q K Ce F e
n=  (4)

q
q K C
K Ce

m L e

L e

=
+1

 (5)

In the equations, qe is the equilibrium dye concentration 
on adsorbent; Ce is equilibrium concentration of dye in aque-
ous phase; KF is the Freundlich adsorption constant related 
to adsorption ability; n is an empirical parameter associated 
with adsorption intensity; KL is the Langmuir adsorption 
constant connected to the affinity of binding sites and qm is 
the maximum adsorption capacity of adsorbent.

The adsorption isotherm parameters are listed in Table 3. 
The results of modeling data equilibrium indicated that the 
Langmuir isotherm model better estimated the equilibrium 

Table 2
Leaching of iron from parent bentonite and prepared nano-
composites

Time of solid-state ion 
exchange method (min)

Iron concentration 
in water (ppm)

0 0.19
0.5 0.22
1 0.51
2 0.59
3 1.66
5 1.62

Fig. 6. Amount of MB adsorbed by parent bentonite and iron exchanged bentonite nanocomposites (experimental condition: 
adsorbent dosage 0.1 g, initial concentration 10 mg/L, sample volume 10 mL, temperature 25°C).
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data than did the Freundlich model (Fig. 7). Table 3 shows 
the maximum adsorption capacity to be 161.3 mg/g for ben-
tonite adsorbent and 200.0 mg/g for bentonite/iron nano-
composite. In other words, the synthesized nanocomposite 
increased removal capacity up to 25%. According to the 
previous results, adsorption isotherms of iron-pillared clay 
were investigated, and the results of the experiment best fit-
ted the Langmuir model [18,22]. Gao et al. [28] investigated 
the positive effect of ion exchanged bentonite with iron 
on Rhodamine B absorption and reported the maximum 

adsorption capacity and Langmuir adsorption constant were 
168.13 mg g−1 and 1.33 L mg−1, respectively. Furthermore, 
Cottet et al. [3] evaluated the effect of iron ion exchange on 
adsorption of montmorillonite. Their results showed that 
the maximum adsorption capacity and Langmuir adsorp-
tion constant were 70 mg g−1 and 0.05 L mg−1, respectively 
[3]. In these two works, there is no information about the ini-
tial adsorption of used raw material, although the maximum 
adsorption capacity and Langmuir adsorption constant of 
our study is much higher.

(a)

(b)

Fig. 7. Langmuir isotherm for adsorption of methylene blue dye on (a) bentonite and (b) iron exchanged bentonite for 1 min (experi-
mental condition: adsorbent dosage 0.1 g, initial concentration 0–100 mg/L, sample volume 10 mL, temperature 25°C).

Table 3
Adsorption isotherm parameter of methylene blue dye

Langmuir model Freundlich model

Kl (L/mg) qm (mg/g) R2 Kf (mg/g) n R2

Bentonite 0.251 161.3 0.98 47.7 2.78 0.99
Iron exchanged bentonite for 1 min 3.33 200.0 0.99 127.2 5.1 0.71
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To evaluate the process of MB adsorption by the nano-
composites, a pseudo-first order model and a pseudo-second 
order model were applied. These two models are frequently 
used to describe adsorption in solid–liquid systems. Eqs. (6) 
and (7) represent the linear forms of the pseudo-first and 
pseudo-second order kinetics, respectively, after integrating 
the differential equations.

ln lnq q q k te t t−( ) = − 1  (6)

t
q k q qt e e

= +
1 1

2
2  (7)

where qe and qt are the amounts of adsorbed MB (mg/g) in 
equilibrium, and t (h) is contact time of adsorption; k1 (h−1) 
and k2 (g/mg h) are the pseudo-first and pseudo-second 
order rate constants, respectively. If these kinetic models are 
applicable, the plot of ln(qe−qt) vs. t, and t/qt vs. t should give 
a linear relationship, allowing determination of the k1 and k2 
constants from the slope of the straight lines. The best model 
is chosen by considering the linear regression correlation 
coefficient value closest to 1.00 (R1 for pseudo-first order or 
R2 for pseudo-second order).

The kinetic parameters of the pseudo-second and pseudo- 
first order kinetic models, based on Eqs. (6) and (7) are shown 
in Table 4. By comparing the correlation coefficient of this 
equation, it was found that the pseudo-second order model 
has a better fit. Clearly, the high values of R2 indicate that 
the adsorption data conform well to pseudo-second order 
kinetics.

4. Conclusion

In this research, iron-pillared bentonite nanocomposite 
was successfully synthesized. The bentonite color changed 
through the solid-state ion exchange from white to red. The 
surface area and pore volume were enhanced by increasing 
the processing time. The results demonstrated that 1 min 
process time produced an iron oxide-pillared bentonite with 
greater absorption activity, which was than the Freundlich 
model. The maximum adsorption capacity is 161.3 mg/g for 
bentonite absorbent and 200.0 mg/g for bentonite/iron nanocom-
posite. The results of modeling the data equilibrium indicated 
that the Langmuir isotherm model estimated the equilibrium 
data better than the mg/g for the bentonite/iron nanocom-
posite. In other words, the synthesized iron oxide-pillared 
bentonite nanocomposites increased the removal capacity 
up to 25%. By comparing the correlation coefficient of these 
equations, it was found that the pseudo-second order model 

has a better fit. These results showed that the iron-pillared 
bentonite nanocomposite is an efficient nano-sorbent for 
removing dyes in the aqueous solutions.
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