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Abstract: The present work describes the synthesis, characterization and photomineralization activ-
ity of synthesized CeixZnxOzxsolid solution catalysts allowing the degradation of Diclofenac as a
model of anti-inflammatory medicines in water. Oxygen deficient photocatalysts CeixZnxOzx
(CeZnx), produced with mixing ZnO and CeO:have been characterized for their crystallographic
parameters, specific surface area and morphology. Photomineralization activity determinations us-
ing TOC analysis have shown efficient diclofenac photooxidation under sunlight. Moreover, results
indicate that coexistence of Zn?, Ce* and oxygen vacancies rate in CeZnx solid solution are key
factors for strong drug mineralization. Finally, CeZn0.1 which is one of the photocatalysts synthe-
sized in the present work represents a cheap and efficient reagent for organic matter photomineral-
ization in wastewater.
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1. Introduction

Detection of pharmaceutical residues in aquatic environments is a major concern be-
cause of their potential impacts on ecosystems and human health [1]. Pharmaceuticals end
up in wastewater through several ways, as follows: fecal excretion of medicines and their
metabolites by patients; care facilities untreated effluents which are released into rivers
and carried over to STEPs; industrials effluents from pharmaceuticals production sites.
Although in developed countries, such effluents undergo an on-site wastewater treatment
before being released into rivers, in emerging countries which produce numerous gener-
ics, no strict regulations do currently exist for pharmaceuticals removal before their envi-
ronmental release. Hence, wastewaters contain various medicines, most of them being
antibiotics, anti-inflammatories and analgesics. Moreover, several drug residues end-up
undegraded in final STEPs effluents and are released to surface waters. Sodium diclofenac
is a major pharmaceutical detected in many wastewater treatment plant effluents [2]. This
medicine is a non-steroidal anti-inflammatory drug commonly used for rheumatoid ar-
thritis and osteoarthritis [3]. It is considered as a persistent toxic substance causing ad-
verse effects on terrestrial and aquatic flora [4]. As a result, efficient and sustainable tech-
nologies such as coagulation, flocculation, electrochemical treatment, filtration, and ad-
sorption are urgently needed to oxidize this pollutant in wastewater. However, many of
these processes have high treatment costs and are inefficient for mineralizing and com-
pletely degrading the molecule.

Many advanced oxidation processes (AOP) have been used to remove Diclofenac
from wastewater [3-5]. Among them, heterogeneous photocatalysis is efficient for Diclo-
fenac mineralization [5, 6]. Moreover, it is a sustainable, effective and non-selective water
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purification and disinfection method, allowing the mineralization of most organic com-
pounds [7]. The process is based on light absorption by semiconductors such as TiOz, ZnO,
Fe20s3 and CdS [7-11]. TiO: is the main semiconductor used in heterogeneous photocatal-
ysis because of its high activity, stability and chemical inactivity. ZnO is an alternative to
TiO:2 as it has similar properties, but it displays reduced production costs, higher electronic
conductivity resulting in faster charge transfer of photogenerated species to the surface,
with lower recombination rates than TiO2 [12, 13]. However, ZnO photocatalytic proper-
ties depend on particles size, morphology [14, 15], and photocorrosion sensitivity, which
limit its activity towards recalcitrant pollutants [16]. ZnO stability and reactivity can be
improved with performing heterojunctions with other semiconductors [17-20]. Cerium
oxide (CeOy) is a good electron acceptor and excellent oxygen storage medium [21], show-
ing a similar energy level (Eg) as ZnO [23]. Besides, these mineral displays high thermal
stability, abundance, non-toxicity, and low cost. It has been widely applied in water-gas
conversion reactions, three-way automotive catalysts, fuel cells and oxygen sensors [22].
Recent studies have reported its potential photocatalytic activity since CeOz shows a UV-
vis response thanks to abundant oxygen vacancies, and a high redox capacity, allowing
efficient oxidation of wastewater organic matter, and hydrogen production using water
[23].
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Figure 1. Energy band diagram of CeO2 and ZnO n-type semiconducting materials.

Interfacial CeO2-ZnO heterojunctions should be possible, due to their appropriate
band structures allowing high photocatalytic efficiency with high redox capacity and ef-
ficient photoinduced charge carrier separation. Although some ZnO/CeQO: composites
have been developed for photocatalytic applications [24, 25], identification of their photo-
catalytic mechanism for pharmaceuticals removal in water by mineralization remains a
major challenge. Intermediate products formation after photocatalysis, metal ions release,
and weak bonds between the two oxides in composites appear as limiting factors for pho-
tocatalytic applications.

UV photocatalytic activity of CeO2/ZnO composites has shown an efficiency of 67.4%
for methylene blue degradation [26]. In addition, significant photocatalytic activity in-
crease has been demonstrated by the intra-band exciton transfer, in removal of phenol and
its derivatives [27]. Reports on antibiotics photomineralization using CeO2/ZnO compo-
sites are rare and limited to the degradation of carbamazepine [28], nizatidine [29],
levofloxacin [27], acetaminophen [2] and ciprofloxacin. None of these studies has specified
antibiotics mineralization mechanisms on CeQ2/ZnO heterostructures, and reactions have
generally been limited by toxic by-products. In most studies performed on heterogeneous
catalysis, no measurements have confirmed complete degradation of organic pollutants.
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Photodegradation of some toxic chemicals has been achieved under UV irradiation, but
the few studies performed under visible light have shown poor photocatalytic efficiency.
The limited mineralization activity of CeO2/ZnO heterostructures has been linked to the
nature of heterojunctions between the two oxides, and the number of radicals produced
under UV light. Various techniques have been used for synthesizing ZnO/CeO:2 compo-
sites, such as hydrothermal/solvothermal and microwave synthesis, electrodeposition,
precipitation, physical vapor deposition, chemical vapor deposition, micellar method,
template-assisted synthesis etc.. For stabilizing Zn in CeOz and limiting its release, a Ce:-
xZnxO2x solid solution has been prepared via a soft solution chemical route in the presence
of citric acid as complexing agent for metal cations. This solid solution allows the con-
struction of heterojunctions in Ce1+Zn-O2x oxygen vacancies for enhancing Oz chemisorp-
tion and Ce*«>Ce* electron conduction, further leading to easy photoexcited electron
transfer [23]. Futhermore, existing abundant oxygen gaps can reduce electron-hole recom-
binations and enhance the photocatalytic mineralization of organic species. Moreover,
photocatalytic reactions supported on ZnO, CeO: and their composite materials have been
carried out only under ultraviolet light while there is the possibility of studying photo-
excitation under visible light [23-27]. While most catalytic efficiencies obtained under UV
are said to be good, the process is expensive, whereas the photo-excitation effect of visi-
ble/solar light is highly beneficial and can lead to significant degradation rates.

In the present work, several substitution rates of Ce* by Zn? in Ce1xZnxO2x have
been performed. The relationship between the photo-excitation mechanism, pollutant
mineralization capacity and photocatalysts microstructure has been discussed. To the best
of our knowledge, the photocatalytic behavior of either CeO2/ZnO composites or a Ce:-
xZnxO2x solid solution towards non-steroidal anti-inflammatory drugs in water, especially
sodium diclofenac has never been described. Therefore, the present work is a pioneer
work for Diclofenac photomineralization by Ce1xZnxOzx solid solution catalysts under vis-
ible light.

2. Results and discussion
2.1. Structural Analysis

X-ray diffraction (XRD) analysis of the materials ZnO, CeO: and the solid solution
Ce1xZn«O2-x was performed to identify the corresponding crystal structures (Fig.2). The
diffraction pattern of ZnO calcined at 700°C shows a zincite structure, while CeO2 has a
fluorine structure without any secondary phase in both cases. Combining these two ox-
ides ZnO and CeO:2 produces the solid solution materials Ce1xZnxO2x (x=0.1, 0.2, 0.3, 0.4)
(Fig.2) with a crystalline structure typical of CeO. It should be noted that when the calci-
nation temperature increases, the crystallinity improves with a slight shift of the XRD
peaks towards the large angles, while preserving the fluorine structure. The quantity of
CeO2 being preponderant in the materials prepared, they retain the physical properties of
cerium oxide. Indeed, the melting temperature of CeO: (2400°C) is higher than that of ZnO
(1975°C) which suggests a good thermal resistance for CeO:2 due to higher crystallinity
than ZnO. These explanations may favor the unique appearance of CeO: peaks on the
diffractogram of Ce1xZnxO2x composite materials [23]. The variation of the intensity may
be due to the difference in diffusion coefficients between the two cations Ce** and Zn?
(Dce>Dzn) in the final product structure.
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Figure 2. X-ray diffractogram of samples (a) CeZnx calcined at 700 °C and (b) CeZn0.1 calcined at

“u

different temperatures. “x” means the Zn content in the solid solution.

In order to further determine structural characteristics, the microstrain (d) and dislo-
cation density (¢) were calculated using equations 1 and 2 as follows:

__B

&= stand (Eq.1)

o=—3 (Eq.2).

The average crystallite size (D) was obtained by the Debye-Scherrer equation 3:
_ KA

D—ﬁwse (Eq.3),

where A is the X-ray wavelength, g is a specific angle, f is the width at half maximum
(FWHM) for the anatase peak (111), and k is the constant depending on the shape of the
crystallites (k is 0.9 when the particles are spherical).

According to the results in Figure 3, the average crystallite size slightly increases with
the calcination temperature and the inserted Zn content. This promotes the electronic and
optical properties of the Ce1xZn«Ozx solid solution giving a periodic arrangement of Ce
and Zn atoms in the fluorine crystal that not found in the CeO2-ZnO composite reported
elsewhere [27, 30, 31]. This arrangement of atoms affects microstrain (d) and dislocation
density (¢) (Table 1). Thus, a periodic heterojunction in the Ce1-xZnxO2« crystal lattice can
be established.
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Figure 3. Crystallite sizes of samples (a) CeZnx calcined at 700°C; (b) CeZn0.1 calcined at different
temperatures.

Table 1. Crystallographic parameters of synthesized materials.

20 (degree) Microstrain (g) Dislocation density (6)
o0, 28.16 0.617 1.820
0.1 28.58 0.589 1.505
0.2 27.98 0.544 1.439
Ce1xZnOzx 0.3 28.10 0518 1.301
0.4 28.61 0.438 0.783
Zno 36.17 0.236 0,441

Surface area and pore size are among the key indicators for good photocatalytic effi-
ciency of materials. Thus, texture parameters of the different photocatalysts calcined at
700°C were determined using nitrogen (N2) adsorption-desorption data at 77 k (Fig.4). The
mesoporosity of the surface of the studied materials was confirmed by the presence of
hysteresis. As shown in Table 2, the BET surface area of cerium oxide is 6.44 m?g!, while
the surface area of pure zinc oxide is 0.65 m2g-!. Interestingly, the surface area is higher for
CeZn0.1 (Sser= 8.05 m?g!) than for ZnO and CeO:. This increase could be due to a better
dispersion and a decrease in the ZnO size inside the CeO2 matrix which allows the exten-
sion of the network through hybrid bonds such as Zn-O-Ce. Pore size distribution shows
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average pore diameters of 30, 70, and 41 nm for CeO2, ZnO and CeZn0.1, respectively

(Table 2).
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Figure 4. (a) N2-adsortion/desorption curves and (b) pores size distribution of ZnO, CeO2 and
CeZn0.1 powders.

Table 2. Specific surface area (Sser), pore volume (Vp) and average pore diameter (Dyp) of the oxides
Zn0O, CeO2 and CeZn0.1.

Zn0O CeO2 CeZn0.1
Sger (M? 1) 0.65 6.44 8.05
V, (cmd g?) 0.006 0.039 0.069
D, (hm) 70.25 29.62 40.89

Surface morphologies of ZnO, CeO2 and CeZnx oxides calcined at 700°C were stud-
ied by SEM (Fig. 5). ZnO particles are in the form of irregularly shaped elongated hexa-
gons and quasi-spherical aggregated nanoparticles, while CeO2 nanoparticles appear as
amorphous agglomerates. However, the addition of ZnO to CeO2 seems to affect the mor-
phology and size of resulting nanocomposites. Fig. 5¢c and 5d clearly show a decrease in
the size of CeZn0.1 elongated hexagons with a slight increase in the porosity.
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Figure 5. Scanning electron microscopy (SEM) of (a) ZnO, (b) CeOx, (c) et (d) CeZn0.1.

XPS analysis was performed for determining the surface composition as well as the
oxidation state of each material. This analysis shows the presence of O-Ce (Fig 6-d) and
O-Zn bonds in CeO: modified by ZnO. CeZn0.1 calcined at 700°C (Fig 6a) shows the pres-
ence of three main peaks which are Znzp (1025.45 V), O1s (532.98 eV) and Cesa (886.47 eV)
with a carbon standard peak Cis (288.26 eV).
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Figure 6. XPS spectrum of typical CeZn0.1 powder calcined at 700°C.

Figure 6 also shows the deconvolution of the Znzp peak, which can be divided into
two fitting peaks at about 1044.7 and 1020.6 eV attributed to 2p12 and 2ps2 Zn orbitals,
respectively, indicating that Zn valence is 2. The binding energy difference between the
Zn-2p12and Zn-2psp orbitals is 23 eV, which confirms the presence of Zn?* ions in the cor-
responding oxides. The deconvolution of the O1s peak can be split into two peaks at 532.1
and 534.1 eV characteristic of the O-Ce and O-H bonds on the surface [31, 32]. Finally, the
deconvolution of the Cesd peak shows six characteristic peaks for coherent bonds of Ce*
ions. Due to structural and surface defects and a synergistic interaction between Zn-O
and Ce-O, Therefore, XPS results confirmed the presence of Zn-O and Ce-O in CeZnx solid
solution catalysts.

2.2. Optical properties

Optical properties of the prepared materials were determined by UV-vis diffuse re-
flectance spectroscopy (DRS) (Fig.7). Depending on the Zn content in the CeZnx solid so-
lution, a distinct red shift of the UV-vis spectra was observed. The band gap energy (Eg)
of synthesized photocatalysts was calculated using the following equation [31]:

Eg= hc /Amax=1240 /Amax, where h is Planck's constant, c is the speed of light and Amax
is the maximum wavelength.
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Figure 7. UV-vis absorption spectra of ZnO; CeO:z and CeZn0.1.

Results indicate that gap energies of ZnO and CeO: are 3.22 eV and 3.18 eV, respec-
tively, while the band gap of CeZnx materials is approximately 2.8 eV, excepted for
CeZn40 which has a bandgap of 2.68 eV. The narrowing of the band gap is closely related
to the concentration of oxygen vacancies when Zn is inserted into the Ce1xZn«Ozx solid
solution [23]. These results also indicate that CeZnx catalysts can extend the absorption
slope to larger wavelengths. That’s why, these materials can be photoactivated under sun-
light, which is very beneficial for improving photocatalytic mineralization properties.

2.3. Photocatalytic mineralization of diclofenac

The photocatalytic efficiency of solid solution materials Ce1xZn<Ozx (named CeZnx)
compared to CeOzand ZnO oxides was assessed for the degradation and mineralization
of diclofenac in aqueous solution under UV-Visible irradiation (Amax= 300-800 nm). In the
absence of the catalyst, diclofenac was stable during sunlight irradiation and its photolysis
was insignificant. It should be noticed that photocatalysis is coupled to the pollutant ad-
sorption at the catalyst surface after diffuse migration close to this surface, and degrada-
tion rate is proportional to the recovery rate of active sites on the catalyst surface. Tests
performed in the dark showed no significant reduction in the initial Diclofenac concentra-
tion. The decrease of Diclofenac concentration observed under sunlight showed the pho-
tocatalytic efficiency of the various produced photocatalysts. Lower photocatalytic activ-
ity was observed with solid solution materials CeZnx than with pure oxides (ZnO and
CeO2) (Fig.8a). In contrast, variations in total organic carbon showed a higher mineraliza-
tion activity with CeZnx solid solution catalysts than with ZnO (no mineralisation) and
CeO2 (less than 20% mineralization after 2h irradiation) (Fig.8b). Optimal mineralization
was observed with with CeosZnoiOrs catalyst, which showed about 65.50% Diclofenac
mineralization and photodegradation only after 2 h irradiation.

This result strongly suggests that the small fraction of Zn in CeosZno1O19is offset by
the presence of vacancies acting as determining factors in the essential step of drug min-
eralization. Indeed, while the insertion of Zn in the CeO: structure leads to structural de-
fects, mineralization increases when the amount of inserted Zn decreases, and is optimal
with CeZn0.1 catalyst.
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Figure 8. Effect of the Zn content of photocatalysts on the photocatalytic degradation (a) and min-
eralization (b) of Diclofenac. Controls: ZnO and CeO:s.

Heat treatment of Ce09Zno1Oos has a significant effect on its photocatalytic activity
(Fig 9). Catalyst calcined at 500 or 700°C show the highest photocatalytic activity (Fig 9a)
and drug mineralization (Figure 9b). Consequently, the improved photocatalytic perfor-
mance could be due to the heterojunction between the Ce-O and Zn-O bonds and the
presence of oxygen vacancies that narrowed the band gap of the CeZnx solid solution
materials.
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Figure 9. Effect of calcination temperature on (a) Photocatalytic degradation and (b) mineralization
of sodium diclofenac in the presence of calcined CeZn0.1catalysts at different temperatures.

Due to the complexity of the photodegradation process, the mechanisms of action
as well as the relative role of the different reactive species are not yet sufficiently eluci-
dated. In the mechanism of photocatalysis, the oxidation of organic compounds can be
carried out either by oxidizing radicals ("OH) produced by photoinduced positive charge
carriers (h") or directly by the latter.

It is well known that -OH radicals are not only formed via holes in the valence band
(VB), but also via electrons in the conduction band (CB). When oxygen O: is available and
adsorbed on the surface of the catalyst, it can scavenge electrons from the BV to form
superoxide radicals O,". To clarify whether the degradation mechanism of diclofenac in-

volves *OH, *Oz radicals or holes, we performed scavenging experiments using specific
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inhibitors for each of these active species. In this study, benzoquinone (BQ), ammonium
oxalate (OA) and isopropanol (IPA) were added to the reaction solutions as scavengers

for O, radicals, h* holes, and "OH radicals, respectively, at a concentration of 5 mmol/L

before the catalyst addition. We used the same degradation process detailed earlier. After
2h irradiation, the concentration of Diclofenac decreased by 67, 54, 48 and 37 % without

scavenger, with inhibition of *OH radicals, h* holes and O, radicals, respectively (Figure

10). These results show that the relevance of active species in Diclofenac photocatalysis is
as follows:

O,"radicals > h+ holes > *OH radicals

Degradation rate (%0)

No quenchen OA IPA BQ

Figure 11. Effect of various active species scavengers on the photocatalytic degradation of Diclo-
fenac by Ceo.9Zn0.100s (Co(DF) = 10 mg L, catalyst dose =2 g/L, Cp =5 mmol/L, irradiation time = 2
h). Benzoquinone (BQ), ammonium oxalate (OA) and isopropanol (IPA) were added as scavengers
for Oz"radicals, h* holes, and *OH radicals, respectively, at a concentration of 5 mmol/L before the
catalyst addition.

In photocatalysis, the superoxide anion radical is formed by electrons and dissolved
oxygen at the catalyst conduction band, while hydroxyl radical is generated from reac-
tions between adsorbed water (or hydroxide ion) and holes at the valence band. Holes
generated by the absorption of light at an appropriate wavelength can react directly with
adsorbed diclofenac, but also water, leading to competition between these two reactions.
Our results show that the indirect reduction of diclofenac via superoxide radical by elec-
trons is the main photocatalytic mechnism. These results are in agreement with Liu et al.

[33], which also concluded that Oz*- was the main reactive species for the degradation of
diclofenac.

3. Materials and Methods
3.1. Materials
All reagents used were of analytical grade and used without further purification.

Zinc acetate dihydrate (299.0%), cerium_(I11) chloride heptahydrate (99.9%) citric acid (99%),
sodium Diclofenac (Aldrich 98%) and ammonium hydroxide were supplied by Sigma aldrich.

3.2. Synthesis of ZnO, CeO: and CerxZnxOz-x solid solutions
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Synthesis of ZnO nanoparticles was carried out by co-precipitation. Three grams of
zinc acetate were dissolved in 20 ml of distilled water under magnetic stirring for 30 min.
Then, 3.2 g of sodium carbonate was dissolved in 100 ml of water and added dropwise to
the zinc acetate solution. The resulting mixture was stirred for 3 hours with pH control at
pH 7. The white produced precipitate was filtered and dried in an oven at 105°C. The
obtained powder was then calcined at 700°C in a muffle oven for 2 hours. It was ground
with an agate mortar and stored in an airtight container at room temperature for further
analysis.

Preparation of CeO:z was carried out by dissolving 1.5 g of cerium chloride (CeCls)
and 0.7698 g of citric acid in 20 ml of distilled water under magnetic stirring for 30 min.
Then, ammonium hydroxide (NH4OH) was dropwise added to the mixture at room tem-
perature. The produced precipitate was left to ripen for 3 hours at room temperature,
dried at 105°C in the oven for 24 hours without solid-liquid separation to preserve the
metal ion contents introduced into the final product. Finally, the collected powder was
ground and calcined for 2 hours, at temperatures between 500°C- 800°C.

The solution solid materials Ce1xZn<O2x ((x=0, 0.1, 0.2, 0.3 and 0.4) were obtained by
a similar procedure to that of pure CeOs, except for adding a variable amounts of pre-
formed ZnO powder to the solution containing Ce®* ions. Finally, samples were calcined
at 500°C, 60°C, 700°C and 800°C.

3.3. Methods of characterization

X-ray diffraction patterns were recorded with an X-ray a Ragaku Miniflex I diffrac-
tometer (CuKa cathode, A= 0.154056 nm). Crystallite size was estimated by applying the
Debye-Scherrer equation. SEM analyses were performed on an ion beam scanning elec-
tron microscope (JEOL 6700F equipped with a field emission gun with an extraction po-
tential of 2.5 kV) associated with an EDX. The specific surface area (Sser) was calculated
from the Brunauer-Emmett-Teller (BET) equation from the physisorption of N2 at 77 K. X-
ray photoelectronic spectroscopy (XPS) measurements were performed on an Ultra Vac-
uum Spectrometer (UVH) equipped with a VSW class WA hemispheric electron analyzer.
The X-ray source used was a double Al Ka (1486.6 eV) aluminum anode as incident radi-
ation. The general high-resolution spectra were recorded in constant energy mode (100
and 20 eV, respectively). In order to correct for shift in binding energy due to electrostatic
charge, the internal reference used was the Cls peak at 284.9 eV, characteristic of sp? hy-
bridized C. The background was subtracted according to the Shirley method.

3.4. Evaluation of photocatalytic performance

An amount of 100 mg of the photocatalyst (0.5 g/L) was added to the sodium diclo-
fenac solution (200 mL, 10 mg/L) in a 400 mL Pyrex beaker. The suspension was stirred in
the dark for 30 minutes to reach the adsorption-desorption equilibrium. Then, the solution
was irradiated with a SUNTEST CPS+ solar simulator with an air-cooled 1500 W xenon
lamp (765 W/m?, Ama= 300-800 nm). The distance between the light source and the sus-
pension was 20 cm. At regular irradiation intervals, samples were taken with a syringe
followed by filtration with 0.22 pm millipore filters and then analyzed with a UV-vis spec-
trophotometer (ZUZI Spectrophometer model 4211/50) at 276 nm. The Total Organic Car-
bon (TOC) concentration was assessed with a Shimadzu model TOC-L. To demonstrate
the efficiency of the catalyst, a direct photolysis of sodium diclofenac in water was per-
formed by solar irradiation. It was carried out before any photocatalytic experiment to
evaluate its contribution to the degradation of the chosen drug under the same operating
conditions recommended for photocatalysis.

4. Conclusion
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In the present study, ZnO, CeO: and solid solution photocatalysts Ce1xZn<Oz-x were
synthesized and characterized. X-ray diffraction showed that CeO: and CeZnx (x=0.1, 0.2,
0.3, 0.4) display a fluorine structure, while ZnO has a zincite structure without any sec-
ondary phase. The fluorine structure of CeZn0.1 remained stable after calcination between
500 and 800°C, excepted for a slight shift of the lines towards large angles. Besides, XPS
analysis showed several peaks attributable to the divalent character of Zn?>* and mainly to
the quadrivalent character of Ce* , highlighting the Zn-O and Ce-O bonds. Lower gap
energies of CeZnx solids than ZnO and CeO: are related to the presence of vacancies and
electron transfer between cerium atoms. A synergy between the photodegradation and
mineralization processes was carried out on Diclofenac under sunlight.
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