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a b s t r a c t
In this study, an easy and inexpensive approach is introduced to synthesize Fe-modified clays for 
industrial applications. A novel heterogeneous photo-Fenton catalyst was prepared by solid-state 
ion exchange method. Synthesis of Fe-modified bentonite (Fe-B) was performed at 100°C and 200°C 
for 0.5, 1, and 2 min. Fe-B was characterized by scanning electron microscopy, elemental dispersive 
X-ray spectroscopy and X-ray diffraction. The activity of prepared Fe-B catalyst was evaluated in 
the degradation of methylene blue (MB) in the presence of H2O2 and under UV irradiation. The 
effects of reaction parameters such as initial dye concentration, H2O2 concentration, Fe-B catalyst 
loading and initial solution pH on the degradation of MB were also investigated. Between different 
prepared Fe-B catalysts, the sample prepared at 100°C and 2 min was selected as the optimum 
conditions for synthesis. Under optimal conditions (pH = 4.0 and 200 ppm H2O2), ~100% discolor-
ation of 200 ppm MB can be achieved in 90 min. The result of two reusability studies on the catalyst 
for the decolorization of MB was 93.8% and 90.5% after 1st and 2nd reuse, respectively, The result of 
reusability studies shows the acceptable reusability of the catalyst. These results were satisfactory to 
recommend Fe-modified bentonite prepared by solid-state ion exchange method as a novel catalyst.
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1. Introduction

Industrial, agricultural, and domestic wastes have 
contributed to the contamination of water sources with 
several organic, severely toxic and non-biodegradable 
compounds. As modern health-quality standards and envi-
ronmental regulations are becoming gradually more restric-
tive, such wastewaters have been realized as a major social 
and economic problem. Many persistent organic chemicals 
in water (pesticides, dyes or similar refractory compounds) 
cannot be removed by conventional biotechnological, phys-
ical or chemical processes due to a high operating cost and/
or the production of waste water or residues that are difficult 
to handle. As an alternative methods, advanced oxidation 
processes (AOP) based on the action of hydroxyl radicals 

(•OH) enable almost complete mineralization of organic 
matter using milder experimental conditions [1,2]. One of 
the most important AOP processes for the generation of 
hydroxyl radicals is based on the combined action of Fe2+/
H2O2/UV radiation in the so called homogeneous photo-Fen-
ton process, as Fe2+ ions are supplied in aqueous solution.

Photo-Fenton oxidation processes are environmentally 
friendly, since they do not involve the use of harmful chemi-
cal reagents. Moreover such methods are easy to handle and 
can be operated using quite uncomplicated reactor designs. 
Homogeneous-Fenton reaction has been considered as 
one of the most efficient routes for the treatment of water 
polluted with recalcitrant chemicals in the last decades [3]. 
The homogeneous photo-Fenton process requires comple-
mentary steps to recover the catalyst, prevent contamination 
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and enable catalyst re-use, such as precipitation and re- 
dissolution; thus the cost of the homogeneous processes 
largely depends on the supply of chemicals, power and 
labour requirements [4,5]. The heterogeneous photo-Fenton 
reaction overcomes these disadvantages. Several attempts 
have been made to develop support catalysts as heteroge-
neous catalyst using silica gel [4,6], clay [2,7–9], graphite 
[10,11] and activated carbon [12,13].

The first and most common method for the preparation 
of Fe-modified clays is the ion exchange process [1,3,4]. For 
example, Bossmann et al. prepared Fe (III)-doped zeolite Y 
catalyst through a simple ion exchange reaction (Fe3+ vs. Na+) 
and used it as a suspended photo-Fenton catalyst for the 
degradation of polyvinyl alcohol [14]. However, this catalyst 
exhibited a very poor catalytic activity since, the dissolved 
organic carbon remains at a high level after 120 min reaction. 
Another common method in the preparation of Fe-modified 
clays is the pillaring which is comprised of the following 
three steps: polycation synthesizing by polymerization; 
intercalation of the polycation into layer space of the clay; 
and finally, applying heat treatment. When heated to a tem-
perature greater than 300°C, the intercalated metal hydroxy 
cations undergo dehydration and dehydroxylation and are 
converted by metal oxide clusters acting as pillars, thus cre-
ating a stable microporous system in the interlamellar space 
of clay particles clay [15–18]. The negative outcome of the 
ion exchange process is its lengthy processing and multistep 
preparation procedures.

In this research a new method called “solid-state ion 
exchange method” was applied to resolve these problems. 
In solid-state ion exchange method, iron salt is mixed with 
bentonite at solid-state and heated at around the melting 
point of iron salt. Synchronized application of heat and 
ion exchange creates a fast process. Furthermore, under 
the common procedure, the usual temperature is 300°C, 
while in this research the reaction was accomplished at 
melting point of iron chloride, that is, ~100°C. Briefly, an 
easy and inexpensive approach is introduced to synthesize 
Fe-modified clays for industrial applications. Recently, the 
application of solid-state ion exchanged clay is reported in 
the antibacterial and adsorption applications [19–22]. These 
modified clays exhibited high antibacterial activity, good 
stability and low cost. The aim of this study was to synthe-
size Fe-modified bentonite (Fe-B) by solid ion exchange and 
then characterize and evaluate their photocatalytic activ-
ity. As far as this study is concerned, the catalytic activity 
of Fe-B composites prepared via solid-state ion exchange 
method in heterogeneous photo-fenton process has never 
been reported in the literature.

2. Material and methods

2.1. Material

Bentonite clay (Ca-montmorillonite) was obtained 
from Kanisaz Jam Company (Rasht, Iran). Iron chloride 
(FeCl2·4H2O), sodium hydroxide (NaOH), chloride acid 
(HCl), hydrogen peroxide (H2O2, 30% w/w) and methy-
lene blue (MB) were purchased from Merck Company, 
(Germany). All the chemicals were of reagent grade and 
used without further purification and the solutions were 
prepared with deionized water.

2.2. Preparation of Fe-B

FeCl2·4H2O (1 g) and bentonite (1 g) were completely 
mixed in solid-state form. This mixture were placed in a 
furnace at 100° and 200°C for 0.5, 1, and 2 min. Then, the 
samples were removed from the furnace, adequately washed 
with distilled water, filtered and dried in an oven at 25°C 
for 24 h. The Fe-B nanocomposites prepared at 100°C for 
0.5, 1, and 2 min and prepared at 200°C for 0.5, 1, and 2 min 
was named as samples 1 to 6 respectively.

2.3. Characterization

Scanning electron microscopy (SEM) and elemental 
dispersive X-ray spectroscopy (EDX) analysis were obtained 
with an LEO 1430VP instrument. X-ray diffraction (XRD) 
patterns of the samples were characterized using an X-ray 
diffractometer (Philips PW 1050, Netherlands) with CuKα 
radiation (λ = 1.5418 Å, 40 kV and 30 mA, 2θ from 4° to 
80° and 0.05° step).

2.4. Activity tests

The photo-catalytic oxidation experiments were carried 
out in a 250 mL Pyrex open vessel, placed on a magnetic 
stirrer and under UVC-lamps (4 W, Philips). The distance 
between the solution and the UV source was kept constant 
at 15 cm, in all experiments. After stabilization of the stir-
ring speed ~350 rpm and pH = 4, the Fe-B was introduced 
into the vessel containing 100 mL of the aqueous solution of 
MB. Then 8 mM of H2O2 was added to the reaction vessel. 
The moment of adding H2O2 was considered as the initial 
time for reaction. The solution was subsequently stirred for 
2 h. During the reaction, liquid aliquots were retrieved from 
the vessel at selected time intervals. Residual H2O2 in these 
samples was immediately quenched with MnO2, in order to 
avoid the occurrence of dark Fenton reaction through the 
possible presence of leached iron. Before analysis, liquid 
was centrifuged. Dye removal efficiency was calculated as 
follows:

Discoloration efficiency =
−







 ×

C C
C

t

t

0 100%  (1)

where C0 and Ct (mg L−1) are the liquid-phase concentration 
of the MB at the initial and any time t respectively, measured 
by UV VIS-spectrophotometer (Nanolytic, Germany).

2.5. Catalyst reusability test

For stability test, the catalysts were tested in three dif-
ferent consecutive experiments using fresh dye solution 
at the best observed experimental conditions. After each 
experimental runs, the applied catalyst was filtered, washed 
with distilled water and dried in the oven at 25°C for 24 h.

3. Results and discussion

The expected chemical reaction occurred during the mol-
ten solution of FeCl2 contact with bentonite. The high tem-
perature prompted the ion exchange reaction by diffusion 
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of present Fe in the molten salt of iron chloride and calcium 
of bentonite matrix. The chemical reaction is represented as 
follows:

FeCl bentonite: Ca bentonite: Fe CaCl2
2 2

2+ ⇒ ++ +  (2)

Moreover, calcinations of obtained bentonite: Fe2+ 
resulted in the formation of the FexOy particles.

Bentonite: Fe O bentonite: Fe O2
2

+ + ⇒ x y  (3)

3.1. Morphology

The image of SEM of bentonite and Fe-B is presented in 
Fig. 1. The SEM image of parent bentonite (Fig. 1a) shows 
a layered structure with a typical sheet-like morphology. 
After the solid-state ion exchange, the original structure 
of bentonite remains. The only observed difference is the 
slight opening of the flakes. Interestingly, after these ion 
exchange-based methods, no particles can be seen on the 
bentonite surface. This is because of very small size of FexOy 
particles (smaller than 2 nm) which present in the interlayer 

  

  

  

(a) (b)

(c) (d)

(e) (f)

Fig. 1. SEM images of (a) Bentonite and bentonite/iron nanocomposites prepared at 100°C for 1 (b) and 2 (c) minutes and prepared 
at 200°C for 0.5 (d), 1 (e) and 2 (g) min.
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space of bentonite. This result is consistent with the previous 
findings on solid-state ion exchange of zinc and copper with 
bentonite [20,23].

3.2. Dispersive X-ray spectroscopy

The result of elemental composition analysis is shown 
in Table 1. The parent bentonite is rich in calcium and its 
iron content is low (0.6%) which is included in the clay layers 
substituting either Al or Si. The composition of Fe at the Fe-B 
is increased to 6.9%–7.8% and the Ca and Mg is decreased 
to 0% after successful ion exchange with Fe. These results 
showed the exchangeable nature of calcium and manganese 
ions and the effectiveness of the ion exchange process. 
Potassium content for all samples is practically constant, 
indicating that this ion is not exchangeable. In the parent 
bentonite, some sulfur is also observed to result from an 
incomplete washing of bentonite by sulfuric acid in the man-
ufacturer’s unit. After ion exchange, no sulfur in the samples 
is observed, which results from the complete washing of the 
sample. Interestingly, the amount of calcium and magne-
sium in all samples was zero and the amount of iron in all 
samples reached a maximum value. This is due to the high 
speed ionic exchange reaction and its completion in a very 
short time of about 30 s. This time is much shorter than any 
research conducted on the basis of liquid ion exchange. In 
addition, the efficiency of the method is also very favorable 
and complete due to the amount of ion exchangeable ions 
being zeroed.

3.3. X-ray diffraction

XRD pattern for the parent bentonite and Fe-B is shown 
in Fig. 2. The peak at 2θ = 6.30° corresponds to the d001 
basal spacing of 1.40 nm that is typical of calcium-rich 
montmorillonites and is in accordance with EDX data 
(Table 2). The peak of 2θ = 20° and the broad one nearby 
2θ = 35° are the characteristic for smectites [18]. Those 
observed at 2θ = 26.6° and 2θ = 20.8° are assigned to quartz 
impurities. The XRD pattern of Fe-B suggests that after 
loading of Fe ions the clay mineral still holds the crystal 
structure of bentonite. In order to evaluate the ion exchange 
process efficiency, d001 basal spacing of the exchanged 
clays is presented in Table 2. As seen in this table, after ion 

exchange, the 001 basal reflection has shifted to a higher 
angle. The diffraction peak at 2θ = 6.30° for parent bentonite, 
which corresponds to the d-spacing of 1.41 nm, shifted to 
2θ = 6.33°–6.84°, corresponding to an average interlayer dis-
tance of 1.27–1.36 nm. Thus, for the ion exchange samples, 
the (001) peak became narrower, its intensity increased, and 
the position shifted to a lower angles. It has been reported 
that this structural change is caused by loss of water present 
in the interlayer [19].

3.4. Discoloration tests

In this study, the MB photocatalytic degradation has 
been studied as a model dye. This dye is considered as one 
of the most toxic pollutants which is harmful to human 
health and water life [3]. The results showed that the degree 
of destruction of the synthesized samples at different times 
and temperatures is close to each other and after 120 min 
their efficiency is very close (Fig. 3). By comparing the discol-
oration efficiency for the synthesized samples, the amounts 
of degradation for samples 1, 2, 3, 4, 5, and 6 were 54.5%, 
58.4%, 61.7%, 51.2%, 61.2%, and 57.2% after 10 min and they 
were around 100% after 120 min, which shows a small dif-
ference between the percent removal of the samples. It can 
be observed that the catalysts decolorization efficiency did 
not change significantly by the temperature and time of 
solid-state ion exchange progresses. This could be attributed 
to a number of factors including (1) same iron content and 
(2) same morphology.

Table 1
Chemical composition of the parent bentonite and Fe-B

Element Sample

0 1 2 3 4 5 6

O 55.9 45.9 46.1 46.7 46.2 45.7 46.1
Al 6.0 7.9 7.8 7.3 7.3 7.6 7.1
Si 28.8 37.1 37.2 38.0 37.9 37.7 38.4
K 1.4 1.3 1.4 1.2 1.4 1.3 1.2
Fe 0.6 7.8 7.7 6.9 7.2 7.7 7.4
Mg 1.0 0 0 0 0 0 0
S 3.3 0 0 0 0 0 0
Ca 2.9 0 0 0 0 0 0

Fig. 2. XRD pattern of the parent bentonite and prepared Fe-B 
composites.

Table 2
Basal spacing of the parent bentonite and Fe-B

Sample 2θ (°) d-spacing (Å)

0 6.31 14.0128
1 6.54 13.51271
2 6.68 13.24028
3 6.91 12.79806
4 6.60 13.3976
5 6.61 13.36745
6 6.69 13.21045
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However, the rates of removal of the third (2 min at 
100°C) and fifth samples (1 min synthesis at 200°C) are very 
close to each other and have the highest removal rate. With 
the convenience of achieving a temperature of 100°C as well 
as being close to the melting temperature of the used iron 
salt was sampled at 100°C for 2 min as an optimal sample. 
Among samples, the sample prepared at 100°C for 120 s was 
chosen as the optimum sample. The fewer temperature pref-
erences are the reason for this.

Apparently, the discoloration kinetics of MB is signifi-
cantly influenced by the experimental conditions. Without 
any H2O2 and catalyst, but with only 4 W UVC (Fig. 4a), 
the color removal is less than 5% after 120 min, indicating 
that the discoloration of 100 ppm MB can be ignored. This is 
because MB itself can resist UVC light, and direct photolysis 
of MB is very limited, which is consistent with previously 
published results [1]. In the absence of any catalyst and the 
presence of 10 mM H2O2 and 4 W UVC, the color removal 
approached 13% after 120 min. This is due to the fact that MB 
was oxidized by the OH radicals coming from direct photol-
ysis of H2O2 in the presence of 4 W UVC. In the absence of 
UV light (dark) and 5 mM H2O2 but in the presence catalyst 

(Fig. 4c), the color removal of 100 ppm MB was less than 
41% after 120 min reaction, indicating that the discoloration 
mechanism of 100 ppm MB is adsorption. This indicates that 
in the absence of UV light, the heterogeneous Fenton reac-
tion itself is very slow, resulting in very limited OH radicals. 
With 4 W UVC, 10 mM H2O2, and the catalyst (Fig. 4d), the 
color removal of 100 ppm MB was about 97% after 120 min 
reaction, illustrating that the catalyst exhibits good photo- 
catalytic activity in the discoloration of 100 ppm MB in the 
presence of 4 W UVC light and 10 mM H2O2.

The effect of the initial pH of the solution in MB dye 
decolorization is shown in Fig. 5. The contributory role 
of pH in a photo-Fenton process is very fundamental as 
it affects Fe activity and stability, H2O2 stability and the 
hydrolyzation of the HO and its activities. Fig. 5 shows 
that pH = 4 is the best for the decolorization of MB, 
which is in accordance with established trends in classi-
cal photo- Fenton process [18]. Discoloration decreased at 
pH = 4 and 5 the which indicates that the HO formation is 
being retarded due to the hydrolysis of Fe(III) and possible 
precipitation of FeOOH from the solution. Similar obser-
vations were obtained by several researchers as recently 
reviewed by Herney-Ramirez et al. [24].

The result of the effect of H2O2 concentration on the decol-
orization of MB in Fig. 6 shows that H2O2 concentration has 
significant effect on the efficiency of photo-Fenton process as 
earlier seen in Fig. 4. The best H2O2 dosage that decolorized 

 

Fig. 3. Decolorization of 100 ppm MB by different prepared 
catalyst.

Fig. 4. Discoloration of 100 ppm MB under different conditions. 
(a) Only with 4 W UVC, (b) 10 mM H2O2 + 4 W UVC, 
(c) catalyst + 10 mM H2O2 + dark, (d) catalyst + 10 mM H2O2 + 4 W 
UVC, and (e) catalyst.

Fig. 5. Effect of initial pH on the decolorization of MB.
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MB efficiently is 30 mM H2O2. When the concentration is 
lower, the decolorization reduced because of insufficient 
H2O2 to generate the required HO. The decolorization was 
also reduced when the H2O2 concentration was increased to 
35 mM, this can be explained by the possibility of scavenging 
of HO at higher concentrations of H2O2 [25]. This trend is also 
similar to other results [26].

Fig. 7 showed the result of catalyst loading in the decolor-
ization of MB at the optimum pH and H2O2 dosage. The result 
is consistent with well known trend in photo-Fenton process, 
that is, increase in catalyst loading resulted in enhanced 
decolorization because of the availability of more catalyst 
active sites for hydroxylation of the HO and adsorption.

Fig. 8 shows the effect of different color concentrations on 
the decolorization efficiency. It is observed that increasing the 
color concentration from 100 to 400 ppm decreases the decol-
orization efficiency from 99% to 84% after 2 h. In high initial 
concentrations with constant radical hydroxyl concentration, 
the relative radical concentrations are low which reduces.

3.5. Catalyst reusability and leaching test

This test was conducted to evaluate the catalyst reuse. 
Fig. 9 showed the result of two reusability studies on the 

Catalyst for the decolorization of MB with 93.8% and 90.5% 
decolorization after 1st and 2nd reuse, respectively, during 
120 min. The higher reusability of the catalyst can be related 
to its preparation protocols. In addition, the ability of the 
bentonite to provide sufficient sites for the Fe ion in the 
lamelare space provided a promising heterogeneous catalyst 
support for industrial application.

As shown in Fig. 9, the removal rate in the first 10 min of 
the catalytic reuse shows a drop, indicating high adsorption 
in the catalyst, after which, the rate of degradation in reuse 
has decreased by 29%, but after 120 min, this difference has 
dropped to 6%, which shows the use of Fe-B nanocomposite 
in photophantonic degradation as an effective way to reuse 
catalyst.

4. Conclusion

The aim of this study was the preparation and charac-
terization of Fe-modified clays by solid ion exchange. The 
effects of reaction parameters such as initial dye concentra-
tion, H2O2 concentration, Fe-B catalyst loading and initial 
solution pH on the degradation of MB were also investi-
gated. Between different prepared Fe-B catalysts, the sample 
prepared at 100°C and 2 min was selected as the optimum 
conditions for synthesis. Under Optimal conditions (pH = 4.0 
and 200 ppm H2O2), ~100% discoloration of 200 ppm MB can 
be achieved in 90 min. The result of two reusability studies 
on the catalyst for the decolorization of MB was 93.8% and 
90.5% after 1st and 2nd reuse, respectively.
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