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INTRODUCTION

Over the past few decades, rapid global industrialization
has led to severe contamination of aquatic ecosystems and
other environments worldwide. The pollutants accumulated
in wastewater from the textile, dyeing, leather, pharmaceutical,
paper, cosmetics, plastic and synthetic detergent sectors are
persistent, environmentally hazardous, non-biodegradable,
potentially carcinogenic and highly stable [1]. They include
heavy toxic metals, synthetic dyes and synthetic detergents [2].
Synthetic dyes with a concentration ranging from 10 to 200
mg L–1 present in wastewater are supposed to be carcinogenic.
Humans, plants, microorganisms and animals are exposed to
approximately 500 times more hexavalent chromium than tri-
valent chromium [3]. Chromium finds applications beyond
its evident applications in leather tanning and electroplating
to encompass ceramics, pigment manufacturing and the paper
industry. Extremely toxic, the chromate anion of hexavalent
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chromium is capable of inducing cancer and mutations in
humans [4,5]. The World Health Organization (WHO) advises
that the maximum permissible concentration of Cr(VI) in
effluent is 0.05 mg L–1 [6]. Limited quantities of Cr(III) are
essential for the metabolic processes of lipids, carbohydrates
and sugars in animals and humans [7,8]. However, excessive
concentrations of Cr(III) have been demonstrated to induce
harm to the kidneys and liver owing to their propensity for
unrestricted diffusion across cellular membranes and their
elevated oxidation potential [5,9]. Thus, effluent treatment,
refining and recycling are essential for environmental and
industrial pollution control.

To eliminate and degrade organic compounds from indus-
trial wastewater, numerous conventional processes have been
implemented, including ozonation, precipitation, chemical oxid-
ation, ion-exchange, adsorption, reverse osmosis, biodegra-
dation, flocculation-coagulation, electrocoagulation and others
[10,11]. In addition, numerous cost-effective techniques for
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the removal of organic pollutants and the efficient reduction
of Cr(VI) to Cr(III) have been developed [12-14]. In recent times,
advanced oxygen processes (AOPs) have emerged as the predo-
minant method for removal of pigment from water [15]. The
most prominent among these methods is the in situ photo-
chemical degradation of dyes, which produces an oxidizing agent
in water. Several advantages distinguish photocatalytic degrad-
ation of dyes over alternative processes, including the almost
elimination of secondary pollution and the degradation of pollu-
tants. The photo-Fenton process, which generates hydroxyl
radicals (OH•) by the decomposition of H2O2 in the presence
of ferrous ions, is among the most economical AOPs [16-21].

Lanthanide oxides consisting of CeO2 and Nd2O3 are environ-
mental friendly, photocatalytically active and possess low toxi-
city. CeO2 nanoparticles have garnered considerable attention
due to their unique characteristics, such as thermal stability and
n-type semiconductors with a band gap of 3.0 eV. The oxidation
state transition of Ce3+ to Ce4+ and oxygen vacancies are essen-
tial for the catalytic activity of CeO2 [22]. Combined with addi-
tional nanoparticles, these defect sites promote enhanced photo-
catalytic degradation efficiency in both the ultraviolet and visible
regions, thereby minimizing electron-hole pair recombination.
The efficiency of photocatalytic activity of lanthanide oxide
nanocomposites has been demonstrated several times. For
example, Munawar et al. [23] synthesized a Z-scheme ZnO-
Er2O3-Nd2O3@rGO heterostructure nanocomposite for efficient
methylene blue degradation and also evaluated its antibacterial
activity. Under the UV light irradiation, Arunpandian et al. [11]
examined the photocatalytic efficiency of Nd2O3/ZnO-GO for
the degradation of ciprofloxacin and methylene blue dye. As a
magnetic photocatalyst, Subhan et al. [24] synthesized a La2O3-
Fe3O4-ZnO nanocomposite that efficiently degrades methyl
violet 6B when exposed to visible light. Another type of lantha-
nide oxide nanocomposites, Byrappa et al. [25] developed Bi2O3-
CeO2-ZnO photocatalyst as photocatalytic material for degra-
dation of rhodamine B dye. The antibacterial activity [26],
electrochemical reduction [27] and nuclear waste immobili-
zation [28] are a few of the applications of the binary nanocom-
posite CeO2/Nd2O3, which has been synthesized via a variety
of methods except the solvothermal process [28-30]. However,
its photocatalytic methylene blue degradation and hexavalent
chromium reduction have yet to be reported.

The rapid loss of suspended catalyst particles during photo-
catalytic reaction and separation restricts the photocatalytic
performance of these composites. These limitations contaminate
treated water and increase industrial expenses [31]. The issues
may be resolved using magnetically permeable nuclei and catal-
ytically active outer shells. Incorporating magnetic nanoparticles
into these materials may enable them to combine catalytic activity
with simple separation [31,32]. Fe3O4 is an exceptionally ausp-
icious magnetic nanoparticle for incorporation into magnetic
nanocomposites. Due to its high saturation magnetization, it is
responsive to magnetic fields. For such applications, Fe3O4 is
more desirable due to its reduced toxicity. Graphene oxide has
numerous applications due to its exceptional thermal and mech-
anical stability, charge transfer-based electrical conductivity
and photocatalytic activity when combined with Fe3O4. Several

attempts have been made to manage electron-hole recombi-
nation, which has resulted in improvements in the recyclability
of photocatalyst as well as their photocatalytic activity and
stability. To enhance the photodegradation of methylene blue
and increase the conversion of Fe3+ to Fe2+, Yang et al. [33] syn-
thesized TiO2 nanoparticles mounted on reduced graphene oxide
(rGO)-wrapped Fe3O4 spheres (Fe3O4@rGO@TiO2).

In this study, a magnetic photocatalyst nanocomposite
Fe3O4@rGO@CeO2/Nd2O3 was synthesized by anchoring binary
lanthanide oxides CeO2/Nd2O3 on GO-wrapped Fe3O4 core-
shell using a straightforward and economical solvothermal
method. The synthesized magnetic photocatalyst was assessed
by photo-Fenton degradation of methylene blue in hydrogen
peroxide and photoreduction of toxic Cr(VI) in the presence
of formic acid under the natural sunlight.

EXPERIMENTAL

All AR-grade chemicals and reagents were purchased from
Sigma-Aldrich, USA and utilized without purification.

Synthesis of Fe3O4@rGO@CeO2/Nd2O3 magnetic photo-
catalyst

Synthesis of Fe3O4@GO: FeCl3·6H2O (1 mmol), sodium
dodecylbenzene sulfonate (SDBS, 1 mmol) as a surfactant and
sodium acetate (1 mmol) was mixed in 70 mL ethylene glycol
and sonicated for 30 min. The above mixture was subjected to
a Teflon-lined autoclaved reactor and put in an oven at 180 ºC
for about 10 h. A blackish-brown product was obtained, separ-
ated by an external magnet and washed several times with distilled
water and ethanol. The product was dried in a vacuum oven at
60 ºC for 12 h [33-35]. The prepared Fe3O4 (0.4 g) was disp-
ersed in 100 mL isopropyl alcohol by ultrasonic for 30 min.
Afterward, 1 mL (3-aminopropyl)trimethoxysilane (APTMS)
was added dropwise into the above mixture and refluxed for
24 h at 80 ºC to obtain Fe3O4@APTMS [36,37]. Finally, 150
mL of graphene oxide (GO) solution synthesized by the modi-
fied Hummer’s method was mixed with a homogeneous solution
of Fe3O4@APTMS and vigorously stirred for 1 h to get GO
wrapped Fe3O4 (Fe3O4@GO). SDBS was added as a surfactant
to increase the stability and bonding between Fe3O4 and reduced
graphene oxide [38,39].

Solvothermal synthesis of Fe3O4@rGO@CeO2/Nd2O3:
The two compositions of Fe3O4@rGO@CeO2/Nd2O3 nano-
composite with the molar proportion of Fe3O4@rGO with other
salts as 1:1:1 and 1:0.5:0.5 have been synthesized as follows:
For synthesizing a 1:1:1 ratio for nanocomposite, 1 mmol of
Fe3O4@GO was effectively dispersed in 50 mL of ethylene glycol
by ultrasonic treatment for 30 min. Then, Ce(NO3)3·6H2O
(1 mmol) and NdCl3·6H2O (1 mmol) were separately dispersed
in a beaker using 20 mL ethylene glycol and ultrasonicated
for 30 min. Then, all three solutions were mixed, stirred for
20 min followed by the addition of ammonia solution (3 mmol)
was added dropwise to get a purple solution. The mixture was
then subjected to a Teflon-lined autoclaved reactor and put in
an oven at 200 ºC for about 10 h. The resultant product was
subjected to magnetic separation and washed with distilled
water and ethanol to remove residual unreacted salt effectively.
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Finally, the obtained Fe3O4@rGO@CeO2/Nd2O3 was dried in
a vacuum oven at 60 ºC for 24 h and then calcinated for 4 h at
550 ºC to get fine powder of magnetic photocatalyst [28-30].
Similarly, for synthesis Fe3O4@rGO@CeO2/Nd2O3 (1:0.5:0.5)
nanocomposite procedure is same as described above only
change in proportion of salt is different (1 mmol Fe3O4@GO:
0.5 mmol Ce(NO3)3·6H2O: 0.5 mmol NdCl3·6H2O). In similar
manner, binary lanthanide CeO2/Nd2O3 nanocomposite has been
prepared by above procedure without adding Fe3O4@GO.

Characterization: The surface morphology and elemental
composition of synthesized samples were evaluated using a
field emission scanning electron microscope (FESEM) with an
attached energy dispersive X-ray spectrometer (EDX) Carl ZEISS
supra-55. High-resolution transmission electron microscope
(HRTEM) investigation was performed using Joel TEM 2100
plus with an Operating voltage of 20-300 kV and Resolution
2.4 A.U. The X-ray diffraction (XRD) patterns of the photo-
catalyst were analyzed with a Rigaku X-ray diffractometer using
the CuKα radiation (λ = 1.5405 Å) between an angle range of
2θ = 10º-80º. The FTIR studies of the samples were performed
with a Perkin-Elmer Spectrum IR Version 10.7.2 FTIR spectro-
photometer, The stability of the nanocomposite was analyzed
by thermogravimetric analysis (TGA), differential thermal anal-
ysis (DTA) and differential scanning calorimetry (DSC) using
NETZSCH STA 2500 with temperature ranges varying from
30 ºC to 900 ºC. Magnetic characterization was done by Micro
sense EZ-9 vibrating sample magnetometer (VSM) at moderate
temperature. The absorption spectra, photoreduction reaction
and dye degradation analysis were recorded using a UV-visible
spectrophotometer (Shimadzu UV-1800).

Photocatalytic dye degradation: The methylene blue (MB)
dye was used as a model dye to check the photocatalytic perfor-
mance of as-synthesized nanocomposites. In this photocatalytic
study, 10 mg of photocatalyst was added in 50 mL of 25 ppm
aqueous methylene blue dye solutions, 2 mL H2O2 (0.0536 M)
was added, stirred in the dark for 30 min to attain equilibrium
and then the aqueous dye solutions were continually irradiated
under natural sunlight to achieve photo-Fenton degradation.
The experiments were conducted under similar conditions on
sunny days between 11:00 and 14:00 during October-November
2023 at 30 ºC. The experimental setup used for photodegradation
and photoreduction was mentioned earlier [37]. At regular
intervals, 4 mL of dye solution was examined with a UV-visible
spectrophotometer [33,37,40]. The photocatalytic degradation
efficiency of the samples was determined by employing the
subsequent mathematical expression [40].

o t

o

C C
Photocatalytic efficiency (%) 100

C

−= × (1)

where Co = initial dye concentration, Ct = concentration of
methylene blue dye at various times (t).

Photocatalytic reduction of chromium(VI): The synthe-
sized Fe3O4@rGO@CeO2/Nd2O3 nanocomposite was used as a
magnetic photocatalyst to reduce Cr(VI). In this typical experi-
ment, 100 ppm K2Cr2O7 was prepared as stock. A stock solution
(100 mL) was taken in a 250 mL of beaker containing 2 mL
formic acid and 10 mg catalyst and stirred for 30 min to achieve

equilibrium. Then, the above mixture was continuously irradi-
ated under sunlight. Similar experimental conditions were used
as described for dye degradation mentioned above. After each
10 min interval, a 4 mL solution was taken and examined using
a UV-visible spectrophotometer. The performance of the photo-
catalyst was evaluated by analyzing a reduction in the charac-
teristic absorption band of Cr(VI) at 350 nm as a function of
irradiation time [3,37,41-43].

RESULTS AND DISCUSSION

XRD studies: A powder X-ray diffraction (XRD) analysis
was studied to assess the magnetic photocatalyst’s crystallo-
graphic arrangement and phase homogeneity. To identify the
complete synthesis of prepared Fe3O4@rGO@CeO2/Nd2O3

photo-catalyst in two different compositions, it was compared
with Fe3O4 and CeO2/Nd2O3 binary nanocomposite in Fig. 1.
For pure Fe3O4, the peaks at 2θ of 18.65º, 30.30º, 35.68º,
43.49º, 57.30º and 62.85º are best matched with the cubic phase
structure (JCPDS No. 96-900-5840). Also, the XRD patterns
of two compositions of photocatalyst exhibits similar distinct
peaks with different intensities at 2θ of 15.67º, 17.58º, 22.37º,
23.70º, 24.99º, 25.20º, 27.36º, 28.60º, 32.95º, 33.91º, 35.59º,
39.06º, 39.93º, 45.54º, 46.45º and 52.74º, are also best matched
with the cubic structure of CeO2/Nd2O3 (JCPDS No. 00-028-
0266) with empirical formula Ce0.75Nd0.25O1.88 [30,44] as shown
in Fig. 1.

15 20 25 30 35 40 45 50 55 60 65 70 75 80

2  (°)θ

Fig. 1. Comparative X-ray diffraction patterns of Fe3O4, CeO2/Nd2O3,
Fe3O4@rGO@CeO2/Nd2O3 (1:0.5:0.5) and Fe3O4@rGO@CeO2/
Nd2O3 (1:1:1) nanocomposite with JCPDS file of CeO2/Nd2O3

The XRD pattern of two compositions of Fe3O4@rGO@
CeO2/Nd2O3 shows reflection (1 1 1), (2 2 0), (2 0 0), (3 1 1),
(4 0 0), (2 2 0), (3 1 1), (5 1 1), (2 2 2), (4 4 0), (4 0 0), (3 3 1)
and (4 2 0), which clearly indicates presence of Fe3O4 and CeO2/
Nd2O3 in a nanocomposite and all belonging to a cubic crystalline
structure. The crystallite size of Fe3O4, CeO2/Nd2O3, Fe3O4@
rGO@CeO2/Nd2O3 (1:0.5:0.5) and Fe3O4@rGO@ CeO2/Nd2O3

(1:1:1) was determined using the full width at half maximum
(FWHM) of the most prominent peak by using Debye-Scherrer’s
equation [45,46]. The average crystallite size observed from
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the XRD pattern for Fe3O4, CeO2-Nd2O3, Fe3O4@rGO@CeO2/
Nd2O3 (1:0.5:0.5) and Fe3O4@rGO@CeO2/Nd2O3 (1:1:1) nano-
composite are 8 nm, 10 nm, 12 nm and 16 nm, respectively.

FESEM studies: The morphology and microstructure of
pure Fe3O4, Fe3O4@rGO@CeO2/Nd2O3 (1:0.5:0.5) and Fe3O4@
rGO@CeO2/Nd2O3 (1:1:1) were analyzed using FE-SEM micro-
graphs. Fig. 2 (a, a1), (b, b1) and (c, c1) shows the detailed scan-
ning electron micrographs of Fe3O4 nanoparticles, Fe3O4@rGO
@CeO2/Nd2O3 (1:0.5:0.5) and Fe3O4@rGO@CeO2/Nd2O3 (1:1:1),
respectively at different magnifications. Images of Fe3O4 showed
that the material consisted of nanosized particles smaller than

100 nm, with spherically shaped grains that clung together in
very dense aggregates of Fe3O4 nanoparticles. This clustering
of nanoparticles results in greater magnetostatic coupling between
nanoparticles. The average particle size observed by Fe3O4 nano-
particles is around 52.16 nm, as shown in the histogram. As the
deposition of CeO2/Nd2O3 takes place on Fe3O4@rGO during
the formation of magnetic photocatalyst, the average particle
size increases up to 55.30 nm for Fe3O4@rGO@CeO2/Nd2O3

(1:0.5:0.5). As the concentration of CeO2 and Nd2O3 increases,
the average particle size increases to 63.06 nm. The particles
are spherically shaped with less aggregation as compared to Fe3O4
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Fig. 2. FE-SEM images of (a, a1) Fe3O4, (b, b1) Fe3O4@rGO@CeO2/Nd2O3(1:0.5:0.5), (c,c1) Fe3O4@rGO@CeO2/Nd2O3(1:1:1) and Histogram
of (a2) Fe3O4, (b2) Fe3O4@rGO@CeO2/Nd2O3(1:0.5:0.5), (c2) Fe3O4@rGO@CeO2/Nd2O3(1:1:1)
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nanoparticles, as shown in Fig. 2 (b, b1) and (c, c1), which indi-
cates the formation of Fe3O4@rGO@CeO2/Nd2O3 nanocomposite
with decreased magnetic properties.

EDX studies: The elemental composition of Fe3O4@rGO
@CeO2/Nd2O3 was analyzed with the help of an energy-dispersive
X-ray (EDX) spectrometer linked with SEM. Fig. 3(a-b) depicts
the EDX spectra of Fe3O4 and Fe3O4@rGO@CeO2/Nd2O3 (1:1:1)
nanocomposite. A pure sample of Fe3O4 shows EDX data of
weight% as Fe (39.68%) and O (60.32%) (Fig. 3a). In contrast,
the Fe3O4@rGO@CeO2/Nd2O3(1:1:1) nanocomposite shows
EDX data as Fe (32.48%), Ce (19.58%), Nd (13.24%), O
(24.53%), C (9.13%) and Si (1.03%) (Fig. 3b). The obtained
EDX spectra provide evidence of the existence of iron (Fe),
cerium (Ce), neodymium (Nd), oxygen (O), carbon (C) and
silicon (Si) within the Fe3O4@rGO@CeO2/Nd2O3 composites.
Significantly, no additional elements are detected, suggesting
that the synthesized photocatalyst possesses a high purity level
devoid of impurities.

TEM and SAED studies: Fig. 4(a-i) shows the TEM images
of Fe3O4, CeO2/Nd2O3 and Fe3O4@rGO@CeO2/Nd2O3, d-spacing
and selected area diffraction (SAED) pattern of Fe3O4 and Fe3O4

@rGO@CeO2/Nd2O3. The HRTEM image of CeO2/Nd2O3

clearly shows that CeO2 nanoparticles have crystalline nanorods
structure with an average length of 90 nm and diameter of 42
nm on which Nd2O3 nanoparticles are deposited [47-49]. The
HRTEM image inset with interplanar distance for CeO2 nano-

rods is shown in Fig. 4(f) with a d-spacing 0.312 nm of (1 1 1)
plane. The complete synthesis of Fe3O4@rGO wrapped CeO2/
Nd2O3 is clearly observed in TEM images [Fig. 4(g,h)]. From
TEM images, it can clearly be seen that Fe3O4 nanoparticles
are completely wrapped on rGO sheets and CeO2/Nd2O3 is
deposited on the reduced graphene oxide sheets. The SAED
pattern reveals that Fe3O4@rGO@CeO2/Nd2O3 is polycrysta-
lline in nature. The SAED pattern reveals a single crystalline
nature of CeO2 nanorods, however, the emergence of bright
spots signifies the formation of polycrystalline photocatalysts.

FTIR studies: The FTIR spectra of Fe3O4, Fe3O4@rGO,
CeO2/Nd2O3, Fe3O4@rGO@CeO2/Nd2O3 nanocomposite was
observed in the range 4000-400 cm–1 as shown in Fig. 5. The
FTIR spectra of Fe3O4, Fe3O4@rGO and Fe3O4@rGO@CeO2/
Nd2O3 show a distinct absorption band around 640-561 cm–1,
which corresponds to the spinel cubic structure and is labeled
as Fe-O and not seen in CeO2/Nd2O3 clearly indicates the pres-
ence of Fe3O4 in nanocomposite [50,51]. The absorption band
at 3420 cm–1 was due to the stretching vibration of a hydroxyl
group (-OH), indicating the presence of water in the sample,
which is not observed in the IR spectra of CeO2/Nd2O3 shows
that nanocomposite is free from moisture. In addition, the absor-
ption band around 1618-1593 cm–1 should be symmetric stret-
ching vibrations of the surface hydroxyl groups. In Fe3O4@
rGO@CeO2/Nd2O3 nanocomposite, the absorption band at
3437 cm–1 is due to the presence of acidic -OH groups, which

0 1 2 3 4 5 6 7 8 9 10
keV

Fe Ka1 O Ka1500 µm Electron image 1

Fig. 3a. EDX Spectra with elemental mapping of Fe3O4 nanoparticles
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confirms that rGO is well wrapped in nanocomposite. Nd2O3

nanoparticles are observed in FTIR spectra at an absorption
band of 669 cm–1 due to Nd-O stretching vibration and Ce-O
vibrational stretching followed at absorption band 852 cm–1

confirms that CeO2/Nd2O3 is well deposited on the surface of
Fe3O4@rGO [15,26,30].

UV-visible studies: The UV-visible absorption spectra
of the synthesized Fe3O4, Fe3O4@rGO, CeO2/Nd2O3, Fe3O4@
rGO@CeO2/Nd2O3 nanocomposite are shown in Fig. 6a. The
Tauc plot of (αhν)1/2 against the photon energy (eV) was plotted

to determine the indirect bandgap represented in Fig. 6b. The
spectra show the broad absorption in the UV-visible region
for the Fe3O4@rGO@CeO2/Nd2O3 in the range 250-400 nm.
The Fe3O4@rGO@CeO2/Nd2O3 nanocomposite has strong
absorption peaks at 330 nm with a discernible redshift. The
observed redshift can potentially be attributed to the compo-
sition of Fe3O4-wrapped rGO sheets and CeO2/Nd2O3 [52].
These strong absorption peaks reveal that Fe3O4@rGO@CeO2/
Nd2O3 nanocomposite is a good candidate for photocatalytic
applications. The Tauc plot exhibits two discernible transitions

0 1 2 3 4 5 6 7 8 9 10
keV 500 µm Electron image 1

C Ka1_2

Fe Ka1

Si Ka1

Nd La1

O Ka1

Ce La1
Fig. 3b. EDX Spectra with elemental mapping of Fe3O4@rGO@CeO2/Nd2O3 (1:1:1) nanocomposite
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Fig. 4. TEM images of (a) Fe3O4 (inset: Histogram) (d,e) CeO2/Nd2O3 and (g, h) Fe3O4@rGO@CeO2/Nd2O3 (1:1:1), HRTEM images (inset:
d-spacing of (b) Fe3O4, (f) CeO2 nanoparticles), SAED patterns of (c) Fe3O4, (i) Fe3O4@rGO@ CeO2/Nd2O3 (1:1:1)

as illustrated in Fig. 6b. The initial transition, symbolized by
the coloured solid line, is the optical gap that arises from forming
an exciton or electron-hole pair, referred to as a Frenkel exciton.
The fundamental energy differential between the valence band
(VB) and conduction band (CB) is symbolized by coloured
dashed lines during the second transition [37,53]. The Tauc
plot reveals the following values for the indirect band gaps
(optical energy gap) of various nanocomposites: Fe3O4 at 2.90
eV, CeO2/Nd2O3 at 2.27 eV, Fe3O4@rGO at 2.19 eV and Fe3O4

@rGO@CeO2/Nd2O3 at 2.14 eV. Additionally, the indirect
band gaps (fundamental energy gap) for Fe3O4, Fe3O4@rGO,

CeO2/Nd2O3, Fe3O4@rGO@CeO2/Nd2O3 were observed at 3.85
eV, 3.91 eV, 3.1 eV and 3.68 eV, respectively.

Magnetic measurements (VSM): The room temperature
magnetization measurements of Fe3O4, Fe3O4@rGO@CeO2/
Nd2O3 (1:0.5:0.5) and Fe3O4@rGO@CeO2/Nd2O3 (1:1:1) nano-
composites were performed by using a vibrating sample magneto-
meter (VSM). As shown in Fig. 7, the saturation magnetization
(MS) of Fe3O4 determined was 101.84 emu/g, which signifies
a notable magnetization power attributed to the aggregation
of nanoparticles. While the saturation magnetization (MS) of
Fe3O4@rGO@CeO2/Nd2O3 (1:0.5:0.5) and (1:1:1) were meas-
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Fig. 5. FTIR spectra of Fe3O4, Fe3O4@rGO, CeO2/Nd2O3, Fe3O4@rGO@
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ured to be 43.11 emu/g and 30.02 emu/g, respectively. This
relatively low value can be attributed to rGO wrapped on the
Fe3O4 surface and the subsequent anchoring of CeO2 and Nd2O3

nanoparticles with different proportions. An external magnetic
field separates nanocomposite photocatalyst from solution for
reuse.

Thermal analysis: TGA, DTA and DSC curve analysis
are primarily employed to examine the thermal stability, degra-
dation, moisture content and chemical changes of the nanomat-
erials. The TGA, DTA and DSC curves of Fe3O4@rGO@CeO2/
Nd2O3 nanocomposites are shown in Fig. 8 with temperature
range from 10 to 900 ºC. The TGA curve showed that the synth-
esized nanocomposite was decomposed in three steps with
total weight losses of around 11.0%. In TGA curve, first, 4.0%
weight loss occurs at 220 ºC due to the loss of water molecules
in the synthesized nanocomposite. A consecutive weight loss
of 4.0% in the temperature range of 220 ºC to 550 ºC was due
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to oxidation of Fe3O4 to Fe2O3 and the decomposition of reduced
graphene oxide occurs simultaneously [54]. At the end of the
heating, a 3% weight loss is observed from 550 ºC to 880 ºC,
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which is attributed to the phase transfer, decomposition or
degradation of nanocomposite material. The overall loss of
11.0% up to 880 ºC in TGA indicated the high thermal stability
of Fe3O4@ rGO@CeO2/Nd2O3 nanocomposite.

The DSC curve of synthesized nanocomposite exhibits
three exothermic peaks at 107.2 ºC, 397.8 ºC and 672.62 ºC
and one sharp endothermic peak at 809.98 ºC. The peak of
107.2 ºC in the DSC curve shows the removal of the adsorbed
water from the nanocomposite. The peak at 397.8 ºC clearly
indicates the oxidation and complete transformation of Fe3O4

to Fe2O3 [55]. The third exothermic peak at 672.62 ºC in the
DSC curve relates to the decomposition of lanthanide oxide
nanocomposites. Also, the DSC curve showed an intense endo-
thermic peak at 809.98 ºC, which relates to the phase transfer
of the synthesized nanocomposite.

For the DTA curve of Fe3O4@rGO@CeO2/Nd2O3 nano-
composite, a strong exothermic peak at 481.52 ºC was observed
which contributed to the complete oxidation of Fe3O4 to Fe2O3

and the decomposition of reduced graphene oxide was also
confirmed by TGA and DSC curves. Similarly, like DSC, a
peak at about 809.78 ºC is also observed in DTA, which favours
the phase transfer, decomposition and degradation of the
synthesized nanocomposite.

Applications

Photo-fenton degradation of methylene blue dye, active
species trapping experiment and possible mechanism:
Methylene blue dye was selected as a model dye to analyze the
degradation activity of synthesized Fe3O4@rGO@CeO2/Nd2O3

(1:1:1) magnetic nanocomposite and compare it with Fe3O4,
CeO2/Nd2O3 and Fe3O4@ CeO2/Nd2O3 nanocomposite in pres-
ence and absence of H2O2. The decrease in the concentration
of methylene blue dye was examined by determining the absor-
bance at a 662 nm wavelength. A 25 ppm methylene blue dye
solution with 10 mg of photocatalyst was stirred for 30 min in
dark to achieve adsorption-desorption equilibrium. The photo-
Fenton reaction was initiated by the introducing 2 mL of H2O2

(0.0536 M) to the system and putting the whole mixture under
sunlight at 30 ºC without any external light source, resulting in
the conversion of ferric (Fe3+) to ferrous (Fe2+), which accele-
rated the degradation process [33,56].

The progress of photocatalytic methylene blue dye
degradation by Fe3O4@rGO@CeO2/Nd2O3 is shown in Fig. 9.
When the solution was agitated in the absence of light to achieve
adsorption-desorption equilibrium, no significant adsorption
by photocatalysts was found for the methylene blue dye. The
degradation efficiency of Fe3O4@rGO@CeO2/Nd2O3 magnetic
photocatalyst was 98% in 50 min. At neutral pH, the photo-
catalytic degradation of 25 ppm methylene blue with various
photocatalysts and H2O2 doses is shown in Fig. 10a.
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Fig. 9. UV spectra absorption of methylene blue dye degradation by
Fe3O4@rGO@CeO2/Nd2O3 at neutral pH and 0.0536 M H2O2 dose

Several scavengers were used to identify the active species
involved in the photo-Fenton reaction. AgNO3, EDTA, iso-
propyl alcohol and p-benzoquinone were utilized as scavengers
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for active species such as electrons (e–), holes (h+), hydroxyl
radicals (OH•) and superoxide radicals (O2

–) [37,57]. The
photodegradation efficiency decrease to 14%, 21% and 26%
when IPA, EDTA and AgNO3 (1 mmol) were added to the dye
solution. Fig. 11 illustrates that the photo-Fenton reaction is
driven by hydroxyl radicals (OH•), holes (h+), followed by
electrons (e–). p-Benzoquinone (BQ) has limited influence on
the photodegradation, retaining around 95%, confirming the
low role of superoxide radicals (O2

•−) in the photo-Fenton process.
Based on the trapping experiment, the hydroxyl radicals (OH•)
significantly contributes to photodegradation of H2O2.
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Fig. 11. Effect of various scavengers on the photo-Fenton degradation of
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It is also clear from Fig. 10(a-b) that H2O2 doses in the
Fenton system increase the photocatalytic degradation activity
by generating hydroxyl radicals (OH•). Also, the addition of
CeO2 and Nd2O3 on the surface of graphene oxide traps electrons,
which controls the electron-hole recombination for the effec-
tive degradation of methylene blue dye. Improved photo-Fenton
activity is shown by synthesized Fe3O4@rGO@CeO2/Nd2O3

nanocomposite due to a small band gap of 2.14 eV. Graphene
oxide plays a significant role by suppressing the recombination
of photogenerated electron-hole pairs produced by Fe3O4, CeO2

and Nd2O3, enhancing the photocatalytic activity [58]. The
possible mechanism of the photo-Fenton methylene blue dye

degradation process can be briefly described in the following
equations [33,59,60]:

Fe2+ + H2O2 → Fe3+ + OH– + OH• (2)

Fe3O4 + hν → Fe3O4 (e– + h+) (3)

Fe3O4 (h+) + OH– → OH• (4)

Fe3O4 (h+) + H2O → OH• + H+ (5)

CeO2 or Nd2O3 + hν → CeO2 or Nd2O3 (e– + h+) (6)

Fe3+ + CeO2 or Nd2O3 (e–) → Fe2+ (7)

Methylene blue dye + OH•/h+/e– →
Degradation products (CO2 + H2O) (8)

Reaction kinetic studies: The photocatalytic degradation
of methylene blue dye by Fe3O4@rGO@CeO2/Nd2O3 nano-
composite follows the pseudo-first-order kinetic model as shown
in Fig. 10b, which could be expressed as follows [61,62]:

t
abs

o

C
ln k (t)

C
= − (9)

where -kabs = pseudo first order rate constant of dye removal
[63]. It was observed that Fe3O4@rGO@CeO2/Nd2O3 nano-
composite possesses a higher rate constant than CeO2/Nd2O3

and Fe3O4 nanoparticles, which is about 0.09204 min–1.
Photocatalytic reduction of chromium(VI) with possible

mechanism: Magnetic Fe3O4@rGO@CeO2/Nd2O3 nanocom-
posite was employed for conducting the photocatalytic redu-
ction of Cr(VI) in the presence and absence of formic acid under
the influence of natural sunlight. Formic acid was utilized in
Cr(VI) photoreduction because it is less toxic and stable; it
also provides an acidic medium which is permissive to the redu-
ction of Cr(VI) [7,42,64]. The effect of magnetic nanocomposite
and sunlight on photocatalysis at different time laps is shown
in Fig. 12a. The adsorption-desorption equilibrium was attained
by placing it in dark for 30 min. There is negligible adsorption
of Cr(VI) by different photocatalyst on the surface was observed.
Afterward, the Cr(VI) solution was kept under natural sunlight
and after every 10 min, a photo-reduced solution was collected
to check the decrease in adsorption using a UV-visible spectro-
photometer. In Fig. 12a, it is clearly observed that almost comp-
lete photoreduction of 100 ppm Cr(VI) had been achieved by
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observing a decrease in the absorption band at 350 nm in 40
min. Fig. 12a shows that in the first 10 min, the reduction is
about 34%, which increases to 85% in just 30 min and after
40 min, complete photoreduction of Cr(VI) of about 99%
observed with rate constant of the reaction is 0.09226 min–1.
The photocatalytic study and rate constant of the photoreduction
by different catalysts are shown in Fig. 12b-c. The possible
mechanism for the photoreduction of hexavalent chromium is
described by eqns. 10-17 [64,65]:

Fe3O4 or CeO2 or Nd2O3 + hν →
Fe3O4 or CeO2 or Nd2O3 (h+

VB + e–
CB) (10)

HCOOH → CO2 + H2 (11)

H2O + h+
VB → OH• + H+ (12)

Cr2O7
2–(Cr6+) + 8H+ + 3H2 → 2Cr3+ + 7H2O (13)

Cr2O7
2–(Cr6+) + 6e–

CB  + 14H+ → 2Cr3+ + 7H2O (14)

HCOOH + OH• → CO2
•− + H3O+ (15)

2HCOO– + h+
VB → CO2

•− + CO2 + H2 (16)

Cr2O7
2–(Cr6+) + 2CO2

•−  + 10H+ → 2Cr3+ + 2CO2 + 5H2O  (17)

The multifunctional nature of formic acid facilitates the
separation of holes and electrons, which is advantageous for
the photocatalytic activity of nanocomposite. Consequently,
reactive radicals (CO2

•−) are produced, thereby enhancing the
photocatalytic reduction of Cr(VI) in the presence of Fe3O4@
rGO@CeO2/Nd2O3 nanocomposite. Formic acid also reacts with
hydroxyl radicals (OH•) which produce reactive radicals (CO2

•−).
Cyclic photocatalytic study (recyclability test): The

synthesized Fe3O4@rGO@CeO2/Nd2O3 photocatalyst is very
stable, as described by TGA-DTA-DSC analysis up to 880 ºC
temperature shown in Fig. 8b. Thus, the catalyst can easily
separate from the methylene blue and Cr(VI) solutions by the
external magnetic field and for reuse. As shown in Fig. 13,
After six recycles, the catalytic activity of Fe3O4@rGO@CeO2/
Nd2O3 slightly decreased from 98% to 92% and 99% to 94%
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Fig. 13. Cyclic photocatalytic study of Fe3O4@rGO@CeO2/Nd2O3 nanocom-
posite for degradation of methylene blue (MB) and photoreduction
of chromium(VI)

for methylene blue degradation and chromium(VI) reduction,
respectively. The catalyst has been used multiple times despite
its reduced degrading efficiency, suggesting its stability.

Conclusion

In this work, Fe3O4@rGO@CeO2/Nd2O3 nanocomposite
was synthesized by a simple, efficient and one-step solvo-
thermal method and successfully used for methylene blue dye
degradation by photo-Fenton method and Cr(VI) reduction in
formic acid when exposed to sunlight. The structural analysis
confirmed the cubic spinel spherical structure of Fe3O4 and
the nanorod structure of CeO2 on which spherical Nd2O3 nano-
particles are deposited. The FESEM and HRTEM images revealed
the presence of CeO2/Nd2O3 nanoparticles immobilized on a
reduced graphene oxide (rGO) substrate, further encapsulated
by spherical Fe3O4 nanoparticles. The physico-chemical chara-
cteristics of Fe3O4@rGO@CeO2/Nd2O3 nanocomposite in the
degradation of methylene blue and reduction of Cr(VI) have
been studied. Due to the remarkable saturation magnetization
exhibited by the photocatalyst, it can effectively extract and
undergo recycling processes within the liquid system. The
photocatalytic test of the synthesized magnetic photocatalyst
for methylene blue degradation and Cr(VI) reduction showed
more significant catalytic activity under natural sunlight. A
98% methylene blue degradation is obtained for 2 mL H2O2

and 10 mg of magnetic photocatalyst at neutral pH within 50
min. In just 40 min, 99% of the Cr(VI) gets reduced using the
same photocatalyst. After six cycles, the photocatalytic activity
exhibited slightly decreased catalytic efficiency. In conclusion,
the Fe3O4@rGO@CeO2/Nd2O3 catalyst exhibits remarkable
stability and holds significant promise in the degradation of
methylene blue dye and reduction of Cr(VI).
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