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Abstract

Background: The widespread presence of organic dyes in the various industries’ effluent such as paper,
textile, and clothing has led to significant environmental pollution. Titanium oxide (TiO,) nanoparticles
immobilized on zeolite (ZSM-5) were investigated under UV light for activation of peroxymonosulfate
(PMS) for photocatalytic degradation of Orange II (OII) dye in aqueous solutions.

Methods: In this study, the photocatalyst used was prepared by immobilizing different amounts of TiO,
nanoparticles on ZSM-5. Characterization analyses including X-ray diffractometer (XRD), Fourier
transform infrared (FTIR), BET, scanning electron microscope (SEM), and energy dispersive X-ray
spectroscopy (EDS) were performed on the synthesized samples. Then, the effect of various parameters,
such as TiO, nanoparticles loading onto the ZSM-5, pH, contact time, dye concentration, and TiO,/
ZSM-5 dosage, is investigated for the removal of OII as a model molecule under the UV irradiation
with 15 W power.

Results: The highest removal percentage of OII dye (97.44%) was obtained in the optimal operating
conditions of pH =3, the initial dye concentration=5 ppm, amount of TiO,/ZSM-5=10 mg/L, amount
of PMS =50 mg/L, and reaction time =120 minutes. The Langmuir-Hinshelwood kinetics model fitted
with the experimental data.

Conclusion: The obtained results of this research showed that PMS can be used as a suitable oxidant
activated with ZSM-5/TiO, nanocomposite in OII degradation in different water environments, by
optimizing the effective operating factors.
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Introduction

Environmental protection and treatment of industrial
effluents are of great importance. The discharge of
wastewater from various industries into the environment
has irreparable effects on the physical, chemical, and
biological characteristics of the environment. Effluent
from dye industries is one of the most important factors of
water source pollution. Orange II (OII) is one of the acid
dyes, which is used in many cosmetic and textile industries
(1-3). This substance is toxic and has carcinogenic
properties. Therefore, removing OII dye from industrial
wastewater is of great importance (1,4-7).

The removal of dye and other contaminants from
aquatic environments has become a challenging problem
in recent years (8-10). Therefore, various strategies such
as ozonation, membrane filtration, biosorption removal

Email: Noorimotlagh.Zahra@
gmail.com

by ion exchange, surface adsorption, advanced oxidation
processes (AOPs), catalytic reduction, biological/aerobic
treatment, and coagulation have been adopted to remove
persistent organic pollutants. Each of these methods, in
addition to advantages, has also disadvantages that cause
problems in removing dye from the water environment
(11-13). For example, although the ozonation process can
show a removal efficiency of over 90%, it produces highly
toxic by-products (11,14,15).

In recent years, AOPs have been used to remove organic
compounds, especially resistant organic compounds
(16,17). Among the AOPs, the photocatalytic process using
titanium dioxide (TiO,) has attracted a lot of attention
as an efficient and non-toxic method for wastewater
treatment (18,19). This catalyst shows high photocatalytic
activity; besides, it has good stability and is relatively
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cheap. In any case, the use of TiO, nanoparticle powder
has technical obstacles that prevent its commercialization,
and the most important one is the separation and recovery
of nanoparticles after purification and at the reactor
outlet. To solve this problem, the approach of stabilizing
nanoparticles on different materials such as fixing TiO,
nanoparticles on carriers including quartz, gel, silica,
activated carbon, and zeolite can be used (17,19).

Zeolites are suitable bases for heterogeneous catalysts
due to their porous structure, different degrees of
hydrophobicity, the possibility of controlling acidity,
and modifiability through ion exchange (20). Thermal
stability, pore structure, acidity, and selectivity have made
ZSM-5 Zeolite find many applications in absorption
processes, photocatalytic degradation, and petrochemical
processes (21).

Peroxymonosulfate (PMS) with an oxidation potential
of 2.5-3.1 V is one of the compounds used in the oxidation
of organic compounds (16). Cost-effectiveness, non-
selective oxidation, high stability of radicals produced
from it in different conditions, high solubility, solid form,
and thus, ease of handling and storage are the advantages
of this substance (22). Several studies have indicated that
PMS radicals can degrade organic materials with slow
kinetics at room temperature. Therefore, to accelerate
the process, UV light and electron transfer by TiO,
nanoparticles are used to activate the PMS. Sulfate radical
production (SO,’) with an oxidation potential of 2.6 V is
the final product of the activation process (23-25).

In the study of Hao et al., the PMS activation system was
made by UV light with multi-walled carbon nanotubes
(CNT)-TiO, composite catalyst. It was found that under
UV light irradiation, induced electrons produced from
TiO, can be transferred to CNT to activate PMS to
improve the catalytic performance of organic pollutants
degradation. The higher catalytic performance is
attributed to the electrons induced by light, which can
increase the activation of PMS by transferring electrons in
the UV/PMS/CNT-TiO, system (26).

Therefore, this study aimed to remove OII dye using
ZSM-5 Zeolite/TiO, nanocomposite under UV light
for activation of PMS. The effect of various parameters,
such as TiO2 nanoparticles loading onto the ZSM-5, pH,
contact time, dye concentration, and TiO,/ZSM-5 dosage,
were investigated for the removal of OII as a model
molecule under the UV irradiation with 15 W power.

Materials and Methods

Materials

All materials include OII dye (Acid Orange 7, Orange II,
C,H, N,NaO,$), zeolite (ZSM-5), PMS (H,SO,), nitric acid
(HNO,), sodium hydroxide (NaOH), hydrogen peroxide
(H,0,), ethylene diamine tetra acetic acid (EDTA), and
silver nitrate (AgNO,) were purchased from Merck,

Germany. 2-Propanol and titanium (IV) tetraisopropoxide

(TTIP) were purchased from Sigma-Aldrich.

Synthesis of TiO, nanoparticles

TiO, nanoparticles were synthesized using the sol-gel
technique. First, 30 ml of 2-propanol was mixed with 5
ml of titanium (IV) TTIP by stirring at room temperature
for 30 minutes. Then, 5 mL of acetic acid was added to
the above clear mixture at room temperature to form
a sol, which was then kept at room temperature for 24
hours to ensure complete hydrolysis of the precursors.
Then, the obtained sol was spread in distilled water and
the sol turned into a gel. Afterward, the cloudy suspension
obtained was placed in an oven at 110 °C for 3 hours . The
dried product was calcined in an oven at a temperature
of 500 °C with a heating rate of 10/min for about 3 hours.
Finally, the final product was ground by hand to provide a
white powder (19).

Synthesis of ZSM-5/TiO, nanocomposite

One gram of ZSM-5 zeolite was measured with different
amounts of TiO, nanoparticles (50, 100, 150, 200, and 250
mg). Then, the weighted amounts of TiO, nanoparticles
and ZSM-5 zeolite were poured into a beaker containing
50 ml of distilled water and placed on a magnetic stirrer
for 3 h. The obtained mixtures were passed through
fiberglass (Whatman 42). The samples were placed in a
porcelain crucible and placed in an oven at 250 °C for
70 minutes. The synthesized samples were named TiO,/
ZSM-5 (50), TiO,/ZSM-5 (100), TiO,/ZSM-5 (150), TiO,/
ZSM-5 (200), and TiO,/ZSM-5 (250) (17).

Characterization

To measure the specific surface area (BET), the BELSORP-
mini II device (Microtrac Bel Corp., Japan) was used.
The estimation of particle size and examination of
product morphology was done using the FEI Quanta 200
scanning electron microscope (SEM). Fourier transform
infrared spectrometer (FTIR; model Vector 22, Bruker,
Germany) was used to check the structure, composition,
and assurance of the correct loading of nanoparticles on
zeolite. The energy dispersive X-ray spectroscopy (EDS)
analysis was performed using the Czech TESCAN MIRA3
device. This section is an extension to SEM. Using an
X-ray diffractometer (XRD; model Philips PW 1730)
through a Cu-Ka beam (copper cathode), to determine
the crystalline structure of the synthesized nanoparticles
was investigated.

Photocatalytic activities

One hundred milliliters of OII dye solution with a specific
concentration was added to a beaker with a volume of
250 mL. Then, the synthesized samples were added to the
desired beaker and stirred for 30 minutes in the dark to
reach the equilibrium of surface absorption. In the next
step, it was exposed to LED (15 and 30 W) and UVA (15
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W) light. The analysis of the final solution was performed
by a spectrophotometer with a wavelength of 485 nm. The
samples were stirred by a magnet on a magnetic stirrer
throughout the degradation period.

Results

Characterization of the catalyst

Figures la, 1b and 1lc show the XRD patterns of
TiO, nanoparticles, ZSM-5 zeolite, and ZSM-5/TiO,
nanocomposite, respectively.

Figures 2a, 2b, and 2c show the spectra related to the
FTIR analysis of TiO, nanoparticles, ZSM-5 zeolite, and
TiO,/ZSM-5 nanocomposite, respectively.

Table S1 shows the characteristics obtained from ZSM-
5 Zeolite (316/20 m*/g) and TiO,/ZSM-5 (200) (384/54
m?/g) nanocomposite through BET analysis.

Figure Sla and S1b show the diagram of nitrogen
adsorption and desorption related to ZSM-5 zeolite
and TiO,/ZSM-5 nanocomposite, respectively. Figures
3a, 3b, 3¢, and 3d show images related to the SEM
analysis of ZSM-5 samples (a and b) and TiO,/ZSM-5
(200) nanocomposite. In Figure 3a and 3b, a sample of
zeolite can be seen, which has a coffin-shaped structure.
Figure 3d shows the presence of TiO, in the structure
of zeolite ZSM-5. Figure S2 and Figure S3 show the
elemental diagram of ZSM-5 zeolite and TiO,/ZSM-
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Figure 1. XRD patterns of (a) TiO, nanoparticles, (b) ZSM-5 zeolite, and (c)
ZSM-5/TiO, nanocomposite

5 nanocomposite, respectively. Tables S2-S3 show the
information about the mass percentage of zeolite and
TiO,/ZSM-5 nanocomposite, respectively.

Removal of OII

Effect of TiO, amount coated on zeolite

Figure 4 shows the effect of TiO, on the process efficiency.
As shown in this figure, with an increase in the ratio of
TiO, coated on zeolite, the removal percentage increased,
but after reaching a certain value (200 mg of TiO, per 1
g of zeolite), this amount decreased. In this experiment,
conditions of pH=7, OII concentration=15 ppm, PMS
amount=30 mg/L, and ZSM-5/TiO2 nanocomposite
amount =30 mg/L and in the presence of a UV lamp with
a power of 15 W, the highest removal percentage was
obtained in 120 minutes of reaction.
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Figure 2. The FTIR spectra of (a) TiO, nanoparticles, (b) ZSM-5 zeolite,
and (c) ZSM-5/TiO, nanocomposite
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Figure 4. The effect of TiO, on process efficiency (the experimental
conditions of pH=7, OIl concentration=15 ppm, PMS amount=30 mgl/L,
ZSM-5/TiO, nanocomposite amount=30 mg/L, and in the presence of a UV
lamp with a power of 15 W)

Effect of initial pH

The effect of solution pH on OII removal using ZSM-
5/TiO, nanocomposite is shown in Figure 5. In the
experimental condition of OII concentration of 15 ppm,
PMS dose of 30 mg/L, and ZSM-5/TiO, nanocomposite
dose of 30 mg/L, and in the presence of a UV lamp with
a power of 15 W, the highest removal percentage was
obtained 51.49% in the reaction time of 120 minutes for
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Figure 5. Effect of solution pH on OIll removal using ZSM-5/TiO,
nanocomposite (the experimental conditions of Oll concentration=15 ppm,
PMS dose =30 mg/L, and nanocomposite dose =30 mg/L, in the presence
of a UV lamp with a power of 15 W)

pH=3. As shown in Figure 5, the highest dye removal

percentage is in an acidic environment (pH=3) and the
lowest removal percentage is at pH=9.

Effect of initial OII concentration

The effect of initial dye concentration on the removal
of OII using ZSM-5/TiO, nanocomposite is shown in
Figure 6. The dye pollutant was investigated at the initial
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Figure 6. Effect of initial dye concentration on the removal of Oll using
ZSM-5/TiO, nanocomposite (the experimental condition of pH=3, PMS
dose=30 mg/L, and TiO,/ZSM-5 nanocomposite dose=30 mg/L, in the
presence of a UV lamp with a power of 15 W)
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Figure 8. Effect of the TiO,/ZSM-5 nanocomposite dosage on Oll removal
(the experimental condition of pH=3, pollutant concentration=5 ppm, and
PMS dose =50 mg/L, in the presence of a UV lamp with a power of 15 W)

concentrations of 5, 10, 15, 20, and 25 ppm, the best
removal percentage is related to the dye with the lowest
concentration (5 mg/L). In this test, the highest removal
percentage was obtained to be 78.2% in the reaction time
of 120 minutes for the OII initial concentration of 5 ppm
and under conditions of pH=3, PMS dose=30 mg/L,
and TiO,/ZSM-5 nanocomposite dose=30 mg/L, in the
presence of a UV lamp with a power of 15 W.

Effect of PMS concentration

Figure 7 shows the effect of the PMS concentration on
OII removal using ZSM-5/TiO, nanocomposite. In this
experiment, the highest removal percentage was obtained
79.31% in the reaction time of 120 minutes, for the PMS
concentration of 50 mg/L and under the conditions of
pH 3, pollutant concentration of 5 ppm, TiO,/ZSM-5
nanocomposite dose of 30 mg/L, PMS dose of 10, 30, 50,
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Figure 7. Effect of the PMS concentration on Oll removal using ZSM-
5/TiO, nanocomposite (the experimental condition of pH=3, pollutant
concentration=5 ppm, and catalyst dose=30 mg/L, in the presence of a
UV lamp with a power of 15 W)

16
¢
5 mg L™ (R*=0.95, K=0.011)
14 1 M 10 mg L™ (R2=0.94, K=0.007
12 15 mg L™ (R2=0.92, K=0.007

X 20 mg L™ (R2=0.83, K=0.065,

)
)
)
% 25 mg L™ (R2=0.79, K=0.005)

[N

Ln(Cy/C)
=3 o
o <]

o
IS

0.2

0 20 40

.60 80 100 120
Time (min)

Figure 9. Kinetics of OIl removal using ZSM-5/TiO, nanocomposite
(the experimental condition of pH=3, pollutant concentration=5 ppm,
nanocomposite dose=10 mg/L, and PMS dose =50 mg/L in the presence
of a UV lamp with a power of 15 W)

and 70 mg/L, and in the presence of a UV lamp with a
power of 15 W (Figure 7).

Effect of TiO,/ZSM-5 nanocomposite dosage

Figure 8 shows the nanocomposite concentration used
for dye photocatalytic degradation. In this experiment,
the highest removal percentage was 89.36% for the
catalyst dose of 10 mg and under conditions of pH 3,
pollutant concentration of 5 ppm, and TiO,/ZSM-5 (200)
nanocomposite dose of 10, 30, 50, and 70 mg/L, PMS dose
of 50 mg/L, the reaction time of 120 minutes, and in the
presence of a UV lamp with a power of 15 W.

Reaction kinetics

The photocatalytic degradation kinetics of OII dye
with ZSM-5/TiO, zeolite was investigated and shown in
Figure 9. The photocatalytic oxidation kinetics of many
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Table 1. Comparative evaluation of photocatalytic removal of previous studies with the present study

Decomposition efficiency (%) Decomposition time (min) Catalyst type light Source Ref.
99.995 120 TiO,/PMS Xe-lamp (1000 W) (27)
96.1 240 GO/Ag,CrO, Halogen-Tungsten lamp (28)
95.4 180 Co-CeO, NPs 200 W halogen (29)
99.9 140 Cu/RGO halogen lamp (400 W) (30)
97.44 120 TiO,/zeolite UVA (15 W) Present study

organic compounds is analyzed using the Langmuir-
Hinshelwood (L-H) equation.

Comparative study

Table 1 shows the comparative evaluation of the percentage
of OIl removal with different photocatalysts in other
studies with the present study.

Discussion

Characterization of the catalyst

Figures la and b show the XRD patterns of ZSM-5 zeolite
and ZSM-5/TiO, nanocomposite, respectively. The peaks
occurring at 20 angles between 5-30 and 146 cm™! peak are
related to the ZSM-5 zeolite structure in Figure la. The
observed peaks at 20 angles equal to 25/27, 38/05, 48/05,
55/04, and 54/09 in Figure 1b indicate the presence of
TiO, on zeolite. The peaks between 5-10 and 64 degrees
indicate the anatase phase and the peak at 31 degrees
indicates the formation of the rutile TiO, phase (21).

Figures 2a and 2b show the spectra related to the FTIR
analysis of ZSM-5 zeolite and TiO,/ZSM-5 nanocomposite,
respectively. The spectrum has an adsorption peak
around 452, and 548, which is related to the Ti-O-Ti
stretching bond in the TiO, structure. The adsorption
peak observed in the wave number of 1637 indicates the
Ti-O-H stretching bond between TiO, and zeolite. As can
be observed, TiO, is placed in the structure of zeolite and
the bond between them occurs (21).

BET is a powerful method to determine the porosity
of porous materials, the average radius of the pores, and
their specific surface area. This method is based on the
adsorption of N, gas inside the holes. This method is
based on the multi-layer adsorption of gas and measuring
the volume of adsorbed and expelled gas using surface
adsorption and expulsion charts (20). Table S1 shows the
characteristics obtained from ZSM-5 Zeolite (316/20 m*/g)
and TiO,/ZSM-5 (200) (384/54 m*/g) nanocomposite
through BET analysis. Table S1 indicates an increase in
the surface of the holes and the total volume of the holes
in the nanocomposite. The specific surface area and
overall volume improved by adding TiO, to zeolite. The
higher specific surface area indicates the more suitable
adsorption sites in the substance, therefore, the adsorption
and removal process also increased. So, TiO, can adsorb
more photons, and then, more radicals are produced, and
finally, dye removal happens better. Figure Sla and S1b
show the diagram of nitrogen adsorption and desorption
related to ZSM-5 zeolite and TiO,/ZSM-5 nanocomposite,

respectively. According to the diagram, ZSM-5 zeolite and
TiO,/ZSM-5 nanocomposite have an isotherm of type
IV. This kind of isotherm shows porous materials with
narrow pores that have a distribution of meso-holes. In
this type of porous material, the diameter of the holes is in
the range of 2-50 nm (12).

Figures 3a, 3b, 3¢, and 3d show images related to the
SEM analysis of ZSM-5 samples (a and b) and TiO,/
ZSM-5 (200) nanocomposite. In Figure 3a and 3b, a
sample of zeolite can be seen, which has a coffin-shaped
structure. According to Figures 3c and 3d, the surface of
the zeolite is porous and the nanoparticle distribution
is completely uniform. It can also be observed that the
existing unevenness increased the specific surface area of
the material, which leads to an increase in the adsorption
capacity and improved activity of the photocatalytic sites.

Figure 3d shows the presence of TiO, in the structure of
zeolite ZSM-5. As shown in this figure, the morphology
of zeolite did not change, only TiO, particles were placed
on the surface of the zeolite and it led to a uniform
distribution of the sample. The size of TiO, nanoparticles
on zeolite was found to be 42 nm, which can be seen in
Figure 3d.

EDS analysis was done to check the presence of
elements in the sample. Figure S2 and Figure S3 show
the elemental diagram of ZSM-5 zeolite and TiO,/ZSM-5
nanocomposite, respectively. Tables S2 and S3 show the
information about the mass percentage of zeolite and
TiO,/ZSM-5 nanocomposite, respectively. As shown in
Figure S2, zeolite has elements including O, Na, Al, and
Si. The elements O with 57.73% mass and Si with 38.52%
mass are the main elements of zeolite, which are present in
a few percentages of Na (1.82% mass) and Al (1.93% mass).

According to Figure S3, TiO,/ZSM-5 nanocomposite,
in addition to O, Na, Al, and Si, O element with a mass
percentage of 62.15% and Si with a mass percentage of
23.67% are the main elements of zeolite, a significant
percentage of Ti element (11.60%) was added to the main
elements, which indicates the combination of TiO, with
zeolite bonds. There are a few percentages of Na (1.37%)
and Al (1.21%) in the composite structure.

Removal of OII

Effect of TiO, amount coated on zeolite

In Figure 4, it can be observed that with an increase in
the ratio of TiO, coated on zeolite, the removal percentage
increased, but after reaching a certain value (200 mg of
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TiO, per 1 g of zeolite), this amount decreased. In this
experiment, the highest removal percentage (22.69%) was
obtained in 120 minutes. It was done under conditions
of pH=7, OII concentration=15 ppm, PMS amount =30
mg/L, ZSM-5/TiO, nanocomposite amount=30 mg/L,
and in the presence of a UV lamp with a power of 15 W.
As can be seen in Figure 4, with increasing TiO, loading
on zeolite from 50 to 200 mg, the removal trend is upward
and reached a high percentage. However, after passing
the amount of 200 mg, the removal percentage decreases
drastically. The reason for this is that increasing the
load ratio on ZSM-5 reduces the porous space of zeolite
and reduces the specific surface area of the catalyst.
Furthermore, increasing the ratio of TiO, loading on ZSM-
5 zeolite causes more activity of the TiO, and increases the
hole electron, and ultimately, produces more OH radicals.
Therefore, the value of 200 mg of TiO, per 1 gram of
zeolite (TiO,/ZSM-5 (200)) was chosen to continue the
experiments.

Effect of initial pH

pH is one of the important factors affecting the amount
and kind of surface charge. The isoelectric point refers
to the pH at which the surface charge of the adsorbent
becomes zero. At pHs higher than the mentioned point,
the surface of the adsorbent becomes negatively charged,
therefore, ions with the opposite charge (positive ions) are
easily adsorbed, and also, at lower pHs, the surface charges
become positive, and ion-negatively charged particles are
adsorbed faster (31,32).

In this experiment, the highest removal percentage
(51.49%) was obtained during 120 minutes reaction in
pH=3, pollutant concentration of 15 ppm, PMS dose of
30 mg/L, ZSM-5/TiO, nanocomposite dose of 30 mg/L,
and in the presence of a UV lamp with a power of 15 W.
According to Figure 5, the highest dye removal percentage
is in an acidic environment (pH =3) and the lowest one
is related to pH 9. In an acidic environment, due to the
release of H*, a positive surface charge was formed on
the TiO,/ZSM-5 nanocomposite (33). Furthermore, the
acidic range increases the adsorption on the active sites
due to the electrostatic attraction between the adsorbent
and the adsorbed. The solution pH changes the electric
charge of the interface of the solid electrolyte, as a result,
it affects the processes of adsorption-desorption and
separation of electron-hole pairs produced on the surface
of semiconductor particles and the photocatalytic process.
TiO, has amphoteric properties, thus, it can create a
positive or negative charge on the surface. Therefore,
pH change can affect the adsorption of dye molecules on
TiO, surfaces. In alkaline pH, the electrostatic interaction
between TiO, and OII cation leads to strong adsorption
and high degradation rates (34). The photocatalyst at pH
11 acts similar to thatatacidic pH (pH =3) and the removal
percentage is high compared to that at neutral pH.

Effect of initial OII concentration

As shown in Figure 6, the dye pollutant was investigated
at the initial concentrations of 5, 10, 15, 20, and 25 ppm,
and the best removal percentage is related to the dye with
the lowest concentration. In this test, the highest removal
percentage was obtained 78.2% in the reaction time 120
minutes for the OII initial concentration of 5 ppm and
under conditions of pH 3, PMS dose of 30 mg/L, and
TiO,/ZSM-5 nanocomposite dose of 30 mg/L, and it was
done in the presence of UV lamp with 15 W power; it can
be seen that with the increase of the initial concentration
of OIl dye, the removal efficiency decreased. This
decrease in removal could be due to the lack of access of
the pollutant at higher concentrations to the active sites
of the adsorbent. Also, with the increase in pollutant
concentration, the penetration of light into the solution
and the active surface of the catalyst is disturbed, and it
reduces the removal efficiency. It should also be noted
that the oxidizing agent OH depends on the catalyst and
light intensity, and with the increase in the concentration
of the pollutant, the ratio of OH to the pollutant increases
and the photocatalytic activity and removal efficiency
decreases (35,36).

Effect of PMS concentration

PMS is known as an oxidizing agent and precursor for
sulfate radicals. The addition of PMS can react with free
electrons on TiO, surface to generate both SO4-«and «OH
radicals and increase photocatalytic degradation (34). In
this experiment, the highest removal percentage in 120
minutes of reaction time was obtained 79.31% for the
PMS dose of 50 mg/L and under the conditions of pH
3, pollutant concentration of 5 ppm, and TiO,/ZSM-5
nanocomposite dose of 30 mg/L, and PMS dose of 10, 30,
50, and 70 mg/L and in the presence of a UV lamp with a
power of 15 W (Figure 7).

The addition of this substance increases the percentage
of pollutant removal and after reaching an optimal value,
adding more of this substance acts against the desired
direction and reduces the percentage of pollutant removal.
The addition of PMS helps to speed up the catalytic
oxidation, however, an excessive dose of this substance
may reduce the catalytic activity due to the scavenging of
already-produced radicals. SO,? produced ions make the
system corrosive and are not satisfactory (22,37).

Effect of TiO,/ZSM-5 nanocomposite dosage
Figure 8 shows the amount of nanocomposite used for
dye photocatalytic degradation. In this experiment, the
highest removal percentage was obtained 89.36% in the
reaction time of 120 minutes for the catalyst dose of 10
mg and under conditions of pH 3, pollutant concentration
of 5 ppm, TiO2/ZSM-5 (200) nanocomposite dose of 10,
30, 50, and 70 mg/L, and PMS dose of 50 mg/L, in the
presence of a UV lamp with a power of 15 W.

It can be observed that adding more amounts of
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nanocomposite decreases the removal percentage and the
lowest concentration of catalyst has the best efficiency.
Although the addition of high amounts of the catalyst
increases the contact surface between the catalyst and the
pollutant and surface adsorption, but with the increase
in the concentration of the nano-catalyst, the water
environment becomes cloudy and prevents the light from
reaching the pollutant, and the photocatalytic degradation
is prevented, and the process moves towards equilibrium.
It is formed due to surface adsorption (38,39).

Reaction kinetics

In this study, the photocatalytic degradation kinetics
of OIl dye with ZSM-5/TiO, zeolite was investigated.
The photocatalytic oxidation kinetics of many organic
compounds is analyzed using the Langmuir-Hinshelwood
(L-H) equation. The modified form of the equation is as
follows (27):

._dC _ kKkC )
dt 1+KC

In this equation, r is the dye degradation rate, t is the
degradation reaction time in minutes, C is the pollutant
concentration, and k is the reaction rate constant. K is
the absorption coefficient of dye on the photocatalyst
particles. For low concentrations of reactants (K<«1), this
value is removed from the above-mentioned equation and
the equation after integration becomes as follows.

C
ln?(’ =kKt=K, (2)

Here, C, is the initial dye concentration and K is the
apparent rate constant. It was observed that the kinetics
of photocatalytic degradation is pseudo-first-order
(Figure 9).

Comparative study

In recent years, several studies have been conducted
on the photocatalytic degradation of OIL Table 1
compares the percentage of OII removal with different
photocatalysts in other research with the present study.
As shown in this table, in the presence of UV light, the
photocatalytic degradation percentage of dye by using the
TiO,/ZSM-5 (200) nanocomposite prepared in this study
is an acceptable value and has a good position compared
to other catalysts.

Conclusion

The photocatalytic degradation of OII was investigated
using ZSM-5/TiO, nanocomposite for activation of PMS.
The BET, XRD, SEM, EDS, and FTIR characterization
were analyzed. According to the results, by adding TiO,
nanoparticles to ZSM-5 zeolite, the specific surface and
total volume increase, and the surface is improved. The
highest rate of photocatalytic degradation was 97.44%

for optimal operating conditions, and the photocatalytic
degradation of OII followed the pseudo-first-order
kinetic according to Langmuir-Hinshelwood model.
The role of ZSM-5/TiO, nanocomposite as a catalyst is
important and it increases the speed of PMS activation,
and as a result, it is effective in increasing the efficiency
of the process.

Supplementary files
Supplementary file contains Figures S1-S3 and Table S1-S3.
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