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a b s t r a c t
Dyes are generally considered as serious water pollutants which are massively produced in textile, 
plastic, leather and dye industries. These contaminants need to be removed from the wastewaters. 
In this study, we developed a new method for preparing a photocatalyst for degradation of methyl 
orange dye. For this, a series of silica gel/iron oxide nanocomposites were prepared by a solid phase 
ion-exchange method. The physical and chemical characteristics of nanocomposites were investigated 
by scanning electron microscopy, energy-dispersive X-ray spectroscopy (EDX), diffusion reflection 
spectroscopy (DRS) and adsorption/desorption isotherms of nitrogen Brunauer–Emmett–Teller. 
Then, there photocatalytic performance was evaluated for the photo-Fenton decolorization of methyl 
orange dye. The results showed that the synthesized nanocomposite in 3 h had the best color decol-
orization efficiency of 72.6%. Based on the EDX results, the amount of iron in the synthesized nano-
composites during 1, 3 and 5 h were equal to 1.4, 1.5 and 1.6 wt.%, which were very close to each 
other. The DRS analysis showed the presence of FexOy cluster oligomers and large Fe2O3 particles 
in the synthesized nanocomposite. The specific surface area of the silica gel was 340 m2/g. The ion- 
exchange reduced the surface area to about 260 m2/g. The optimal pH in the degradation of dye was 
about 2, which resulted in 89.4% decolorization. The decolorization efficiency was enhanced with the 
increase of the amount of photocatalyst in the reaction medium to 10 g/L enhanced; however, fur-
ther increase had a negative effect on the reaction. Also, the duration of decolorization was increased 
in the high concentrations of dye. It has been concluded that the solid-state ion-exchange method 
has a great potential in the production of photocatalysts for methyl orange dye degradation.
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1. Introduction

Today, water pollution is among the most devastating 
issues for the environment. The release of toxic substances 
into water resources such as lakes, rivers, and oceans and 
so on, getting dissolved in them, lying suspended in the 
water or depositing on the bed, so deteriorate the quality of 
water. Dyes are basically persistent organic pollutants that 
enter in wastewaters from sources like textile, paint, paper 
and plastic industries [1]. Such persistent pollutants require 

proper purifying treatments to remove them from the waste-
waters. In this area, advanced oxidation processes such as 
heterogeneous photocatalysis have emerged as a popular 
method [2]. These processes are based on the generation of 
powerful oxidative hydroxyl radicals, which are able to min-
eralize refractory compounds [3]. Among various advanced 
oxidation processes, Fenton is a useful and effective one. 
Fenton oxidation system is based on the reaction of H2O2 
with Fe(II)/Fe(III) ions [4,5].
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Although beneficial for the effectiveness, the usage of 
iron ions as homogeneous catalysts entails several draw-
backs. For example, an effective recycling of the utilized 
catalyst from the wastewater is of great importance to pre-
vention of extra contamination as well as the reduction in 
the cost. Also, the expense of appliance and some loss of 
photocatalyst within the separation stages via centrifuga-
tion as well as filtration is the substantial drawbacks [2]. 
In order to overcome these disadvantages, the photocat-
alyst could be immobilized over a suitable solid support 
[6]. In this area, various supports such as activated carbon 
[7], silica [8–10], clays [11–13] and magnetic compounds [2] 
have been proposed in literature. Among them, silica gel 
seems an interesting option due to its low cost, transparency, 
high surface area, and ion-exchange ability [9,14].

Silica gel and other ion-exchangers constructed from a 
charged insoluble lattice. Through water purification, the 
oppositely charged ions are attached to the charged groups 
of catalyst to provide electrical neutrality. These ions are 
easily interchangeable. The structure of the silica gel con-
sists of a SiO4 lattice in which oxygen atoms form Si–O–Si 
bridges. The remaining oxygen atoms, especially the surface 
atoms, are free and released to bond with the ions present 
in the solution outside the gel. Thus, silica gel is composed 
of structural groups as shown in Fig. 1.

Through last decade, a variety of approaches have been 
employed for preparing of silica gel/iron oxide composite 
catalyst like as double-templated synthesis [15], solvent- 
deficient [16], chemical decontamination [17], co-precipita-
tion [18], and impregnation [19,20]. Most of these methods 
rely on the use of toxic reducing agents and harmful organic 
solvents. On the one hand, these chemicals are environ-
mentally hazardous. On the other hand, adding these 
organic may depress the surface activity of catalyst due to 
the organic wrapping on the particle surface [21]. The liq-
uid-state ion-exchange can be employed to synthesize met-
al-ion-exchangeable supports [22]. However, this approach 
has some drawbacks. Hydration of metal ion in the water 
may be result in formation of large molecules. It is diffi-
cult to exchange these large molecules with the supports. 
Furthermore, the liquid-state ion-exchange requires a large 
amount of salt solution, which results in environment pol-
lution. Finally, the amount of exchanged cation is often low 
[23]. To overcome these drawbacks, recently, solid phase 
ionic exchange method was developed [24–28]. Compared to 
the liquid-state ion-exchange, the solid-state ion-exchange is 
simpler, faster, and more cost-effective. In this method, silica 
gel is mixed with a metal salt and heated by a furnace at a 
temperature close to the melting point of the salt. The molten 

salt penetrates the pores of silica gel and ion-exchange 
takes place in the molten salt medium.

Recently, solid-state ion-exchanged clays are used for 
the special purposes like antibacterial agent and catalytic 
reactions [24–27]. Up to our knowledge, the catalytic prop-
erties of silica gel/iron oxide nanocomposites that prepared 
by solid ion-exchange method are not investigated in pho-
to-Fenton process. So, here, a series of silica gel/iron oxide 
nanocomposites have been prepared by solid phase ion- 
exchange method and were used as a photocatalyst for 
degradation of methyl orange dye by photo-Fenton pro-
cess. In addition, we attempted to assess the optimal values 
of process parameters for maximizing of the photocatalyst 
decolorization efficiency.

2. Experimental

2.1. Chemicals

Silica gel, FeCl2, methyl orange, H2O2 (30%) and other 
reagents were purchased from Merck Company (Germany) 
and used without further purification.

2.2. Preparation of nanocomposites

Silica gel (10  g) was immersed in molten FeCl2·4H2O 
salt (5 g), at 100°C for 1, 3 and 5 h. 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 bentonite structure. After fil-
tration, the obtained composites were dried in an oven 
for 24 h at 25°C.

2.3. Characterization

Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDX) are carried out with 
an LEO 1430VP Instrument (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/desorp-
tion at the constant temperature of 77  K in the relative 
pressure range of 0.05–1.00. Absorption spectra of nanocom-
posites were measured by a UV-Vis Diffusive Reflectance 
Spectrophotometer (DRS) (Scinco - S4100, Korea) at 
the wavelength range of 200–700 nm.

2.4. Photo-Fenton activity

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, the nanocomposite was introduced 
into the vessel containing 100 mL of the aqueous solution of 
MO (250 ppm). Then 8 mM of H2O2 was added to the reac-
tion 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. Before 
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Fig. 1. Silica gel structure.
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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) are the liquid-phase concentration of 
the MB at the initial and any time t respectively, measured 
by UV-Vis spectrophotometer (Nanolytic, Germany).

3. Results and discussion

3.1. Characterization

The apparent colors of silica gel and solid ion- 
exchanged silica gel are shown in Fig. 2. According to this 
figure, the silica gel is purple-gray. After ion-exchange, 
the color of the nanocomposite changed to yellow and no 
significant difference was observed in the appearance of 
the nanocomposites.

The surface morphology of silica gel and solid ion- 
exchanged silica gel was examined by SEM. As can be seen 
from Fig. 3, the surface of the silica gel is flat and there are a 
number of broken pieces of silica gel on its surface (Fig. 3a). 
The surface of the ion-exchanged nanocomposite prepared 
in 1  h is similar to silica gel (Fig. 3b). As the ion-exchange 
time increases, it is observed that more fine particles are 
formed on the surface (Fig. 3c). These particles have become 
multiple and larger in number and size during ion-exchange 
time of 5  h (Fig. 2d). Based on the reactions presented in 
the introduction section, there are only exchanged iron 
oxide particles in the nanocomposite prepared in a short 
time, which cannot show these particles with SEM analy-
sis. By increasing the exchanged ions over time, larger iron 
oxide particles are formed. These observations are consis-
tent with the results of a study in which a mixture of silica 
gel and copper sulfate was heated to a temperature close to 
the melting point of copper sulfate [28]. In the mentioned 
study, nano leaves were formed on the surface of the glass, 
which gave antimicrobial properties to the silica gel.

The elemental composition of silica gel surface and solid 
ion-exchanged silica gel was analyzed using EDX detector 
and the results are presented in Table 1. According to the 
obtained values, the formation of nanocomposites through 
solid-state ion-exchange was confirmed. The parent silica 
gel did not contain any iron. However, after ion-exchange 
process there is some iron content in the composition of 
silica gel. This indicates the success of the ion-exchange 
process. On the other hand, the amounts of iron in the syn-
thesized nanocomposites during 1, 3 and 5  h were equal 
to 1.48, 1.55 and 1.66  wt.%, which are very close to each 
other. Therefore, ion-exchange time did not have a signif-
icant effect on the amount of loaded iron and the amount 
of ion-exchanged iron differed by only 0.2  wt.% during 
1 and 5  h. The reason is the mass transfer at a maximum 
rate of 100°C. At this temperature, iron chloride salt has a 
molten form; therefore, atomic penetration is done with the 
highest rate during the first 1  h. This result is consistent 
with the report of Isalou and Ghorbanpour [11]. In their 
research, ion-exchange between bentonite and iron chlo-
ride was performed in the shortest time at temperature 
of 100°C, and higher temperatures and process times 
had no effect on the amount of exchanged iron.

To detect the nature of the iron ion species present in the 
nanocomposites, the UV-Vis spectra of silica gel and solid 
ion-exchanged silica gel are shown in Fig. 4. According 
to the available reports, the adsorption bands of iron ions 
appear at wavelengths less than 300  nm, the adsorption 
bands of FexOy cluster oligomers appear at 300–400  nm, 
and the adsorption bands at wavelengths higher than 
400 nm are related to large Fe2O3 particles [27]. The compar-
ison between the spectra for pure silica gel and solid ion- 
exchanged silica gel indicates that the existing peaks have 
changed to some extent. According to the obtained spectra, 
silica gel has a number of peaks in the region of ultravi-
olet light, that is, the wavelengths less than 314  nm. This 
region has not changed significantly after the ion-exchange, 
which indicates the absence of iron ion in the structure of 
ion-exchanged nanocomposites. This was predictable due 
to the presence of an oxygen-containing atmosphere during 
heating in the furnace and the inherent tendency of iron 

  
(b) (a) 

Fig. 2. Appearance of silica gel (a) and solid ion-exchanged silica gel 3 h (b).
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ions to oxidize, so that iron would oxidize rapidly if ion-
ized and did not remain in the ion form. On the other hand, 
there is a small peak in the wavelength range of 370  nm, 
and there is a wide peak in the diagram of ion-exchange 
nanocomposites in the wavelength range greater than 
440  nm that were not present in silica gel. This indicates 
the presence of FexOy cluster oligomers and large Fe2O3 
particles in the synthesized nanocomposites.

Table 2 shows the results of the BET analysis. The spe-
cific surface area of silica gel is 340  m2/g. Ion-exchange 
reduces the surface area by about 260  m2/g. As this table 
shows, the pore diameter has not changed through ion-ex-
change reactions. Since the sizes of the exchanged iron and 
formed iron oxide particles are very small, no change in 
pore size is expected. On the other hand, due to the small 
size of the pores, molten salt will penetrate them very slowly. 

(a) 

(b) 

Fig. 4. UV-Vis spectra of silica gel and solid ion-exchanged 
silica gel in the wider (a) and limited (b) wavelength range.

  
(b) (a) 

(d) (c) 

Fig. 3. SEM images of silica gel (a) and solid ion-exchanged silica gel for 1 h (b), 3 h (c) and 5 h (d).

Table 1
Elemental composition (wt.%) of silica gel and solid ion- 
exchanged silica gel

Silica gel Ion-exchange time (h)

1 3 5

Oxygen 59.88 57.18 55.67 58.67
Aluminum 0.24 0.31 0.25 0.19
Silicon 39.87 41.017 42.35 39.48
Iron 0 1.48 1.55 1.66
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Therefore, ion-exchange mainly occurs on the surface of the 
silica gel and the pores are involved in this reaction very 
slowly. In other words, according to the elemental analysis, 
the amount of iron in the 1 and 5-h nanocomposites changed 
insignificantly, which means that the surface experienced 
relatively complete ion-exchange during the first hour and 
the following insignificant changes in the amount of iron 
were due to the ion-exchange in the pores. Accordingly, 
the pore volume also decreased during the first hour as 
well. Since the pore diameter has not changed, as shown by 
electron microscopy images, this is due to the blockage of 
the pore hole due to the formation of iron oxide particles. 
As the ion-exchange time increases, the number and size of 
particles increases while the surface area decreases further.

3.2. Photo-Fenton activity

The results of the decolorization of methyl orange dye 
by nanocomposites prepared at different times are pro-
vided (Fig. 5). The results showed that the rate of degrada-
tion of the synthesized nanocomposites at different times is 
close to each other. The percentages of degradation for the 
synthesized nanocomposites at 100°C for 1, 3 and 5 h after 
15  min were 1.6%, 3.6%, and 5.6%, respectively and they 
were 70.7%, 72.7% and 71.6% after 2 h. In the first 15 min, 
there was only a surface adsorption process with little dif-
ference between the results. Therefore, the synthesis time 
has a negligible effect on the adsorption rate of silica gel/
iron oxide nanocomposites. Subsequently, the Fenton pro-
cess was added to the adsorption and at 120 min, the second 
nanocomposite had a higher efficiency than the other two 

ones. Therefore, the nanocomposite synthesized at 3 h and 
100°C was selected as the optimal nanocomposite.

Based on characterization results, the amount of 
exchanged iron, specific surface area and morphology in the 
synthesized nanocomposites were close to each other. The 
DRS analysis showed the presence of FexOy cluster oligo-
mers and large Fe2O3 particles in the synthesized nanocom-
posites. Accordingly, it can be concluded that the exchange 
time has not significant effect on the physicochemical 
characteristics of the prepared samples and the photocat-
alytic activities of all samples were close to each other.

The effect of the initial pH of the solution on the methyl 
orange decolorization is shown in Fig. 6. The pH range 
between 2 and 4 was studied. The decolorization percent-
ages were 89.4%, 83.8% and 74.0%, at pHs 2, 3 and 4 after 
120  min, respectively. It is observed that with increasing 
pH, the decolorization percentage decreases. Increasing 
the pH has a destructive effect on the Fenton activity of 
the catalyst and pH = 2 were considered as the optimal pH. 
At acidic pH, the rate of degradation of hydrogen perox-
ide increases because the solubility of ferrous ions is higher 
and the oxidizing power of hydroxyl radicals is higher [29].

H2O2 concentration is an important factor in dye 
degradation in heterogeneous photo-Fenton processes. 
Fig. 7 shows the decolorization of methyl orange at different 

Table 2
BET analysis of silica gel and solid ion-exchanged silica gel

Silica 
gel

Ion-exchange time (h)

1 3 5

Pore volume (cm3/g) 0.2731 0.1896 0.1863 0.1842
Pore diameter (nm) 1.22 1.22 1.22 1.22
Specific surface (m2/g) 340.01 264.11 262.58 257.36

Fig. 5. Decolorization of methyl orange by nanocompos-
ites prepared at different times (initial dye concentration of 
250 ppm; 8 mM hydrogen peroxide; 10 g/L of catalyst at pH 3.5).

Fig. 7. Effect of hydrogen peroxide concentration on decolor-
ization efficiency (%) (initial dye concentration of 250  ppm; 
10 g/L of catalyst at pH 2).

Fig. 6. Effect of pH (initial dye concentration of 250 ppm; 8 mM 
hydrogen peroxide; 10 g/L of catalyst).
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concentrations of H2O2. As shown in the figure, increasing 
the concentration of hydrogen peroxide from 4 to 8  mM 
enhances the dye decolorization efficiency. H2O2 is not able 
to produce hydroxyl radicals at low concentrations; thus, 
the decolorization efficiency will be low. H2O2 decomposes 
on the surface of the catalyst, and increasing the concentra-
tion of hydrogen peroxide leads to the production of more 
radicals. In the presence of high concentrations of hydro-
gen peroxide, perhydroxyl radicals are usually produced 
instead of hydroxyl radicals. Perhydroxyl radicals have a 
low reactivity and do not participate in oxidative degrada-
tion other than organic, which occurs only through reac-
tion with radicals [30]. Therefore, increasing hydrogen 
peroxide by more than 8 mM reduces the efficiency.

The effect of catalyst content on the decolorization effi-
ciency of methyl orange over time is shown in Fig. 8. The 
results show that methyl orange decolorization depends on 
the amount of catalyst and dye decolorization efficiency is 
enhanced by 5–10 g/L. This is due to the increase in active 
sites in the presence of higher concentrations of catalyst. 
On the other hand, by increasing the amount of catalyst 
to more than the saturation concentration, the penetra-
tion of UV light into the solution is prevented. Therefore, 
increasing the catalyst from 10 to 15 g/L reduced the methyl 
orange dye decolorization efficiency [31].

Fig. 9 shows the effect of different concentrations of 
methyl orange dye on dye decolorization efficiency at dif-
ferent time intervals. By increasing the dye concentration 
from 250 to 500 reduces the dye decolorization efficiency 
from 91.2% to 48.3%. It is obvious that by increasing the 
initial dye concentration in the presence of a constant con-
centration of hydroxyl radicals (due to no change in the cat-
alyst content and the concentration of hydrogen peroxide), 
the dye decolorization efficiency decreases. Of course, it is 
necessary to consider light penetration at higher concen-
trations, which reduces the photocatalytic reaction. Zheng 
et al. [32] resulted that by increasing the dye concentration 
from 10 to 100 mg/L, the dye decolorization percentage was 
drastically reduced, and the dye was completely reduced 
to 10 mg/L in 90 min.

Fig. 10 indicates that slight dye decolorization was 
obtained by UV after 2  h, which denotes poor methyl 

orange dye degradation by photolysis in the presence of 
only ultraviolet light. If the adsorbent was used alone, the 
adsorption rate would be about 29.4%. When the solution 
was exposed to ultraviolet light plus hydrogen peroxide, 
the decolorization percentage was 32.5%. After 2  h and in 
the presence of H2O2 and the synthesized catalyst, 81.9% dye 
decolorization was observed. The best dye decolorization 
efficiency was observed when the reaction was performed 
in the adsorbent system  +  hydrogen peroxide  +  ultravi-
olet; so that the degradation rate reached 91.2% after 2  h. 
The results showed that the color decolorization rate 
could be improved by ultraviolet light.

For the sake of comparison, Table 3 shows the results 
of removal of color pollutants with some other synthesized 
iron/silica nanocomposites. It can be seen that the optimal 
pH reported for the highest dye decolorization efficiency is 
about 3. In our study, the decolorization efficiency of 92% 
was obtained at the reaction time of 2 h when the catalysts 
amount and the H2O2 concentration were 10 g/L and 8 mM, 
respectively. As it has been mentioned in Fig. 6, the decol-
orization efficiency in the pH  =  2 is slightly higher than 
pH = 3, so the pH = 2 were considered as the optimal acid-
ity of process. By considering the amount of dye concentra-
tion in aqueous solution (250 ppm), it can be said that the 
performance of the synthesized silica gel/iron oxide cata-
lyst is comparable with the best results reported in litera-
ture, while the production method was low-cost, fast and 
relatively simple to perform.

Fig. 8. Effect of catalyst content of aqueous solution on decol-
orization efficiency (%) (initial dye concentration of 250  ppm; 
8 mM H2O2 at pH = 2).

Fig. 9. Investigation of the effect of initial dye concentration 
(8 mM H2O2 at pH 2; 10 g/L catalyst).

Fig. 10. Optimal nanocomposite catalytic activity according to 
different methods (8 mM H2O2 at pH 2; 10 g/L catalyst).
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4. Conclusion

In this study, the silica gel/iron oxide catalysts were 
successfully prepared using a fast and effective solid-state 
ion-exchange method. Based on the decolorization effi-
ciency results, the optimal temperature and reaction time 
for the synthesis of silica gel/iron oxide nanocomposites 
were 100°C and 3 h, respectively. According to microscopic 
observations, as the exchange time increased, more iron was 
ionized with silica gel, which resulted in the formation of 
more particles on the surface. The EDX analysis showed 
that the amounts of iron in the synthesized nanocompos-
ites during 1, 3 and 5 h were equal to 1.4, 1.5 and 1.6 wt.%. 
Also, the DRS analysis indicated the presence of FexOy clus-
ter oligomers and large Fe2O3 particles in the synthesized 
nanocomposites. The initial specific surface area of silica 
gel was about 340 m2/g, while it decreased by 23% after the 
exchange reaction. Finally, photocatalytic measurements 
demonstrated that the increasing of the amount of catalyst 
in the reaction medium enhances the speed and efficiency 
of the decolorization reaction.

The proposed preparation method for these silica gel/
iron oxide catalysts presents new opportunities for produc-
ing similar catalysts for photo-Fenton degradation reactions.
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