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Piroxicam and naproxen are well-known non-steroidal anti-inflammatory drugs that are frequently
detected in aquatic environments due to their widespread usage and improper disposal practices. This
research investigates the photocatalytic degradation of these drugs by using CeO, nanoparticles. The
nanoparticles were synthesized by using Azadirachta indica plant extract and were characterized through
various characterization techniques such as UV-visible spectroscopy, FTIR spectroscopy, SEM, EDX, and
XRD. The photocatalytic degradation of piroxicam and naproxen using CeO, nanoparticles led to the
efficient removal of these pharmaceutical drugs in a short time duration with photodegradation
efficiencies of 89% and 97% for naproxen and piroxicam, respectively. The photodegradation reaction
was found to follow pseudo-order first-order kinetics. The recyclability of the catalyst was also studied

for up to six cycles where the degradation efficiency was maintained at 100% till the 2nd cycle and was
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Accepted 11th September 2023 decreased by 11 and 13% for piroxicam and naproxen respectively after the 6th cycle. The current work

focused on the achievement of sustainable development goals (SDGs) for water purification via

DOI: 10.1039/d3ra04185a environmentally benign nanoparticles to remedy water pollution as it is the most prevalent issue in
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1. Introduction

The world has been facing challenges and threats to aquatic and
terrestrial creatures due to the exponential rise in industriali-
zation. Requirements for drugs and medicine-making compa-
nies have also increased due to the expanded population
worldwide. In underdeveloped countries, there is no proper
disposal system for the waste metabolites discharged from
hospitals and drug manufacturing units. Moreover, a lack of
awareness in public leads to the unwise discharge of expired
medicines into open areas. Consequently, these waste products
significantly enter water reservoirs making the water unfit for
drinking and other purposes. Water-borne diseases lead to fatal
health risks and deaths for both aquatic and terrestrial crea-
tures." The aquatic life also gets affected by the ingestion of
these toxic metabolites leading to the severe destruction of
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developed and underdeveloped countries throughout the world.

internal organs and alteration in their reproductive pattern.
These aquatic creatures such as fish are utilized by human
beings as food causing various health hazards such as immu-
nosuppression, endocrine disruption, mutation, etc.
Researchers are interested in developing safer and more
sophisticated methods for the removal of these toxic moieties
from water bodies without the production of any secondary
pollutants. Various methods have been employed for this
purpose, however, photocatalytic degradation has gained much
popularity due to various advantages such as its environmen-
tally friendly nature, cost-effectiveness, and consumption of less
energy.”

NSAIDs are highly prescribed medicines in health care due
to which significant amounts of these drugs and their degraded
products are added to water bodies causing the water to be unfit
for consumption by aquatic and terrestrial species. They are
currently the leading water pollutants among other pharma-
ceutical compounds and toxicological health hazards are linked
with these drugs. They leave various chronic and acute side
effects such as endocrine disruption, change in the reproduc-
tion pattern of aquatic creatures, failure of internal organs of
fish, congestive heart failures in humans, immune suppres-
sions, and genotoxicity.> Therefore, multiple techniques are
being used by researchers to get rid of these water pollutants.
However conventional methods are not so effective due to
certain associated limitations. Nowadays advanced oxidative
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techniques are employed to mineralize the persistent metabo-
lites of these NSAIDs.* The degradation pathway involves
various steps such as decarboxylation, dehydrogenation,
dichlorination, demethylation, oxidation, etc.> Optimization of
various parameters such as pH and concentration of catalyst
and light intensity show great influence on the degradation
efficiency of pharmaceutical drugs.

NSAIDs are traditionally removed by physical separation
techniques such as adsorption and separating membrane
techniques but the conversion of these pollutants into another
secondary metabolite is observed during these purification
methodologies. To overcome the production of these side
products, advanced oxidative processes (AOPs) are adopted
such as photocatalysis, electrolysis, sonolysis, ozonation, Fen-
ton reaction etc.® Photocatalytic mineralization of water
contaminants is the most popular technique due to multitudes
of benefits such as requirements of mild reaction conditions
(temperature and pressure), cost-effectiveness, easy handling,
and efficient removal rate. The effectiveness of photocatalysts is
determined by various factors such as inertness (biologically
and chemically), ability to respond to the absorption and
consumption of UV-visible radiation, photostability, cost, and
toxicity.”

Metal oxide nanoparticles are gaining immense significance
in chemical, biological, and physical sciences due to their
unique properties and wide range of applications. The first and
foremost of these properties is the tunable size of nanoparticles.
The size of the particles at the nanoscale is different from the
particles in bulk and gives varying properties to them depend-
ing upon their size.® By tuning their particle size, the electrical,
optical, magnetic, and catalytic properties can be precisely
controlled. The size-dependent properties are primarily the
outcome of quantum confinement and enhanced surface-to-
volume ratio. Metal oxide nanoparticles possess enhanced
reactivity as compared to their bulk counterparts. This is
because the increased surface area offers better interaction
giving an improved catalytic performance. As a result, metal
oxide nanoparticles can be efficiently employed for the degra-
dation of pollutants, fuel production, chemical synthesis, and
organic transformations.® Cerium oxide (CeO,) is one of the
lanthanoid metal oxides with diverse applications.” CeO,
nanoparticles possess the characteristics of high stability and
biocompatibility with applications in photocatalysis, elec-
tronics, bio-sensing, antibacterial action, and biomedical
properties. They are also used for drug delivery and corrosion
protection.”™* Besides inorganic photocatalysts, a diverse
variety of visible-light active organic catalysts are employed for
the removal of contagious pollutants. These photocatalysts
function via multiple degradation pathways. Some organic
compounds are highly porous and abundantly used as photo-
catalysts for carbon dioxide reduction and water splitting. These
organic porous compounds include metal-organic frameworks
(MOFs), covalent organic frameworks (COFs), and hydrogen-
bonded organic frameworks. The photocatalytic efficiency of
these porous frameworks can be enhanced by the formation of
their composites with multiple functionalities such as metal,
metal oxide, and other photosensitizers."* To reduce the
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chances of charge recombination, some other ionic moieties are
suggested to be incorporated into the matrix of these covalent
organic frameworks. Moreover, two-dimensional nanosheets of
these organic frameworks are also synthesized with enhanced
surface properties and catalytic efficiencies. In addition to these
organic compounds, carbon nanotubes (CNTs) with different
dimensions are widely used as an adsorbent of water
pollutants.®*>*¢

CeO, NPs can easily be synthesized via chemical synthesis
techniques such as sol-gel, hydrothermal and precipitation
methods. Although these methods are efficient in achieving the
desired morphology, crystallite, and particle size with the use of
capping agents, certain drawbacks such as utilization of
harmful chemicals as reducing agents lead to the production of
secondary taxic metabolites. To tackle these difficulties, green
synthesis routes are adopted by the researchers to synthesize
environmentally friendly nanomaterials.

This research work is aimed to achieve the sustainable
development goals of water purification by the application of
plant-assisted synthesis of CeO, NPs. The synthesis assisted by
plant-based extracts is usually known as green or biogenic
synthesis. Green synthesis is currently the most reliable
synthesis technique through which nanoparticles can be
synthesized on a large scale without the use of harmful chem-
icals.” In addition no secondary pollutants are produced during
the green synthesis process.'®*

1.1. Phytochemicals in Azadirachta indica

Azadirachta indica belongs to the Meliaceae family having
therapeutic properties due to the presence of a large number of
antioxidants. It is widely used for the preparation of various
medicines and remedies to treat different diseases throughout
the world. It is frequently found in tropical and subtropical
regions. The extract obtained from the neem plant inhibits the
formation of free radicals by acting as a scavenger to stop the
pathogenic effect inside the human body. It also triggers various
pathways of biological systems by stopping the production of
cancerous cells. They also possess the characteristics of anti-
inflammation, antibacterial, antifungal, antimalarial, antidia-
betic, and antiviral.*>** Literature study revealed the presence of
multiple phytochemicals in the leaves extract of the neem plant.
The most common of these components are alkaloids, flavo-
noids, tannins, steroids, and saponins. These compounds lead
to the stabilization of nanoparticles as well as act as reducing
and capping agents. Azadirachta indica, also known as ‘Neem’, is
famous for its antibacterial activities and medicinal properties.
It is also used in various cosmetics industries to cure skin
problems.* Owing to its properties and bio-friendly nature, we
selected this plant as a reducing and capping agent to synthe-
size CeO, nanoparticles.

Different plant metabolites perform functions in the binding
and reduction of metal ions during the synthesis of nano-
particles. Bio-reduction of metal oxide nanoparticles is usually
achieved by phytochemicals including phenolic acid, proteins
terpenoids, polyphenols, sugar, and alkaloids. Among all these
reducing agents, terpenoids (organic polymers) are most

© 2023 The Author(s). Published by the Royal Society of Chemistry
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prevalently associated with the synthesis and reduction of
nanoparticles. Flavonoids are another class of polyphenolic
groups with excellent chelating and reducing properties. They
also exhibit a vital role in the growth and nucleation pattern of
nanoparticles. Literature study revealed that proteins and
amino acids also possess binding and reducing properties for
the formation of nanomaterials. The formation of nanoparticles
involved three main phases such as nucleation, growth, and
termination phase. During the whole process of synthesis, the
most stable version of nanoparticles with least surface energy is
achieved due to action of plant metabolites. Besides the role of
phytochemicals, some other factors such as pH, temperature
and reaction conditions also affect the morphology of
nanoparticles.”

2. Experimental section

2.1. Reagents and materials

Piroxicam and naproxen were obtained from a pharmaceutical
manufacturing unit located in Peshawar, Pakistan. Cerium
nitrate hexahydrate was purchased by Sigma-Aldrich. Distilled
water and ethanol are used for the preparation of drug solu-
tions. 1 mM HCI was used to adjust pH for photocatalytic
experiments.

2.2. Instrumentation

The optical spectra of nanoparticles (NPs) were obtained using
a Shimadzu UV-1700 spectrophotometer. X-Ray diffraction
(XRD) was used to analyze the structural properties of NPs using
an analytical diffractometer 3040/60 X'pert high score with a Cu
Ko beam (A = 0.154 nm). The surface morphology and
elemental content of CeO, NPs were investigated using a JEOL-
JAD-2300 scanning electron microscope (SEM) fitted with an
energy dispersive. A Fourier transform infrared (FTIR) (BRUKER
Platinum ATR) spectrometer was used to characterize the
presence of organic functionalities contained in the NPs.
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Fig. 1 Schematic representation of the synthesis of CeO, NPs.
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2.3. Synthesis scheme of CeO,

2.3.1. Extract preparation. Fresh leaves of neem plant were
collected and washed with distilled water and then subjected to
drying at room temperature for 2-3 days. After complete drying,
leaves were crushed into fine powder. Afterward, 2 g of this
extract was taken into 100 mL of distilled water and kept on
magnetic stirring and heating at 60 °C for 2.5 hours. The
resulting mixture was then kept in a hot water bath at 80 °C for 1
hour. The settled-down mixture was filtered to get a fine extract
solution of neem leaves.

2.3.2. Synthesis route. 1.2 g of cerium nitrate hexahydrate
was measured by using a digital weighing balance and
a measured volume of 25 mL of extract solution was added to it,
followed by heating and stirring at 60 °C for 120 minutes. The
crystals of CeO, NPs started to settle down at the bottom of the
flask. This obtained semi-solid mixture was then transferred to
a china dish and kept in the oven at 150 °C for complete drying.
Powdered NPs were washed multiple times to remove all the
trapped impurities and dried again in the oven. Finally, these
nanoparticles were calcined in the furnace at 500 °C for 3 hours.
The synthesized NPs were stored in plastic vials for further
analysis and application. The detailed schematics of the
synthesis of CeO, is illustrated in Fig. 1.

3. Results and discussions

3.1. Optical properties of CeO, NPs

Optical characterization of CeO, was done by taking UV-visible
absorption spectrum. The absorption spectrum exhibited
maximum absorption (Anax) at 330 nm.>® The electronic tran-
sition between the valence band and conduction band are
responsible for the absorption peak. The intensity and position
of the peak depend on the size and shape of NPs. Meanwhile in
the visible region, CeO, NPs can have broad absorption bands
related to oxygen vacancies and defects in crystal lattice.** These
defects create energy levels within the bandgap or ‘Urbach tails’
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causing absorption of visible light. Other properties, such as
surface plasmon resonance, adsorption, and passivation, can
also impact the UV-visible spectrum by altering the position and
intensity of the absorption peaks. Analyzing the UV-visible
spectrum of CeO, NPs is valuable in understanding their
optical properties and behavior in various applications such as
biomedical imaging, energy storage, and catalysis.

Fig. 2 represents the absorption spectrum and band gap
calculation through direct Tauc plot. A direct bandgap of 2.4 eV
is observed for CeO, NPs close to the values reported in litera-
ture.”?® In a direct and gap, the maxima of valence band is
aligned with the minima of the conduction band. An optimum
bandgap leads to the enhanced excitation of electrons from
valence band to conduction band leading to the fast generation
of electrons and holes. These electrons and holes are then
responsible for the generation of more free radicles which are
initiators for photocatalytic degradation of drug molecules.””

3.2. XRD analysis

Morphological characterization of NPs was first conducted
through XRD technique. The presence of sharp and well-
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Fig. 3 XRD pattern of synthesized CeO, NPs.

28124 | RSC Adv, 2023, 13, 28121-28130

View Article Online

Paper
10
(B)
84
o
i 64
g
Q
=
L 4
N
2
=
3
24 B
J 24eV
1.5 20 25 30 35 40 45
Eg(eV)

(A) UV-visible spectrum of CeO, NPs. (B) Direct Tauc plot for bandgap calculation.

defined peaks indicated the crystallinity of synthesized NPs.
The diffraction peaks can be assigned to the following diffrac-
tion planes: (101), (200), (220), (311) and (222) which confirm
the cubic crystal structure of CeO, NPs. All the peaks were in
complete agreement with crystallographic information and
standard JCPDS card no. 96-900-9009.* (as depicted in Fig. 3).

Crystallite size of CeO, NPs was calculated by using Debye
Scherer formula.

KA

b= B Cos 6 (1)

where K = 0.9, 1 = wavelength of X rays, 8 = full width at half
maxima (FWHM) and @ is the Bragg's diffraction angle. By
putting all these values in eqn (1), the crystallite size of CeO,
NPs was found to be 13 nm.

3.3. Fourier transform infrared spectroscopy

To confirm the formation of CeO, NPs and the presence of
organic functionalities, NPs were analyzed by Fourier transform

~ O
[ (o)
1 1

D
[
1

Transmittance (%)

45

2800 2100 1400 700
1

Wavenumber (cm™ )

3500

Fig. 4 The
extract.

FTIR spectrum of CeO, NPs synthesized using plant
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Table 1 Types of chemical bonds and vibration in CeO, NPs

Frequency (cm ™) Organic functionality/vibration

530 Ce-O bond/stretching vibration
704 C-H bond/stretching vibration
1050 C-O/bond stretching vibration
1370 C-O stretching vibration

1732 C=0/stretching vibration

2154 C-N/bond vibration

3360 O-H/stretching vibrations

infrared spectroscopy (FTIR) technique. FTIR is a very useful
technique to monitor the presence of any impurities and
confirm the chemical bonds in the compound. FTIR spectrum
of CeO, NPs represent various vibrational bands as depicted in
Fig. 4. The peaks at 1732 cm ™" and 2154 cm ™" are attributed to
the phytochemicals present inside the neem extract which
confirmed the successful capping of nanoparticles by the plant
metabolites. The vibration frequencies of other functionalities
observed in FTIR are presented in Table 1. The broad band at
3360 cm ' indicates the stretching vibrations of O-H
functionality.”®?*

3.4. Scanning electron microscopy

To get insight into the surface morphology of synthesized
nanoparticles, scanning electron microscopy (SEM) was per-
formed. Aggregated granular particles are clearly observed in
SEM micrographs (see Fig. 5). These granular particles are
grown into channel like porous structures which may be
responsible for greater surface area to perform better catalytic
activities. Spherical shaped nanoparticles appeared to be more
aggregated due to high surface energy. Atoms tend to aggregate
in order to lower the surface energy. However, these agglomer-
ated particles may also lower the contact sites for drug mole-
cules during the degradation process.*

Elemental composition of synthesized nanoparticles was
also confirmed by Energy Dispersive X-ray (EDX) analysis. The
obtained results confirmed the presence of cerium and oxygen
without the presence of any other impurity (Fig. 6).**> Table 2
shows the chemical composition of CeO, NPs.
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Fig. 6 Representation of elemental composition of cerium oxide.

Table 2 Percentage composition of CeO, NPs

Element Weight% MDL Atomic% Error%
OK 19.78 0.18 66.7 0.7

Ce L 79.8 0.54 32.9 0.2
Total 99.58 — 99.8 0.8
3.5. Photocatalytic degradation studies

Photocatalytic degradation of piroxicam and naproxen was
monitored by taking the 50 mL solutions of drugs separately
and adding 2 mg of CeO, NPs as catalyst. The drug solutions
were then exposed to solar radiation at constant magnetic
stirring. A small volume of the mixtures was drawn out after
sunlight exposure of specific time intervals and absorption
spectra were recorded. Fig. 7A shows the decrease in the
absorption peak intensity of piroxicam with the passage of time
manifesting the successful degradation of the drug.

Degradation efficiency was calculated using the following
equation:

% degradation efficiency = Ay — A,/A4y x 100 (2)

Maximum degradation efficiency of 97% was calculated for
piroxicam after 65 minutes of photocatalysis using CeO, NPs
(see Fig. 7B). The order of the degradation reaction was deter-
mined by plotting In(A,/A,) vs. time according to the first order
kinetic equation:

In(A,/Ao) = —kt 3)

Fig. 5 SEM micrographs depicting granular CeO, NPs.
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Fig. 7 (A) Absorption spectra piroxicam after various time intervals of
photocatalytic degradation using CeO, NPs (B) % degradation with
time (C) kinetic plot for photocatalytic degradation of piroxicam drug.

where 4, is the maximum absorbance of drug at 0 time and 4, is
the maximum absorbance at various time intervals. The cali-
bration plot indicated a pseudo first order kinetics for the
degradation for piroxicam drug (see Fig. 7C).

The photocatalytic degradation of naproxen studied through
UV-visible absorption spectroscopy is displayed in Fig. 8A. The
maximum degradation efficiency was found to be 89% after 80
minutes of photocatalysis as calculated using eqn (2). A
comparison of the degradation efficiencies of piroxicam and
naproxen from literature is displayed in Table 3. Few studies are
reported for the photocatalytic degradation of piroxicam. This
comparison shows that our environmentally benign CeO,
nanoparticles can easily substitute other chemically derived
nanomaterials for photocatalytic degradation for piroxicam. A
number of research studies have reported the photocatalytic
degradation of naproxen manifesting degradation efficiencies
above 90%. The literature survey displayed that ZnO
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of photocatalytic degradation using CeO, NPs (B) % degradation with
time (C) calibration plot for kinetic study for degradation of naproxen.

nanoparticles are best to completely degrade naproxen within
a short time of 20 minutes.

3.6. Mechanism of photodegradation

The sunlight excites the electrons present in the valence shell of
CeO, NPs to the conduction band creating electron-hole pairs.
These electrons and holes are basically responsible for
producing highly reactive species known as free radicals by
reduction and oxidation. These OH" free radicals are generated
when holes react with water molecules. Oxygen present in the
atmosphere also reacts with the electrons, residing in the
conduction band to form O," free radicals. These free radicals
thus formed can attack naproxen and piroxicam leading to
decarboxylation, dehydration and ultimately the cleavage of the
ring structure. Complete mineralization of these drugs can lead

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to the formation of carbon dioxide and water molecules.** The
proposed photocatalytic degradation mechanism is displayed
in Scheme 1.

3.6.1. Free radicals capture experiment. To confirm the role
of free radicals and reactive species in the photodegradation
mechanism, various scavengers were added to the drug solution
(in the presence of CeO, catalyst) to capture the free radicals
formed during the photocatalysis. Ammonium oxalate (h*
scavenger) and tertiary butanol (OH' scavenger) and silver
nitrate (e~ scavenger) were added in separate photocatalytic
experiment and the decrease in the photocatalytic efficiency was
determined for piroxicam and naproxen. In case of piroxicam,
52% reduction in efficiency occurred with the addition of tert-
butanol while 33% and 10% decrease was observed with

ammonium oxalate and silver nitrate respectively (see Fig. S17).
In the case of naproxen, 20% reduction in catalytic efficiency
was observed with the addition of AgNOj3, and more than 60%
reduction was observed with the addition of tert-butanol and
ammonium oxalate (Fig. S21). These results indicate that the
OH" are major in the photocatalytic degradation process for
both drugs.*®*” Thus, the quenching experiment validated the
proposed mechanism of photocatalytic degradation.

3.7. Catalyst recovery

The reusability of the photocatalyst was studied by taking
a significant concentration of CeO, NPs and adding it to 50 mL
drug solutions separately, followed by magnetic stirring under
direct solar irradiation. After the first degradation cycle, the
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Fig. 9 Bar graphs showing CeO, reusability for the photocatalytic degradation of (A) piroxicam and (B) naproxen.
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suspended particles of catalyst were separated by filter paper
followed by washing and drying in oven at 80 °C. These recycled
nanoparticles were then subjected to a second round of degra-
dation to monitor their catalytic ability. For this purpose, fresh
drug solution was taken into flask and the recycled catalyst was
added to it. The solution was then kept under solar radiation with
constant magnetic stirring. UV-visible spectrum was taken in the
start at zero time and once again after 65 and 80 minutes for
piroxicam and naproxen respectively. The degradation efficiency
was calculated in a similar way as described earlier using eqn (2).
The above procedure was repeated up to 6 times. 11% decrease of
percentage degradation was observed for piroxicam after 6 times
recycling of CeO, NPs (Fig. 9A). A 13% decrease in the degrada-
tion efficiency of naproxen was observed after the 6th cycle
(Fig. 9B). The recyclability study of the catalyst established that
the CeO, NPs maintained 100% efficiency in the 2nd cycle.

In order to evaluate the effect of repeated catalysis cycles on
the number of defects in CeO, NPs, we performed UV-visible
spectroscopy of NPs after 6th cycle of catalysis. The absorp-
tion spectra of the NPs before catalysis and after 6th cycle of
catalysis is displayed in Fig. S3.1 Urbach energy was calculated
for NPs to analyse the increase of defects because of repeated
catalysis (Fig. S4f). It was observed that Urbach energy
remained almost the same before and after 6th cycle of catalysis
for CeO, NPs indicating that the photocatalysis has not intro-
duced additional defects.>®

4. Conclusions

Plant extract-mediated synthesis of CeO, NPs was successfully
accomplished, and the synthesized NPs were characterized by
UV-visible spectroscopy, SEM, EDX, XRD, and FT-IR spectros-
copy. The crystallite size of nanoparticles was found to be 13 nm
as calculated by Scherer formula, and spherical shaped surface
morphology was confirmed through SEM micrographs.
Elemental composition of CeO, NPs was analyzed by EDX.
Capping of nanoparticles by phytochemicals and confirmation
of chemical bonding between cerium and oxygen was studied
via FTIR analysis. CeO, NPs were applied for the photocatalytic
degradation of two NSAIDs namely piroxicam and naproxen,
monitored using electronic absorption spectroscopy. The
synthesized NPs possessed excellent catalytic properties for
photodegradation of drugs giving 97% and 89% degradation of
piroxicam and naproxen respectively within a short time span.
The high catalytic performance may be attributed to the smaller
crystallite size of CeO, manifesting its significance in the
removal of pharmaceutical wastes from water samples. More-
over, the degradation data indicated that photocatalytic degra-
dation reactions followed pseudo first order kinetics. The
recyclability of the catalyst was also studied for up to six cycles
where the degradation efficiency was maintained 100% till the
2nd cycle and was decreased by 11 and 13% for piroxicam and
naproxen respectively after the 6th cycle.
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