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a b s t r a c t
One of the important parameters in wastewater treatment is the removal of dye from it. As het-
erogeneous catalysts for photo-Fenton treatment of dye, iron oxide/bentonite nanocomposites are 
prepared by the solid-state reaction method at 300°C and 600°C. The catalysts are characterized 
by X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) surface area analysis, X-ray diffraction 
spectroscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 
SEM, TEM, and XRD analysis show γ-Fe2O3 (hematite) particles that are formed and distributed 
on the bentonite. EDX results revealed the increased iron and decreased calcium and magnesium 
contents in FeB300 and FeB600 compared with the parent bentonite. The results indicate that the 
prepared nanocomposites have a lower BET surface area than the parent bentonite. XRD patterns 
of samples prove formation of γ-Fe2O3 particles. Finally, the degradation efficiency of MO reached 
81% and 75% in the presence of FeB300 or FeB600 and H2O2 under irradiation within 90 min, 
respectively. Therefore, both prepared catalysts exhibit acceptable photo-Fenton catalytic activity. 
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1. Introduction

In recent years, the rapid growth of industries has 
increased pollution from industrial wastewater enter-
ing the environment without treatment. One of the fac-
tors that are considered in wastewater treatment is the 
removal of dye. Due to the complex chemical structure 
and stability of dye pollutants used in various indus-
tries, they impose major environmental risks and pre-
vent from light transmittance and poor biodegradability. 
Therefore, a wide range of chemical and physical treat-
ment methods have been developed, such as adsorption, 
ion-exchange, photocatalysis and filtration [1]. Moreover, 
advanced oxidation processes have been also defined 
as promising alternatives based on the generation of 
highly reactive transitory species (OH, O2) for destruc-
tion of organic pollutants [2,3]. The Fenton reaction as a 
fast and economic method has attracted a huge deal of 

attention among the advanced oxidation processes as a 
result of reaction’s strong oxidative capacity for the deg-
radation of organic contaminants [4–6]. These processes 
generate highly reactive hydroxyl radicals using reagents 
such as Fe2+ and H2O2 under light irradiation as follows: 

H2O2 + Fe2+ → Fe3+ + OH• + OH− (1)

Following a chain reaction:

Fe3+ + H2O2 → Fe2+ + HO•
2 + H+ (2)

OH• + H2O2 → HO•
2 + H2O (3)

OH• + Fe2+ → Fe3+ + OH− (4)

Fe3+ + HO•
2 → Fe2+ + O2 + H+ (5)
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Fe2+ + HO•
2 + H+ → Fe3+ + H2O2 (6)

HO•
2 + HO•

2 → H2O2 + O2 (7)

HO•
2  + H2O2 → OH• + H2O + O2 (8)

The reaction between H2O2 and Fe3+ (reaction (2)), referred 
to as Fenton-like reaction, produces less oxidant radical 
species (HO•

2). The homogeneous catalytic decomposition 
of H2O2 by ferric ions may be also represented by:

Fe3+ + H2O2 ↔ Fe(HO2)2+ + H+ (9)

Fe(HO2)2+  ↔ Fe2+ + HO•
2 (10)

The photo-Fenton process increases the amount of 
OH• radicals with Fe2+ regeneration (reaction (12)) by the 
photoreduction of Fe(HO)2+, produced in reaction (11):

Fe3+ + H2O → Fe(HO)2+ + H+ (11)

Fe(HO)2+ + hν (λ < 400 nm) → Fe2+ + OH• (12)

Thus, solar light irradiation (UV/visible irradiation) 
promotes photochemical reactions with light active inter-
mediate species, such as Fe(HO)2+. Through reaction (12), 
hydroxyl radicals and regenerates Fe2+ are produced clos-
ing the catalytic cycle of OH• generation via the reac-
tion (Eq. 1) [4,5,7].

Interestingly, iron oxide nanoparticles could also 
serve as Fenton reagent [6,7]. The photocatalytic activity 
of iron oxide nanoparticles arises from their semiconduc-
tor properties. These oxides have a low cost, low toxicity, 
biocompatibility, excellent chemical stability and ease of 
production [8]. They also absorb most visible light. Among 
different iron oxide nanoparticles, γ-Fe2O3 absorbs light up 
to 600 nm and collects up to 40% of solar spectrum energy. 
It also is one of the cheapest semiconductor materials [9].

Unfortunately, homogeneous photo-Fenton processes 
require high Fe concentration. Recovery of the consumed 
Fe ions from the produced sludge is expensive and time- 
consuming [6]. To overcome this drawback, Fe catalysts 
immobilization is applied to a suitable substrate [10]. In 
this area, porous substrates such as zeolites, clays, poly-
mers, silica, and carbon are promising [11–15]. Among these 
substrates, clays are considered as good candidates due 
to their unique characteristics such as high surface area, 
abundant, low cost, and high porosity [16,17].

Bentonite is classified in montmorillonite clays with lay-
ered silicates. These layers include an alumina octahedral 
sheet, which is sandwiched between two silica tetrahedral 
sheets. Such layers are stacked by weak dipolar or van der 
Waals forces, leading to the interaction of charge compen-
sating cations into the interlayer space. Therefore, not only 
adsorption on the external surface but also intercalation 
into the interlayer space can occur. Therefore, intercalation 
into the interlayer space can occur [18]. The intercalation 
of iron into the interlayer space of bentonite is achieved by 
the solid-state ion-exchange method [6,10]. Accordingly, 
bentonite is mixed with proper amounts of salt and heated 

by a furnace at a temperature close to the melting point 
of the salt. The reaction displaces calcium ions present 
in bentonite interlayers by Fe ions present in the molten 
salt of iron chloride [6,10,13,14]. The chemical reaction is 
represented as follows:

FeCl2 + FeCl3+ bentonite: Ca2+ ⇒ bentonite: Fe2+ + CaCl2 (13)

Moreover, heating in the air atmosphere oxidizes the 
exchanged Fe2+ ions into FexOy particles.

Bentonite: Fe2+ + O2 ⇒ bentonite: FexOy (14)

Furthermore, Karami [19] proposed a simple sol-
id-phase method to synthesize γ-Fe2O3 nanoparticles.

In this method, iron oxide nanoparticles are prepared 
by the precipitation of Fe2+ or Fe3+ in liquid molten salts by 
adding a suitable base as a reducing agent. The reaction of 
iron chloride and potassium hydroxide as reducing agents 
forms iron oxide particles as follows:

FeCl2 + 2FeCl3 + 8 KOH ⇒ 8 KCl + Fe3O4 + 4 H2O (15)

4Fe3O4 + O2 => 6γ-Fe2O3 (16)

The surface of bentonite contributes to the nucleation 
of nanoparticles during the reduction process [20]. The 
produced KCl salt and water molecules as the by-products 
help to produce smaller size particles and prevent their 
growth [19].

Therefore, it appears that by adding a suitable reduc-
ing agent to the mixture during solid ion exchange, in 
addition to intercalation of iron into the interlayer space 
of bentonite, iron nanoparticles are formed on its surface.

According to previous studies, the solid-state ion- 
exchanged clays showed acceptable antibacterial, adsorp-
tion, and photocatalytic activities [13,14,16,17]. For 
example, the use of copper-ion exchanged bentonite in 
the chitosan biopolymer film improved the film’s antimi-
crobial and mechanical properties [21]. Besides, the sol-
id-state iron-exchanged bentonite had a higher efficiency 
in dye removal of edible oil and dye absorption from the 
solution compared with bentonite [22]. Wang et al. [23] 
reported that the formation of Fe2O3–Fe3O4 nanocompos-
ites supported by montmorillonite increased the deg-
radation rate of methyl orange by a 1.61-fold, compared 
with pure Fe2O3–Fe3O4. Khoroshi and Ghorbanpour [6] 
studied methylene blue photo-Fenton degradation using 
solid-state ion exchanged bentonite with iron. In another 
study, rhodamine b was degraded in the presence of 
hydrogen peroxide and a catalyst. Although the type of 
dye was different from the present work, the dye concen-
tration in their study was much lower and the amount of 
catalyst was higher [24]. Another study addressed the dye 
removal of iron-pillared bentonite vs. azo dye X-3B [22]. 

In the present work, a reductant is added to the mixture 
of molten salt and bentonite before heating. In this case, in 
addition to the solid-phase ion exchange, due to the pres-
ence of a reducing agent in the molten salt, the iron reduc-
tion and nanoparticles’ synthesis are expected to occur in 
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the solid phase. The dye removal ability of the prepared 
composites in the photo-Fenton reaction is also investigated.

2. Experiment

FeCl2·4H2O, FeCl3·6H2O, KOH, methyl orange (MO), 
H2O2, and other reagents are purchased from Merck 
Company (Germany) and used without further purification.

2.1. Preparation of nanocomposites

For the synthesis of iron oxide/bentonite nanocompos-
ites, FeCl3·6H2O (1.35 g), FeCl2·4H2O (0.50 g), KCl (3.9 g), 
and bentonite (3 g) powders are mixed and grounded to 
obtain a yellow paste. Then, some KOH powder (1.12 g) is 
added to this mixture and grounded for another 30 min. 
These two steps are carried out at room temperature. 
Then, the mixture is heated at 300°C and 600°C for 1 h. The 
obtained product is adequately washed with distilled water 
and filtered several times until no chloride ion is observed. 
Finally, the product is dried at 50°C for 3 h [4]. For sim-
plicity, bentonite and the prepared composites in 300°C 
and 600°C are named Be, FeB300, and FeB600, respectively.

2.2. Characterization

Scanning electron microscopy (SEM) and elemental 
dispersive X-ray spectroscopy (EDX) are carried out with 
an LEO 1430VP instrument. A transmission electron micro-
scope (Philips CM120, Germany) is used to analyze the 
morphology of the prepared composites. The X-ray diffrac-
tion (XRD) patterns of the samples are characterized using 
an X-ray diffractometer (Philips PW 1050, The Netherlands) 
with CuKα radiation (λ = 1.5418 Å, 40 kV and 30 mA, 2 θ 
from 0 to 80° and 0.05° step). BET analyzer (Gemini 2375, 
Germany) is used to evaluate the porosity of the prepared 
composite.

2.3. Photo-Fenton activity

The photo-Fenton tests are carried out using a Pyrex 
open vessel (250 mL) containing 100 mL of the aque-
ous solution of MO (pH = 4, 150 ppm). This container is 

placed on a magnetic stirrer and irradiate with a UV lamp 
(UVC, 4 W, Philips). The distance between the surface of 
the solution and the UV source is kept constant at 15 cm, 
in all experiments. The prepared nanocomposites (0.0792 g) 
and H2O2 (30 mM) are added to the reaction vessel. The 
moment of adding H2O2 is considered as the reaction initi-
ation. During the reaction, the liquid aliquots are retrieved 
from the vessel at the selected periods and centrifuged. 
The dye removal efficiency is estimated as follows:

Dye removal efficiency =
−







 ×

C
C
Ct
t

0 100%  (17)

where C0 and Ct (mg L−1) are the liquid-phase concentra-
tion of MO at the initial and subsequent time t, respectively, 
which is measured by spectrophotometer.

3. Results and discussion

3.1. Characterizations

A typical configuration of the bentonite with a sheet-
like structure and large flakes is observed in Fig. 1a. 
Accordingly, some differences are imposed in the mor-
phology of bentonite after the formation of nanocomposite 
(Figs. 1b and c). This difference arises from the loading and 
pillaring of iron oxide nanoparticles dispersed on the sur-
face of the clay. Thus, the modified bentonite shows some 
irregular small particles distributed in the bentonite layer, 
which is the result of the formation of nanoparticles in 
the process of the co-precipitation process. 

Fig. 2 shows the TEM images of FeB300 and FeB600. 
In this image, the dark- granules are iron oxide nanopar-
ticles present in the interlayer space or on the bentonite 
surface. According to a previous report, due to the high 
density of ion-exchange sites on bentonite, the highly 
charged iron oxide nanoparticles are strongly bounded by 
the electrostatic interaction on the surface [19].

It should be noted that the SEM images show the 
formed nanoparticles on the surface of bentonite during 
the co-precipitation reaction. On the other hand, the ion 
exchange process occurs simultaneously, which forms 
particles between the bentonite interlayers (Fig. 2). 

 

(a) (b) (c) 

Fig. 1. Scanning electron microscopy images of parent bentonite (a), FeB300 (b) and FeB600 (c).
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The chemical composition of parent bentonite, FeB300 
and FeB600 is shown in Fig. 3. The obtained results are 
summarized in Table 1. The results indicated increased iron 
and decreased calcium and magnesium contents in FeB300 
and FeB600 compared with parent bentonite. Meanwhile, 
the Ca2+ and Mg2+ in bentonite interlayer are exchanged 
by the Fe ions, which confirm the formation of oxide/ben-
tonite nanocomposites. Additionally, this table confirms 
the presence of elemental compounds of bentonite and 
iron oxide in the prepared composite without any impu-
rity. The results indicate that the synthesized composite is  
highly pure.

According to the results of EDX analysis, the amount 
of iron in the sample FeB600 is about 29wt% and that of 
the sample FeB300 is about 17wt%. SEM images confirm 
this result as well. At higher temperatures, the rate of 
co-precipitation reaction is higher; therefore, more iron 
particles are formed on the surface. The amount of iron 
deposited in the present study is several times higher than 
the previous works in which ion exchange was applied 
to prepare iron oxide/bentonite composite [6,10]. The 
reason is the limited ion exchange capacity of benton-
ite, which has a low capacity and does not allow further 
increase in iron content in the composite after saturation. 
In the present study, nanoparticles are formed on the 
surface in addition to the interlayer space. Therefore, a 
larger content is present in the composite.

Fig. 4 reveals X-ray diffraction patterns of benton-
ite, FeB300 and FeB600. A typical reflection of bentonite is 
observed at 2θ = 6.28° (d = 1.40 nm) corresponding to the 
(001) reflection of bentonite structure. Other reflections 
corresponding to montmorillonite’s crystalline structure at 
19.84° and 26.68° can be indexed to (110) and (210) planes 
of the bentonite, respectively [6,8]. 

These peaks appear in the patterns of all nanocompos-
ites. However, after ion exchange, due to the loss of water 
initially present in the interlayers, the original d spac-
ing in the montmorillonite clay decreased to 1.21 nm for 
FeB300 and disappeared for FeB600 [10]. Furthermore, this 
indicates a high disorder of the structure of parent ben-
tonite, which is referred to as “delaminated clay”. In other 

words, the highly ordered parallel lamellar structure of 
the montmorillonite’s crystalline structure is disrupted by 
the formation of the Fe3O4 nanoparticles. 

On the other hand, comparing FeB300 and FeB600 
with bentonite, new peaks appeared at 2θ values of 30.27°, 
35.68°, 43.0, 57.40° and 63.01° corresponding to the lattice 
planes of (222), (400), (332), (530) and (532) from the cubic 
structure of γ-Fe2O3 [9,19]. 

This proves that γ-Fe2O3 is successfully formed under 
preparation condition. Accordingly, the iron ions pene-
trated the interlayer space of montmorillonite via the ion 
exchange. They were reduced by NaOH to Fe3O4 nanoparti-
cles on the bentonite surface. In the case of exchanged iron, 
the interlayer space would act as a size controller.

The nitrogen adsorption–desorption isotherms and 
the pore size distribution curves of parent bentonite, 
FeB300 and FeB600 are demonstrated in Fig. 5. The cor-
responding parameters of samples including BET surface 
area, total pore volume and average pore size were sum-
marized in Table 2. The isotherms showed that parent 
bentonite, FeB300 and FeB600 present a typical type IV 
pattern, indicating the presence of mesoporous struc-
ture in the size range of 2–50 nm. The hysteresis loops of 
these isotherms were of H3 type, indicating that narrow 
slit-shaped pores are associated with plate-like particles 
[25]. According to Table 2, the parent bentonite has the 
highest surface area. The formation of nanoparticles and 
intercalation during pillarization lead to the surface area 
decreasing owing to partial blocking of the bentonite pores 
by surface and pillared nanoparticles [2]. Furthermore, 
as discussed earlier, the loss of water existing initially 
in the interlayers of bentonite reduced its basal spacing.

3.2. Photo-Fenton activity

The catalytic degradation efficiencies of MO by FeB300 
and FeB600 are analyzed under different experimental con-
ditions (Fig. 6). The photo-Fenton activity demonstrated 
that MO could not be oxidized in the presence of H2O2, com-
posite, or UV, alone. The removal of MO caused by H2O2 
and UV is negligible (<5%) compared with the one caused 

(b)(a)

Fig. 2. Transmission electron microscopy images of FeB300 (a) and FeB600 (b).
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(a)

(b)

(c)

Fig. 3. Energy dispersive X-ray spectroscopy of parent bentonite (a), FeB300 (b) and FeB600 (c).
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by the oxidation process in the later experiments [27]. 
With the catalyst in the dark and without H2O2, due to the 
adsorption of dye by catalysts, the degradation efficiency of 
MO increased to about 16% and 13% for FeB300 and FeB600, 
respectively. Higher degradation, that is 29.0% or 25.4%, is 
achieved in the presence of FeB300 and FeB600 under irra-
diation because UV irradiation improves the degradation 
of organic pollutants by photolysis of iron species. H2O2 in 
the presence of FeB300 and FeB600 results in a heteroge-
neous Fenton-like system with 67% or 59% degradation. 
In this system, Fe2+ catalyzed decomposition of H2O2 is the 
driving force for the formation of hydroxyl radicals. This 
reaction happens at a relatively low rate and the oxidation 
of MO by hydroxyl radical could not proceed effectively. 

The degradation efficiency of MO reached 81% or 75% 
in the presence of FeB300 or FeB600 and H2O2 under irra-
diation within 90 min, respectively. In this system, Fe3+ is 
converted to Fe2+ by photo-reduction on the surface of the 
catalyst. Then, the formed Fe2+ reacts with H2O2 to produce 
hydroxyl radicals, while it is oxidized by H2O2 to form Fe3+ 
to form the Fe3+/Fe2+ cycle. At last, the generated hydroxyl 
radicals attack the MO molecules, the dye molecules are 
degraded to CO2, and H2O and the catalyst is restored to the 
original state.

As mentioned previously, FeB300 slightly outper-
formed FeB600 in terms of the degradation efficiency 
of MO. This result is associated with the smaller size of 
the formed nanoparticles and higher specific surface 
area, which offers more active sites. As a result, the com-
posite prepared at a lower temperature is preferred to 
show the best photodegradation performance. Using 
solid ion exchanged bentonite with iron, Khoroshi and 
Ghorbanpour [6] provided full dye removal of methy-
lene blue solution (200 ppm) in the presence of hydrogen 
peroxide (30 mM) and catalyst (0.4 g/L) during 90 min at 
pH = 4. In present study, methyl orange solution (150 ppm) 
provided 80% efficiency in the presence of a much smaller 
amount of catalyst (0.0792 g). In another study, the dye 

Table 1
Chemical composition of the parent bentonite, FeB300 and 
FeB600

FeB600FeB300Be

36.7845.7655.19Oxygen
0.631.111.58Magnesium
6.215.538.10Aluminium
26.7429.7431.55Silicon
0.310.740.79Potassium
0.030.080.61Calcium
29.2817.050.92Iron

Table 2
Surface area, average pore radius and total pore volume of 
samples

Be FeB300 FeB600

Vp (cm3 g–1) 0.1142 0.0487 0.0187
rp (nm) 1.66 1.66 1.22
ap (m2 g–1) 85.04 31.53 8.86

Fig. 4. X-ray diffraction patterns of bentonite, FeB300 and FeB600.

   

(a) (b) (c) 

Fig. 5. N2 adsorption–desorption isotherms of parent bentonite (a), FeB300 (b) and FeB600.
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solution (rhodamine b) (20 ppm) was completely removed 
in the presence of hydrogen peroxide (10 mM) and a cat-
alyst (0.2 g/L) at pH = 4.25 within 30 min. Although the 
type of dye was different from the present work, their dye 
concentration was much lower and the amount of catalyst 
was higher [25]. Another study addressed the dye removal 
of iron-pillared bentonite vs. Azo dye X-3B. Compared 
with the present laboratory work, they achieved 100% 
removal at a lower concentration and a higher amount 
of adsorbent (approximately six times greater) at a lower 
pH. Besides, their synthesis took about 4 days, which is 
only few hours and much easier in the present study [26].

4. Conclusion

The present work investigated the photo-Fenton dye 
removal ability of the γ-Fe2O3 /bentonite nanocomposites 
prepared by solid state at 300°C and 600°C. Characterization 
of the prepared nanocomposite demonstrated γ-Fe2O3 
(hematite) particles, which are formed and distributed on 
the bentonite. EDX results revealed increased iron and 
decreased calcium and magnesium contents in FeB300 and 
FeB600 compared with the parent bentonite. The results 
indicate that the prepared nanocomposites have a lower 
BET surface area than the parent bentonite. Finally, the 
degradation efficiency of MO reached 81% or 75% in the 
presence of FeB300 or FeB600 and H2O2 under irradia-
tion within 90 min, respectively. Therefore, both prepared 
catalysts exhibit acceptable photo-Fenton catalytic activity. 
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