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Abstract

The sustainable metal oxide photocatalysts using plant extract presents a viable alternative to
conventional chemical synthesis techniques. In this study, spherical shaped cerium oxide nanoparticles
were synthesized using ammonium ceric nitrate and Peepal leaves extract and used as a photo-catalyst
to remove hexavalent chromium and chemical oxygen demand from actual tannery wastewater.
The characterization of cerium oxide nanoparticles was carried out using UV-Visible spectroscopy,
X-ray diffraction, Fourier-transform infrared spectroscopy, Brunauer-Emmett-Teller surface area analysis,
Field Emission-Scanning Electron Microscopy with energy-dispersive X-ray spectroscopy, Raman
analysis, High Resolution-Transmission Electron Microscopy and Zeta potential analysis. The band gap
energy of 3.25 eV was observed through TAUC plot and the BET surface area, pore volume and pore
diameter were measured as 33.545 m?>-g !, 0.094 cm?-g~!, and 1.433 nm respectively, indicates the
characteristics of mesoporous photocatalyst. 77.2% of chemical oxygen demand and 84.5% of chromium
(VI) removal was observed at an optimal condition of pH 7, H202 concentration 0.0195 mL and cerium
oxide dosage of 0.04 g/250 mL. The experimental results were well fitted with the pseudo-first order
kinetics with the rate constant values of 0.0597 min~' with the R? value 0f 0.9906. Also, the repeatability
studies demonstrate that the cerium oxide nanoparticles are found to be unaffected. These studies
confirmed that the nanoparticles produced through bio-synthesis method are potential photocatalyst

1. Introduction

Industrialization has experienced a remarkable surge, leading to
the expansion of the economy and improvement in quality of life
[1]. As industrialization rapidly advances, a growing amount of new
organic pollutants such as heavy metals, drugs, and dyes has been
generated and released into aquatic ecosystems, significantly degrading
the natural water environment [2]. Surface water bodies play a crucial
role in meeting water demand for industrialization, supporting economic
development, and facilitating ecological restoration [3]. The global
water demand is experiencing rapid geometric growth, surpassing
the availability of freshwater by 20% to 30% prior to the year 2050
[4]. As aresult, the issue of global shortage of water and water constrained
is becoming increasingly urgent, causing worry among political and
scientific organizations. Henceforth, the availability of water for the
global population witnessed a decline from 12,900 m? in 1970 to below
7000 m? in 2000. Furthermore, it is anticipated that this will further
decrease to 5100 m? per capita per year by 2025 [5]. By 2030, the
aspiration of Sustainable Development Goal 6 (SDG) was to achieve
and ensure access to pure, ample, affordable water and along with
standard conditions for everyone [6]. Clean and plenteous water are
fundamental concerns that intersect with all sustainable achievements,
related to all living things on our planet [7]. Water quality and adequate
quantities are essential rights for all humans and important subjects
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for treating real tannery wastewater.

for any kind of progress [8]. To alleviate the serious water shortage,
the utilization of wastewater reuse, reclamation, and recycling shows
exciting potential. Nevertheless, the worldwide practices of reclaiming
and reusing wastewater are severely insufficient. Over 80% of waste-
water worldwide is released into the surrounding environment without
proper or sufficient treatment [9]. The plant's treatment efficiency
is commendable when it comes to removing conventional pollutants.
Heavy metals, including Cr, Pb, and Cu, can function as carcinogens
due to the presence of the azo group. They also disrupt physiological
processes in the human body. Additionally, aquatic life is adversely
affected by rising BOD levels, which lead to reduced oxygen content
and impede the photosynthetic activity of aquatic plants [10]. However,
it has shown incompatibility in its ability to remediate heavy metals,
such as chromium [11]. Chromium plays a vital role in numerous
industries, especially in the leather tanning sector. It serves as the
primary chemical component required for the tanning process [12].

The tannery industry contributes to environmental pollution
through the release of both organic and inorganic substances [13,14].
The usage of chemical reagents is extremely high [15]. There are
numerous chemicals that are commonly used as inputs, including
sodium chloride, lime, basic chromium, sulphuric acid, fats, detergents,
biocides, and several others [16]. Many of these chemicals do not get
absorbed during the tanning process and are released into the effluents
[17]. More than 90% of the leather industries globally utilize chromium
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as tanning medium. Raw salt of chromium can take on various forms
such as hydrogen chromate (HCrO}), dichromate ion (Cr,03),
chromate ion (CrOi') and which are the responsible for the pH level
of the reaction mixture, as pH: (2 to 6), (6 to 8), and (>8) respectively
[18]. Cr (VI) is known to be the most hazardous, soluble, and easily
transportable species [19]. Leather based wastewater is the main
cause of Cr(VI) contamination in both soil and water, thereby impacting
two crucial components of the environment [20]. The allowable
discharge limit of Cr(VI) into surface water bodies cannot exceed
0.05 mg-L~! [21]. The reactivity of Cr (V1) is highly delicate and
harmful to the environment. Typically, it has the potential to induce
negative long-term and immediate impacts on other organisms [22].

There are several advanced methods for treating wastewater,
including Advanced Oxidation Processes (AOP), electrodialysis,
ion exchange, reverse osmosis, chemical precipitation, disinfection,
adsorption, photocatalysis, electrocoagulation, and membrane separation
[23,24]. The advanced oxidation processes have been receiving more
recognition for its effectiveness in breaking down organic wastes by
generating highly reactive hydroxyl radicals ("OH) and hyperoxide
radicals ("O2") [25]. Photocatalysis exhibits immense potential as an
innovative technology for effectively eliminating heavy metals. A key
area of contemporary research in photooxidation methods involves
the development of advanced photocatalysts capable of efficiently
producing reactive oxygen species [26]. Additionally, photocatalysis
proves to be easy to plan, versatile, economically viable, environmentally
friendly, controllable, technically feasible, and effective as a treatment
method [27,28]. Here, the organic hazardous matter gets complete
mineralization depends on the factors including absorption spectra,
irradiation source and its wavelength [29]. Photocatalysis provides
the conversion between light energy into reactive chemical energy
[30]. Semi-conductors based heterogeneous photo-catalysis has been
recognized as a suitable, environmentally friendly, and globally
relevant technology [31]. Photocatalysts are unveiling photons by
a specified source, because of their bandgap energy. As a result, the
electrons (e7) create holes when they transfer from valence band to
conduction band [32]. Consequently, the interaction between h* and
OH7/H20, leads to the formation of hydroxy radical (‘'OH), while the
reaction between e~ and oxygen results in the generation of superoxide
radical ("O2) [33].

Various metal oxides and sulfides have been studied as photo-
catalysts, such as cerium dioxide [34], molybdenum disulfide [35],
titanium dioxide [36], iron sulfide [37], bismuth oxobromide [38],
tungsten trioxide [39], nickel oxide [40], copper indium sulfide [41],
and zinc oxide [42], and polymer based C3N4 and C3Ns photocatalysts
[43]. Rare-earth based materials are attracting researchers because

Table 1 Actual tannery wastewater specifications

they have the 4f orbit partial fulfillment. Due to its exceptional qualities,
it is extensively utilized in numerous industrial applications, high-
lighting its superiority in these aspects. Nanoceria (CeO2) has been
primarily selected for various purposes including catalysts, semi-
conductors and sensors, polishing materials, energy-related utilizations,
optical tools, diesel fuel additives and among others [44]. In this study,
the synthesis of cerium dioxide nano photocatalyst material was
effectively accomplished using a one-pot bio-synthesized with
precipitation technique. Nanoparticles generated via this bio-synthesis
approach exhibit enhanced safety, stability, and biocompatibility
compared to those created through traditional physical or chemical
methods. The application of this method resulted in a remarkable
degradation rate of Chemical Oxygen Demand (COD) in tannery
wastewater, reaching 88.9% within a duration of 150 min [45]. Hence,
the objective of this investigation was to reduce chromium and COD
present in tannery industrial effluent by biosynthesized CeO2 nano-
particles. The parameters involved in optimizing the process are
catalyst dosage, H2O2 concentrations, pH, Contact time, and the initial
concentration.

2. Materials and methods

2.1 Materials

Ammonium ceric nitrate (HsNsCeO1s), Sulphuric acid (H2SO4),
Sodium hydroxide (NaOH), Potassium dichromate (K2Cr207) are
purchased from Sigma-Aldrich (99.9%). Acetone (CH3COCH3), Ethyl
alcohol and Methanol (CH3OH) are received from Merck (99.9%) and
used without further purification. All the experiments were conducted
using Millipore water. Real tannery wastewater samples were collected
from the industrial sector in Ranipet Sipcot, which is located near
the Vellore District in Tamil Nadu, India. The polyethylene sample
containers washed multiple times with deionized water were used
for collecting the wastewater samples twice a month on a basis. The
samples were preserved in the refrigerator immediately at a temperature
0f 4°C and the characterization was carried out as per standard methods
[46]. The specifications of tannery wastewater are shown in Table 1.

2.2 Preparation of cerium oxide nano photocatalyst

The cerium oxide nano particles were produced through bio-
synthesis process and is illustrated in Figure 1. Ammonium ceric
nitrate (0.1 M) was used as precursor for the synthesis of cerium oxide
nanoparticles through hydroxide mediated method. Peepal leaves
(Ficus Religiosa) extract was used as a reducing agent to prepare

Parameters Range of values
pH 29-34

Cr(VI) [mg'L™] 125 - 145
Biochemical oxygen demand [mg-L™"] 1450 — 1650
Dissolved oxygen [mg-L™'] 2.0-23
Turbidity [NTU] 150175

Total dissolved solids [mg-L™'] 2250 - 2350
Total solids [mg-L™"] 5000 — 5150
Chemical oxygen demand [mg-L™] 3280 — 3450
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Figure 1. Synthesis of cerium oxide nanoparticles through bio-synthesis.
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Figure 2. Bio-synthesized Cerium Oxide nanoparticles.

cerium oxide nano particles. The pH of the mixture is 12 using NaOH.
Then, mixture gets dissolved under magnetic stirring for 2 h at room
temperature. Then the mixture solution was ultrasonicated for 1 h
at 70°C to 80°C. After ultrasonication, the solution was allowed to
centrifugation for 10 min at 5000 rpm to precipitate cerium particles.
The precipitated semi solid particles were washed with ethanol and
distilled water until the pH was neutralized. Then it was allowed to
oven at 80°C for around 7 h to 8 h and reduced size using Mortar and
Pestle. The cerium particles were calcined at 600°C for 4 h to produce
cerium oxide nano particles as shown in Figure 2 [47].

The characteristics of the nanomaterial were determined using
UV-vis spectrometer (model: JASCO V-670), which operates within
a wavelength range of from 200 nm to 2600 nm. An XRD analysis
(model: Bruker D8 Quest, Germany), as employed to analyze the
composition and purity of the mixtures phase structure within the
range of 20° to 70°. The identification of functional groups present
on the surface of the nanomaterials was done by using FTIR, (model:
Shimadzu, Japan) within the range of 500 cm™'to 3900 cm™'. Average
particle size and potential particle distribution of the CeO2 nanoparticles
were confirmed through zeta potential analysis using the SZ-100
model from Horiba Scientific for Dynamic Light Scattering (DLS)
analysis. The surface topography was analyzed using Field Emission
Scanning Electron Microscope (FE-SEM) (Model: ZEISS EVO 18)
and the components present as well as composition at different
magnifications were analyzed using energy dispersive analysis. BET
surface area and pore size distribution were determined using Quanta
chrome analyzer (model: AutosorbiQ - USA) analyzer with the valid
range of 33.545 m>g~! [48].

Ultrasonicated at

Mixed Precursor + Leaf
extract

Calcinated at
600° C

—
4 hrs.

Prepared cerium oxide

2.3 Mechanisms involved in photocatalytic approach using
cerium oxide

Photodegradation involves semi-conducting materials acting as
photo-catalytic materials, capturing energy as photons that surpass
their bandgap values. The process of absorption results in the separation
of charges, an-electron moves from Valence State (VS) to Conduction
State (CS) of catalytic material, consequently, creates hole in the valence
state. Produced electron-pairs and reactions help to surpass the energy
band gap level. Due to the intense oxidation, highly reactive free radicals
were formed. Cerium dioxide (CeOz) has emerged as a highly effective
photocatalyst for oxidative degradation, offering a potential solution to
the challenges posed by energy scarcity and environmental contamination.
During the photocatalytic degradation of organic molecules in waste-
water, the photoexcitation of CeOz in aqueous solution results in the
generation of various radicals and charged species as described as
(Equations (1-6)) [49,50]. Finally, the wastewater gets degraded into
water and carbon di-oxide molecules.

CeO2+hv — CeO2+h" + ¢~ )

e +0;— 0r )

H20 — "OH + H* 3)

h*+OH" — "OH @)

e* + H02 — "OH + OH" 5)

H20: + CeOx(ecs) — CeOz + "OH + OH- (6)

2.4 Experimental approach

The photocatalytic degradation of tannery effluent was allowed in
batch-processes [S1]. The capabilities of cerium oxide nanoparticles
examined the reducing chromium levels and chemical oxygen demand.
The study focused on several parameters, including catalyst dosage
(ranging from 0.01 g-L ! to 0.05 g-L"), initial COD concentration
(between 100 ppm and 500 ppm), pH levels (from 3 to 9), and H202
dosage (spanning 0.0075 mL to 0.0235 mL). The studies on photo-
catalytic ability performed in a 500 mL reactor vessel, using Ultraviolet
(UV) irradiation lamps produced by Philips, Holland. 18 W of three
lamps, wavelength (Amax) = 250 nm to 255 nm were used [52].
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Temperature kept the ranges of 22°C to 26°C with the aid of water
circulation. The gap maintains in the range of sample to ultraviolet
light being 15 cm. Light intensity of ultraviolet light measured by
Lux light meter (LX-1102, manufactured by Lutron Electronic.). The
measurement of ultraviolet light intensity reached in the ranges of
0.295 W-mto 0.297 W-m2[53]. Aliquots were collected and allowed
centrifuge process. Supernatant liquid isolated and allowed to COD
measurements by open reflux method. Chromium(VI) was assessed
by withdrawing a particular volume of the sample and allowed us to
react with the solution of 1,5-diphenyl carbazide reagent [54]. The
chromium concentration in 1,5-Diphenyl carbazide-Chromium(VI)
mixture was quantified using atomic absorption spectroscopy (Model:
Perkin-Elmer ANALYST 400. The percentage of chemical oxygen demand
& chromium (VI) reduction was calculated using Equation (7-8).

Initial COD in (mg'L™") — Final COD in (mg:L™")
(el )~ Pl CODInmEL™) 19 (7)
Initial COD in (mg-L™")

Percentage of COD reduction =

. Initial Cr(V1) val -L™") — Final Cr(VI) val L
Cr(VI) reduction (%) = nitial Cr( )\aue“(mg ) — Fina r(il)\aue(mg ) o 100 (8)
Initial Cr(VI) value (mg-L™")

2.5 Kinetic study
2.5.1 Pseudo-first order Kinetic model

Kinetic analysis plays a vital role in photocatalysis, offering
important insights into how different factors such as pH, cerium
oxide input, and volume of H20z effect on process. The “Pseudo first
order rate equation” and the “Lagrangian fir equation” are both utilized
in data analysis. The reactions do not genuinely adhere to first-order
kinetic model, and display traits of first-order behavior because one
or more reactants are present in much higher concentrations than
the others are known as pseudo-first-order kinetics. The review of
existing literature revealed that the photocatalytic degradation of
wastewater follows pseudo-first-order kinetics [55]. When one of the
reactant molecules is present in a substantial excess, the apparent
order of the reaction may not accurately reflect the actual order of the
reaction. The sequence that is observed, that does not align with the
actual sequence, is referred to as the Pseudo first-order. References
suggest that the existing system operates under a pseudo first and
second-order mechanism, as illustrated in the equations below. The
degradation rate of actual wastewater (ww) for the current study is
presented in Equation (9).

dCww _

Rate of degradation = — = 2 CwwCoxi koxi + KnoConCww  (9)

In this context, Oxi refers to species other than “OH. Given that the
concentrations of hydroxyl radicals are greater than those of the other
components, the hydroxyl radicals solely influence the rate equation.
Therefore, the equation presented above can be expressed as:

Rate of WW degradation = — dc\:lw =KyoCouCww (10)

d

The concentration of the reactive element reaches equilibrium
quickly, resulting in a stable presence of "OH based on the reacting
conditions. Consequently, rate of sample degradation follows pseudo-
first order kinetic model, characterized by a concentration of "HO
radicals [56].
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Rate of WW degradation = — dcd# =K;Cyww (11)

The rate constant of pseudo-first order is represented as Ki = Kon
Con. (Equation (11)) is allowed to integrate, and we get.
(12)

lnCWW =In CWW(] - K]t

Upon rearranging, the above equation can be expressed as the
pseudo first-order equation.

(13)
Si
Where Csi and Cso are the initial and final chemical oxygen demand
of the wastewater sample.

2.5.2 Pseudo-second order kinetic model

The Pseudo-second order model is generally represented as
a curvilinear function, which can be articulated in a differential form
as follows:

dq 2
E - KZ(qe - q)

An integration conducted under the specified constraints, where
attimet=0,q=0,attimet=t,q. —q=q; ,can yield various distinct
yet interconnected linear transformations of the pseudo-second order
models.

q=
1 L
que qe
q_ keqig,
t qe + tkzqg
_ kzqgt
7T tkpq
or L=t 41 >
q q Koq;
t ot 1 ] 1
- = — 4+ 5
q q |[Kqft
_ I |a
q=q, Kyq, |t
q
T =kd; —kaqq
1 1
= — + kzt
d.—9q 4,

Modify the above equation,

(14)
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The initial and final concentration of COD of wastewater sample
represented by Csi and Cso respectively. The distribution of the error
function necessary for evaluating the robustness of the pseudo-second
order kinetic model is contingent upon the specific linearization
technique employed for the non-linear form. Yu ef al. reported that
the removal of Pb?" from synthetic wastewater using carboxylate
nanocellulose crystals followed a pseudo-second order kinetic model
[57]. Whereas the removal of Cr(VI) from wastewater using calcium
hydroxyapatite and micro fibrillated cellulose was effectively described
by the pseudo-second order kinetic model [58]. Hao et al. also reported
that the elimination of As(V) and P(V) ions from aqueous solutions
using polyethyleneimine and ferric ion-coated spent coffee powder
followed a pseudo second-order kinetic model [59].

2.5.3 Diffusional and Singh model kinetic system
The study determinates the removal of chemical oxygen demand

through the photocatalytic reaction [60]. The diffusional model can be
written as the Equation below.

(15)

After integration of the above equation within the known limits, we get.

Y GCsi — vV Cso =Kist (16)
Here K3 is the diffusional model kinetic rate constant.
The Singh kinetic rate model can be written as:
G _ KaCy
dt 1+t a7

After integrating the above equation within the known limits,
we get the final Singh model Equation.

Ln [g—] = — K In(1+0) (18)
Here K4 is the Singh model rate constant.

3. Results and discussions

3.1 Ultraviolet visible light spectroscopy analysis
The UV-Visible absorption spectra of cerium oxide particles and

Peepal leaves extract were recorded within the wavelength range of
200 nm to 500 nm. The particles underwent ultrasound treatment for

a duration of 30 min prior to the analysis [21]. The UV-visible spectra
for nanoceria particles and PL extract are presented in Figure 3(a-b),
respectively. Observations indicated that the band-gap absorption of
CeO2 nanoparticles, attributed to electron transitions between the
conduction band (CB) and valence band (VB), exhibited the prominent
peak at 335 nm, closely aligning with the absorption characteristics of
bulk nanoceria particles. Naturally, plant extracts contain cellulose,
flavonoids, starch, alginate, hyaluronic acid, and chitosan are used as
stabilizers for various metal nanoparticles prepared by bio-synthesis
methods [61]. The findings demonstrated that, PL extracts functioned
as a capping cum stabilizing agent for CeOz nanoparticles [62]. The
cerium oxide band gap energy determined using the TAUC plot
illustrated in Figure 3(c). The photon energy of the nanoparticles is
calculated using the following (Equation (19)).

(19)

In this context, h - represents Planck's constant, ¢ - denotes the
speed of light, and A signifies the wavelength that is being adsorbed.
Figure 3(c) illustrates that the maximum value was achieved at a photon
energy level of 5.39 eV [63]. The bandgap of cerium oxide is determined
by extending the linear-portion of the graph in the x-axis, resulting in
a measurement of 3.25 eV. Comparable values have been documented
in literature [64,65].

3.2 Stability of cerium oxide by zeta potential analysis

The outcomes from dynamic light scattering indicated that the
average zeta potential value of cerium oxide nanoparticles was measured
at —25.5 mV, see the illustration as Figure 4. The hydrodynamic zeta
potential ({) was measured in aqueous suspensions of the samples
at a concentration of 1 mg dissolved in 1 mL of ultra-pure water [66].
Prior analysis, the sample allowed sonication for a duration of 30 min
to 45 min. The size distribution plots based on % Number intensity
and the {-potential distribution by Total counts are shown as average
distribution values derived from three consecutive measurements,
each taken at 10 s intervals, for both 10 run and 20 run. The findings
indicated that the zeta potential values varied from —23.93 mV to
—28.65 mV as shown in Table 2. The mean value of cerium oxide
as —25.49 mV, with a standard deviation of 2.05 mV, indicating the
presence of (—) ve charge in the dispersed mixture. The production
of nanoparticles from Peepal leaf extract containing more organic
functional groups are interacts on the ammonium ceric nitrate precursor,
which may explain the differences observed in zeta potential values
and the stability of the material in various sample runs.

(a) (b)

335nm

_

Absorbance (a.u.)
Absorbance (a.u.)

280 nm

== Cerium oxidel

= (Pecpal Leal Extract)

(©)

(@hv)’ (a.u.)

4(’)0 5(’)0 660 250 300

Wavelength (nm)

200 300 700 200

350

10 15 20 25 30 35

hy (eV)

400 450 500 05 40 45 50 55 60 65

Wavelength (nm)

Figure 3. UV-visible analysis of (a) cerium oxide particles, (b) PLE, and (c¢) bandgap value of cerium oxide by TAUC’s plot.
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Table 2. Average particle size of cerium oxide by zeta potential analysis.

Runs Zeta-potential values Mobility values Mean values Average zeta potential
[mV] [(ps™)y/(V-em™)] [mV] [mV]
Sample run 1 -25.49 -1.99 -23.18 -25.5
Sample run 2 -28.65 -2.20 -25.13
Sample run 3 -24.35 -1.87 -22.27
Sample run 4 -25.05 -1.90 -23.20
Sample run 5 -23.93 -1.62 -22.59
Table 3. Particle size calculation from Scherrer Equation.
Peak position Miller’s index position FWHM B in Crystal size
[20] [°] [radians] [nm]
28.74 (111) 0.29 0.0050 30.00
30.56 (200) 0.30 0.0052 29.12
42.89 (220) 0.41 0.0071 22.08
51.88 (222) 0.45 0.0078 20.83
62.33 (311) 0.49 0.0085 20.10
72.79 (400) 0.52 0.0090 20.05
Zet potential value of nano ceria particles crystalline structures produce distinct diffraction patterns of X-rays,
which are referred to as diffraction patterns. The XRD pattern, also
known as the diffractogram, is obtained by measuring over a spectrum
28.65mV of angles (28). Every peak observed in the XRD pattern is associated
T with a particular crystallographic plane within the crystal lattice of
the nanoparticle. The differences in structure are acknowledged to be
some significant parameters such as dislocation of line densities and
grain size. The Scherrer formula can be utilized to ascertain the grain
sizes (D) as shown in (Equation (20)). In this context, Constant K
represents the shape factor of 0.954, while A, equal to 1.541 A, denotes
the wavelength of the X-rays [67]. Additionally, B refers to the Full
_40 _30 30 1o 0 10 Width at Half Maximum (FWHM) measured in radians, and the peak

Zeta potential (mV)

Figure 4. Zeta potential value of cerium oxide.

JCPDS: 01-079-6884

Intensity (a.u.)

T T T T

20 30 40 50 60 70
20 (Degrees)

Figure 5. Cerium oxide’s X-ray diffractogram.
3.3 X-Ray powder diffraction analysis
X-ray diffraction (XRD) is a widely utilized and dependable

technique for characterizing nanoparticles, particularly in assessing
their dimensions, crystalline structures, and phase angles. Different

J. Met. Mater. Miner. 35(4). 2025

position is indicated in 0 (degrees), the values are summarized in
Table 3. The measured 20 values correspond to the hkl indices (111),
(200), (220), (311), (222), and (400) in the specified sequence (Figure 5),
indicating that the spherical crystallite’s structure is face-centered
cubic symmetry. The findings of this XRD analysis are consistent
with the previous research conducted by other researchers [68]. The
average crystal size evaluated from the Scherrer formula is 23.70 nm.
Significantly, the lack of any peaks associated with impurities further
validates the effective synthesis of high-purity cerium oxide nano-
particles [69].
K\

D= Becos O (20)

3.4 Raman spectroscopy analysis

Bulk CeOz, characterized by its spherical structure, displays a
prominent Raman peak at 452 cm™!. This peak corresponds to the
triply degenerate F2g mode, which represents the symmetric stretching
vibrations of oxygen ions surrounding Ce*" ions within the octahedral
CeOs configuration, classified under the two symmetric elements.
It is extremely susceptible to disorders associated with oxygen. The
Raman spectrum of CeO: nanoparticles (Figure 6) displays a prominent,
broadened Raman absorption peak at 452 cm™!, along with weaker
absorption peaks observed at 612 cm™! and 1054 cm ™. The presence
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Figure 6. Raman spectra of nanoceria particles.

of the Raman peak at 452 cm™! validates the spherical structure of
the synthesized CeO2 nanoparticles. The width of the peak suggests
that the size of the particles is small. The peak exhibits asymmetric
broadening and a minor shift towards the lower energy side, which
can be attributed to the existence of oxygen vacancies [70]. Oxygen
vacancies are classified as point defects, which primarily lead to the
widening of the peaks observed in the Raman spectrum. The prominent
peaks observed at 612 cm ™! and 1054 cm™! can be attributed to the
existence of oxygen vacancies [71]. In the cubic fluorite arrangement
of CeOz, the oxygen ions are not densely packed. At higher temperatures,
CeO:z has the potential to release oxygen through a specific reaction
such as (Equation (21)) and create countless oxygen vacancies while
maintaining the fundamental cubic symmetrical spherical structure.
The surplus electrons produced during the process are reallocated
to the cation void levels, therefore resulting in a change of their
oxidation state from Ce*" to Ce*". The effectiveness of ceria as a redox
catalyst and as an oxygen storage medium is significantly influenced
by the presence of oxygen vacancies. Arumugam et al. reported that
the cerium oxide nanoparticles derived from gloriosa superba leaf
extract and the Raman peak of 457 cm™! as recorded [72].

2Ce0, — Ce:05 +5 0, (21)

3.5 Fourier transform infrared spectrum analysis

By the principle of infrared beam applications, Fourier-transform
infrared spectroscopy was utilized to analyze the specific functional
groups that are responsible for the development of materials. Infrared
radiation quantified by an individual bond in a molecule resulting in
a spectrum of image displaying the wavenumber versus transmittance
percentile [73]. The FTIR spectrum of the Peepal leaf extract and
prepared nanoceria of after reaction and before reaction was illustrated
in Figure 7(a-b) respectively, both the spectrum showing a range from
4000 cm! to 500 cm!, it revealed the existence of different functional
groups and bonds in the nanoceria. In Figure 7(b), different peaks
were detected at 3476 cm ™!, 1712 cm ™, 1627 cm™, 1427 cm ™, 1176
cm™, 1098 cm™, 992 cm™ and 543 cm™!, also the extensive absorption
band of nano cerium seen spanning from 3667 cm™! to 3007 cm™! is
associated with the stretching vibration of OH or potentially with
the impact of water molecules absorbed on the sample surface [74].
The absorption peak observed at around 3476 cm™' is associated
with the O—H stretching of the metal hydroxide phase [75].

Another absorbance peaks observed at 1712 cm™! and 1627 cm™!
correspond to the bending of H-O-H and the stretching vibrations
of C—H, respectively [76]. Additionally, the peak associated with
Ce-O stretching vibrations was observed at 992 cm™, 701 cm™, and
543 ¢cm™! [77]. The absorption peaks of CeO2 nanoparticles from
Figure 7(b), after degradation indicate the emergence of a new peak
corresponding to the Ce—O bond at a wavelength of 526 cm™!.
Additionally, there is a notable shift in the peak associated with the
O-Ce-O bond at 931 cm™!, 675 cm ™!, and 538 cm !, which exhibits
increased intensity, while the peak related to N—O stretching of nitrate,
ranging from approximately 1000 cm' to 1300 cmi™!, shows a reduction
in intensity. The findings of this research align with those reported
by Arumugam et al., who similarly identified the maximum Ce-O
stretching at 451 cm™ [72].

3.6 Surface area and pore size analysis of cerium oxide

The adsorption characteristics of the adsorbent were significantly
affected by the surface area, pore volume, and pore diameter. The
properties for cerium oxide are surface area, pore volume and pore
diameter as detailed in Table 4, were measured at 33.545 m?-g !,
0.094 cm*-g~!, and 1.433 nm, respectively. The BET, surface area and
porosimeter analyzer was utilized to assess the surface area and porosity
of cerium oxide. The degassing process of cerium oxide was conducted
at a temperature of 250°C for a duration of 3 h. The mixture of nitrogen
(N2) and helium (He) gases was utilized for the analysis of the area.
N2 adsorption isotherms were measured at—196°C [78]. The surface
area was determined using the multi-point BET method, which is
based on the adsorption of nitrogen gas on the surfaces of cerium
oxide, within a relative pressure p/po range from 0.05 to 0.33.

The isotherms were categorized based on the standards set by
the International Union of Pure and Applied Chemistry (IUPAC).
The total pore volumes, (Vp), were determined through single-point
adsorption measurements conducted at a relative pressure of approximately
0.99. Pore Size Distribution (PSD) were assessed through the adsorption
and desorption branches of the nitrogen isotherm by employing the
Barrett-Joyner-Halenda (BJH) method [79]. The analysis conducted
using the BJH model indicates an average pore size ranging from
14 nm to 25 nm, along with a cumulative pore volume of 0.094 cm’>g .
For cerium oxide, the adsorption isotherm is classified as type IV,
characterized by a lower adsorption value at low relative pressures
(0.02 to 0.8), followed by a sharp increase in the adsorption rate
at higher values (greater than 0.85). The isotherm curves for the
synthesized pure CeO2 display a typical type IV pattern, indicating
the existence of mesopores. Comparable findings were reported by
Parameswaran et al. in their study on the efficacy of cerium oxide and
the isotherms are shown in Figure 8 [80]. Furthermore, the specific
surface area does not play a crucial role in the catalytic activity of
nanoparticles, however, acidic or neutral pH conditions facilitate
improved performance. Despite having small specific surface areas and
low concentrations of catalysts, nanoparticle facilitates removal rates
approaching 100% in advanced oxidation processes [81]. Neus et al.,
reported that the magnetite catalyst (Fe3Oa), used for the azole pesticide
degradation as 80% under the optimum conditions of pH =5, H202 =
6.7 mg-L!, at room temperature with the specific surface area of the
particle was 7.5 m>g~' [82].
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Figure 8. The isotherms of nanoceria particles.

3.7 Field emission scanning electron microscopy and high-
resolution transmission electron microscopy

The FE-SEM image depicting the synthesized CeO2 nanoparticles
is presented in Figure 9(a) and indicates that the particles exhibit
aspherical shape and are agglomerated. The particle size, as determined
from the FE-SEM image, ranges from 13 nm to 30 nm. The EDAX
spectrum for CeO2 nanoparticles is illustrated in Figure 9(b). The
EDAX spectrum confirms the existence of oxygen and cerium elements
within the synthesized CeO2 nanoparticles. The elemental makeup of
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CeO2 nanoparticles is approximated to consist of cerium (Ce), oxygen
(0), along with the remaining portion being carbon as shown in Table 5.
CeOz nanoparticles exhibit a significant capacity for oxygen storage
and outstanding electron transport characteristics, enabling more efficient
and rapid Oxygen Reduction Reactions (ORR) [83]. Additionally,
CeO2 nanoparticles demonstrate exceptional chemical stability and
significant resistance to poisoning and corrosion, making them crucial
for applications requiring long-term performance.

The morphology of CeO2 nanoparticles is examined using High
Resolution-Transmission Electron Microscopy (HR-TEM), and the
outcome images of the samples are presented in Figure 9(c-f). The
images indicate that the samples exhibit uniformity and lack any
amorphous phase. According to FE-SEM data, they consist of uniform
spherical particles that range in size from 13 nm to 30 nm. The samples
that have been prepared exhibit a high degree of crystallinity. The
Debye rings observed in the selected area electron diffraction (SAED)
pattern as Figure 9(f) are indicative of the distinctive ring arrangement
associated with the cubic fluorite structure, thereby confirming the poly-
crystalline characteristics of the synthesized samples. The arrangement
of the diffraction rings, progressing from the innermost to the outermost,
aligns with the interplanar distances of the {111}, {200}, {220}, {311},
{222}, {331}, and {422} lattice planes within the CeO fluorite structure.
Most of the observed agglomerations consist of small-sized nanoparticles
with a spherical shape, as well as those that are irregularly shaped
ones. The dimensions of the larger nanoparticles measure 20 + 10 nm,
although instances of even larger sizes were also noted, as illustrated
in Figure 9(d). And the SAED pattern for CeOz exhibits a well-defined
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orientation, with the (111) facet being the most prominent crystalline
plane [84]. The morphological findings are contrasted with existing
literature and are presented in Table 6. According to Table 6, the
bio-synthesized cerium oxide nanoparticles demonstrate superior
efficiency in removing chromium and COD compared to other types
of nanoparticles.

3.8 Chemical oxygen demand and chromium reduction
analysis by various methods in actual tannery wastewater

A total of 100 mL of actual tannery wastewater was combined
with 600 mL of Millipore water to facilitate degradation studies. From
that, the wastewater sample was taken as the required volume of
300 mL. The sample with a COD of 2350 ppm underwent a series of
experiments focused on COD degradation. These experiments included

i mode
M | 20.00kV | SE

ETD | 9.5mm | 100 0 igh vac 3.0

combinations such as H202 + sample, H202 + sample + Methanol,
H202 + sample + Fe?*, H202 + sample + UV irradiation, H202 +
sample + cerium oxide, and H20: + sample + UV irradiation + cerium
oxide. The results of these studies are depicted in Figure 10. The
findings suggest that the occurrence of chromium in actual tannery
wastewater enhances the production of hydroxyl radicals during its
degradation process with hydrogen peroxide. The addition of methanol
as a quenching agent confirms the presence of hydroxyl radicals.
Figure 10 demonstrates that the addition of methanol leads to a substantial
reduction in the degradation percentage, dropping from 42.6 to a mere
1.5. On the other hand, incorporating Fe?*, it improves the degradation
percentage as 48.1% [32]. The addition of UV light irradiation sources
improves the COD reduction to 57.5%. This reduction can be increased
to 63.8% by adding a catalyst, and further to 77.2% when both the
cerium oxide and ultraviolet irradiation are used in conjunction.
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Figure 9. Nanoceria particles of (a) FE-SEM image, (b) EDAX spectra, (c-¢) HR-TEM images, (f) SAED pattern.
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Table 6. A literature survey of cerium oxide generated from various bio-synthesis.

Type of green pH ranges of Nanoparticle size Confirmation tests Pollutant to be Pollutant type Efficiency [%] Reference
extract used the process in ranges [nm] removed
Fresh leaves of 4-5 7.5-12 XRD, FTIR, Chromium and Synthetic Cr=93 [85]
Azadirachta indica SEM with EDX  Cadmium Cd=189
Jasminum officinale - 20-30 FTIR, XRD, Chromium Real Cr=70 [86]
leaf extract SEM with EDX removal in
maize plants
Portulaca oleracea 7 4-17 FTIR, Raman, Methylene blue Synthetic MB =98 [87]
extract HRTEM (MB) and MO =95
Methylene
Orange (MO)
Oroxylum - 23.58 FTIR, UV-vis, Methylene blue Synthetic 56.77 [88]
indicum SEM with EDX, (MB)
fruit extract XRD, and VSM
Stevia 10 10-50 Raman, XRD, Tetracycline Synthetic 80.68 [89]
rebaudiana extract FTIR, FESEM (TC)
Peepal leaves extract 11 13-30 UV-Vis., XRD, Cr(VI), COD Real tannery Cr(VI)=84.50 This work
FTIR, BET, wastewater COD=77.02
FESEM with
EDX, and DLS
100 Then, the concentration of Cr(VI) in the sample was assessed utilizing
90 - an atomic absorption spectrometer, which operates with an absorbance
804 range exceeding 850 nm [85]. A chromium (VI) removal efficiency
< 70 } % } } { { % % was 84.5% achieved in the wastewater sample with a combination
< R G G G S of UV light irradiation, cerium oxide photocatalyst, and hydrogen
E 07 } % peroxide dosage level. The integration of hydrogen peroxide, UV
§ 504 % } light irradiation, photocatalyst as cerium oxide dosage level on actual
2 40 tannery waste-water resulted in a 77.2% decrease in chemical oxygen
g 304 ¥ DO demand over a period of less than one hour, leading to further degradation
3 —+— 10, + sanple + e investigations with this system. Additional verification using an
20 ¥ —8—H,0, + sample + UV light i K X i
»—H,0, + sample + cerium oxide alternative method was essential to confirm that the reduction in
107 &R0 Tsemple TR T e e chromium absorbance resulted from the complete mineralization of
0 Y ! T T T T the metal, rather than being solely associated with a redox reaction
0 10 20 30 40 50 60 70

Reaction time (minutes)

Figure 10. The photocatalytic effect of cerium oxide on tannery wastewater in
various methods (Operating conditions: pH =7, hydrogen peroxide=0.0195mL,
cerium oxide = 0.04 g).
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Cr (VI) removal (ppm)

70
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Figure 11. pH changes on chromium(VI) removal in tannery wastewater
(Operating conditions: hydrogen peroxide = 0.0195 mL, cerium oxide=0.04 g).
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that lowered chemical oxygen demand.
3.9 Chromium removal by different pH conditions

Assessing the chromium level appears to be a fundamental initial
step in evaluating the presence of chromium (VI). Diluting the sample
is essential to ensure that the concentration of the analyte, which is
chromium in this instance, falls within the linear range of the atomic
absorption spectroscopy. Additionally, storing the sample in a sealed
container is advisable to avoid contamination or the evaporation of
volatile substances. Potassium dichromate is frequently selected for the
preparation of chromium standards because of its excellent purity and
stability. It is then diluted to create working standards at concentrations
of 5 ppm, 10 ppm, and 15 ppm. More advanced atomic absorption
spectroscopy is characterized by a double-beam with a detector of
solid-state type, which typically enhances the performance regarding
sensitivity, stability and the ability to analyze multiple elements
simultaneously. A spectral bandpass of 0.12 nm is relatively narrow.
Once the sample is injected, this narrow bandpass effectively isolates
the specific wavelength associated with chromium absorption,
minimizing the likelihood of interference from the absorption lines of
other elements in the sample matrix or from molecular band absorption.
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Graphite Furnace Atomic Absorption Spectroscopy (GFAAS),
particularly when utilizing an advanced model such as the HGA 900 from
PerkinElmer, provides exceptional sensitivity, enabling the identification
of remarkably low levels of chromium. A study was carried out to assess
the effectiveness of chromium removal by maintaining a pH of 7,
employing a cerium oxide catalyst at a concentration of 0.04 g per
250 mL, and sustaining an H2O2 concentration of 0.0195 mL, all under
room temperature conditions. The initial concentration of chromium
was measured at 142 ppm. As illustrated in Figure 11, a chromium
removal efficiency percentage of 84.5 was achieved within a frame of
60 min. An extra extension of time did not lead to any enhancements
and resulted in a consistent state. Extended exposure durations of the
cerium oxide nanoparticles catalyst affect the generation of radicals,
resulting in a total reduction of ions, a decline in COD reduction, and
a restriction of the oxidation effect. The dosage of the catalyst and
extended operating durations are critical elements to consider when
aiming to reduce Cr(VI), as these factors could lead to higher treatment
expenses. This is attributed to the rapid oxidation of Cr** and the
formation of Cr(OH)s. In the process of photo-degradation, the
combination of H202 and UV light rapidly generates hydroxyl (OH)
radicals. As the duration of treatment extends, the generation of radicals
decreases, resulting in a higher concentration of chromium(VI)
derived from chromium(III) [86].

3.10 Chemical oxygen demand determination by pH effect

The pH of the solution plays a crucial role in all Fenton-like
reactions. The generation of hydroxyl radicals, responsible for the
oxidative degradation of various substrates, is significantly linked to
the level of the solution pH. Research was carried out at pH levels
of 3 and 9 to evaluate the effect of pH on the reduction of chemical
oxygen demand in the chromium(VI) mediated Fenton-oxidation [87].
The results are depicted in Figure 12. The effectiveness of chemical
oxygen demand removal increases as the pH level rises from 3 to 7.
However, further increases in pH do not lead to any improvement in
chemical oxygen demand removal efficiency. The most significant
decrease in chemical oxygen demand was attained at a pH of 7. A pH
level below 7 significantly hinders the reduction of COD. The various
pH level of samples as shown in Figure 13.

Gradually the color changes from dark yellowish green to light
green, then the color shifts to yellow, and finally colorless at pH 7.
After 7 pH, the color is not reduced. This progression may be linked
to the transformation of pollutants and warrants further investigation.
This phenomenon arises from the increased concentrations of HY,
which act as a scavenger for "HO radicals, as outlined in (Equation (22))
and additionally, as indicated in (Equation (23)), the H* ions from
protonated hydrogen peroxide function as scavenger for "HO radicals
[88]. AtpH levels below 7, HCrO4™ is the predominant species, whereas
CrO4~ becomes the primary species at pH levels above 7. HCrO4~
serves as a significantly stronger oxidizing agent compared to CrO4",
with a standard reduction potential of EO (HCrO4/Cr3* = 1.35 VSHE).
This enhanced oxidizing capability allows HCrOs4 to facilitate oxidation
at a faster rate than CrO4~, which has a standard reduction potential
of EO (CrO4/Cr(OH)3 = —0.13 VSHE) [89]. It can be concluded that
apH range of 6 to 7 is conducive to the reduction of chemical oxygen
demand. Within 60 min, COD reduction of 77.02% was achieved under

the optimum conditions, as of hydrogen peroxide dosage = 0.0195 mL,
CeO2 = 0.04 g/250 mL, at room temperature.

H20: + "OH — "O0H + H>0 22)

"OOH + "O0H — H20: + 05 23)
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Figure 12. pH effect on chemical oxygen demand reduction in tannery waste-
water (Operating conditions: hydrogen peroxide=0.0195 mL, cerium oxide=0.04 g).

Figure 13. Hue changes in various pH adjustments on COD reduction.
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Figure 14. Hydrogen peroxide variations on COD in tannery wastewater (Operating
conditions: pH=7, cerium oxide=0.04 g).
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Figure 15. Cerium oxide photocatalyst effect on COD reduction in percentage on
tannery wastewater (Operating conditions: pH=7, hydrogen peroxide=0.0195 mL).

3.11 COD determination by hydrogen peroxide effect

The impact of the varying H202 concentrations, ranging from
7.5 mM to 23.50 mM, on the reduction of COD in tannery wastewater
was investigated, with the findings illustrated in Figure 14, and the
data indicates that the efficiency of COD removal improved with an
increase in H20z2 concentration. A maximum chemical oxygen demand
removal rate of 77.02% was attained in under 45 min with a hydrogen
peroxide (H202) dosage of 19.5 mM. This results from an increased
generation of hydroxyl radicals within the system. An additional rise
in H202 concentration did not enhance the degradation process; rather,
it resulted in a reduction of COD removal efficiency. Similar results
have been reported in the literature review, which can be linked to
the self-scavenging effect of (H202) hydrogen peroxide in the system,
as demonstrated in (Equation (24)). Although other radicals, including
‘HO2 and Oz, are produced during the reaction, they exhibit lower
reactivity and are therefore disregarded [90]. Consequently, a
concentration of 0.0195 mL of hydrogen peroxide was selected for
effective degradation.

H202 + "OH — H20 + "OH2/'O2~ (24)

3.12 Effect of cerium oxide on COD reduction

The amount of catalyst used is a crucial factor affecting the
effectiveness of targeted pollutants reduction [91]. Investigations
were conducted to determine by the cerium oxide dosage on the
removal of chemical oxygen demand and the removal of chromium
(VI), with the findings illustrated in Figure 15. The information illustrated
in the figure demonstrates that increasing the photocatalyst dosage
from 0.01 g to 0.05 g per 250 mL, the reduction in chemical oxygen
demand improved significantly, increasing from 26% to 77.02%. An
additional increase in the dosage of the catalyst does not enhance the
reduction of COD; rather, it results in a decrease in COD reduction.
The highest level of photodegradation was achieved using 0.04 g of
cerium oxide in a 250 mL of wastewater sample. The production of
hydroxyl radicals increases with a higher dosage of the photocatalyst,
as this enhances the catalyst's ability to absorb light. High concentrations
of photocatalysts can lead to turbidity, which obstructs the light
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irradiation from penetrating the sample [92,93]. Additionally, excessive
concentration of photocatalyst in the solution may lead to the
aggregation of photocatalyst particles, thereby diminishing the pore
of the catalyst [23].

Additionally, excessive cerium oxide concentration in the solution
may lead to the aggregation of photocatalyst particles, thereby
diminishing the surface area of the active sites within the catalyst
[30]. The rate of COD removal from wastewater remained consistent
as the concentration of penetration increased, indicating that the metal
loading capacity of the catalyst had reached its saturation point.

Table 7 presents a comparison of different preparation methods
for nanoceria particles along with their effectiveness as demonstrated
by the current experimental findings. From Table 7, it was observed
that it is highly comparable with the data available in the literature.
Dainel et al., reported that the CeO2 photocatalyst attained 93%
efficiency in the removal of Methylene Blue (MB) dye under visible
light irradiation within a duration of 120 min [94]. In a similar manner,
90% degradation was attained under visible light exposure in waste-
water containing indigo carmine dye, utilizing a cerium oxide catalyst
produced by the sol-gel method [95]. Another sol-gel method produced
cerium oxide achieved 50% MB dye degradation under the solar
light radiation within 120 min [34]. This study anticipated that the PL
extract generated a cerium oxide photocatalyst, which was assessed
for the first time in actual tannery wastewater when exposed to UV light
for 60 min, resulting in a reduction of Cr(VI) and COD by 84.5%
and 77.2% respectively.

3.13 Kinetic study outcomes by various models

The experimental data fitted with various kinetic equations and
the corresponding graphs are shown in Figure 16(a-d). The first order
rate constant and R? values under different experimental conditions
are given in the Table 8. The results indicated that the maximum
constant value was achieved in run number 4. The comparison of other
kinetic constants obtained with run 4 are shown in Table 9. The kinetic
constants K1, K2, K3, and K4 were calculated from the figures based on
the Least Square (LSQ) method as 0.0597, 0.0075, —2.0578 and —0.3999
respectively [96]. The second-order, diffusional, and Singh models
have low and negative rate constant values indicates that, these kinetic
models are not fitted with the degradation process and confirmed that
they follow first order kinetics [97,98].

3.14 Repeatability experiment for recycling ability

The stability and reusability of a catalyst represent another crucial
element in assessing its potential for practical application [99]. The
sequence of catalyst recycling experiments was conducted to examine
the photostability of the cerium oxide nanoparticles. The collection of
catalyst from the aliquots sample was done by centrifugation, washed
with Millipore water, and allowed to dry with 50°C, then are allowed
to the next cycle of the experiment. All other experimental parameters
remained unchanged from those established in the beginning trial.
The UV irradiation period for each run is set at 60 min. The information
illustrated in Figure 17 demonstrates that the COD degradation rate
after the first cycle is 77.02%, whereas the removal rate noted after
the final cycle is 75.0%. The decrease in Cr(VI) concentration from



wastewater, observed after the initial cycle, was 84.5%, while after
the fourth cycle, it measured as 80.25%. The experimental results
demonstrate that the catalytic performance of cerium oxide remains
predominantly stable after 4 cycles, with no evidence of catalyst particle

Facile bio-synthesis of cerium oxide nanoparticles, characterization and their photocatalytic potential in

the degradation of real tannery wastewater

aggregation observed. The effectiveness of cerium oxide was observed

Table 7. A comparative survey of the cerium oxide catalytic efficiency by various synthesis.

to decline with an increasing number of runs, which is attributed to
the accumulation of degraded molecules on its surface. This may be
due to the slight morphological changes on the catalyst surface, which
was observed in FTIR spectrum as shown in Figure 7(b).

Photo-catalyst Prepared Light energy  Pollutants Characteristic Time progress Parameters Efficacy in References
methods sources removed processes used level percentages
CeO,-NPs One pot method 300 W Xe UV Tetracycline XRD,PL, XPS, 1h Catalyst: 10 mg 76 [105]
lamp (synthetic SEM, FTIR, (10 ppm dye),
wastewater) EDS, UV-VIS, pH=7
and DRS
Cerium oxide  Precipitation Fluorescent Rhodamine-B SEM, XRD, 5h Catalyst: 12 [106]
nanoparticles ~ method lamp (125 W)  (Rh-B) dye FTIR and BET 0.25g/50 mL of
10 ppm Rh-B
CeO, Biosynthesis 400 W Textile DSC analysis, 270 min Catalyst : 20 80 [107]
nanoparticles Xenon lamp wastewater HRTEM, XRF, mg/100 mL of
XRD, FTIR, textile
and Raman wastewater
CeO; nano Biosynthesis Visible light Methylene XRD, BET, 120 min pH=4, 93, [94]
photocatalyst irradiation blue dye FEG-SEM, catalyst and R? value
particle size =1gL’, from ANN
and UV dye concentration = 0.999
spectroscopy =60 mg'mL!
at room
temperature
Cerium oxide  Sol-gel Visible light Indigo SEM, XRD, 180 min pH=5.6, 90 [95]
photocatalyst ~ method source carmine dye XPS, FTIR dye concentration
and UV, and =30 ppm,
particle size catalyst dosage
distribution =60 mg/100 mL
dye solution
CeO; nano Sol-gel auto- Solar light Methylene UV-vis., XRD, 120 min Catalyst dosage 50 [34]
photocatalyst ~ combustion used blue dye HR-TEM, =20 mg,
method Raman and dye concentration
FTIR =10 ppm,
pH=7
Nanoceria Bio-synthesis 36 W BOD & UV-vis, FTIR, 60 min Catalyst = Cr(VI)=84.5 This work
photocatalyst UV lamp Chromium XRD, BET, 40 mg/250 mL
particles from actual FE-SEM, HR- COD=77.02
tannery TEM, zeta
wastewater potential and
Raman analysis
Table 8. The kinetic study of Pseudo-first order model regression values.
Trail No. Cerium oxide Hydrogen peroxide pH level Values of Ki Values of R*
lg] [mL] [min ™"
1 0.01 0.0195 7 0.0105 0.9974
2 0.02 0.0195 7 0.027 0.9983
3 0.03 0.0195 7 0.0358 0.9906
4 0.04 0.0195 7 0.0597 0.9906
5 0.05 0.0195 7 0.0458 0.9813
6 0.04 0.0195 3 0.0096 0.9724
7 0.04 0.0195 4 0.0349 0.9701
8 0.04 0.0195 6 0.043 0.958
9 0.04 0.0195 7 0.0597 0.9906
10 0.04 0.0195 9 0.0025 0.9919
11 0.04 0.0075 7 0.0108 0.9843
12 0.04 0.0115 7 0.0277 0.971
13 0.04 0.0155 7 0.0407 0.9642
14 0.04 0.0195 7 0.0597 0.9906
15 0.04 0.0235 7 0.0141 0.9818
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Table 9. Pseudo-first, second, Diffusional, and Singh model kinetic values.

Types of kinetic rate order models Values of Rate constants (K) [min™] Values of R?
Pseudo-first order rate values K, =0.0597 0.9906
Pseudo-second order rate values K, =0.0075 0.9583
Diffusional model K5=-2.0578 0.9478
Singh model K4=-0.3999 0.9903
2 0.0025
s | @ (b)
1.6 ¥ =0.0597x * 0.002 y =0. 0075x
R?=10.9906 s R?=10.9583 R
1.4 e
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Figure 16 Tannery wastewater degradation kinetics (a) Pseudo — first order, (b) Pseudo — second order, (c) Diffusional model, and (d) Singh model.

I Chemical oxygen demand [ | Cln‘omium(VI)I

1st run

-

00

Before 2nd run

84.05
82.70 81.30

804 77.02 76.30

S a
= S
L L

Degradation percentage of cod and cr(vi)
8
L

1 2 3 4
Number of runs

Figure 17. The stability of cerium oxide photocatalysts when subjected to UV
irradiation.

4. Conclusion
This research focused on the production of cerium oxide particles

via a bio-synthesis approach, employing Peepal Leaf extract alongside
ammonium ceric nitrate and utilizing an ultrasonicated hydrothermal
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method. Ceria nanoparticles display a spherical shape, with the nano
size ranging from 14.7 to 20.9, as assessed by field emission scanning
electron microscopy and Debye-Scherrer’s methods. Furthermore,
the characterization of cerium oxide particles was conducted using
UV-vis spectroscopy, X-ray diffraction, High-resolution transmission
electron microscopy, Fourier-transform infrared spectroscopy, Brauner-
Emmett-Teller analysis, and dynamic light scattering. The zeta potential
value of — 28.65 mV indicates that the stability of the cerium oxide
nanoparticles is good. This environmentally friendly synthesized nano-
particle demonstrated effective performance in reducing chromium
levels and chemical oxygen demand, establishing itself as a highly
efficient photocatalyst. Additionally, this research sought to determine
the optimal conditions for the photodegradation of tannery wastewater
through a batch process. 77.02% of COD and 84.5% of Cr(VI) removal
was achieved at an optimum condition of 16 mg-L! of catalyst dosage,
0.0195 mL of hydrogen peroxide, at a pH level of 7. Furthermore, under
the optimum conditions, the degradation studies exhibit pseudo first-
order kinetics, with the rate constant and R2 value of 0.0597 min!
and 0.9906 respectively. These findings indicate that the cerium oxide
nanoparticles synthesized through bio-synthesis method possess
significant potential for degrading tannery wastewater.
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