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A B S T R A C T

The main prerequisite of an active visible-light-driven photocatalyst is to effectively utilize the visible light to
induce electron-hole (e−/h+) pairs of expanded lifetime. To this end, for the first time, the ternary hetero-
junctions of CeO2/Fe3O4 /Graphene oxide and Ce3+/ Fe3O4 /Graphene oxide (CeO2/Fe3O4/GO and
Fe2.8Ce0.2O4/GO) were prepared via facile ultrasonic-assisted procedures and employed for destruction of
oxytetracycline (OTC) under visible light irradiation. The changes in the relative crystal structure, morphology,
atomic and surface functional group composition, magnetic, and optic properties of magnetite were uncovered
by various techniques. The substantial degradation and mineralization of OTC via visible light/Fe2.8Ce0.2O4/GO
system were thoroughly discussed in terms of narrowed band gap energy, the principal function of Ce3+/Ce4+
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and Fe2+/Fe3+ redox pairs and GO platelets, enhanced charge separation and transfer, and enlarged active
surface area. Furthermore, the performance of visible light/Fe2.8Ce0.2O4/GO system was evaluated for treating
real wastewater and its efficiency was investigated using a number of enhancers and scavengers. Finally, the
generated byproducts in the course of photodegradation were determined and the oxidation pathway, photo-
catalytic kinetics, and plausible mechanism were proposed. The results confirmed that the introduced Ce ions
and graphene oxide sheets boost the photo-catalytic efficiency of magnetite for photodegradation of OTC.

1. Introduction

Over the past years, the treatment processes and agents have been
greatly modified to respond the demand for effective, energy-efficient,
and nature-friendly decontamination of polluted environment. For in-
stance, fabrication of highly active photocatalysts has been taken into
consideration by applying resource-efficient routs and abundant and
eco-benign ingredients [1]. Additionally, the employed photocatalyst
need to be recovered in an effective and facile way in order to reuse and
hamper the secondary pollution [2,3]. In light of being cheap and easy
to operate, production of magnetic photocatalysts has been reported as
a successful approach towards easier magnetic separation when com-
pared to conventional filtration or centrifugation methods [4].

Magnetite (Fe3O4) has been the subject of a large number of sys-
tematic investigations in response to need for magnetic and efficient
photocatalyst. Fe3O4 is a mixed valence (FeII-FeIII) n-type semi-
conductor, which is biocompatible and abundant and can be easily
modified towards desired properties. The main challenge faced by
many researchers is to shorten the band gap of magnetite through the
incorporation of specific ions, or doping with promotional compounds
[5,6]. Moreover, the studies in this field have shown that the band gap
energy of nanoparticles is inversely proportional to their sizes, wherein
the energy of band gap decreases by the increase in the size of the
nanoparticles, and vice versa [7]. On the other hand, the shape, size,
and physical properties of nanomaterials are mainly dependent on the
synthesis protocols of them [8]. Several methods are reported in lit-
eratures for synthesis of magnetite nanoparticles including co-pre-
cipitation [9], sono-chemical [10], sol-gel [11], and hydrothermal [12].
As compared to other methods, the sizes of the magnetite nanoparticles
are almost identical when prepared by the co-precipitation method.

Further, the assembly of different metal oxides with magnetic
compounds integrates various properties approaching synergistic ac-
tivities. In this regard, the substitution of cerium in inverse spinel
structure of magnetite promotes magnetite because of the alteration of
Ce oxidation state between Ce3+ and Ce4+, which brings about ex-
cellent oxygen mobility in the hybrid structure [13,14]. On the other
hand, ceria (CeO2) not only benefits a reduction in band gap energy of
magnetite by creating a heterojunction, but it also promotes the effec-
tive separation and transfer of the photo-induced charges [15].

With the aim of making the photo-generated charges available for
oxidation of pollutant molecules, supporting the photocatalyst particles
over graphene-based materials has received critical attention over the
recent years. The unbounded π electrons of graphene provide a great
capacity for adsorbing pollutant molecules via π-π interactions and a
stage for even diffusion of particles. Therefore, the light absorption and
oxidation efficiency are effectively enhanced via transporting the gen-
erated electrons in the heterojunction [15,16].

Emerging contaminants (ECs) are a group of chemicals released into
the environment through manufacturing and application of a set of new
products, such as pharmaceuticals, food additives, house, and personal
care products, which are of emerging concern [17]. Oxytetracycline
(OTC) is a widely consumed antibiotic to treat animals suffering from
infectious gastrointestinal and respiratory organs [18]. Nonetheless,
being hydrophilic and stable due to the presence of naphthacene ring,
OTC is difficult to be removed via the common conventional treatment
technologies [19]. Hereof, it has a high potential to be bio-accumulated
in the environment, thus leading to long-term adverse repercussions on

receiving biota [20]. In heterogeneous photocatalysis, the solid pho-
tocatalyst presents a binary action by simultaneous adsorption of re-
actants and absorption of photons of wavelengths equal or higher than
its band gap energy [21,22]. Several reports on photocatalytic de-
gradation of OTC through heterogeneous photocatalysis are available
using N-F@TiO2 film [23], Ce/N co-doped TiO2/diatomite granule
[24], and Au–CuS–TiO2 [25].

In the present study, ternary heterojunctions of CeO2/Fe3O4/
Graphene oxide and Ce3+/ Fe3O4 /Graphene oxide (Fe3-xCexO4/GO and
Fe3O4/CeO2/GO) nanocomposites were fabricated via a facile ultra-
sonic-assisted method. The main characteristics of the so-synthesized
nanocomposites were fully determined by X-ray diffraction (XRD), Field
emission scanning electron microscopes (FE-SEM), Energy-dispersive X-
ray spectroscopy (EDS), Dot mapping, high-resolution transmission
electron microscopy (HR-TEM), Brunauer–Emmett–Teller N2 adsorp-
tion-desorption (BET), Fourier transform infrared (FT-IR), X-ray pho-
toelectron spectroscopy (XPS), Diffuse reflectance ultraviolet-visible
spectrophotometry (UV–vis DRS), and Vibrating sample magnetometer
(VSM). The photocatalytic activity of the samples was subsequently
assessed for decomposition of a model emergent contaminant, oxyte-
tracycline (OTC), in aqueous solution. The OTC decomposition effec-
tiveness was studied under various operational conditions and in the
presence of various enhancers and scavengers of active species. The
photo-degradation mechanism and generated by-products were after-
ward discussed in detail, and photocatalytic kinetic studies were per-
formed.

2. Experimental and methods

2.1. Fabrication of the samples

2.1.1. Synthesis of Fe3-xCexO4

The list of the reagents is given in supplementary material (S1). The
methods for preparation of Fe3O4 and CeO2 is provided in supple-
mentary material (S2 and S3). The preset quantities of FeCl2·4H2O and
Ce(NO3)3·6H2O were dissolved in 1.2mol/L of HCl wherein the sum
concentration of the metal cations became (0.90mol/L). The Fe2+

oxidation to ferric hydroxide was prevented by hydrazine addition
(1mL) and fitting the pH of solution below 1. The solution was heated
up to 100 °C and slowly stirred with drop-wisely addition of the same
volume of a basic solution comprised of 4.0mol/L NaOH and 0.90mol/
L NaNO3. While stirring at 500 rpm, the reaction was kept at 90 °C for
2 h and Ar passed through it. After cooling of the solution to room
temperature, the particles were centrifuged (3500 rpm for 5min), wa-
shed for 3–4 times with boiling distilled water, and collected by another
centrifugation. The collected particles were oven-dried at 100 °C for
24 h and grounded and passed through a 200-mesh screen.

2.1.2. Preparation of Fe3O4 /CeO2

About 2.5 g of Fe3O4 powder was combined with CeO2 (0.1327 g) in
the dry state. A sample of filler was prepared with 0.7% doping rate of
cerium. Subsequently, a few drops of acetone were well-blended with
the mixture that was oven-heated at 100 °C for 1 h, then cooled, dried
and wet-mixed once more. The process was two more times repeated to
obtain a uniform cerium-magnetite heterostructure.
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2.1.3. Preparation of Fe3-xCexO4 /GO and Fe3O4 /CeO2 /GO
The methods for preparation of Fe3O4/GO and CeO2/GO is provided

in supplementary material (S4 and S5). 100mg of GO was ultra-
sonicated for 1 h in 80mL of water to get GO dispersion. 2 g of
Fe2.8Ce0.2O4 or Fe3O4 /CeO2 NPs was added to this GO dispersion, and
vigorously stirred for 30min at 60 °C, followed by 2 h ultrasonication to
accomplish a suspension of homogeneous state. The resulted nano-
composite was centrifuged, and an external magnetic field was applied
to eliminate the floating GO sheets. Finally, Fe2.8Ce0.2O4/GO or Fe3O4

/CeO2/GO nanocomposite was washed with ethanol and DI H2O for
several times and oven-dried (Scheme 1). The techniques carried out to
characterize the samples are provided in supplementary material (S6).

2.2. Photocatalytic experiments

A suspension of the selected photocatalyst (0.8 g/L) was prepared in
OTC solution (30mg/L; 150mL). The solution was mechanically stirred
in the absence of light for 1 h to ensure an equilibrium between ad-
sorption and desorption. The applied source of light was a 220W Xe
lamp provided with a UV cutoff filter (λ > 420 nm). About 4mL ali-
quots were withdrawn at specific irradiation time intervals wherein the
photocatalyst NPs were separated by centrifugation and filtered by
0.22 μm syringe filter. The variation of OTC concentration was eval-
uated at 355 nm by a Shimadzu UV-2700 UV–vis spectrophotometer
[26]. The degradation efficiency was assessed using: DE% = [(A0 −
At)/A0] ×100, where A0 and At are OTC absorbance before (t= 0) and
after t min reaction.

3. Results and discussion

3.1. Characteristics of the samples

Herein, magnetite was either modified by co-precipitation of Ce ions
into its structure (Fe3-xCexO4, x= 0.2); or making heterojunction with
CeO2 (Fe3O4/CeO2, 0.2 Wt.%). Both samples were then loaded on GO
sheets via a simple ultrasonic-assisted process. The changes in the phase
structure of magnetite were studied by analyzing the XRD patterns
obtained for the employed GO and produced CeO2, Fe3O4, CeO2/GO,
Fe3O4/GO, Fe2.8Ce0.2O4/GO, and Fe3O4/CeO2/GO samples (Fig. 1). The
characteristic Bragg diffraction peaks of magnetite at 2θ ≈

18.31°(111), 30.32°(220), 35.68°(311), 43.32°(400), 53.63°(422),
57.32°(511), 62.82°(440) and 74.51°(533) (JCPDS No.19-629) were
well-recognized in all XRD patterns of the magnetite-included samples.
On the other hand, the cubic fluorite lattice of ceria was also identified
in both Fe2.8Ce0.2O4/GO and Fe3O4/CeO2/GO nanocomposites at 2θ
values of 28.20° (111), 32.18° (200), 47.12° (220), 56.14° (311), 59.94°
(222), 69.61° (400), 76.73° (331), and 78.82° (420) (JCPDS No.34-
0394). In contrast, considering the low content of Ce, the magnetite
peaks were dominant when compared to the characteristic peaks of
ceria. The native GO peak at about 10.65° (001), which corresponds to
the d-spacing of d=8.3 nm, was appeared at low intensities in CeO2/
GO, Fe3O4/GO, Fe2.8Ce0.2O4/GO and Fe3O4/CeO2/GO nanocomposites
due to the low proportion of GO in the samples. However, the slight
shift in XRD peaks of composites towards higher angles associated with
pristine magnetite indicated the successful deposition of nanoparticles
over the layers of GO sheets [27,28].

The microstructure, morphology, shape, and average sizes of the
samples were analyzed using FESEM and HRTEM. The SEM images
(Fig. 2a–g) clearly depict the anchored spherically shaped clusters over
the GO sheets. The micrographs obtained for Fe2.8Ce0.2O4/GO and
Fe3O4/CeO2/GO portray the layered and wrinkled sheets of GO with
folded edges, which makes the 2D sheets thermodynamically stable
[28,29]. Thoroughly, the GO sheets hold the nanoparticle while pre-
venting them from aggregation and the nanoparticles impede the
stacking of GO sheets [6,30].

From the HRTEM images, Fe2.8Ce0.2O4 and Fe3O4/CeO2 nano-
particles characterized with octahedral shape, which is the signature
morphology of Fe3O4, showing that the magnetite structure was not
changed after modification. The nanocomposite (Fig. 3a, and c) was
characterized with a lattice fringe spacing of 0.31 nm that can be as-
sociated to the (1 1 1) plane of CeO2 with corresponding diffraction
peak at 28.2° in the XRD pattern. Moreover, the nanoparticles were
characterized with the lattice fringe spacing of about 0.25 nm, which
can be attributed to the (3 1 1) plane of Fe3O4. The selected area
electron diffraction (SAED) patterns of Fe2.8Ce0.2O4 and Fe3O4/CeO2

(inset of Fig. 3b and d) show a series of bright rings indicating that they
are polycrystalline. In the patterns, the cubic phase of CeO2 can be
identified from the two distinct concentric rings related to the (2 0 0)
and (3 1 1) planes. Moreover, the spots can be indexed to (1 1 1) plane
of the FCC phase of Fe3O4 [31,32]. Data on FT-IR, X-ray dot mapping,

Scheme 1. Preparation of Fe3-xCexO4/GO.
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EDX, BET, and VSM analyses are provided in supplementary material
(S7, S8, S9, S10, and S11).

A primary concern of a photocatalyst is its light-harvesting feature,
especially at visible region. For this, the band gap energy (Eg) of the
photocatalyst needs to be equal or lower than the incident light at
visible wavelengths. To measure this property, the optical absorption
wavelengths of the studied photocatalyst were measured by UV–vis
DRS. Subsequently, (Ahv)2 plots of the studied photocatalysts were
provided as a function of photon energy (hv) and the linear region was
extrapolated to (Ahv)2 equal to zero to find out the band gap energy
value (Fig. 4). The desirable Eg value of Fe2.8Ce0.2O4/GO proves its
outstanding activation under visible light irradiation. This truncated
gap could be resulted from the significant role of the incorporated C3+/
Ce4+ cations in developing band energies between the valence and
conduction levels of magnetite for effective charge transfer [13,28].
Moreover, the role of GO sheets in minimizing the recombination of
e−/h+ pairs should not be ignored. The estimated Eg value for Fe3O4-
CeO2/GO nanocomposite was observed to be greater than that for pure
magnetite that could be attributed to the particle size effect [33].

All the elements identified in Fe3-xCexO4/GO by EDX analysis and
relative oxidation states were detected on the surface of the nano-
composites through XPS survey scan (Fig. 5a). The XPS narrow scans of
C 1s, Ce 3d, Fe 2p, and O 1s were also recorded and the deconvoluted
peaks are shown in Fig. 5b–e. The (C 1s) XP spectrum of the
Fe2.8Ce0.2O4/GO characterized by a range of distinct peaks correspond
to C−C/C–H (284.5 eV), C−O H (287 eV), C−O (285.3 eV), and C꞊O
(288.7 eV) functional groups, which are in good agreement with lit-
erature reports for GO [34]. The Ce 3d XPS narrow scan was accom-
plished on the spectral region of 875–925 eV. Deconvolution of Ce 3d
XPS peaks showed eight components in which two of them at B.E. of
903.8 and 885.1 correspond to Ce 3d3/2 and Ce 3d5/2 at its reduced
oxidation state of +3. The rest of the areas at B.E. of 917, 907, 901,
898.5, 888.8, and 882 are assigned to Ce4+ 3d3/2 and Ce4+ 3d5/2, re-
spectively [35,36]. The presence of Ce at both 3+ and 4+ oxidation

states is because the oxidizing potential of Ce4+ is higher than Fe3+

(1.61 V vs. 0.77 V), which readily give rise to Ce3+ cations with the aid
of adjacent ferrous cations [13,37]. Previous research has indicated a
strong connection between Ce3+/Ce4+ redox pair and existence of
oxygen vacancies over the catalyst that instantly participate in oxida-
tion process [38,39]. The detailed deconvoluted peaks of Fe 2p doublet
is also shown in Fig. 5. Pursuant to the NIST XPS database, the peaks at
binding energies of 724.8 eV and 710.8 eV are assigned to Fe 2p1/2 and
Fe 2p3/2 [5]. The two easily distinguishable peaks adjacent to Fe 2p1/2
confirm the presence of Fe at 2+ and 3+ states. Though, Fe 2p3/2 of
magnetite lacks this satellite peaks, as reported earlier [33,34]. The
relaxation of valence electrons at 2p level causes a configuration in-
teraction in Fe3+ and brings about satellite peaks [40]. In O 1s XP
spectrum, the bands at 529.8, 530.9, and 531.8 eV energies are as-
signed to lattice O binding energies respectively associated with Fe3O4,
Ce4+, and Ce3+, and the peak at 533 eV corresponds to surface hy-
droxyl groups [41].

3.2. Photocatalytic condition

3.2.1. Catalyst dosage
In order to gain an excellent result out of a photocatalytic process,

catalyst loading should be considered as one of the influential factors.
In light of this, different amounts of Fe2.8Ce0.2O4/GO varying between
0.1–1 g/L were loaded in a series of reactions to determine the most
effective capacity (Fig. 6a). As expected, the catalyst dosage of 0.1 g/L
was accounted for the least performance. The effectiveness of OTC re-
moval was concurrently improved by increment in Fe2.8Ce0.2O4/GO
amount, wherein the efficiency reached 90.24% at 1 g/L of the nano-
composite. The catalyst dosage of 0.8 g/L represented almost similar
performance (DE of 88%), so this value was picked as the optimum
amount in the following experiments.

Fig. 1. XRD spectra of the samples.
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3.2.2. OTC initial concentration
The effect of OTC initial concentration on removal efficiency of the

studied photocatalytic system was assessed by applying a range of low
(2–8mg/L) and high (10–50mg/L) concentrations of OTC exposed to a
Xe lamp in the presence of Fe2.8Ce0.2O4/GO (0.8 g/L) and natural pH of
OTC (Fig. 6b). All the OTC solutions below 20mg/L were fully removed
under the studied condition. The lowest values of 2 and 4mg/L of OTC
were disappeared within 90min wherein an additional 30min of light
exposure was sufficient to degrade OTC up to 20mg/L. However, the
increased concentrations of OTC significantly reduced the efficiency of
the system. The DE% values of 82%, 68%, and 53% were obtained for
OTC solutions of 30, 40 and 50mg/L within 120min of photocatalysis.
Indeed, the increased concentrations of OTS solution holds higher
number of molecules in a specified volume, which demands greater
amount of oxidants. Additionally, more active sites over Fe2.8Ce0.2O4/
GO are occupied by additional OTC molecules, which suppress the
visible-light absorption by catalyst and hinder the photocatalytic

reaction.
In addition to degradation efficiency, the mineralization effective-

ness of the Fe2.8Ce0.2O4/GO photocatalyst was also determined for the
solutions with 5 and 30mg/L of OTC (Fig. 6c). The TOC removal of
42% and 26% were respectively resulted after 120min treating of OTC
solutions of 5 and 30mg/L. The TOC removal was further enhanced to
80% and 73.6% when the reaction continued for 6 more hours. The
TOC outcomes clearly support that OTC molecules can be effectively
mineralized by Fe2.8Ce0.2O4/GO under the influence of visible light.

In order to assess the potential environmental application of
Fe2.8Ce0.2O4/GO, a sample was collected from fish farm wastewater and
treated under the same operational condition. Fig. 6d shows the prop-
erties of the real wastewater and the efficiency of the studied system for
treating this sample with 5mg/L of OTC. Despite the high values of
salts and considering their scavenging effects, OTC was completely
degraded by Fe2.8Ce0.2O4/GO under the Xe lamp irradiation. The results
imply that Fe2.8Ce0.2O4/GO can be successfully applied for

Fig. 2. FE-SEM images of (a) GO, (b) CeO2, (c) CeO2 /GO, (d) Fe3O4, (e) Fe3O4 /GO, (f) Fe3O4 /CeO2 /GO, and (g) Fe3-xCexO4 /GO.
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decontamination of OTC polluted waterbodies.

3.2.3. Catalyst type
At the next step, the synthesized Fe3O4, CeO2, Fe3O4/GO, CeO2/GO,

Fe3O4/CeO2/GO, and Fe2.8Ce0.2O4/GO samples were employed as
photocatalysts for OTC removal under the studied optimal condition
(Fig. 7a). The OTC removal through adsorption process varied from
28.5% to 36.6% within 1 h stirring in the absence of light. That was
significantly high when CeO2/GO nanocomposite was used in the

system owing to its considerably higher surface area. As photocatalytic
reaction proceeded, Fe2.8Ce0.2O4/GO/visible light system represented
the best performance resulted from its short band gap energy
(Eg= 1.35 eV), which led to high number of photo-induced e−/h+

pairs, and their effective separation and transfer in the heterojunction.
Moreover, the prolonged life spam of generated holes and participation
of more active sites over enlarged surface of catalyst offered by GO
sheets are also two important causes of the enhanced photo-degrada-
tion of OTC via this system.

Fig. 3. HRTEM images of (a) Fe3O4 /CeO2, (c) Fe3-xCexO4 and SAED pattern of (b) Fe3O4 /CeO2, (d) Fe3-xCexO4.

Fig. 4. UV–vis band gap calculation.
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Fig. 5. (a) XPS Survey scan of Fe3-xCexO4, and (b–f) XPS narrow scan of elements.

Fig. 6. (a) Effect of Fe3-xCexO4/GO dosage ([OTC]=30mg/L). (b) Effect of OTC concentration on its removal efficiencies ([Fe3-xCexO4/GO]= 0.8 g/L). (c) TOC
removal effectiveness ([OTC]= 5 and 30mg/L). (d) The characteristics of the fish farm wastewater and its OTC removal efficiencies ([OTC]=5mg/L). The optimum
operational conditions for all ([Fe3-xCexO4/GO]= 0.8 g/L, [OTC]=30mg/L, pH=4.7 natural, Xe lamp power=220W).
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3.2.4. Solution pH
PH acts a key role in heterogeneous catalysis as it influences the

nature of the pollutant molecule and charge of the catalyst surface.
Previous studies have reported that OTC solubilization and degradation
is altered by pH [42]. Based on the pKa values of OTC (3.57, 7.49, and
9.88), this molecule presents at various forms when pH of the solution
changes from acidic to basic condition. At acidic solutions, neutral
(H2OTC) and positively charged OTC (H3OTC+) are dominant, whereas
OTC exists in a negatively charged form (OTC2−) at pH values above 9
[43]. Moreover, the surface charge of the modified magnetite samples is
directly connected to the solution pH [9]. Therefore, the DE% of OTC
solutions were explored at pH values of 3, 4.7 (OTC natural pH), 5, 7, 9,
and 11 (Fig. 7b). Among the studied values, pH of 4.7 showed the
highest overall performance for degrading 30mg/L of OTC using 0.8 g/
L of Fe2.8Ce0.2O4/GO, with DE% equal to 86.33%. The reason to which
pH 4.7 improved the photocatalytic removal of OTC when compared to
pH 3 could be due to the stability of OTC at acidic solutions. The effi-
ciency of various removal processes on OTC removal is provided in
supplementary material (S12).

3.2.5. Effect of various enhancers
Fig. 7c presents the changes in the efficiency of Fe2.8Ce0.2O4/GO/

light system in the absence and presence of hydrogen peroxide (H2O2)
and potassium persulfate (K2S2O8). The system regardless of any en-
hancer degraded 78.44% of OTC (30mg/L) after 120min. However,
when H2O2 was added to the system (OTC:H2O2 molar ratio of 1:15) the
DE was significantly enhanced to 92.5%. Similarly, the degradation of
OTC was upgraded to 84% in the presence of S2O8

2−. As reported in the
literature, the system comprised of catalyst, light, and H2O2 is known as
photo-Fenton-like reaction where %OH radicals (E°= 2.8 V) are pro-
duced via decomposition of H2O2 over the action of ferrous ions
[44,45]. Here, extra radicals were formed through Fenton process,
which benefitted the photocatalytic decomposition of OTC. Con-
currently, HO2

%radicals were also produced in the course of Fe2+ ions
regeneration under the light action, which further improves the de-
gradation efficacy. In respect of the persulfate ions, sulfate radicals with
high oxidation potential of E°= 2.6 V are generated under the light
illumination, which successively produce %OH radicals with higher
oxidation potential. Hence, the simultaneous action of SO4

%− and %OH
radicals enhanced the performance of the system.

3.2.6. Effect of scavengers
In order to probe the OTC degradation mechanism via Fe2.8Ce0.2O4/

GO/light system, further experiments were carried out with addition of
EDTA and ethanol as hole scavengers [45,46] and SO4

2−, I- and CO3
2−

anions as •OH scavengers. The photocatalytic degradation of OTC was
significantly retarded in the presence of EDTA and ethanol (DE%:
40.24% and 24.67%) compared with that in the company of SO4

2−, I-
and CO3

2− anions (DE%: 66.21%, 61.05% and 58.74%, respectively)
(Fig. 7d). The results suggest the strategic role of holes in degrading
OTC molecules through the studied system. This is because the de-
gradation of OTC by holes could be completed by direct action of holes
in the oxidizing reaction, and its role in inducing %OH radicals via the
following reaction (Eq. (1)) [47]:

+ → ++ +h H O H OH2
• (1)

The results demonstrated the involvement of %OH radicals in the
OTC removal process, as well. Considering the generation of SO4

%−

species with the action of added SO4
2- anions, the decline in the effi-

ciency of system was peripheral. However, the primary reason for the
reduced efficiency of the system after addition of the scavengers could
be the reduction in available active sites over the studied photocatalyst
because of their adsorption over the catalyst surface. The results ob-
tained for reusability potential of Fe3-xCexO4/GO is given in supple-
mentary material (S13).

3.3. OTC degradation intermediates and plausible pathway

The generated intermediates were identified in the photocatalytic
treated solution after certain reaction durations (5, 15, and 45min of
reaction). The filtered solution was extracted thrice by diethyl ether
(Et2O). Once Et2O evaporated, a derivative (N,O-bis-(trimethylsilyl)-
acetamide) was mixed with the solution for 30min at 60 °C. Later on,
the photo-degraded OTC intermediates over Fe2.8Ce0.2O4/GO were
determined by GCeMS analysis of the reserved samples at above-
mentioned intervals [48]. The intermediates were recognized in ac-
cordance with the Mass library (Wiley 7n, match factor ≥90%), and
their names and structures along with the records on their fragment
ions (m/z) and retention time (Rt) were provided in Table 1. The gen-
erated short-chain byproducts confirm the successful decomposition of
OTC via the breakages in the CeC, CeN, CeO, C]O, and C]C bonds.

Fig. 7. Effects of (a) Various catalysts ([cat.] = 0.8 g/L), (b) pH, (c) enhancers ([OTC:Enhancer]= 1:15), and (d) scavengers on OTC photocatalytic degradation.
([OTC:scavenger]= 1:10). The optimum operational conditions: ([Fe3-xCexO4/GO]=0.8 g/L, [OTC]=30mg/L, pH=4.7 natural, Xe lamp power= 220W).
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Based on the identified intermediates, degradation pathway is proposed
and depicted in Fig. 8. OTC molecule is either attacked by reactive
oxygen species, mainly %OH radicals, or photo-induced holes that ulti-
mately dissociate the Naphthol ring and generate the other byproducts.
This pathway is in good agreement with that proposed by Barhoumi
et al. [49].

The mechanism of the OTC photodegradation is briefly described in
Scheme 2. The incorporated Ce gives rise to a semiconductor hetero-
junction with Fe3O4, wherein the valence band (VB) and conduction
band (CB) of Fe3O4 are enclosed by the VB and CB of CeO2. In this state,
the charge carriers are easily produced and separated. Moreover, the
sheets of GO prevent the recombination of e−/h+ pairs via capturing
the photo-generated electrons at the junction point and accordingly
improve the photo-degradation process by leaving the holes free. The
photo-generated e−/h+ initiate a series of photo-degradation reactions
afterward. On the one hand, the holes at the surface of the Fe2.8Ce0.2O4

can directly oxidize the adsorbed OTC molecules where %OH radicals
are also produced from h+‒oxidized water molecules. Thereafter, the
active •OH species effectively oxidize the OTC molecules. Besides, the
separated photo-induced electrons by GO sheets react with adsorbed O2

molecules to produce O2
%−, which produces HOO% in acidic condition

and finally, H2O2 molecules are generated. The further interaction be-
tween O2

%− and H2O2 produces %OH radicals that facilitate the OTC
degradation. The stepwise oxidation of OTC generates short-chained
intermediates and mineralized products.

3.4. Kinetic studies

For kinetic studies, pseudo-first-order kinetic model (Eq. (2)) was
employed to estimate the photo-oxidation rate of OTC through
Fe2.8Ce0.2O4/GO/light system because of its simplicity, and utilization
of unchanged amount of catalyst and light intensity along with a certain
amount of OTC at the initial step of the photocatalytic process [50].

− = kdC
dt

Capp (2)

where, the OTC concentration at time t and apparent reaction rate
constant are represented by C and kapp. The linear plot of ln(C0/C)
versus t can be obtained by integrating the Eq. (3):

= kln( C
C

) tapp
0

(3)

where C0 is the OTC concentration at the irradiation time equal to
zero.

As depicted in Fig. 9a, the experimental results were well-described
by the pseudo-first-order kinetic model wherein the correlation coeffi-
cient (R2) value was very close to unity. The slope of the obtained line
in pseudo-first-order studies gives the rate constant of the OTC photo-
degradation, which approximately reflects the degradation efficiency of
the studied system. The estimated mean value for photocatalytic de-
gradation of OTC was∼0.0119mgmin−1 gcat‒̶1, which is an acceptable
rate when compared to the similar studies in the literature [9].

The adsorption kinetics of OTC over Fe3-xCexO4/GO was also stu-
died by fitting the experimental data with the pseudo-second-order
kinetic model as the most common model employed in heterogeneous
systems to describe the adsorption process [51]. For this purpose, the
linear form of the pseudo-second-order model (Eq. (4)) was used to
predict the OTC adsorption rate on Fe3-xCexO4/GO:

⎜ ⎟= ⎛

⎝

⎞

⎠
+t

q
1

Kq
t

qt e
2

e (4)

where, qe, qt, and K are respectively the quantities of catalyst (mg g−1)
at equilibrium and the given time t (min), and rate constant (g
mg−1 min−1). Table 2 presents the data obtained for the kinetic para-
meters, and correlation coefficient (R2). The estimated R2 value of 0.97

Table 1
Identified intermediates by GC–MS analysis in 5, 15 and 45min of photo-
catalysis.

No. Rt (min) Name Structure Fragment
(m/z)

– – Oxytetracycline –

1 29.701 bis(2-ethylhexyl) phthalate 179, 279.1,
57.1

2 29.695 2-(((2-ethylhexyl)oxy)
carbonyl)benzoic acid

179, 279.1,
57.1, 180

3 22.899 isobutyl octyl phthalate 149, 57.1

4 22.893 diisobutyl phthalate 149, 57.1

5 28.494 3O-(2-ethylhexyl)-N,N-bis
((2ethylhexyl)oxy)
hydroxylamine

99, 57.1,
211.1

6 12.104 N,N-di-tert-butoxy-O-(tert-
butyl)hydroxylamine

299.1, 73,
315

7 18.621 3-(8-methyl-8H-furo[2,3-b]
indol-2-yl)benzamide

293.2, 251.1,
73, 235.1,

171

8 20.538 N,N-dimethylnaphthalen-1-
amine

171, 151

9 18.615 7-ethyl-2,4-dimethylbenzo[b]
[1,8]naphthyridin-5(10H)-one

293.2, 251.1,
237.1, 73,

57.1
10 8.421 4-methoxyquinoline 221.1, 73

11 11.720 N-((1-ethylpyrrolidin-2-yl)
methyl)-2-methoxy-5-
nitrosobenzamide

98, 73

12 11.737 1-ethyl-N-(o-tolyl)pyrrolidine-
2-carboxamide

98, 73.1, 45

13 8.835 2-phenyl-1-((2,3,3-
trimethylbutan-2-yl)oxy)prop-
2-en-1-amine

174, 75,
130.1

14 12.040 2-methylindolizine-6-
carboxamide

73, 174.1,
221.1, 130.1,

155.1
15 8.467 5-(1-hydroxyallyl)-2-methyl-

3a,4,7,7a-tetrahydro-1H-
isoindole-1,3(2H)-dione

221.1, 73

16 18.813 3-butyl-4-methylphenol 205.2, 57.1,
145.1

17 8.823 1-methyl-2-((2,3,3-
trimethylbutan-2yl)oxy)
cyclohexane

147, 75,
131.1, 59

18 11.463 2-(tert-butoxy)-2-((2-(tert-
butoxy)propan-2-yl)oxy)
propane

207, 73,
295.1

19 8.421 4-methoxyquinoline 221.1, 147

20 13.835 di-tert-butyl succinate 147, 73,
188.1

21 11.073 tert-butyl butyrate 130, 75

22 14.896 1,3-di-tert-butylurea 147, 189.1,
73. 168.9

23 6.841 di-tert-butylamine 146, 130.1

24 6.398 2-(tert-butoxy)-2-
methylpropane

163, 133,
147

25 9.446 Acetic acid 75.1, 45, 61
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demonstrates that the adsorption of OTC over the studied photocatalyst
followed the pseudo-second-order model and was chemisorption
(Fig. 9b) [52]. The chemisorption can be attributed to the incorporated
Ce ions and oxide functional groups of GO sheets. Although the ad-
sorption process took a considerable part of removal (∼33%), its

equilibrium rate constant (K) was small value (1.19860*10-6 g
mg−1 min−1) that indicates the interaction of OTC molecules and sur-
face elements was a slow process.

Fig. 8. Proposed mechanism of OTC degradation based on GC–MS identified intermediates.

Scheme 2. Plausible mechanism for photodegradation of OTC catalyzed by Fe3-xCexO4/GO.
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4. Conclusion

For the first time, the decomposition of OTC is reported by visible-
light active ternary heterojunctions (CeO2/Fe3O4/GO and Ce3+/Fe3O4/
GO) fabricated via facial ultrasonic-assisted methods. The integration of
minor quantities of cerium (Fe3-xCexO4/GO; x= 0.2) and ceria (Fe3O4/
CeO2(0.7%)/GO) not only did not alter the structural phase and mag-
netic property of magnetite but also promoted its visible-light-har-
vesting property. The band gap energies of CeO2 (2.9 eV) and Fe3O4

(1.9 eV) were reduced to 2.45 eV and 1.35 eV in Fe3O4/CeO2/GO and
Fe2.8Ce0.2O4/GO with wide absorption bandwidth at visible region.
Moreover, the GO platelets extended the lifetime of photoinduced
charge carriers by trapping the electrons, thus enhanced the photo-ac-
tivity of Fe2.8Ce0.2O4/GO or degradation of OTC. Almost 88% of OTC at
30mg/L was removed by 0.8 g/L of Fe2.8Ce0.2O4/GO within 120min
where the initial natural pH of OTC solution (4.7) remained unchanged.
Moreover, 80% and 73.6% of TOC were removed from the solutions
with 5mg/L and 30mg/L of OTC within 480min of reaction. The
studies on the performance of Fe2.8Ce0.2O4/GO for treating real was-
tewater revealed its strong potential for environmental purification
purpose. The results demonstrated that OTC removal was mainly pro-
ceeded on account of the photo-generated holes and %OH radicals, and
further enhanced in the presence of additional active species supplied
by H2O2 and S2O8

2−. The identified byproducts proved the efficient
OTC photo-degradation under the studied condition and facilitated the
determination of a degradation pathway. This study highlights a prac-
tical approach to enhance the photocatalytic activity of non-toxic and
abundant materials such as magnetite to tackle the environmental
problems attributable to contaminants of emerging concern using or-
dinary substances and conditions.
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