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ABSTRACT

Bentonite/copper catalysts (CuB) were synthesized using solid-phase ion exchange at different
temperatures (200°C and 300°C) and times (2 and 10 min) as heterogeneous catalysts for pho-
to-Fenton treatment of methyl orange (MO) under UV irradiation. Prepared composites were iden-
tified by X-ray diffraction spectroscopy, scanning electron microscopy, Measurement of Brunauer—
Emmett-Teller, transmission electron microscopy, energy-dispersive X-ray spectroscopy. The
activity of the prepared CuB catalyst was assayed in the degradation of MO in the presence of
the catalyst, HO,, and UV irradiation. According to the decolorization of the MO solution, the

sample preparezd ‘at 200°C and 10 min was selected as the optimal catalyst. Under optimal condi-

tions (pH = 2.0, 30 mM H,O

22

and 0.8 g/L catalyst), 100% of 100 ppm MO solution was removed

at 135 min. The result of reusability studies shows the acceptable reusability of the catalyst.
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1. Introduction

The photo-Fenton process is considered a high-efficiency
wastewaters treatment method. The photo-Fenton process
was conducted using H,O,, Fe*, and UV radiation [1,2].
In this process, OH* was produced in ferrous Fe** and per-
oxide hydrogen (HP) as reductive and oxidative reagents,
respectively. Produced hydroxyl radicals oxidized pollutants
to CO, and H,0, and other harmless substances. The photo-
Fenton processisusually represented by Egs. (1)-(3). The main
reaction in the Fenton process is the Haber Weiss [Eq. (1)]:

Fe? +H,0, - Fe** + OH™ + HO )

Fe* reduction through Eq. (2) also occurs, but the rate is
considerably slower and is usually not considered:

Fe’*+H,0, — Fe** + HO, + H' @)

* Corresponding author.

The production of HO® is greatly increased upon UV
illumination by the photo-Fenton reaction [Eq. (3)] that
closes the iron catalytic cycle:

Fe*'+ H,0 —» Fe’ + HO" + H* 3)

Since Fe?" is regenerated [Eq. (3)] with the decomposi-
tion of water rather than H,0O, [Eq. (2)], the photo-Fenton
process consumes less H,O, and requires only catalytic
amounts of Fe? [3]. Fast reaction rate, low chemical con-
sumption, and removal capability of resistant pollutants
are the significant advantages of this process [4]. Typically,
most research was based on using iron catalysts [5,6];
however, some studies were done on the photo-Fenton
properties of copper [7-9]. During the photo-Fenton
process, catalysts can be used as homogeneous and
heterogeneous [10]. Formation of metallic sludge leading
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to difficult catalyst separation is the major drawback of the
homogeneous Fenton process. Thus, the replacement of
the homogeneous catalysts with heterogeneous catalysts
becomes an imperative alternative where the active metal
can be incorporated into or onto a porous solid support.
This replacement should preserve the activity of the cata-
lyst and enhance its stability [5]. In this area, various mate-
rials such as clays, silica, and activated carbon have been
studied [11,12], among which, clays represent an inter-
esting option due to their low cost, abundance, and high
surface area. Furthermore, their ion exchangeability is a
good advantage leading to simple and easy preparation
of catalyst/clay composites.

The incorporation of iron into clays can be done by
different strategies. The simplest one may be the cationic
exchange of the exchangeable cations of the clay, but this
may lead to the contents of the cation being too low [1,8,9].
However, according to some recently published stud-
ies, these composites could be prepared by the solid-state
ion exchange method [13-15]. Comparing the cationic
exchange, the solid-state ion exchange is simpler, faster,
and more cost-effective. In this method, clay is mixed with
a salt of copper and heated by a furnace at a temperature
close to the melting point of the salt. The molten salt pen-
etrates the pores of clay, and ion exchange takes place in
the molten salt medium. Hajipour et al. [14] prepared iron
oxide/bentonite by the solid-state reaction method at 300°C
and 600°C, where the degradation efficiency of methyl
orange (MO) reached 81% and 75% in the presence of com-
posite at 300°C and 600°C and H,O, under 90 min irradi-
ation. Finally, they concluded that the prepared catalysts
method exhibit acceptable photo-Fenton catalytic activity.
Rojas-Mantilla et al. [16] modified Brazilian natural clay by
immobilizing iron oxide for heterogeneous Fenton degra-
dation of the antibiotic sulfathiazole. They achieved high
catalytic efficiency (>97% degradation after 60 min) with
high stability and reusability. Shayegh and Ghorbanpour
[15] prepared iron-pillared bentonite nanocomposite using
a solid-state ion-exchange method to adsorb methylene
blue dye. They observed that prepared samples showed a
significant improvement in methylene blue dye removal
capacity compared with parent bentonite.

According to the research, the photo-Fenton properties
of solid state ion-exchanged bentonite with copper have not
been studied yet.

2. Experimental

Bentonit (Ca-montmorillonite) was purchased from
Kanisaz Jam Company (Rasht, Iran) and used as the adsor-
bent. Before the experiments, the bentonite was filtered to
give a particle size of roughly 150 um. CuSO,-5H,0, chloride
acid (HCl), hydrogen peroxide (H,O,), and methyl orange
were purchased from Merck. All the compounds were used
without further purification.

2.1. Copper exchanged bentonite

Bentonite (5 g) and CuSO,-5H,0 (2.5 g) were completely
mixed and heated at 200°C and 300°C for 2 and 10 min.
Then, the mixture was adequately washed with distilled

water. Finally, prepared copper-exchanged bentonite was
filtered and dried in an oven for 24 h at 25°C.

2.2. Characterization

The X-ray diffraction (XRD) patterns of the samples were
characterized using an X-ray diffractometer (Philips PW
1050, The Netherlands) with CuKa radiation (A = 1.5418 A,
40 kV and 30 mA, 20 from 0 to 80° and 0.05° step). Scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) were carried out with an LEO 1430VP
instrument. A Micromeritics Brunauer-Emmett-Teller (BET)
surface area and porosity analyzer (Gemini 2375, Germany)
evaluated the products with N, adsorption/desorption at
the constant temperature of 77 K in the relative pressure
range of 0.05-1.00.

2.3. Photo-Fenton activity

The photo-Fenton tests were carried out using a Pyrex
open vessel (250 mL) containing 100 mL of the aqueous
solution of MO (pH = 4, 150 ppm). This container was
placed on a magnetic stirrer and irradiated with a UV lamp
(UVC, 4 W, Philips). The distance between the surface of the
solution and the UV source was kept constant at 15 cm, in
all experiments. The prepared nanocomposites (0.8 g/L)
and H,0, (30 mM) were added to the reaction vessel. The
moment of adding H,O, was considered as the reaction initi-
ation. During the reaction, the liquid aliquots were retrieved
from the vessel at the selected periods and centrifuged.
The dye removal efficiency was calculated as follows:

S -6, ] x100% (4)
C

Decolorization efficiency = [
t

where C; and C, (ppm) are the concentration of the MO
at the initial and any time t, respectively, measured by
spectrophotometer.

3. Results and discussions
3.1. Characterization

The XRD patterns of parent bentonite (PB) and pre-
pared composites (CuB) are shown in Fig. 1. The XRD
pattern of PB indicates the presence of montmorillonite
associated with quartzes and kaolinite. Upon solid-state
ion exchange, the d-spacing calculated for the montmo-
rillonite phase decreases from 14.07 A in the PB to lower
amounts (Table 1). According to Table 1, the decrease in
d-spacing further decreases with increasing temperature
and time. It has the lowest value in the sample prepared
at a temperature of 300 for 10 min. According to available
reports, this is due to water evaporation in the benton-
ite structure during the solid-phase ion exchange process
[13,15]. The peak at 20 = 6.30° corresponds to the d
basal spacing of 1.40 nm that is typical of calcium-rich
montmorillonites. The main peak in the XRD pattern
of bentonite; appeared at 36.82° and the peak at 20.08°,
corresponding to the structural feature of smectites [17].
Also, the peaks at 20 = 21.01°, 26.80°, and 42.73° are
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Fig. 1. The XRD patterns of PB and prepared composites.
Table 1
d-spacing of PB and prepared composites
Time of ion exchange (min) PB 10
Temperature of ion exchange (°C) 200 300 200 300
d-spacing (nm) 14.0706 12.2893 12.4759 11.887 10.4666

related to the quartz mineral in bentonite [18]. Relative
changes in the peak positions and peak intensities in
the Cu exchanged samples indicate that Cu atoms are
well incorporated in the bentonite matrix. Fig. 1 the Cu
exchanged samples show the diffraction peaks located
at 36.39°, 43.04°, 50.04°, and 73.49° that can be assigned
to Cu nanoparticles [19]. On the other hand, no cop-
per-related phases are observed in the XRD patterns of
composites pointing to high dispersion of the Cu in the
composites [5,9].

To comprehend the elemental composition of the PB
and the variations of ion exchange of copper, elemental
analysis was performed on all the samples using EDX anal-
ysis. The obtained results is presented in Fig. 2. The chemi-
cal composition of PB and CuB are summarized in Table 2.
The results revealed the high copper content and decreased
calcium content in ion-exchanged samples compared to
the PB. In other words, bentonite does not contain cop-
per, while all ion exchange samples contain this element.
Conversely, ion-exchange samples do not comprise any cal-
cium, while bentonite comprises it. Besides, by increasing

Table 2
Elemental analysis of PB and prepared composites

the temperature and time of the ion exchange process, the
amount of ion-exchanged copper with calcium increases.
BET analysis of PB and CuB is presented in Table 3.
The surface area decreases from 85 m?/g for bentonite to
lower amounts (between 55-70 m?/g) due to the solid-state
ion exchange process, pointing to a certain extent of pore
blockage. However, a lower reduction of the surface area
of the composite can be observed at 300°C. It seems that at
higher temperatures, the copper particles formed due to
the higher diffusion coefficient can be well diffused into
the inner parts of the pores; therefore, the pore blockage is
reduced. On the other hand, bentonite layers are more open
at higher temperatures. Thus, a higher surface area and
porosity of bentonite can be expected with higher tempera-
tures. In any case, the values of the surface area are very simi-
lar to those previously reported for similar composites [7,20].
The morphology of the PB and CuB is shown in Fig. 2.
A typical configuration of the bentonite with a sheet-like
structure and large flakes is observed in Fig. 2a. The ion
exchange of Cu into the bentonite seems not to have any
noticeable change in the original apparent structure of

Time of ion exchange (min) PB
Temperature of ion exchange (°C) Bentonite
Calcium 1.05
Potassium 1.17

Copper 0

2 10

200 300 200 300
0 0 0 0
0.93 0.64 0.94 0.74
1.01 1.68 1.65 1.86
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Fig. 2. SEM images and EDX analysis of PB (a) and CuB at 300°C for 2 min (b).
Table 3
BET analysis of PB and prepared composites
Time of ion exchange (min) PB 2 10
Temperature of ion exchange (°C) 200 300 200 300
Specific surface (m*/g) 85.04 55.53 64.084 55.546 69.72
Total pore volume (cm®/g) 0.1142 0.132 0.1363 0.1377 0.1581
Mean pore diameter (nm) 1.66 1.66 1.66 1.66 1.66

bentonite. No nanoparticles were formed on the surface
of bentonite; however, based on elemental analysis, there
is copper in bentonite. It may be due to the formation
of copper oxide nanoparticles in the interlayer space of
bentonite.

Fig. 3 shows the transmission electron microscopy
(TEM) image of CuB at 200°C for 10 min. The TEM image
proves that the synthesis method of CuB has been success-
ful, and the copper oxide nanoparticles have been able to
enter the nanometer distance between the clay plates in
10 min at temperature 200°C. The darker parts of the images
show copper oxide nanoparticles, which are denser and
restrict the passage of electrons [21].

3.2. Photo-Fenton activity

In this study, the methyl orange photocatalytic dis-
coloration was studied as a model dye. The results
showed that the discoloration efficiency of the synthe-
sized catalysts at different times and temperatures is dif-
ferent (Fig. 4). Comparing the discoloration efficiency,
the amounts of discoloration for ion-exchanged samples
prepared at 200°C for 2 and 10 min were 62% and 78%,
respectively. However, this efficiency was 66% and 77%
for ion-exchanged samples prepared at 300°C for 2 and
10 min, respectively. It was found that the decoloriza-
tion efficiency increased in a longer preparation time at
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Fig. 3. TEM image of CuB at 200°C for 10 min.
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Fig. 4. Catalytic discoloration efficiencies of methyl orange by CuB.

each temperature. However, the higher ion-exchanged
temperature has an inverse effect on the decolorization
efficiency. The sample prepared at 200°C for 10 min was
selected as the optimum sample.

The influence of the pH of the initial dye solution on
the photo-Fenton activity of the catalyst was tested at pHs
within the range of 2-8 in the presence of 0.8 g/L cata-
lysts, UV irradiation, and H,O,. The results are presented
in Fig. 5, indicating that the variation of the solution pH
has a significant influence on the discoloration of dye.
It is observed that with increasing pH, the decoloriza-
tion percentage decreases. At acidic pH, the rate of deg-
radation of hydrogen peroxide increases because the
solubility of ferrous ions and the oxidizing power of
hydroxyl radicals is higher. Similar observations have
also been recently reported in the literature about the
ability of Cu-based catalysts to generate hydroxyl radi-
cals, referred to as a Fenton-like process [7,20]. Also, the
low degradation at high pH could be explained because
in the basic medium, the oxidizing species hydroper-
oxy anion (H,0) was formed (which is the conjugate

—— 10 min, 200°C
—#— 2 min, 200° C
—&— 10 min, 300°C

—+— 2 min, 300°C

100 110 120 130 140

base of H,O,). The anion H,O~ can react with both the hydroxyl
radical and H,0,, decreasing the dye Eqs. (5) and (6) [22].

H,0+H,0” - H,0+0, + OH' ®)
OH'+H,0” > H,0+0, 6)

Fig. 6 shows the results of the photo-Fenton experi-
ments conducted for H,O, dosages from 15 mL to 35 mM,
at a pH of 2, in the presence of 0.8 g/L catalysts and UV
irradiation. The results point to the presence of an opti-
mal oxidant dosage. It was observed that by increasing
the amount of H,O, from 15 mL to 30 mM, the *OH rad-
ical concentration increases. Hence, the rate of discolor-
ation of dye also increases. It also occurs by increasing
the amount of H,O, generating per hydroxyl radicals at
high H,O, concentration, that is, beyond 0.30 mM scav-
enging of hydroxyl radical. Perhydroxyl radical is a less
strong oxidant compared to hydroxyl radical. Therefore,
the rate of dye discoloration decreases by increasing the
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Fig. 5. Effect of the pH dosages on the photo-Fenton activity of
CuB.
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Fig. 6. Effect of the H,O, dosages on the photo-Fenton activity
of CuB.

amount of H,O, beyond 30 mM [8]. Also, decreased the
percent degradation of dye due to the reaction of *OH
radicals with H,O,, forming less reactive OOH radicals; in
other words, it can be it can be demonstrated that the large
amount of H,O, also scavenging *OH radicals. This obser-
vation is in agreement with the previous literature [23].
The effect of the catalyst’s dosage was evaluated by vary-
ing its concentration from 0.2 to 0.12 g/L at a pH of 2, in the
presence of 30 mM H,O, and UV irradiation (Fig. 7). Dye
conversion increases by increasing catalyst concentrations
within the range of 0.2-0.8 g/L. This may be explained by
the fact that by increasing the amount of catalyst, the surface
area of the catalyst will increase, resulting in an enhanced
free hydroxyl radical generation. Conversion is dramatically
decreased for catalyst dosages within the range of 0.8-
0.12 g/L. Excess of the catalyst leads to the difficulty of diffu-
sion of the UV irradiation through a more opaque suspension.
Fig. 9 shows the effect of different color concentra-
tions on the decolorization efficiency. It is observed that
increasing the color concentration from 100 to 200 ppm
decreases the decolorization efficiency from 100% to 76%
after 135 min. In high initial concentrations with constant
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Fig. 7. Effect of the catalyst's dosage on the photo-Fenton
activity of CuB.

radical hydroxyl concentration, the relative radical concen-
trations are low, which reduces [5].

The catalytic discoloration efficiencies of methyl
orange by optimum composite were analyzed under dif-
ferent experimental conditions (Fig. 8). In this experiment,
the concentration of H,O,, and the amount of catalyst
were fixed at obtained optimum amounts, that is, 0.23 mL,
and 0.8 g/L. The experiment was set at pH =4. The discolor-
ation kinetics of methyl orange is significantly influenced
by the experimental conditions. Solely, UV irradiation
results in near zero conversion. In the presence of the
catalyst, maximal dye adsorption around 46% was mea-
sured. In the presence of H,0,, the dye solution, decoloni-
zation reaches 35%. The discoloration of 51% and 45% was
achieved in the presence of catalyst or H,O, under irradia-
tion, respectively. H,O, in the presence of catalyst results in
54% discoloration. The highest conversion of dye, close to
78%, was found when methyl orange was degraded in the
presence of the catalyst, the oxidant H,0,, and UV irradia-
tion. Using solid ion exchanged bentonite with iron, Isalou
and Ghorbanpour [5] provided full dye removal of meth-
ylene blue solution (200 ppm) in the presence of hydro-
gen peroxide (30 mM) and catalyst (0.4 g/L) during 90 min
at pH = 4 [5]. The results of the present work are com-
parable with their findings. In the present study, methyl
orange solution (100 ppm) provided 100% efficiency in the
presence of a much smaller amount of catalyst (0.8 g/L).
Also, the reusability of the catalyst was performed in two
stages. In the first and second stages, the removal effi-
ciency of 100 ppm of the color solution was 85% and 79%,
respectively. In another study, 98% of the dye solution
(Rhodamine B) (19 ppm) was removed in the presence
of hydrogen peroxide (0.12 mM) and a catalyst (0.2 g/L)
at pH = 3 within 50 min. Although the type of dye was
different from the present work, their dye concentration
was lower, and the amount of catalyst was higher than
the dye solution (Rhodamine B) of solution removed. Also
after the first recycling, the activity of the catalyst was
reduced from 98% to 66% [24]. Another study addressed
the dye removal of Cu-pillared bentonite vs. 4-nitro-
phenol. Compared to the present laboratory work, they
achieved 100% removal at an equal concentration and a
higher amount of adsorbent (approximately 2.5 times
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Fig. 8. Catalytic discoloration efficiencies of MO under
different experimental conditions.
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Fig. 9. Effect of MO initial concentration in optimal operating
conditions.

greater). Besides, their synthesis was carried out at a tem-
perature of 450°C, which is only 200°C and much easier
in the present study [7].

3.3. Catalyst reusability

Fig. 10 represents the decolorization efficiencies after
the second and third reuse of 85% and 79%, respectively. In
contrast, this efficiency for first use was 100%. The reduc-
tion in the discoloration rate is attributed to the presence
of the residual intermediate molecules in the discoloration
of the methyl orange molecules on the photocatalyst sur-
face, preventing the photon from reaching the photocat-
alyst surface. On the other hand, this decrease depends on
the number of residual molecules on the catalyst surface.
Accordingly, photocatalytic activity during these three peri-
ods has a relatively small difference. Moreover, the results
show that it is possible to reuse the catalyst, which is essen-
tial for practical applications. The higher reusability of the
catalyst can be related to the lamellar space present in the
bentonite structure providing sufficient sites for Cu loading.
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Fig. 10. Catalyst reusability after three use.

4. Conclusions

This study aimed to synthesize the catalyst by sol-
id-phase ion exchange and identify and evaluate its pho-
tocatalytic activity. XRD spectroscopy showed that the
d-spacing of bentonite decreased after the solid-phase ion
exchange, and further decreased with increasing tempera-
ture and time. The surface area decreases from 85 m?/g for
bentonite to lower amounts (between 55-70 m?/g) due to the
solid-state ion exchange process. The EDX results revealed
high copper content and decreased calcium content in ion-
exchanged samples compared to the PB. According to SEM
images, the ion exchange of Cu into the bentonite seems not
to have any obvious change in the original apparent struc-
ture of bentonite. Optimal conditions for solid-phase ion
exchange were obtained at 200°C and 10 min. Under opti-
mal conditions (pH = 2.0, 30 mM H,0,, and 0.8 g/L catalyst),
100% of 100 ppm methyl orange solution was removed at
135 min. The resulting data showed the reusability of the
synthesized catalyst. Thus, the solid-phase ion exchange
catalyst synthesized with copper is an efficient catalyst
for the photo-Fenton process.
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