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Abstract

Water pollution kills nearly 2 million people and costs trillions of dollars every year, which continuously threatens the survival of
both human and animal species in the world. The textile industry is considered as pollutant-releasing industries in water. In this
research work, we firstly report the synthesis of cerium oxide (CeO,) nanoparticles in the range of quantum dots (QDs).
Syntheses of cerium oxide nanomaterials were assisted by using three different surfactants, i.e., sodium dodecyl sulfate (SDS;
anionic), cetyltrimethylammonium bromide (CTAB; cationic), and cetylpyridinium chloride (CPC; cationic); the surfactants
control the growth and particle size of the prepared material. The nanomaterials were characterized by UV-visible spectroscopy,
X-ray diffractometer (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) analysis, high-resolution
transmission electron microscopy (HRTEM), and thermogravimetric/differential thermal analyses (TG/DTA), together with
Fourier transform infrared (FTIR) spectroscopy and photoluminescence (PL). The particle size of such CeO, nanoparticles
ranges between 1.66 and 4.36 nm. Their catalytic role was successfully investigated in Fenton reaction for the oxidative removal
of methylene blue (MB) dye. The efficiency of Fenton reaction using such CeO, QDs has been used to highlight the importance
of such nanosized catalysts for wastewater treatment.
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1 Introduction

Nowadays, different technologies have emerged and focused
on the use of quantum dots (QDs) in the development and
progress of all areas of life, which include social, industrial,
and economic fields. The quantum dots are generally fabricat-
ed to synthesize and design a nanoscale system for improve-
ments in biomedical, sensing, and bioimaging performances
[1, 2]. Cerium oxide (CeO,) is a fluorite type of rare earth
oxide. It finds applications as intense insulators, high refrac-
tive index materials, gas sensors, polishing materials, sun-
screens, oxygen storage, and antibacterial agents and plays
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an important role in industry activities [3—5]. Cerium oxide
is also known to be a marvelous catalyst with a low cost that
provides high surface area for any catalytic reaction [6—8]
Over the past two decades, CeO, nanoparticles (NPs) have
been widely used in nano-medicine, fuel cell, and catalysis
[9-11]. Moreover, the cytotoxic effect of CeO, NPs has been
studied with Escherichia coli and human lung cancer cells
[12, 13]. In this context, there are various nanofabrication
methods such as chemical vapor deposition, sonochemical
preparation, sol-gel process, ball milling, photo-induced con-
version, biological synthesis, and chemical precipitation
methods used for CeO, preparation. In contrast to other fab-
rication techniques, chemical precipitation method has been
widely adopted for nanofabrication due to its simplicity, ver-
satility, and cost-effective route. This process offers low tem-
peratures for nanoparticle growth and less time and thus, the
chemical precipitation is one of the most exclusive techniques
for CeO, synthesis.

The nanofabrication of nanoparticles using appropriate sur-
factant enhances their catalytic surface area and reduces the
agglomeration of resulting particles [14]. Various surfactants
have so far been used for the nanofabrication of CeO, NPs,
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including cationic [15—17], non-ionic [18, 19], and anionic
[20, 21] surfactants. It was assumed that the cationic surfactant
can easily adsorb onto the surface of generated CeO, due to
the high electronegativity of oxygen atoms. CeO, NPs accu-
mulate in water, after their use in water treatment. However,
there is little non-significant information about their toxico-
logical effects on human and aquatic life [22]. In the present
research work, CeO, QDs were successfully prepared. The
sizes of the resulting nanoparticles have been compared with
previously reported data [23-31].

Water contains various pollutants [32]. Among these
pollutants, organic dyes are frequently used and contin-
uously disposed of for several purposes such as dyeing
clothes, leather, and furniture, even in our regular life in
food, cosmetics, and medicine. Dyes are non-
biodegradable and have long-term effects on exhibiting
hazard effects on aquatic environment [33] In 2017, a
detergent-making industry disposed of blue dye into
Kasadi River, Taloja (India) without any treatment and
its residual dye powder into the air, which created harm
to the environment. The Maharashtra Pollution Control
Board has been warned of a shutdown. So, it is neces-
sary to use any sophisticated and reliable method to
break the bigger molecule of dyes into many smaller
fragments, such as water, carbon dioxide, and some
other byproducts. Dyes can be degraded by various
methods, e.g., biomass degradation [34], catalytic degra-
dation [35], combined treatment [36], Fenton and
Fenton-like processes [37], and heterogeneous
photocatalysis [38]. Among these, the Fenton process
is the best-advanced oxidation process (AOP) and is
based on the generation of a powerful oxidizing agent
such as hydroxyl radicals (*°OH) at significant concen-
trations to effectively decontaminate water [39]. Many
different kinds of AOPs have been developed to pro-
duce in situ *OH radicals [40].

Methylene blue (MB, C;4H;gCIN;S) is a cationic thi-
azine dye that is highly used as an indicator [41] in
iodometric titration. It is most frequently used in the
medical field and suggested that its high use affects
the nervous system [42]. The World Health
Organization (WHO) listed it as an essential medicine
with the most effective and safe medicine factor.
Oxidation and adsorption of MB by various Fenton-
like reactions and the catalytic process was earlier re-
ported using different catalysts, such as Fe’",
titanomagnetite, ferrocene, Fe;04-GO-TiO,, ultraviolet/
vacuum ultraviolet, Fe; ,Ti,O,4, chitosan cross-linked
ferrous complex, reduced graphene oxide-Fe;O4 nano-
composites, iron-amended activated carbon, and magnet-
ic nanocomposites [43—48]. In the present work, we
used CeO, as a catalyst in Fenton process and com-
pared it with other catalysts. Major advantages of using

CeO, are as follows: this catalyst effectively works on
pH 5-7; it does not need any additional process to
remove MB and thus is cost-effective and simple; it is
highly stable when used in five consecutive cycles for
MB degradation; and finally, its quantum size makes it
useful for other purposes, i.e., sensor, fuel cell, medi-
cine, etc.

Here, we report for the first time the synthesis of CeO, NPs
by using a surfactant-mediated precipitation methodology in
which the particle size and morphology are ultimately con-
fined into a quantum dots range towards its application as a
heterogeneous catalyst in any Fenton reaction for removal of
thiazine dye.

2 Experimental details
2.1 Materials

AR grade reagents were used throughout the reaction. Cerium
sulfate (S. D. Fine, India) was used as a cerium precursor. An
anionic surfactant, sodium dodecyl sulfate (SDS), and two
cationic surfactants, cetyltrimethylammonium bromide
(CTAB) and cetylpyridinium chloride (CPC), were purchased
from Sigma Aldrich. NH3.H,O was added to maintain the pH
of the reaction medium for CeO, synthesis. MB dye was ob-
tained from S. D. Fine Chemicals and used without further
purification. Sodium hydroxide (1 M), sulfuric acid (1 M), and
hydrogen peroxide (30% w/w) from Merck were used.

2.2 Synthesis of CeO, QDs

CeO, quantum dots have been prepared by a simple precipi-
tation method using different cationic and anionic surfactants
in the aqueous solution. First, the homogeneous solution of
0.1 M CTAB/CPC/SDS (surfactant) was prepared, and then
10 mL of ammonia solution (25%) was added with continuous
stirring. 0.1 M cerium sulfate phase was mixed with the sur-
factant solution under vigorous stirring for 2 h. The obtained
CeO,-based product was kept for 30-min-long aging.
Prepared particles were washed thoroughly many times with
double-distilled water (ddH,O) to remove excess surfactant.

2.3 Characterization of CeO, QDs

UV-visible absorption spectra were obtained by Cary 5000.
The XRD patterns were recorded to characterize the crystal-
linity and phase purity of QDs by Bruker D-8 Advance X-ray
diffractometer with CuKe« X-ray radiation with
A=0.15496 nm operated at 40 kV and 40 mA in the 2 range
of 10-80°. SEM analyses were performed by using JEOL-
JSM 6390, which helped to find/analyze the surface morphol-
ogy of the QDs. TEM measurements were carried out on a
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Fig. 1 a Optical absorption spectrum of CeO, QDs with UV-visible spectroscopy. b Plot of (ah®)? versus hd for synthesized CeO, QDs

Zeiss EM 912 () instrument at an acceleration voltage of 120
kV, which confirmed the synthesis of QDS by particle size
determination. TGA analyses were carried out by using a
Perkin Elmer Diamond instrument with a heating rate of 20
°C/min. FTIR spectra were taken by FTIR 8400S, Shimadzu,
while photoluminescence analyses were taken by JY Fluorog-
3-11 with xenon lamp 450 W in a 180-850-nm range.

2.4 Kinetic study

MB was selected as a model pollutant because of its ease of
monitoring by discoloration of the dye. Degradation of MB by
heterogeneous Fenton reaction was carried out in a UV-visible
spectrophotometer (Cary win UV Bio 50) by monitoring absor-
bance. A detailed parametric study was carried out successfully.
A Ce0,QD was used as a catalyst for the degradation of MB
(15 mg/L) at pH 6 under sunlight. Initially, MB concentration
was determined through its absorbance at 665 nm. Then, the
reaction was commenced by adding H,O, to the reaction mix-
ture, which contains all other reactants (MB, CeO,) with con-
tinuous stirring at 400 rpm after 30 min of dark adsorption.

3 Results and discussion
3.1 Characterization studies

UV-visible absorption spectra reveal the electronic structure
of the obtained CeO,. It is related to band gap energy. The
UV-visible absorption data provide a reliable estimate of the
bandgap. Prepared CeO, QDs showed a broad peak between
280 and 330 nm with an absorbance of 1.37 (Fig. 1a).

Band gap energy can be calculated by a plot between
(ah®)? versus photon energy, hd (Fig 1b), where « is the
absorbance calculated from UV [49]. hd is calculated from
wavelength using

hd = 1240/wavelength (1)

Extrapolating the straight-line portion of the curves to zero
absorption coefficient value gives the value of band
gap energy. Optical studies also show a blue shift at 3.6 eV
with respect to bulk material at 3.15 eV due to quantum-
confined exciton absorption; this confirms the synthesis of
CeO, QDs.

Fig. 2 XRD patterns of the as- 600 A
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Table 1 Value of different

parameters obtained by Eqs. 2-6 CeO, by different  d (interlayer spacing) Average crystallite  J (dislocation density) ¢ strain x 107
surfactant size (D) (nm) (by x 107 lines/m*
ByBragg’s By TEM  Debye-Scherrer)
equation images
SDS 0.32 0.35 2.1 2400 0.012622
CTAB 0.31 0.28 22 2260 0.012850
CPC 0.31 0.30 24 1816 0.069000
It was already known that not a single crystal is perfect due
D = 0.89\/ Gcost (4)

to its finite size. Thus, this imperfection is a reason behind the
observed broadening of the diffraction peak of the crystal.
Through the peak width analysis, we can determine crystallite
size and lattice strain. X-ray peak profile analysis has been
used to determine the microstructural quantities and correlate
them to the observed material properties [50].

XRD patterns of CTAB, SDS, and CPC-assisted synthe-
sized CeO, QDs are shown in Fig. 2. The XRD peaks of
corresponding planes (111, 200, 220, 311, 400) are located
at 28.08°, 33.02°, 46.99°, 55.94°, and 69.34° respectively,
revealing the synthesis of a face-centered cubic fluorite
structure of CeO, in agreement with those of bulk CeO,.
Diffraction from a crystal has been calculated by using
Bragg’s equation (2):

2d Sinf = n\ (2)

In this equation, n is the order of diffraction (usually n = 1),
A is the wavelength of CuK e radiation (0.15406 nm); d is the
spacing between planes of given Miller indices 4, &, and /. In
CeO, face-centered cubic structured spacing of the plane, the
lattice constant and Miller indices are related as follows:

a
dhkl — T (3)
VR +IE+ P

Thus, the average crystallite size can be calculated with the
help of Debye-Scherrer’s equation below.

Fig. 3 SEM images of
synthesized CeO, QDs via a
SDS, b CTAB, and ¢ CPC

20kV  X3,500 Spm 0000 1251SEl

where 3 = line broadening in radians, § = Bragg’s angle of the
peak, and \ = X-ray wavelength.

The full width at half maxima (FWHM) of the XRD peaks
might also contain a contribution from the lattice strain. The
average strains of the CeO, QDs were calculated by using
Stokes-Wilson equation:

esr = [/4tand (5)

The dislocation density () has been evaluated from relat-
ing Williamson-Smallman’s formulae.

§ = 1/D* lines/m? (6)

With the help of XRD data, i.e., FWHM and theta value,
and by Egs. 2-6, different basic parameters of a crystal have
been calculated (Table 1).

Figure 2 shows an intensely sharp and narrow peak for
CeO, synthesized by anionic surfactant while cationic surfac-
tants, i.e., CTAB and CPC peaks are broad. Their intensities
are reduced, i.e., the order of peak intensities via the use of
different surfactants is SDS > CPC > CTAB. Similarly, peak
broadening is also decreased in the same manner. Smallest
crystal size has also been obtained with SDS-mediated CeO,
QDs. Morphologies of CeO, QDs are shown using SEM im-
ages in Fig. 3a—c. CeO, QDs show an irregular morphology
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Fig.4 EDX spectrum and map of synthesized CeO, QDs via SDS: a Cerium (Ce)—oxygen (O), yellow and pink in the panel. b Cerium (Ce)—yellow in
the panel. ¢ Oxygen (O)—pink in the panel. d 2D spectrum. Inset table shows different compositions of Ce and O
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Fig.5 EDX spectrum and map of synthesized CeO, QDs via CTAB: a Cerium (Ce)—oxygen (O), yellow and pink in the panel. b Cerium (Ce)—yellow
in the panel. ¢ Oxygen (O)—pink in the panel. d 2D spectrum
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Fig.6 EDX spectrum and map of synthesized CeO, QDs via CPC: a Cerium (Ce)—oxygen (O), yellow and pink in the panel. b Cerium (Ce)—yellow in

the panel. ¢ Oxygen (O)—pink in the panel. d 2D spectrum

with some spherical and elongated shapes of agglomerated
particles. Particle size changes in changing the surfactants.
Energy-dispersive X-ray (EDX) microanalysis is a tech-
nique used for the identification of the elemental composition
of a material. Figures 4, 5, and 6 show the composition of
prepared CeO, nanoparticles, which all were examined by
EDX. As proven by EDX, there were no other elements other
than cerium and oxygen atoms. According to the EDX spec-
trum, prepared CeO, nanoparticles were pure and had no free
surfactant or impurity. The optical analysis of the CeO, (SDS)
QDs yielded 85.32% of Ce and 14.68% of O, CeO, (CTAB)
QDs yielded 92.75% of Ce and 7.25% of O, and CeO, (CPC)
QDs yielded 92.90% of Ce and 7.10% of O by weight (inset

g0l T
L2 o,

table in Figs. 4d, 5d, 6d). Elemental mapping software deter-
mines the concentration of both elements Ce and O using two
different colors, pink and yellow. The color is coded to indi-
cate the relative concentration of both elements. Figures 4a,
S5a, and 6a show the presence of both elements, while Figs. 4 b
and ¢, 5 b and ¢, and 6 b and c give the individual mapping of
cerium and oxygen.

HRTEM images give us appropriate information about
morphology, size, and size distribution of the obtained parti-
cles. The surfactant addition enhanced both physical and/or
chemical properties, for instance, surface area and particle size
[15]. Figure 7 a—c illustrate the typical degree of agglomera-
tion and the average particle sizes by HRTEM images of three

Fig. 7 HRTEM images of as-synthesized CeO, QDs: a SDS, b CTAB, and ¢ CPC
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Fig. 8 SAED patterns of as-synthesized CeO, QDs: a SDS, b CTAB, and ¢ CPC

different CeO, QDs by using three different surfactants (1.66—
4.36 nm). Using HRTEM analysis, the analysis of the selected
area electron diffraction patterns (SAED) of single quantum
dots has been also performed. SAED patterns show the poly-
crystalline nature of CeO, QDs. A fringe array of spots corre-
sponding to 111, 200, 220, and 311 planes (Fig. 8 a—) shows
the polycrystalline nature of obtained CeO, quite consistent
with XRD results. Thus, it confirms its cubic phase structure.

The obtained sizes of these resulting nanoparticles in pres-
ent investigation have been compared with previously report-
ed data in literature (Table 2).

Moreover, Fig. 9 a—c show a thermogravimetric anal-
ysis (TGA) curves for CeO, prepared by different sur-
factants in the range of 10-800 °C. The TGA curves
show the decomposition steps of CeO, with changing
temperature. The order of CeO, stability by using dif-
ferent surfactants is CPC (86.29%) > CTAB (85.909) >
SDS (77.9 %). For SDS- and CPC-synthesized CeO,,
there is a rapid loss in weight, from 200 to 450°C; rate
of decomposition becomes slow, 450-500°C; again, rap-
id loss is noted, while after 500-800°C, weight loss
becomes constant. While for CTAB-synthesized CeO,,
we found a continuous weight loss from 40 to 200°C.

Table 2 Particle size of CeO, NPs

S.no. Characterization techniques Particle size (nm) References
1 SEM 142 [35]

2 TEM and XRD 20 [36]

3 SEM 100-300 [37]

4 SEM 23 [38]

5 TEM and XRD 10-20 [39]

6 SEM 160-180 [40]

7 SEM 30-66 [41]

8 SEM 15-30 [42]

9 HRTEM 11-21 [43]

10 HRTEM 1.66-4.36 nm Present work

@ Springer

After 200°C, weight loss becomes slow and after
400°C, it becomes constant. The weight loss is due to
both losses of moisture and decomposition of hydrated
oxide of cerium to cerium oxide. The remaining is due
to the combustion of any organic residue. The weight
loss of the sample is slowly inhibited beyond 600°C,
which might be attributed to the pure CeO, phase
formation.

In order to confirm the synthesis of the CeO, phase, Fourier
transforms infrared (FTIR) spectra were recorded using KBr
pellets, and the functional groups were identified.

Figure 10 shows the FTIR spectra of different surfactant-
assisted CeO,. These have several significant absorption
peaks recorded in the 4000-400-cm ™' range. Broad absorp-
tion peaks at 3000-3913 cm " are assigned to OH stretching
vibration of water in the sample, while the peaks at 1396 and
1541 cm™' correspond to physically adsorbed water mole-
cules. The band at 1082 cm ™' is due to atmospheric carbon
dioxide since cerium oxide readily absorbs atmospheric water
and air. FTIR spectra illustrated absorption peaks at 843 cm '
and 660 cm ™', which are the typical peaks of Ce-O stretching.

3.2 Kinetic study

For the kinetic study, the CeO, phase/nanomaterials synthe-
sized via a CPC-mediated methodology were used because of
smaller size particles. We also studied its degradation efficien-
cy along with SDS- and CTAB-mediated synthesized CeO,
and no major change in degradation at room temperature was
marked. But close examination revealed that compared with
SDS- or CTAB-synthesized CeO,, CPC-mediated CeO, gave
better results (Fig. 11a,). Thus, and for any overall degradation
process, we used the CeO, synthesized via CPC.

The reaction was carried out with (A) only H,O,, (B) only
CeO, QDs, and (C) both combined H,0, and CeO, under
sunlight. Either hydrogen peroxide or CeO, alone is insuffi-
cient to remove MB, while in the presence of both hydrogen
peroxide and CeO, QDs, degradation/removal rate was sig-
nificantly increased. H,O, is a weak oxidizing agent and
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Fig. 9 TGA curves of CeO,: a 28
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CeO, nanoparticles act as adsorbent when used alone. So, a
combination of H,O, and CeO, nanoparticles gave the best R | offeci c c 100 ;
degradation result. The kinetic results can be understood by an emoval effectency = Co + C, x (7)

interaction between hydroxyl radical and MB. 120 min was
sufficient for complete removal of MB (Fig. 11b). Rate con-
stant and percentage of removal are presented in Table 3.

Figure 11 c clearly shows the color removal of MB within
120 min under solar light. Removal efficiency can be calcu-
lated by the following equation:

where C is the initial absorbance and C; is absorbance after
equilibrium. The efficacy of Fenton degradation is mainly
based on the medium pH. From Fig. 12a, it is clear that max-
imum removal has occurred at pH 6 within 120 min. At lower
pH (less than 6), excess of H' can act as a scavenger to reduce
hydroxyl radicals to slow-down the removal efficiency. While

Fig. 10 FTIR spectra of CeO,
QDs: a SDS, b CTAB, and ¢ CPC
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Fig. 11 Comparison of MB
removal: a by Fenton’s reagent a ——CPC
using CeO, synthesized by 1.2 A
different surfactants, b using ! —#=CIAB
H,>0, alone (A), CeO, (B), H,O, ——SDS
+ CeO, (C), ¢ color removal of 0.8
MB. Reaction conditions: H,O, = Sos
18 mmol/L, CeO, (CPC) = 0.5 o
g/L, MB = 15 mg/L, pH = 6 under 0.4
sunlight B

0.2

0 0 50 100 150
0 50 100 150 TIME (MINUTE)
TIME (MINUTE)

0 min. 10 min. 30 min. 60 min. 120 min.

at higher pH (more than 6), H>O, gets decomposed into water
and molecular oxygen with less formation of hydroxyl radi-
cals. Thus, assessment of the effect of pH was initially inves-
tigated and it was concluded that at pH 5-7, a higher degra-
dation occurred.

Figure 12 b shows the effect of the addition of the catalyst,
i.e., different doses of CeO, QDs (from 0.1 to 0.9 g/L) at
constant concentrations of other variables at pH 6 to know
its optimum catalytic efficiency. As the amount of CeO,
QDs increases from 0.1 to 0.5 g/L, the degradation of MB
has also increased, but after that, a little retardation effect is
marked. As we know, the catalyst generates hydroxyl radicals
from hydrogen peroxide for the removal/degradation process
and access of active sites in catalyst retarded the degradation
process. So, in the present case at initial concentrations, the
catalyst easily generates hydroxyl radicals and may be at
higher concentration acts as hydroxyl radical scavenger.

Table 3  Rate constant for degradation of MB in different conditions

S.no. Reaction conditions k% 10* (minﬁl) Removal (%)
2 MB + CeO, 2.30 66.66
3 MB + H,0, + CeO, + sun light 3.54 99.16

@ Springer

Studying the effects of variations of hydrogen peroxide
has great importance because it is the only source to gen-
erate hydroxyl radicals for the radical degradation process.
Figure 12 c depicts the degradation of MB at different
concentrations of hydrogen peroxide (6 to 30 mmol/L)
while keeping any other reaction conditions constant.
Thus, it was observed that at initial concentrations (6 to
18 mmol/L) of oxidant, the degradation rate is increased
while at higher concentrations, i.e., rate (24 to 30 mmol/L),
it gets retarded. Since at higher concentrations, H,O,
autodecomposes and ultimately increases pollution and de-
creases the degradation rate.

From such results, it is concluded that the optimum con-
centrations of catalyst and H,O, are 0.5 g/L and 18 mmol/L
respectively for the degradation of 15 mg/L MB dye (pH 6) in
the presence of sunlight.

These dissolved CeO, QDs are basically applied in small
amounts and can be readily separated through centrifugation,
firstly at 800 rpm for 2 min then 2000 rpm for 10 min. The
catalytic activity was determined by its potential reusability
for further reaction. In a recycling experiment, the CeO, QD
catalyst was reused in five consecutive cycles for degradation
of MB with little loss of activity of catalyst activity (Fig. 12d).
In each cycle, the CeO, phase was isolated from the reaction
set up at the end of the reaction, and then the separated parti-
cles were washed with ethanol and heated at 100 °C to remove
extra impurities and moisture. There is only a quite low
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Fig. 12 MB removal: a effect of pH variation, b effect of catalyst dosage, ¢ effect of [H,0,] dosage, d recycling test of CeO, QDs for MB degradation.
Reaction conditions: H,O, = 18 mmol/L, CeO, (CPC) = 0.5 g/L, MB = 15 mg/L, pH = 6 under sunlight

level of 2% loss of catalyst effectiveness obtained in 5 cycles.
This low loss inactivity might be due to the continuous inter-
conversion of Ce** to Ce**.

3.3 Mechanism of CeO, QD nanofabrication and MB
degradation

In order to understand the effects of surfactant in the fabri-
cation of CeO, particles, one can compare the present re-
sults with previously reported data [18, 19]. In this present
work, the addition of surfactant decreases the size of ob-
tained particles reaching a QD range (1-10 nm). Figure 13
shows a schematic diagram for the synthesis of CeO,.

On the basis of our findings and literature, we proposed a
plausible mechanism (Eqs. 8-15). Initially, unstable Ce’" re-
acts with H,O, in aqueous media to convert into Ce** with the
generation of *OH. Then, such metallic Ce**cations further
react to generate hydroperoxy radicals. Soluble Ce** and
Ce**cations are easily interconverted to each other and easily
oxidized by hydrogen peroxide to release hydroxyl radicals,
which are more capable than hydrogen peroxide and
hydroperoxy radicals to degrade MB.

cet + H,0, ——Ce*" + "OH+'OH (8)
Ce*' + H,0, ——Ce*" + H' + HOO' (9)
Ce** + HOO" ——Ce*™ + H' + 0, (10)

> OO -
( ) — & N
© © S oo O or (C(\; )C“ )
. ( ) ‘
Cerium sulphate . Micelle 6
(cationic/anionic)
CeO, Quantum dots

Fig. 13 Proposed schematic diagram of cerium oxide synthesis
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Ce’ + 'OH ——Ce** + OH' (11)
‘OH + H,0, —— H,0 +HOO" (12)
Ccet + HOO" ——Ce*t + HOO™ (13)
‘OH + 'OH —— H,0, (14)
‘OH + MB —— Product + CO, + H,O (15)

The experimental data strongly support the proposed
mechanism for the degradation of MB in which
nanofabricated CeO, QDs react with hydrogen peroxide to
generate hydroxyl radicals, which subsequently attack/
radically react to the MB species.

4 Conclusion

CeO, nanoparticles could be successfully synthesized by
chemical precipitation method mediated by different cationic
and anionic surfactants. CPC-mediated CeO, particles
showed the smallest size as compared with the SDS- and
CTAB-mediated ones. The particle size is less than 10 nm
and thus is confined in a quantum range. CeO, QDs prepared
via CPC served as catalyst species for heterogeneous Fenton
reaction to successfully degrade MB at pH 6 under sunlight.
About 99.16% discoloration of MB obtained was with hydro-
gen peroxide and CeO, under sunlight, while 66.66% removal
occurred only with hydrogen peroxide and CeO, and less than
2.50% color removal could be achieved by degradation with
only hydrogen peroxide. At the end of the degradation reac-
tion, CeO, QDs could be successfully separated out from the
reaction mixture by centrifugation and washed properly for
the next combined use. This specific point/data output strong-
ly confirms its stability and potential reuse.
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