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Zinc oxide (ZnO) and cerium-doped ZnO (Ce-ZnO) nanoparticles were produced through sol-gel (SG) and coprecipitation (CPPT)
techniques. The impact of cerium doping, ranging from 1% to 5% on the structural, morphological, optical, photoluminescence and
photocatalytic characteristics was examined. X-ray diffraction analysis suggested a well-defined hexagonal wurtzite structure. The largest
crystallite sizes were 56 nm for 2% Ce-ZnO (SG) and 70 nm for 3% Ce-ZnO (CPPT). The morphology of the particles was affected by
the cerium concentration. FESEM, EDS mapping and HR-TEM indicates a uniform distribution of cerium and a hexagonal shape. UV-
DRS analysis indicated strong absorption below 450 nm with a reduction in bandgap from 3.13 eV of undoped ZnO to 2.32 eV (SG) and
2.37 eV (CPPT) of Ce-ZnO, whereas photoluminescence showed a blue-shifted emission around 427-425 nm. TGA implies the thermal
stability upto above 680 °C. Ce-ZnO achieved up to 98% (SG) and 85% (CPPT) photodegradation of triethylamine (TEA) under sunlight

as monitored by UV-Vis spectroscopy and TOC analysis.
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INTRODUCTION

The rapid rise in industrialisation coupled with an increa-
sing population and environmental pollution has emerged as
a significant global issue [1]. Worldwide, tackling pollution
prevention and reduction has emerged as a significant chall-
enge. Every day, a substantial volume of wastewater from amine
industries released into aquatic environments. One of the major
pollutant compounds is amine and their derivatives. The amines
found in the wastewater from various industrial effluents exhibit
cytotoxic, neurogenic, teratogenic and carcinogenic effects [2].
There are different techniques for removal of these amines from
wastewaters such as filtration, ionisation, ion-exchange, adsor-
ption, degradation, etc. involved [3,4]. Among these methods,
photocatalytic degradation is a highly effective technique, in
which various nanomaterials, including zinc oxide (ZnO), play
an important role in the degradation process. ZnO is an
important semiconductor material with a direct band gap of
3.37 eV and a notable exciton binding energy of 60 MeV at
room temperature [5,6]. It is attracting considerable research

interest due to its fascinating electrical, photocatalytic, opto-
electrical and magnetic properties [7-9].

Releasing harmful chemicals into water bodies has led to
a worldwide issue of water pollution. Amines have garnered
considerable attention due to their extensive use in various
industries such as amine manufacturing, pharmaceuticals,
paints, pesticides, printing, textiles, paper and plastics [10-12].
Addressing this problem can enhance both human living con-
ditions and aquatic ecosystems. At present, advanced semi-
conductor photocatalysis is considered a promising approach
for addressing water pollution and energy challenges due to
its cost-effectiveness, environmental friendliness, reusability
and high efficiency in pollutant removal [13-15]. Semicon-
ductor metal oxide nano-photocatalysts including ZnO, SnOa,
Bi»Os; and TiO; are extensively employed to remove toxic
substances from wastewater under various light sources due
to their excellent chemical stability and capability to oxidize
low concentrations of organic pollutants [16-19].

ZnO nanoparticles are widely used in commercial prod-
ucts and their effectiveness and toxicity are continuously moni-
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tored, although slight toxicity has been reported at higher
concentrations [20]. As an n-type semiconductor oxide, ZnO
is cost-effective, relatively non-toxic and efficient for the degra-
dation of organic pollutants [21,22]; however, its application
is limited to UV light utilization, which constitutes only about
5% of the solar spectrum, resulting in low solar energy utili-
zation.

Several studies have found enhancements in the properties
of ZnO nanoparticles, specifically regarding their particle size,
bandgap and surface area [23]. Moreover, the rapid recombi-
nation of photo-generated electron-hole pairs [(e7)/(h*) pairs]
in ZnO leads to a low quantum yield, negatively impacting
its photocatalytic efficiency and significantly restricting its
application [24-26]. Various strategies have been implemented
to reduce recombination, enhance light absorption and improve
its photocatalytic performance, including semiconductor recom-
bination [27,28], precious metal deposition [29-31] and cation
modification. ZnO enhanced with rare earth ions has assem-
bled significant attention in doping strategies [32].

Rare earth ions, known for their unique 4f-electron shells
and complex energy levels, serve as activator centres in various
host materials due to their narrow fluorescence bands and high
efficiency, making them popular in displays, biomedical appli-
cations, lighting and lasers. Numerous studies have explored
the incorporation of transition metals like In, Sb, Ag and Co
as dopants in semiconductors to tailor the properties of ZnO
[33-36]. In contrast, there has been less research focused on
lanthanide elements. Lanthanides including Ce, La, Smand Nd
have been utilised as dopants in semiconductors [37,38] resul-
ting in the creation of surface defects. Among these, cerium
has garnered considerable interest due to its distinctive charac-
teristics such as (i) the ability to create highly unstable oxygen
vacancies with relatively high mobility of bulk oxygen species
and (ii) its role as an electron trap that prevents the recombi-
nation of photogenerated charge carriers. Recent research has
indicates enhancements in the photocatalytic activity of ZnO
when doped with cerium [39-41]. Ce-ZnO with hexagonal,
rod shaped ZnO offer good conductivity, a large surface area
and high adsorption capacity [42-45] making them ideal for
supporting photocatalysts due to their low UV light trans-
missivity and ability to effectively trap and transfer photo-
induced electrons [46,47]. Thus, to conserve energy and cut
costs, it is crucial to create new eco-friendly visible light photo-
catalysts for amine wastewater treatment. In this research,
cerium doped ZnO materials with varying Ce contents (Ce-ZnO)
were prepared by SG and CPPT methods. The synthesised
material was analysed using XRD, FESEM, HR-TEM, UV-
DRS, photoluminescence (PL) and XPS. The study thoroughly
examined the photocatalytic performance of ZnO and Ce-ZnO
in the visible light for degradation of triethylamine.

EXPERIMENTAL

For synthesis, zinc nitrate hexahydrate Zn(NO3),-6H-0,
cerium nitrate hexahydrate Ce(NO3)3-6H,0, NaOH were used.
All the material was AR grade, received from Merck and used
as received. Milli-Q water (conductivity 0.06 uS/cm, Q-Pad
filter system) was used throughout the process of synthesis.
Triethylamine was used as pollutant for degradation perfor-
mance.

Synthesis of ZnO and Ce-ZnO NPs by sol-gel method:
ZnO nanoparticles were synthesized by preparing a 0.5 M
Zn(NOs), solution in Milli-Q water, followed by magnetic
stirring for 1 h to obtain a homogeneous solution. Subse-
quently, 5% NaOH solution was added dropwise to adjust the
pH to 8, resulting in the formation of a thick aerogel, which
was further stirred for 12 h at 60 °C to obtain a uniform gel.
The gel was dried under an IR lamp at 120 °C and calcined at
700 °C to obtain white-coloured ZnO nanoparticle powder. For
Ce-Zn0 synthesis, an equivalent amount of Ce(NOs)s-6H.0
was dissolved in Milli-Q water, stirred for 1 h, mixed with
the Zn(NOs), solution, and stirred for an additional 0.5 h; the
remaining procedure was identical, yielding 1-5% Ce-doped
Zn0O nanoparticles.

Synthesis of ZnO and Ce-ZnO NPs by co-precipitation
method: For CPPT synthesis, 1 M Zn(NO3).-6H,0 solution
was prepared. In a separate beaker, an equivalent amount of
Ce(NO3)3-6H,0 was dissolved in Milli-Q water and stirred
for 1 h. The two solutions were then mixed and stirred for 0.5
h, followed by dropwise addition of 5% NaOH to adjust the
pH to 12, resulting in precipitation. The mixture was further
stirred for 12 h at 60 °C and allowed to settle, after which the
supernatant was decanted and the precipitate was washed 3-4
times with Milli-Q water. The obtained precipitates were
dried under an IR lamp and annealed at 700 °C to obtain pure
and Ce-ZnO nanoparticle powders, and by this method, 1-5%
Ce-doped ZnO NPs were synthesized. The flow diagram for
the synthesis of Ce-doped ZnO NPs is shown in Fig. 1.

| Zn(NO,),6H,0 +H,0 | | Ce(NO,),;6H,0 + H,0 |

Stirred for 1 h (500 rpm)

NaOH (5%) NaOH (5%)

pH =8 pH =12

| Stirfo,-' 12 h I | Precipitates I
' [ strfor12h |
EGG'II I

Decant water and wash
3-4 times with water

— I Dry under IR lamp ]’*—

Y
[ Calcination at 700 °C }—4 Ce-ZnO NP's ]
Fig. 1. Flow diagram for synthesis of Ce-ZnO NPs by SG and CPPT methods

Characterisation: The crystallographic analysis of the
synthesised sample was conducted using a Rigaku Ultima IV
X-Ray Diffractometer, employing CuKa radiation (A = 1.5406
A) as source. Diffraction data were gathered within a 20 range
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of 20 to 80° at a scanning speed of 10 °C per min. For exami-
ning the elemental composition and morphology of the catalysts,
a field-emission scanning electron microscope (FE-SEM, FEI
Nova Nano SEM 450) was used. The distribution of cerium in
Zn0O was assessed through energy dispersive X-ray spectro-
scopy (EDX), complemented by essential mapping studies
(EDS, Bruker X-Flash 6130). High resolution transmission
electron microscopy (HR-TEM) images were captured using
aPHILIPS CM200 field emission transmission electron micro-
scope (FE-TEM), operating at voltages between 20 and 200 kV
with a resolution of 2.4 A and selected area electron diffract-
tion (SAED) patterns were also recorded. The optical character-
istics of the sample were evaluated using a Perkin-Elmer UV-
visible spectrophotometer. Raman spectroscopy was used to
study the vibrational properties and crystalline structure of
undoped and doped ZnO using a HORIBA Scientific Raman
spectrometer with a 532 nm excitation laser. The uncalcined
powders prepared by sol-gel (SG) and co-precipitation (CPPT)
methods were thermally analysed using an SDT Q600 VV20.9
Build 20 analyzer from room temperature to 1000 °C at a
heating rate of 10 °C/min, with a-Al,O3 as the reference.

RESULTS AND DISCUSSION

Thermal studies: Thermogravimetric analysis (TGA)
was performed on the synthesised ZnO NPs. As shown in Fig.
2, a slight weight loss of 3.88% was observed around 120 °C,
followed by a 12.18% reduction at 187 °C due to evaporation
of water. Another weight loss of 21.17% occurred up to 161
°C, attributed to the removal of certain oxides, while a major
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Fig. 2. Thermogravimetric curve for 3% Ce-ZnO NPs

weight loss of 36.82% between 161 °C and 680 °C corres-
ponded to the decomposition of organic and inorganic groups;
beyond 680 °C, no significant changes were observed.

XRD studies: The crystal structure and phase compo-
sition of undoped and 1%-5% Ce doped ZnO nanoparticles
synthesised by SG and CPPT methods were investigated
using X-ray diffraction (XRD) as shown in Fig. 3. All diffrac-
tion peaks can be indexed to the hexagonal wurtzite phase
structure of ZnO indicating good crystallinity of the powdered
samples. At lower concentrations of Ce, no peaks associated
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Fig. 3. XRD pattern for ZnO and 1% to 5% Ce-ZnO NPs for (a) SG and (b) CPPT methods
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with impurities were detected indicating the successful forma-
tion of phase-pure ZnO. At higher doping level of Ce, the
peak at 28.34° is imputed to (111) plane for cubic crystal
structure CeO- [48-50]. Also, systematic shifting of main
diffraction peaks of ZnO to the lower angles indicates the
lattice distortion and partial Ce incorporation due to diffe-
rence in ionic radii of Ce3*/Ce* and Zn?*.This suggest that
excess Ce may not fully substitute Zn?* in the ZnO lattice but
partially segregates as a secondary phase. The average crys-
talline size (d) was estimated using the Scherrer formula [51]
and summarised in Table-1.

~ 0.9k
[Bcos6

exhibited minor variation as the Ce content increased while
samples derived from CPPT maintained relatively stable crys-

tallite sizes. This difference can be attributed to variations in
the nucleation and growth mechanisms, which arise from the
larger ionic radii of Ce®* (0.102 nm) and Ce** (0.092 nm)
compared to Zn?* (0.074 nm), as reported by other researc-
hers [52-55]. Therefore, it is challenging for Ce3* and Ce** to
invade into the ZnO crystal lattice and replace Zn?*. The
systematic shift in main diffraction peaks of ZnO to the lower
angle at higher Ce level in Ce-ZnO for both the synthesis
method indicated the lattice distortion and partial Ce incorp-
oration due to difference in ionic radii of Ce3*/Ce** and Zn?*
[56,57]. Based on these observations, the SG method is supe-
rior to the CPPT method for synthesising ZnO nanoparticles
with precise structural tuning.

FE-SEM studies: Fig. 4a-b shows SEM images and its
EDS pattern for ZnO and (c and d) for 3% Ce-ZnO for SG
method. Also Fig. 5a-b shows SEM images and its EDS pattern

TABLE-1
CRYSTALLITE SIZE (CS) AND FWHM FOR NANOPARTICLES PREPARED BY SG AND CPPT METHODS
Method Parameters ZnO 1% Ce-ZnO 2% Ce-ZnO 3% Ce-ZnO 4% Ce-ZnO 5% Ce-ZnO
Sol-gel CS (nm) 29.32 26.6 28.8 27.83 25.23 28.21
FWHM (°) 32.29 0.33 0.328 0.326 0.360 0.323
CPPT CS (nm) 31.77 31.03 33.43 33.66 33.08 30.56
FWHM (°) 0.320 0.277 0.272 0.277 0.280 0.305

Fig. 4. SEM images and EDS pattern (a and b) for ZnO and (c and d) for 3% Ce-ZnO by SG method
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- -

for ZnO and (c and d) 3% Ce-ZnO for CPPT method. The
average size for SG is 63.74 nm and 86.12 nm for CPPT for
3% Ce-ZnO. This image shows that synthesised particles by
both methods are uniform distribution and exhibit good
interconnectivity between particles. A distinguished difference
in morphology is observed for ZnO and Ce-ZnO. As light
reduction in particle size and improved uniformity were
observed for SG-derived samples compared to CPPT samples
consistent with the crystallite size trends obtained from XRD
analysis.

The EDS elemental mapping images of 3% Ce-ZnO
(Fig. 6) confirm the presence and homogeneous distribution
of Zn, Ce and O throughout the sample. The individual maps
show Zn (b), Ce (c) and O (d), indicating successful incor-
poration of cerium into the ZnO lattice without noticeable
elemental segregation [52].

HR-TEM studies: The particle structure, size distribu-
tion and crystallinity of synthesised catalyst were analysed by
HR-TEM technique. The incorporation of Ce®*in ZnO lattice
is identified by HRTEM images, their SAED pattern and
interplanar distance for ZnO and 3% Ce-ZnO prepared by SG
and CPPT method shown in Fig. 7a-f. These images affirm
the presence of a bulk quantity of hexagonal small Ce-ZnO
nanoparticles distribution. These nanoparticles are closely
packed at the nanometre scale and the average particle sizes

Fig. 5. SEM image (a) and EDS spectra (b) for ZnO and (c and d) for 3% Ce-ZnO by CPPT method

keV

EDS mapping images (a) 3%Ce-ZnO (b) oxygen (c) cerium and (d)
zinc

Fig. 6.

estimated from TEM images is 67 nm which is in good agree-
ment with the crystallite sizes obtained from XRD indicating
that the particles are predominantly single crystalline [52]. The
SAED pattern is depicted in Fig. 7c (SG) and 7d (CPPT) for
Ce-ZnO nanoparticles. SAED patterns show well-defined
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(a and b) TEM images for SG and CPPT, (c and d) SAED pattern
of 3% Ce-ZnO for SG and CPPT, (e and f) lattice image for SG and
CPPT methods

Fig.

concentric rings further analysed the polycrystalline nature of
the nanoparticles [22]. The d-spacing (002) lattice planes for
3% Ce-ZnO0 synthesised by SG and CPPT methods is found to
be 0.325 nm and 0.285 nm, respectively (Fig. 7e-f), which
suggest that the Ce-doped ZnO nanoparticles grew along
[001] direction [53].

XPS analysis: Full scan XPS spectra of ZnO and 3% Ce-
ZnO is shown in Fig. 8. The high-resolution XPS of the Zn2p
region for 3% Ce-ZnO reveals peaks at 1021.75 and 1045.95
eV (Fig. 8c) [54], which are slightly shifted to higher binding
energies compared to ZnO (1018.75 and 1043.95 eV). Fig.
8d presents the XPS of the O1s region for 3% Ce-ZnO which
is asymmetric and consists of two components: a low-inten-
sity peak at 531.11eV and a prominent peak at 529.52 eV. The
former is linked to photoemission in O? ions with the valence
oxygen, such as surface-adsorbed oxygen and O [58]. Conse-
quently, the O1s peak of 3% Ce-ZnO is asymmetric with the
531.11eV components being more pronounced than in ZnO
indicating a higher number of oxygen vacancies in 3% Ce-
ZnO. The high-resolution XPS scan of the Ce3d region shows
prominent peaks at 880.6 and 898 eV, assigned to the 3ds
state of Ce** ions [57] and peaks at 903.76, 907.2 and 916.3
eV assigned to the 3da, state of Ce®* ions on the ZnO surface
[59] (Fig. 8b). These Ce®* dopant ions can capture photogene-
rated electrons and inhibit electron—hole recombination.
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Fig. 8. XPS spectra of 3% Ce-ZnO NPs (a) survey scan, (b) Ce3d, (c) Zn 2p and (d) O 1s spectrum
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UV-DRS studies: All samples were analysed by UV-DRS
to examine the optical properties of synthesised samples. Fig.
9a-b illustrates typical diffuse reflectance spectra for Ce-doped
ZnO by SG and CPPT techniques, respectively. The optical
band gap values were determined using Tauc plots (Fig. 9c-d)
with the assumption of a direct allowed transition. Upon Ce
doping, the band gap slightly decreases for both synthesis
methods due to the defect states and localized energy levels
introduced by Ce ions along with associated oxygen vacan-

cies in SG and CPPT samples, and the band gap values of Ce-
doped ZnO with varying Ce contents for both methods are
summarized in Table-2. Based on these results, it is found
that Ce doping effectively narrows the band gap of ZnO enh-
ancing visible-light absorption which is beneficial for the
photocatalytic activity.

Raman spectral studies: Raman spectroscopy was used
to examine the vibrational characteristics and lattice disorder
of ZnO and Ce-doped ZnO nanoparticles synthesised by SG
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Fig. 9. Absorption spectra for (a) SG (b) CPPT method; Tauc plot for (c) SG (d) CPPT method for ZnO and 1% to 5% Ce-ZnO NPS
TABLE-2
BAND GAP VALUES FOR SG AND CPPT METHODD FOR PURE AND 1-5% Ce-ZnO NPS
Method Band gap (eV)
ZnO 1% Ce-Zn0O 2% Ce-Zn0O 3% Ce-ZnO 4% Ce-ZnO 5% Ce-ZnO
Sol-gel 3.13 2.95 2.37 2.86 2.88 2.38
CPPT 3.11 2.84 2.90 2.32 2.36 2.39
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and CPPT methods. All samples exhibit characteristic Raman
modes of hexagonal wurtzite ZnO. Raman spectrum for 2%
and 3% Ce-ZnO for SG and CPPT methods, respectively as
shown in Fig. 10. The peaks detected at 336, 385 and 443 cm*
are attributed to the E;H-E;L, Al (TO) and E;H modes,
respectively [37]. The most prominent peak located around
442.09 and 443.90 cm* (Fig. 10a-b) are associated with the
Raman-active E;H mode that suggests the good crystallinity
of the ZnO lattice. A gradual reduction in the intensity and
slight broadening shifting of this mode with increasing Ce

-
C
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concentration indicates lattice distortion induced by cerium
incorporation (Fig. 10c-d).

Photoluminescence study: The photoluminescence (PL)
spectroscopy was used to study charge carrier recombination
and defect-related emissions in ZnO and Ce-doped ZnO nano-
particles synthesized by SG and CPPT methods. Each sample
shows a near-band-edge (NBE) emission in the ultraviolet
region along with a broad visible emission band linked to
intrinsic defects. Fig. 11 presents the PL spectra of the photo-
catalysts which were measured at an excitation wavelength
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of 320 nm. The findings indicated that in comparison to ZnO
the Ce-doped ZnO did not exhibit any new PL peaks. A peak
around 375 nm in the PL spectrum is likely due to free
excitonic emission near the absorption edge while the broad
and intense emission spectra between 400-600 nm are attri-
buted to defect states in the Ce doped ZnO crystals [47]. The
introduction of Ce resulted in a reduction of emission inten-
sities across all samples with the most significant decrease
observed at a doping concentration of 2% Ce for SG and 3%
Ce for CPPT. This minimal PL emission for the 2% and 3%
Ce-doped ZnO photocatalyst implies a significant inhibition
of the recombination of photogenerated electrons and holes.

Photocatalytic activity

Degradation of triethylamine: The experiment for
photodegradation performance involved subjecting 1500 ppm
solutions of triethylamine (m.w. = 101.19 g/mol) and 50 mg
of catalyst to visible light in the month of October and time
between 11 a.m. to 4 p.m. for 360 min (6 h). That were clear
days and light intensity measured by Lux meter correspon-
ding to an estimated irradiance of ~9.175 W/m?. Before this
exposure the prepared catalysts and triethylamine solution were
stirred magnetically in the dark for 60 min to reach adsor-
ption—desorption equilibrium. All these tests were performed
for without catalyst (as such) and ZnO, 1% to 5% Ce-ZnO

prepared by both SG and CPPT method. In these performance,
all Ce doped ZnO shows good performance but among all
samples, 2% Ce-ZnO for SG and 3% Ce-ZnO for CPPT method
showed superior photocatalytic activity compared to ZnO sugg-
esting that the addition of Ce to ZnO enhances its photocatal-
ytic efficiency. Due to ZnO’s wide bandgap (3.37 eV), visible
light is unable to trigger exciton formation leading to reduced
photocatalytic efficiency. The removal of triethylamine in the
presence of ZnO is due to the photosensitisation of triethyl-
amine. A higher concentration of Ce leads to the blockage of
active sites, reducing photocatalytic activity. Triethylamine
shows absorbance at around 215-220 nm in UV-visible
spectrum. Figs. 12 and 13a-b shows the UV-Vis spectrum for
degradation of triethylamine and (c) shows the percent degra-
dation. Also, the UV spectrum for percent degradation of
triethylamine for ZnO and 1% to 5% Ce-ZnO for SG and CPPT
method shown in Figs. 14 and 15, respectively. Table-3 shows
the comparison between SG and CPPT method for the photo-
catalytic percent degradation of triethylamine and calculated
using following formula:
Degradation (%) = % %100

where C,is the initial concentration and C: is the final concen-
tration of the triethylamine.
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Fig. 12. UV-Vis spectrum for degradation of (a) ZnO (b) 2% Ce-ZnO and (c) % degradation for ZnO and 1% to 5% Ce-ZnO by SG method
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Fig. 13. UV-Vis spectrum for degradation of (a) ZnO (b) 3% Ce-ZnO and (c) % degradation for ZnO and 1% to 5% Ce-ZnO by CPPT method
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Fig. 15. UV-Vis spectrum for degradation of triethylamine using (a) as such, (b) pure ZnO (c) 1% (d) 2% (e) 3% (f) 4% and (g) 5% for
CPPT methods

TABLE-3
COMPARATIVE DEGRADATION OF TEA FOR SG AND CPPT METHODS WITH DIFFERENT CERIUM DOPING

Degradation of triethylamine (%)

Meth

ethod Zn0O 1% Ce-ZnO 2% Ce-ZnO 3% Ce-ZnO 4% Ce-ZnO 5% Ce-ZnO
SG 28.48 63.98 98.12 81.63 16.48 69.21

CPPT 38.31 69.83 31.88 85.01 75.81 61.32
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Kinetic studies: The photocatalytic breakdown of triethyl-
amine followed pseudo-first-order kinetics, aligning with the
Langmuir-Hinshelwood (L-H) model. The model’s linear-
ised equation is given by:

In (&] =kt
C

where C, and C represent the initial and final concentrations
of triethylamine; t denotes the time of irradiation and rate
constant is denoted by k.

The 2% Ce-ZnO (k = 0.5366 min') and 3% Ce-ZnO (k
=0.2956 min?) catalysts of SG and CPPT method achieved
the highest rate constant, respectively. Catalysts with lower
cerium doping exhibited intermediate rate constants (Table-4),
which corresponded well with their degradation efficiencies.

TOC analysis: In photocatalytic experiment, samples of
the reaction mixture are taken and filtered to separate the
catalyst at different times during sunlight irradiation and anal-
ysed for TOC on grab mode. A reduction in TOC indicates the
degradation of triethylamine results in the formation of CO,,
water and other gases. The TOC of original sample before sun-
light irradiation was 935 ppm. The maximum reduction in
TOC were observed for 2% Ce-ZnO for SG (117 ppm) and
3% Ce-ZnO for CPPT (192 ppm) method. Typically, the
degradation rate of TEA exceeds the rate of TOC reduction,
especially at the beginning. This suggests that intermediate
organic compounds form before complete mineralisation occurs.
With a high initial concentration of 1500 ppm TEA, the slow
decrease in TOC with prolonged irradiation high-lights the
effectiveness of Ce-ZnO in achieving thorough oxidation. The
improved TOC removal compared to undoped ZnO empha-
sizes the role of cerium in enhancing photocatalytic activity
and mineralisation efficiency.

Photocatalytic mechanism: It is widely recognised that . 60
when a photocatalyst is exposed to sunlight, it can generate =
electrons and holes which subsequently migrate to the photo- §
catalyst’s surface. These photo-generated electrons and holes § 50
engage in a sequence of redox reactions resulting in the for- >

[a]

mation of hydroxyl radicals that contribute to the breakdown
of organic pollutants. Based on the observed photocatalytic
performance and degradation products, a possible photocatalytic
mechanism is suggested below.

Ce-ZnO + Irradiation = CB (h*) + VB(-e)
CB (h*) + H,O = OH®
VB(-e) + (O,) adsorbed = O,
Oz + H.O0 = OH*
OH* + TEA = CO2+ H,O+NH3 (degradation products)

photoexcited electrons preventing the recombination of elec-
trons and holes thereby enhancing the photocatalytic activity
of Ce-ZnO. The positive holes and electrons generate hydroxyl
radicals through a series of reactions which participate in the
mineralisation of pollutant TEA. This mechanism is suggested
based on literature reports rather than direct in situ evidence.

Recycle studies: In a recycling test, the catalyst is
retrieved after each photocatalytic cycle using filtration, then
cleaned 3 to 4 times with milli-Q water to eliminate any
adsorbed intermediates, dried well in oven and reused under
the same reaction conditions. The degradation efficiency
observed in subsequent cycles helps evaluate the catalyst’s
structural and functional integrity. In recycle test, the photo-
catalyst maintains over about 80% of its initial activity over
3 cycles, over that the activity starts decreasing slowly as
shown in Fig. 16. This notable decline in performance might
suggest catalyst deactivation due to surface poisoning, agglo-
meration or structural alterations. To observe stability, XRD
analysis was also conducted before and after recycling. This
shows that there was no any drastic change in their morphol-
ogy as shown in Fig. 17, which can suggest that the prepared
photocatalyst is robust, cost effective and green photocatalyst
and can be used for long term for degradation of triethylamine.

100

90

80

70

40

30

20

10

Upon irradiation of the Ce-ZnO composite, electrons are Cycle-1 Cycle2 Cycle 3 Cycle 4
excited from the valence band to the conduction band leaving Number of cycles
positive holes in the VB. Ce* ions can act as a trap for the Fig. 16. Recycle study for 2% Ce-ZnO
TABLE-4
RATE CONSTANT FOR DEGRADATION OF TEA FOR SG AND CPPT METHODS
Method Rate constant (min-2)
ZnO 1% Ce-ZnO 2% Ce-ZnO 3% Ce-ZnO 4% Ce-ZnO 5% Ce-ZnO
SG 0.0580 0.1756 0.5366 0.2854 0.0330 0.1870
CPPT 0.0415 0.1924 0.0609 0.2952 0.2228 0.1556
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TABLE-5
A BRIEF COMPARISON WITH PREVIOUSLY REPORTED Ce-ZnO PHOTOCATALYSTS FOR AMINE OR VOC DEGRADATION

Photocatalyst Method Pollutant

Key results

Light source (degradation) Ref.

Sol-gel
Coprecipitation
Sol gel

Ce-doped

ZnO NP’s p-Xylene (VOC)

Organic pollutants (DB71 dyes)

Carbamazepine (pharmaceutical amine)

Incandescent lamp
Vacuum UV lamp; gas phase
Visible light

~96% [58]
100% [60]
~53% [61]

- After 3rd cycle =

Intensity (a.u.)

Before 1st cycle

20 30 40 50 60 70 80
20 (°)
Fig. 17. XRD spectrum of 2% Ce-ZnO before and after recycle study

Comparative studies: Previous researches on Ce-doped
ZnO photocatalysts have mainly focused on degradation of
volatile organic compounds (VOCs), pharmaceutical pollut-
ants and dyes using artificial UV or visible light using lamp.
In this research, however, introduces Ce-ZnO nanoparticles,
synthesised through simple and eco-friendly sol-gel and co-
precipitation techniques for photodegradation of triethylamine
for the first time. Notably, natural sunlight serves as the light
source which is easily available, emphasizing a practical and
sustainable method. The remarkable degradation rates achi-
eved (94% and 85% for SG and CPPT, respectively) distin-
guish this study from earlier research. Table-5 indicates a brief
comparison with previously reported Ce-ZnO photocatalysts
for amine and VVOC degradation.

Conclusion

Ce doped ZnO photocatalyst with Ce concentrations ran-
ging from 1-5% were produced through a cost-effective sol-gel
and coprecipitation method. These catalysts were evaluated
for their ability to degrade triethylamine, a common amine
industrial waste under natural sunlight. The doping process

led to lattice distortion and narrowing band gap from 3.13 in
undoped ZnO to 2.32 eV in the 2% Ce-ZnO (SG) and 2.37
eV for 3% Ce-ZnO (CPPT) samples. Photoluminescence
studies indicated that 2% (SG) and 3% (CPPT) Ce doping was
most effective in minimizing electron—hole recombination. In
photocatalytic experiments, the 2% (SG) and 3% (CPPT) Ce-
ZnO catalysts achieved nearly 85-98% degradation of triethyl-
amine within 6 h in natural sunlight. The reaction adhered to
the pseudo-first-order kinetics with a rate constant 10-folds
(SG) and 7-fold (CPPT) greater than undoped ZnO. The cata-
lyst retained over 85% of its activity after three reuse cycles
indicating good stability for solar-driven amine wastewater
treatment.
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