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Calcium doped cerium oxide (CeO,) nanoparticles (NPs) were synthesized by co-precipitation method with ammonium ceric sulfate as |
the precursor and ethanol as solvent. They were characterized through X-ray diffraction (XRD), scanning electron microscopy (SEM) and |
energy-dispersive X-ray (EDX) analyses. Pure CeO, NPs have a crystallite size of 9 nm, while, calcium-doped ones have 2 nm and are
having regular spherical shapes. Brunauer-Emmett-Teller (BET) surface analysis indicated that calcium-doped CeO, NPs have larger |
specific surface area (59.806 m%g) than pure CeO, NPs (30-40 m%/g). As a result, chitosan incorporated with calcium doped CeO, NPs |
showed better adsorption efficiencies (48-70%) than when incorporated with undoped CeO, NPs (35-51%). Studies suggested that calcium |
doped CeO, NPs are better potential photocatalyst for methyl orange degradation, with efficiencies between 25-68 % (in the time interval |
of 15-75 min) than their pure counterpart (2-15%). |
|
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INTRODUCTION Additionally, CeO, alone in cosmetics has reportedly been
shown to be unsuitable due to its strong catalytic activity [13].
Ideally, the ionic radius ratio for fluorite-type structures should
be 0.732 in an octahedron MQOs. Due to the tiny ionic radius

Cerium belongs to the lanthanide series, which is most
abundant rare earth element [1]. Cerium has great demand due
to its broad application in the chemical-mechanical polishing

4+ : :
field [2], as oxygen gas sensor [3] and UV absorbent [4]. There of (?e > tt_le ﬂu'orlt'e strqcture .Of CeO. is unstable and cannot
are few studies on investigation of the effective adsorption of attain the ideal ionic radius ratio value of 0.732. Consequently,
heavy metal ions like Cr, Pb*, Cd%, etc. by CeO, NPs [5] Ce* ions have a natural inclination to become Ce* ions (which

has a larger ionic radius) to stabilize the system. The conversion

and hence these methods can be utilized in elimination of heavy . 2 s ¢ .
of Ce™ to Ce™ is accompanied by release of oxygen in order

metals and other impurities from the water bodies. In several . - ;
works [6,7], doping of CeO, NPs with Zn, Mg and Ca has to neutralize the charges. This leads to negative effects such
been successfully attempted, in order to shift the material’s as oxidation of organ.ic molec1211e.s pre.sent in the CeO; cor'ltain-
band-gap value and thereby modify the electronic transitions 1Ng suhscreens. Dgplng ofCa tons CeO, NPs helps in the
[8]. Another important application of CeO, and doped CeO, Fepl‘acem‘ent of Ce"bya ca'tlon Wlth.glower Valence. andalarger
NPs is their photocatalytic activity [9-11]. For photocatalytic lonic radius a‘?d 'thereby gives stablht'y to th? fluorite ZS tr'uctu're
degradation activity to work ideally, a potential photocatalyst [14]. Further., 1t 15 r(?ported th.at the d1ssplut10n of Ca '10ns 1?
should have the ideal bandgap of a semiconducting material the metal oxide lattice helps in decreasing the hydraulic radii

like ZnO, CeO,, TiO, or Cu,O [12]. For this reason, it would and increasing the surface area (Sger) and total pore volume
be beneficial to dope CeO, NPs with various metal ions to alter (Ve) of the prepared oxide samples [15]. Therefore, in addition

its bandgap and then investigate the photocatalytic activity of to m'odiﬁcation of the bandgap and offering ;tabili?y to the
the synthesized nanoparticles. fluorite structure of CeO,, doping of CeO, by Ca™ also improves
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the ability of CeO; to act as a better adsorbent. This was subst-
antiated by carrying out the adsorption studies of both CeO,
and calcium doped CeO, NPs in the present work. Various
chemical methods are adopted for the synthesis of pure and
doped CeO,NPs. Among them, the electrochemical deposition
[16], hydrothermal synthesis [17,18], sol-gel [19,20] and the
co-precipitation [21,22] are the important ones. The co-precipi-
tation method has some benefits, such as, it is elementary,
economical and gives repeatable results.

Although previous studies report the effects of Ca** doping
on CeO;nanoparticles [12], no attempt has been earlier made
to study the effect of Ca** doping on adsorption behaviour and
photocatalytic activities of CeO, NPs. Therefore, in present
work, the synthesis and characterization of Ca** doped CeO,
NPs is reported. Co-precipitation method was employed for
the synthesis of nanoparticles and the XRD, SEM, EDX studies
were carried out for characterization. The results of adsorption
and photocatalytic activity studies are also reported herein.

EXPERIMENTAL

Synthesis of pure cerium oxide nanoparticles: Pure CeO,
NPs were prepared by the precipitation method. In brief,
ammonium ceric sulfate dihydrate (0.3163 g, 0.5 mmol) was
dissolved in 2 M H,SO, (50 mL) followed by the addition of 5
mL of ethanol and then the resulting mixture was heated with
stirring up to 50 °C. After 30 min of stirring, a pale-yellow
dispersion was obtained which was then further heated with
stirring at 50 °C for 4 h. The obtained pale-yellow coloured
precipitate was filtered, washed with 100 mL of water and 25
mL of ethanol and dried at 200 °C for 2 h.

Synthesis of Ca**-doped CeO, NPs: Calcium doped CeO,
NPs were prepared by adding calcium chloride (0.04 M, 20 mL)
to a solution of ammonium ceric sulphate (50 mL) and a similar
procedure was employed as mentioned above.

Characterization: Crystallinity and particle size of nano-
particles were determined by using XRD studies [23]. The
phase formation and crystallinity were examined using powder
X-ray diffraction (XRD, Bruker miniflex 600 model). The size
of the nanoparticles was determined by using 26 values. SEM
images of pure and doped CeO, nanoparticles were used to
examine the surface morphology of the nanoparticles present
in the sample. They were further characterized using the EDX
technique to determine the percentage composition of various
elements present in the sample. The morphology and structure
of Ca®* doped CeO, NPs surface were analyzed with scanning
electron microscope EDAX (SEM, Zeiss EVO18 special edition)
and the morphology and structure of pure CeO, NPs surface
were analyzed with scanning electron microscope EDAX (SEM,
Hitachi S3500). Optical transmittances of the pure and Ca**
doped CeO, nanoparticles were studied by UV-visible double
beam spectrophotometer (Systronics 2202) in the range of 200-
800 nm.

BET analysis: Determination of the effective surface area
of the nanoparticles is a prerequisite to study their adsorption
behaviour [24]. The physical adsorption of gas molecules on
a solid surface is explained by the BET theory, which also forms
the basis for calculating the specific surface area of materials.

Adsorption studies were made using Quantachrome Instrument
(Version 3.0, USA), by using nitrogen gas as gaseous adsorbate
at 77 K.

Adsorption studies: A 50 mL of chitosan solution (500
ppm) was added to each of the two bottles containing 0.1 g
each of pure CeO, and Ca® doped CeO, nanoparticles were
dispersed with the help of a sonicator. Then, 6 mL of methylene
blue solution (2 g/dm®, 6 mmol) was added to each bottle and
each solution was diluted to 100 mL using distilled water. Each
mixture was operated using electrically operated rotary shaker
for 10 min (at 100 rpm) for uniform mixing. The pH of each
solution was adjusted to 3 by adding HC1 dropwise. Then each
solutions were again subjected to uniform mixing by using
the rotary shaker for 10 min (at 100 rpm) and pH of each
solution was brought to 10 by adding NaOH dropwise. Each
solution were thoroughly shaken for further 10 min and kept
aside for the solidified chitosan to settle down. After a predeter-
mined time (0 to 75 min, regular time interval), the solution
was filtered and the absorbance of the filtrate was measured
using the UV-visible spectrophotometer. The concentration of
unadsorbed CeO; in the filtrate was found out by redox titration
against 0.05 M Mohr’s salt solution using Ferroin indicator.
The concentration of Ce(II) determined by titrimetric method
was found to be negligible.

Photocatalytic activity: Weighed exactly 0.1 g of pure
CeO,NPs and transferred into a pyrex glass beaker containing
methyl orange solution (1 ppm). The solid nanoparticles were
dispersed in the dye solution for 5 min. Further, to achieve
adsorption-desorption equilibrium in these studies, methyl
orange solution containing the photocatalyst in the pyrex glass
beaker was magnetically agitated for 30 min. The entire solution
was kept under dark condition during agitation. Then, 7 mL
of sample from the container was collected through syringe,
nanoparticles were separated by centrifugation and the change
of absorbance of the dye was monitored by UV-vis spectro-
photometer (ay). The same procedure was followed for the
Ca® doped CeO; nanaparticles too.

RESULTS AND DISCUSSION

XRD studies: In XRD analysis, the size of the synthesized
nanoparticles, D, was calculated by using the Schrerrer’s
equation [25]:

D= KA W
(Bcos0)
where K is a constant whose value depends on the crystallite
shape (a good approximate is K = 0.9), 3 is the full width at
the half maximum (FWHM) which is obtained from the spectra
using the Origin 9 software, 0 is the diffraction angle (in radians)
and A is the wavelength.

The XRD patterns of pure and Ca** doped CeO, NPs (40
mol% doped) are shown in Fig. 1. The samples are in single-
phase and consist of the fluorite type cubic structure CeO, phase.
The crystallite sizes were calculated from the most intense
peaks (20) by using eqn. 1. The size of the prepared Ca** doped
CeO, NPs and pure CeO, NPs was found to be 2 nm (20 =
28.52°) and 9.3 nm (20 = 38.24°), respectively [26] [JCPDS-
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Fig. 1. XRD patterns of pure CeO, (a) and Ca* doped CeO,NPs (b)

0004-0593]. Using combustion method, the size of the synthe-
sized pure CeO, NPs was found to be 35 nm [27], whereas the
size of cobalt- doped CeO, NPs was 5-8 nm [28].

In this study, the XRD peaks of Ca® doped CeO,NPs are
broadened due to its amorphous nature. The finite size of the
crystals causes the peaks of the XRD patterns to broaden. The
peaks in the XRD pattern will be extremely sharp if the crystal
is infinitely large and as the crystal gets smaller, peak broad-
ening will become more pronounced. Moreover, it has been
observed that on increasing the doping concentration from 0
to 50% (in the increment of 10%) decreased the size of nano-
particles from 9.3 nm (for 0%) to 5.7 nm (for 50%). The
decrease in particle size with increase in doping percentage
was not uniform. The decrease in size with doping was very
fast upto 30 mol%, beyond which the decrease is very slow-
almost reaching saturation near 50 mol% [26]. Though pure
and Ca* doped CeO, NPs were prepared by co-precipitation
method, a significant difference in the nanoparticles sizes is
reported in literature (around 5.7 nm) [26]. This may be due
to the difference in the source of cerium ions used in the synth-
esis. In present work, during synthesis of nanoparticles, Ce**

was used directly (in the form of ceric ammonium sulphate
solution), while in the literature work, the synthesis of nano-
particles involved an in sifu oxidation of Ce** (taken in the form
of ceric nitrate solution) to Ce™ by using hydrogen peroxide.

SEM studies: The shape of pure CeO, NPs is not clear in
its SEM image (Fig. 2a), which is attributed due to the agglo-
meration. However, agglomeration of nanoparticles was reduced
to some extent after doping with Ca**. The SEM images of
Ca™ doped CeO, NPs (Fig. 2b) shows the presence of spherical
shaped nanoparticles [29,30]. The size of pure CeO, NPs was
found to be in between 5-9 nm, while that of Ca** doped CeO,
NPs was found to be in the range of 1-4 nm.

EDX studies: The EDX spectra of pure and 40 mol%
Ca™ doped-CeO, NPs are shown in Fig. 3a-b, respectively.
Compared to pure CeO, NPs, the EDX pattern of doped sample
shows the significant peaks, which is due to the contribution
from Ca in addition to other peaks from elements such as Ce
and O, thereby confirming the doping of Ca** into CeO, NPs.

BET surface studies: The pore size, pore diameter and
surface area of the prepared Ca** doped-CeO, NPs (40 % doping)
were investigated using BET surface analysis. The adsorption-
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Fig. 2. SEM images of pure CeO, (a) and Ca** doped CeO,NPs (b)
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desorption isotherms of Ca** doped-CeO, NPs doped samples
were analyzed using a static volumetric adsorption analyzer.
Fig. 4a shows the N, adsorption-desorption BET isotherm,
while, Fig. 4b displays the Barret-Joyner-Halenda (BJH) pore
size distribution plot for Ca** doped-CeO, NPs. The adsorption-
desorption isotherm is a hysteresis loop exhibiting type IV
pattern as recommended by IUPAC.

From the literature, the average surface area, pore volume
and pore diameter of CeO, NPs prepared by different methods
were found to be in the range of 30-40 m¥g, 0.2-0.3 cm’/g
and 50-100 A, respectively [27,31]. However, CeO, NPs prep-
ared by the solution combustion method [27] and self-assembly
of NPs in liquid crystal phase [32] have reported much higher
surface area of 163.5 m*g and 125 m?¥g, respectively. The
specific surface area of Ca** doped CeO, NPs were calculated
using the BET-equation. In present study, Ca** doped-CeO,
NPs had a surface area of 59.806 m*g, which is more than 10-
fold higher than that of bulk CeO, (5.67 m*g) and higher than
that of pure CeO, NPs (30-40 m*/g) prepared by most of the
methods [33]. As aresult, Ca** doped CeO, NPs were expected
to have better adsorption capacities than pure CeO, NPs. In
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Fig. 3. EDX spectra of pure CeO, NPs (a) and Ca** doped-CeO, NPs (b)
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BET analysis, the pore volume and the pore diameter of Ca**
doped CeO, NPs were found to be 0.236 cm’/g and 150 A,
respectively.

Adsorption studies: In this study, the effect of pure and
Ca** doped CeO, NPs on the efficiency of chitosan to adsorb
methylene blue dye was carried out. It was observed that as
pH increases, the adsorption of the dye decreases. However,
as methylene blue is a cationic dye, it can be better adsorbed
on the anionic chitosan at higher pH 10 [31]. At pH 10, the
amines in the chitosan are deprotonated and are present in the
insoluble form represented as follows:

Chitosan —NH, + OH™ + H,0—— Chitosan —NH; +2H,0

After adsorption, at different time intervals (0-75 min),
the remaining solution was centrifuged at a speed of 17300
rpm. The absorbance of the supernatant solution was found
out by using UV visible spectrophotometer. On comparing
the absorbance of the solution containing chitosan decorated
Ca* doped-CeO, NPs with that of the solution containing
chitosan decorated undoped CeO, NPs, a decrease in
absorbance of dye was observed in the former. According to
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Fig. 4. BET adsorption-desorption isotherm (a) and pore size distribution plot for Ca** doped-CeO, NPs (b)



Vol. 35, No. 2 (2023)

Synthesis of Ca-doped CeO, Nanoparticles for the Enhanced Adsorption Activity of Chitosan 439

Beer-Lambert’s law, absorbance is directly proportional to the
dye concentration; a decrease in absorbance therefore refers
to decrease in concentration of the dye in the solution [34].
This indicates that Ca** doped CeO, NPs improve the adsorp-
tion efficiency of chitosan to a greater extent than the pure
CeO, NPs. The percentage removal of dye using chitosan
decorated bare an Ca** doped CeO, NPs was calculated by
using the following equation [35]:

o, — 0

Removal of dye (%) Q = x100

where o, and ot are the initial and final absorbance.

The percentage of the adsorption of dye (Q) on the chitosan
incorporated with Ca®*/CeO, NPs is more than the bare CeO,
NPs at various time intervals (0-75 min) (Fig. 5).

7071 | —=—ceo,NPs
—e— Ca”'/Ce0, NPs

60
S
C 50-
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T T T T T T T T T T T T d
10 20 30 40 50 60 70 80
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Fig. 5. Percentage of adsorption of the dye (Q) on chitosan incorporated
with CeO, NPs and Ca**/CeO, NPs

The reason for this enhancement may be due to increase
in the adsorbent’s surface area aided by the NPs [10,36]. As
the Ca** doped CeO, NPs have greater surface area than the
undoped ones, this justifies the greater efficiency of chitosan
in removal of dye in the presence of Ca** doped CeO, NPs.
This is further supported by the observation that percentage
of adsorption in the presence of undoped CeO, NPs reaches a
saturation at greater time intervals, while, there is still a steady
increase in percentage adsorption even at greater time intervals
in the presence of Ca** doped CeO, NPs.

Photocatalytic activity: The photocatalytic properties of
synthesized Ca** doped CeO, NPs were studied by using methyl
orange dye. The study showed that the performance of Ca*
doped CeO, NPs in the photocatalytic degradation of methyl
orange was higher compared to pure CeO, NPs. The nanopatrticle
degrades the dye in the presence of light [37] and as a result,
the concentration of dye gets decreased. The percentage degra-
dation of dye was investigated by employing a UV-visible
spectrophotometer. From UV-visible absorption spectra, it was
observed that on increasing the time interval the absorbance
decreases (Fig. 6) and therefore, the percentage of dye degra-
dation increases with time.

It was found that the photocatalytic activity of dye degra-
dation of pure CeO, NPs and Ca** doped CeO, NPs was found

70
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Fig. 6. Comparison of photocatalytic degradation of methyl organe dye (%)
in the presence of visible light by CeO, NPs and Ca**/CeO, NPs
(40% doping)

to be 15% and 68%, respectively (Fig. 6). The enhancement
in the photocatalytic degradation efficiency of CeO, NPs upon
calcium doping may be due to an increase in the charge trans-
port rate [38].

Mechanism of photocatalytic degradation: Energy band
gap is one of the important factors that is considered during
assessment of any material for its photocatalytic activity. CeO,
NPs display a wide range of energy band gap of 2.6-3.4 eV
[39,40]. The energy band gap may be fine tuned or modulated
by modifying the preparative methods and it can be improved
by doping NPs with transition metal ions [41,42]. Doping may
result in lattice defects formation, which may alter the electronic
structure by better electron-hole charge separation, leading to
greater efficiency of the material to absorb visible light [42,43].
Due to the increase of charge separation i.e. separation of
electrons and holes facilitated by Ca**, Ca** doped CeO, NPs
have greater photocatalytic efficiency than the undoped ones.
Also, the fact that Ca** doped CeO, NPs offers larger specific
surface area giving more reaction sites and stronger adsorption
capacity for the dye molecules results in further enhancement
of photocatalytic activity [44,45].

Conclusion

The synthesized Ca** doped CeO, NPs were characterized
by using XRD, SEM, EDX and BET surface analysis. The
synthesized nanoparticles have fluorite type cubic structure
with particle size of 2 nm, which is less than that observed for
undoped NPs viz. 9 nm. SEM images revealed that Ca* doped
CeO, NPs have regular spherical shapes, while the undoped
CeO, NPs do not have a regular shape due to agglomeration.
Comparison of EDX profiles of doped and undoped nano-
particles showed the presence of additional peak due to calcium
in the EDX profile of doped nanoparticles, in addition to those
of cerium and oxygen, thereby confirming successful doping.
From BET analysis, it was observed that the surface area of
doped CeO, NPs is much greater than that of pure CeO, NPs
synthesized by different methods. Adsorption studies revealed
that Ca* doped CeO, NPs offer larger surface area than the
undoped ones and therefore, the presence of the former enhances
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the adsorption capacity towards the dye removal efficiency of
chitosan incorporated doped rare earth metal oxide nano-
particles. The photocatalytic studies revealed that Ca®* doped
CeO, NPs are much better and potential candidate for the photo-
catalytic degradation of methyl orange dye than undoped CeO,
NPs. The higher efficiency of Ca** doped CeO, NPs is because
of the efficient charge separation of electrons and holes offered
by Ca*ions.
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