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ABSTRACT

Pharmaceutical pollutants are toxic trace
components in the natural environment. In this work,
removing ~ Sumatriptan  Succinate  from the N s R
contaminated water by photocatalytic degradation !

reaction was investigated. Nanoparticles of ZnO, Fe /-
(0.01 and 0.05) doped ZnO and TiO2-ZnO 00C
composites were constructed by the co-precipitation

method and characterized by FTIR, XRD, XRF, TGA,

FE-SEM, BET-BJH, and UV-Vis spectroscopy +NH—
methods. Then, the effects of various operating 4
parameters of reaction temperature (10 to 80°C), Sumatriptan succinate
reaction time (15 to 60 min), pH of the solution (4-11),

the concentration of pharmaceutical pollutant (8 to 25 x10-¢ M), a dose of nanocatalysts (0.8 to 4.5 mg) and the
stability or reusability of produced nanocatalysts on the degradation efficiency were studied. Based on the reported
results, maximum degradation efficiency is about 70% for Fe (0.05) doped ZnO with 60 min reaction time, 1.5 mg
catalyst weight, and contaminating concentration of 8x10-6 M.
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1. Introduction

Water pollution is one of the serious ecological threats we face today. With the growth of the human population
and the development of various industries, the water pollution problem increases. Among these pollutions,
pharmaceutical residues in the wastewaters are known as "emerging contaminants" and they significantly affect the
environment and wildlife [1-4]. Therefore, their removal is of great importance.

Pharmaceutical residues enter the environment in several ways, such as research activity, hospital waste, animal
waste, and expired medicine [5]. Different methods have been done for removing pharmaceuticals from the aquatic
environments, such as biological processes [6,7], chemical adsorption by nano adsorbents [8, 9], and catalytic
reactions [10-12].

Various elements and materials like aluminum, iron, titanium dioxide, clays, and silica have been used as catalysts
on the nanoscale for many years [13]. The large surface area of nanoparticles has a positive effect on the reaction
rate and it may be a reasonable explanation for their good catalytic activity. Metal oxide nanoparticles are very
important and useful particles in environmental remediation [15]. Among them, nano zinc oxide (ZnO) is one of the
most important and usable nanoparticles. It is a special material with a wide band gap (3.37 eV) that displays
semiconducting and piezoelectric dual properties [15]. ZnO nanoparticles can be synthesized with different
methods, such as: co-precipitation [16], sol-gel [17], microwave [18], sonochemical [19], vapor phase [20] and
hydrothermal methods [21]. Doping a catalyst with suitable material and coupling two semi-conductors can enhance
its catalytic performance. Therefore, the catalytic activities of doped catalysts were tested by researchers in many
processes [22].
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Sumatriptan Succinate (STS) is an effective drug for ending or relieving the intensity of migraine and cluster
headaches [23]. From a chemical aspect, it is a butanedioic acid; 1-[3-[2-(dimethyl amino) ethyl]-1H-indol-5-yl1]-
N-methyl methane sulfonamide [23], and the removal of this pharmaceutical component is important, because it
has a relatively high solubility in water.

Destroying STS with the forced degradation method in various conditions such as alkali degradation, acid
degradation, oxidative degradation, and thermal degradation, is an effective removing method that was used by
researchers [24]. In this work, ZnO was incorporated as a nanocatalyst for the degradation of STS under different
conditions, and the effects of various factors such as the initial concentration of STS, amount of nanocatalyst, pH
of the solution, the temperature of the solution, and time of visible light irradiation were studied on the degradation
of STS.

The study targeted for removal of STS as a model component of pharmaceutical impurity. ZnO, Fe doped ZnO
([FexZnixO (x=1% and 5%)]) and ZnO-TiO, nanocatalysts were synthesized successfully and they were
characterized using XRD, XRF, FT-IR, FE-SEM, BET, and BJH methods. Adsorption/desorption isotherm and the
adsorption spectra of nanocatalysts were studied and the effects of different parameters for the degradation of STS
by the produced nanocatalysts were examined. Based on the reported results, Fe (5%) doped ZnO shows the best
catalyst with degradation efficiencies higher than 70%.

2. Experimental
2.1. Materials

All chemicals were of analytical grade and used without further purification. STS (CisH27N306S, 99.73%) were
purchased from Damavand daroo Company (Damghan, Iran). Zinc nitrate hexahydrate (Zn(NO3),.6H,O, 99%),
Sodium hydroxide (NaOH, 99%), Titanium isopropoxide (TTIP) (Ci2H2304Ti, 97%), and Hydrochloric acid (HCI,
37%) were purchased from Merck Company (Germany). Iron (II) sulfate heptahydrate (FeSO4.7H,0, 99%) was
purchased from Fluka Company (Germany). Sodium carbonate (Na,CO3, 99%) was purchased from Sinchem
Chemical Company (South Korea). Ethanol (C:HsOH, 99.5%) and diethyl ether (C4sH10O, 99%) were purchased
from Scharlau Company (Spain). Deionized double distilled water was used for the preparation of nanocatalysts.

2.2. Instrumentation

The FTIR spectra of the adsorbent materials were taken with the Perkin Elmer RXI model operating at 4004000
cm! in transmission mode. X-ray diffraction (XRD) patterns of samples were examined using D8-Advance, Bruker
AXS (Cu K al (A= 1.54064 A)) model in the 20 range of 10 to 80 degrees. The weight percent of the elements in
the synthesized nanocatalysts was determined by XRF analysis (Bruker AXS S4). The BEL SORP mini and Finetec
device were used for BET and BJH theory. The size and morphology of the nanoparticles were determined by Field
Emission Scanning Electron Microscopy (HITACHI S-4160). UV-Vis Spectroscopy was used to determination of
STS concentration in an aqueous solution (lambda 25). Separating of nanoparticles from the solute is conducted by
centrifuging (SE.148). The pH of the solutions was measured with a Metrohm pH meter (728 pH lab). A mercury
vapor pressure lamp (250 W) is used as the light source.

2.3. Preparation of nanocatalyst
2.3.1. Synthesis of nano ZnO

For the synthesis of ZnO nanoparticles, 0.3 g Zn (NOs),.6H>O dissolved in 100 mL of deionized double distilled
water with continuous stirring (Solution A), Then NaOH solution (NaOH 1M) was added to the solution (A) slowly
(drop by drop) until the pH of the solution became 12. The white particles were washed three times with deionized
double distilled water. Then it dried for 26 h at 90°C in an oven. After drying, the resulting white precipitate was
calcined at 500°C for 1 h to obtain nanoparticles with high crystalline quality [25].
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2.3.2. Synthesis of Fe doped ZnO, [FexZnixO (x=1% and 5%)]

For the synthesis of Fe doped ZnO, stoichiometric quantities of Zn(NO3),.6H,O and FeSO4.7H,0, dissolved in
100 mL deionized double distilled water (solution A) and then separately, solution B was prepared by dissolving
specified amount of NaOH and Na,COj in deionized double distilled water. Solution (A) was heated to 80°C and
then the solution (B) was added slowly (drop by drop) to the solution (A) with continuous stirring and it refluxed
for 1 h at the same temperature (80°C). The resulting mixture was cold at laboratory temperature and washed three
times with deionized double distilled water. These particles dried under vacuum at 50°C for 14 h. The orange
precipitate was calcined at 450°C for 90 min.

2.3.3. Synthesis of nano ZnO-TiO:

The TTIP was added to ethanol drop by drop and stirred for 30 minutes to achieve a yellow transparent sol at
room temperature. The HCI solution (0.1 M) was added dropwise to the mixture and vigorously stirred for 2 hours.
The HCI was used to control the rate of condensation and prevent fast gelation of the sol in this process [26]. On
the other hand, Zn(NO3),.6H>O was dissolved in ethanol and stirred for 1 hour. The prepared ZnO sol was added
directly to the TiO; sol. After that, the solution was continuously stirred for 2 hours. The obtained gel was dried in
an oven at 60°C for 20 hours and 110°C for 2 hours. Finally, the yellow precipitate was calcined at 400°C for 3
hours.

2.4. Procedures

For STS degradation experiments, 1.5 mg of nanocatalyst was added to 25 mL of STS solution (8 x 10 M) and
shacked for 3 h (rpm was 250) in desired reaction conditions such as room temperature and neutral pH. Intended
nanoparticles were separated from the aqueous solution by using a centrifuge after the completion of 3 h. The
concentration of STS in aqueous solution was scanned in the spectrum mode from 200 to 400 nm and the overlain
UV spectra were measured [27]. The degradation efficiency was calculated according to the following equation:

Degradation efficiency % = %xloo (1)
0

Where Cy and C; are the initial and terminal concentrations of STS in the solutions, respectively. Moreover, for
each experimental set, calibration curves were plotted to determine the concentration.

3. Results and discussion
3.1. Characterization of nanocatalysts
3.1.1. FTIR analysis

FTIR patterns of ZnO, Fe (0.01) doped ZnO, Fe (0.05) doped ZnO, and ZnO- TiO: are depicted in Figure 1. The
spectra of synthesis nanocatalysts are the same and several well-defined bands at 490, 1120, 1388 and 3458 cm’!
become manifest in the FTIR spectrum and these peaks are consistent with similar articles [28, 29]. The peak at 490
cm'! is due to metal oxygen modes and therefore, shows the formation of ZnO, Fe doped ZnO, and ZnO- TiO.. The
wide absorption peak of about 3458 and 1120 cm™ are owing to the O-H stretching vibration of water or alcohols
in synthesis nanocatalysts. The sharp peak of about 1388 cm™ is due to H-O-H banding vibration, which can be
assigned to the small amount of H>O in ZnO nanocatalysts [30, 31].
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Figure 1. FT-IR spectra for nanoparticles of ZnO, Fe (0.01) doped ZnO, Fe (0.05) doped ZnO, and ZnO-TiOx.

3.1.2. XRD analysis

The crystalline structures of the synthesized nanocatalysts recognize with XRD patterns (Figure 2). The patterns
of samples are closely the same without any impurity peak. Sharp peaks with 26 values of 31.8, 34.59, 36.35, 47.63,
56.63,62.93, and 68.11° are observed for ZnO nanoparticles and the patterns of the three samples are relatively the
same. These peaks are in good agreement with those of JCPDS card no. 36-1451. The additional peaks at about 68
and 69° show the presence of Fe atoms in the crystal structure of particles.
The crystallite sizes of the catalysts are calculated using Scherrer’s formula (Eq.2) [25]:

KL

D= 2)

- Bcos

Where D is taken as the average crystallite size, A is 1.5406 A°, K is a constant equal to 0.9, B is the full width at
half maximum (FWHM) in radians on the 26 scale and @ is Bragg's angle for the diffraction peaks. According to the
above equation, the average size of the crystallites for nanoparticles of ZnO, Fe (0.01) doped ZnO, Fe (0.05) doped
Zn0O, and ZnO- TiO; are reported in Table 1. By doping Fe metal cations, the mean crystallite size of particles is
decreased and they are distributed homogeneously along the whole crystal [32, 33].
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Figure 2. XRD patterns for nanoparticles of ZnO, Fe (0.01) doped ZnO, Fe (0.05) doped ZnO, and ZnO-TiOx.
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Table 1. Crystallite size of synthesized samples.

Sample ZnO Fe(0.01) doped ZnO Fe(0.05) doped ZnO ZnO-TiO:
Crystallite 26.29 21.03 23.38 26.08
size (nm)

3.1.3. XRF analysis

The weight percent of the elements in synthesized nanocatalysts is shown in Table 2. According to expectations,
the nanoparticles with relatively high purities are performed.

Table 2. The weight percent of the elements in synthesized nanoparticles.

Elements Zn0O Fe(0.01) doped ZnO Fe(0.05) doped ZnO Zn0-TiO2

S 0.18 0.39 0.14 0.20

Si 0.07 0.02 0.09 0.09

Cl - 0.10 0.05 0.87

Al - - 0.02 0.08

Zn 99.74 96.10 88.51 66.50

Fe - 3.32 11.24 -

Ti - - - 31.88

3.1.4. TGA analysis

TGA and DTA of nanoparticles are shown in Figure 3. All of the analyses were carried out in atmospheric air,
with temperatures ranging from 20 to 600°C and at the rate of 10°C/min. As can be seen, all synthesized
nanocatalysts have high thermal stability. TGA curves of the nanoparticles show weight losses below 150 °C, which
can be attributed to the loss of adsorbed water in the samples. The weight loss in the temperature range of 300 to
350°C is attributed to the decomposition of Zn(OH), in samples. The DTA curve has an exothermic peak at that
temperature which may be attributed to the fact that volatile organic components generated by the dissociation of

precursors react with O» to form CO» and H,O. This is confirmed by the weight loss observed in the temperature
region of 400-600°C in the TGA curve.
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Figure 3. TGA/DTA curve of (A) ZnO, (B) Fe (0.01) doped ZnO, (C) Fe (0.05) doped ZnO and (D) ZnO-TiO: nanoparticles.
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3.1.5. FESEM analysis

FESEM images of ZnO, Fe (0.01) doped ZnO, Fe (0.05) doped ZnO, and ZnO- TiO; nanoparticles are shown in
Figure 4. The morphologies of Fe (0.01) doped ZnO, Fe (0.05) doped ZnO, and ZnO- TiO; particles are compact
in comparison with pure ZnO particles. As can be seen, ZnO nanoparticles are flower-shaped but the other
synthesized nanoparticles are relatively spherical. The average area and diameter of the obtained nanoparticles are
reported in Table 3.

ZnO- TiO2

25.08kV X18.08K 3.80sm

Fe (0.01) doped ZnO

25.8kV X38.8K 1.088sm

Figure 4. FE-SEM images of nanoparticles synthesized.

Table 3. Area and diameter of the synthesized nanoparticles.

Sample Average area (nm?) Average diameter (nm)
Zn0O 8015.291 101.05
Fe(0.01) doped ZnO 4004.739 71.43
Fe(0.05) doped ZnO 837.689 32.67
Zn0O-TiO> 7247.262 96.08

Particle size distribution histograms of the produced particles are presented in Figure 5. As shown in these figures,
the mean sizes of the synthesized particles are about 70 nm. It can be seen that the presence of a small part of a
different metal oxide has a characteristic effect on the particle size of the sample [34].
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Figure 5. Obtained histogram from FE-SEM images for nanoparticles of ZnO, Fe (0.01) doped ZnO, Fe (0.05) doped ZnO-TiOx.

3.1.6. Adsorption isotherm

Figure 6 shows the nitrogen adsorption-desorption isotherm of Fe (0.01) doped ZnO. These nanoparticles exhibit
a type IV isotherm with an Hs-type hysteresis loop [35, 36]. This shape is seen in particles that have a track or
cylindrical cavities. Specific surface area and porosity of synthesized Fe (0.01) doped ZnO were investigated by
Brunaur-Emmett-Teller (BET) analysis. The results are shown in Figure 7. Using this figure, the single-layer
capacity, surface area, total pore volume, and diameter of the mean pores can be calculated. Table 4 shows the
results of the BET analysis. The pore size distribution for Fe (0.01) doped ZnO shows in the BJH (Brunauer-Joyner-
Halenda) curve (Figure 8). As can be shown in this curve, Fe (0.01) doped ZnO has a mesoporous structure with a

relatively wide pore size distribution.
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Figure 6. Nitrogen adsorption-desorption isotherms of Fe (0.01) doped ZnO.

Materials Chemistry Horizons | 2022, 1(1), 7-21

13



Materials Chemistry Horizons RESEARCH

0.06
y=0.0946x-0.0008
S 0.04
(=]
=y
N’
Zﬂ
0.02
=3
0
0 0.25 0.5
P/po
Figure 7. BET plot of Fe doped ZnO.
0.012
0.008
(=%
P
=
~
\Q
= 0.004
0
1 10 100
r,/nm

Figure 8. The BJH pore-size distribution of Fe doped ZnO.

Table 4. Results obtained from BET analysis for Fe (0.01) doped ZnO

Single-layer Surface area Total pore volume Diameter of the mean pores
capacity (BET) (m?g?) (Vi (em3g 1)) (nm)
(Vm (em’g™))
10.658 46.389 0.2203 18.998

3.1.7. Investigation of optical properties of nanoparticles
The optical properties of synthesized nanoparticles are investigated using UV-Vis spectrometry and the obtained
result is shown in Figure 9. The energy of the band gap for all samples was calculated by Eq. (3):

Eg = 3)

Where h is the Planck constant (h= 4.14 x107' eV. s), ¢ is the speed of light (¢=2.99 x 108 m/s) and X is the
wavelength of light. The energy band gap calculated from the Planck equation for synthesized nanoparticles is
presented in Table 5. The results show that the wavelength increases due to doping of zinc oxide with Fe, and by
mixing this compound with TiOs. It is predicted that by decreasing the band gap, the catalytic activity is increased.

The reduction of band gap by transition metal ions doping is due to the strong p-d mixing of O atom and metal ions
[37].
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Figure 9. UV-Vis diffuses reflectance spectra.

Table 5. The band gaps and wavelength of synthesized nanoparticles.

Sample Wavelength (nm) Band gap (eV)
ZnO 338 3.66
Fe(0.01) doped ZnO 368 3.36
Fe(0.05) doped ZnO 364 3.40
ZnO-TiO2 365 3.39

3.2. Degradation reaction

Pharmaceuticals, pesticides, and cosmetic products are usually found in wastewater. These compounds were
destroyed hardly and they were never removed completely. Several processes have been performed for removing
pharmaceutical components from the wastewater, but these methods are not efficient because the final degradation
is low, expensive, and time-consuming. Therefore, innovative processes are required to save energy and have safer
operations while avoiding the use of organic solvents [38]. Nanocatalyst destroying reactions are the most important
methods for removing these pollutants [34]. In this research, degradation of Sumatriptan Succinate (STS) using
ZnO-based nanoparticles was evaluated and the effect of some important parameters, e.g. initial concentration,
nanocatalysts dose, pH of the solution, the temperature of the solution, and the time of visible light irradiation on
degradation efficiency was investigated. The destruction amount was determined by UV-Vis spectroscopy and
finally, the amount of recovery of nanocatalysts was evaluated.

3.2.1. Effect of initial concentration

Figure 10 shows the effect of initial concentration on the removal of STS from the aqueous solution. As can be
shown, the highest degradation is observed in Fe (0.05) doped ZnO and STS concentration of 8x10°® M, which is
17.16%. This concentration was selected for further studies. Based on the results reported in this figure, by
increasing STS concentration degradation efficiency is decreased, because the catalyst activity is reduced by
increasing the adsorbed compounds on the surface of the catalyst. The same effect was reported by Benhebal and
his coworkers [39].
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Figure 10. Effect of initial concentration on the removal of STS (nanocatalysts dose: 1.5 mg, contact time: 3 h, in-room
temperature).

3.2.2. Effect of nanocatalyst dose

Various amounts of catalyst have been investigated for STS degradation and the results are shown in Figure 11.
The percentage of degradation decreases with increasing the weight of the used catalyst. Based on the experimental
results, 1.5 mg of nanocatalyst shows the best degradation efficacy in comparison with other values. This result can
be attributed to the accumulation of catalysts in high amounts, which limits the number of active sites at the
nanocatalyst's surface [40]. Therefore, 1.5 mg was selected as the optimum dose of catalyst in other experiments.
Moreover, Fe (0.05) doped ZnO shows the best catalyst activity and in all other cases, this type of catalyst is selected.
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Figure 11. Effect of nanocatalysts dose on the removal of STS (initial concentration: 8x10° M with 3h contact time).

3.2.3. Effect of temperature

Temperature is one of the most important factors affecting the rate of chemical reactions. In many reactions, the
reaction rate may be several times higher in high temperatures. Many studies have been conducted on the thermal
degradation of drugs with degradation efficiency between 1% and 30% [41]. Figure 12 shows the effect of
temperature on the degradation of STS. According to the reported results, in the presence of all three nanocatalysts,
an increase in the reaction temperature leads to an increase in the degradation efficiency, moreover, Fe (0.05) doped
ZnO is the best nanocatalyst in all measured temperatures.

As mentioned in the literature [42], by increasing temperature, the rate of degradation reaction increased and it
leads to an increase in degradation efficiency for STS components.
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Figure 12. Effect of temperature on the removal of STS (initial conc.:8x10® M, dose of nanocatalysts: 1.5 mg, contact time: 3
h).

3.2.4. Effect of pH

Hydrolysis is one of the most common reactions that lead to the destruction of pharmaceutical substances and it
is occurring within a different range of pH. Hydrolysis is a chemical process that results in chemical decomposition
during the reaction with water. Hydrolysis involves the nucleophilic addition of water to the protonated compounds
that can be ionized in acidic and alkaline conditions [43, 44]. The effect of pH on the removal of STS has been
investigated in presence of nanocatalysts and the results are shown in Figure 13. According to the reported results,
the degradation rate of STS in the alkaline condition is more than in the acidic condition in the absence and presence
of different nanocatalysts. This can be attributed to the stability of the created compounds at high pH. In this section,
Fe (0.05) doped ZnO is the best nanocatalyst in all measured values of pH.
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Figure 13. Effect of pH on the removal of STS (initial conc.: 8x 10® M, a dose of nanocatalysts: 1.5 mg, contact time: 3 h, at
room temperature).

3.2.5. The effect of time of visible light irradiation

In this section, the photocatalytic degradation of STS tested and the effects of light irradiation for the removal of
STS are examined. A mercury vapor pressure lamp (250 W) is used as the light source. This commercially cheap
light source emits about 80% visible light and 20% UV A radiation. The samples were located about 30 cm from the
light source with continuous stirring. In this section, ZnO- TiO» nanocatalysts were also used, because TiO, is a
very famous photocatalyst. The obtained results are shown in Figure 14. As can be seen from this figure, the
degradation of the drug increased with increasing irradiation time. Another cause of degradation is the use of
semiconductor nanocatalysts. When the light excites the band gap, the charge separation occurs in semiconductor
nanoparticles. The maximum removal efficiency of about 70% was obtained in 60 min of light irradiation time and
the present Fe (0.05) doped ZnO nanocatalyst.
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Figure 14. The effect of time of visible light irradiation on the removal of STS (initial conc.: 8 x 10"® M, a dose of nanocatalysts:
1.5 mg).

3.3. Stability and reusability of nanocatalysts

In this section, the initial concentration of STS was 8x10°® M, a dose of nanocatalyst was 3 mg, and samples
were exposed to visible light for 60 min. The synthesis nanoparticles are separated from the aqueous solution by
centrifuging after the completion of the reaction, and then they are washed with diethyl ether and dried at room
temperature. To measure the reusability of nanocatalysts, the reaction is replicated four times. The obtained results
are shown in Figure 15. As can be seen from this figure, due to better retrieval of active sites, Fe (0.01) doped ZnO
is the best nanocatalyst instability.

- &= 7n0

—X—Fe (0.01) doped ZnO|

- Fe (0.05) doped ZnO|

--8--7n0-Ti02

0 1 2 3 4 5 6 7 8
Frequency of use

Figure 15. Chart of the recovery rate of synthesized nanocatalysts.

4. Conclusion

Nowadays, with the development of various industries, the water pollution problem increased rapidly, and
specifically, the treatment of pharmaceutical residues from the wastewaters is an important concern. In this work,
the degradation of Sumatriptan Succinate by the photocatalytic reaction is studied. Nanoparticles of ZnO, Fe (0.01
& 0.05) doped ZnO and TiO»-ZnO composites are constructed by the co-precipitation method, and the effects of
various operating parameters on the degradation efficiency are studied. Based on the reported results, photocatalytic
degradation is an efficient method for removing STS from contaminated water. Fe (0.05) doped ZnO shows a
relatively better catalytic effect in comparison to three other studied nanocatalysts. Moreover, by decreasing the
initial concentration of STS and by increasing the reaction temperature, reaction time, and pH of the solution the
degradation efficiency increased. 1.5 mg of catalyst in 100 mL of 8x10°® M STS-water solution is the optimum
catalyst dose, which degradation efficiency riches to higher values (about 70%) in the studied range of parameters.
A comparison between similar works for catalytic and photocatalytic degradation of pharmaceutical components
by using different ZnO-based nanocatalysts is depicted in Table 6.
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Table 6. A comparison between similar works for catalytic and photocatalytic degradation of pharmaceutical components using
different ZnO-based nanocatalysts.

Type of catalyst Poulltants Degr. eff.(%) Reference
Mn Fe204 /ZnO/CQDs Gntamicin 69.1 % [44]
Cu and Fe /ZnO Amlodipine Besylate 90 % [33]
ZnO/CdO 4-nitrophenol 5-98% [45]
FeClz/ac/ZnO tamoxifen 75% [46]

Fe @Ti02/ZnO STS 70% This work
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