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Te presence of emerging contaminants in wastewater like tetracycline poses a signifcant challenge in water reuse worldwide.Te
implementation of a p-n heterojunction and dye-sensitized techniques in the enhancement of graphite carbon nitride provides
a promising alternative for visible light-driven degradation of emerging contaminants present in wastewater. Te present study
investigated dye-sensitized and plain composites in degrading tetracycline using natural sunlight in a parabolic trough reactor.
Te study synthesized four composites of ZnFe2O4-g-C3N4 at 5, 15, and 25wt% loading of the ferrite by direct annealing of
melamine, followed by thermal and ultrasonic exfoliation of bulk graphite carbon nitride and in situ precipitation with zinc
ferrites to yield a composite photocatalyst. Te photocatalysts were characterized using X-ray difraction (XRD) analyses which
confrmed that all the spinel ferrite phases of ZnFe2O4 were well bonded with g-C3N4 nanosheets to form a composite. Te
crystallite sizes were calculated by the Debye–Scherrer equation indicating crystal sizes of between 4.63 and 8.61 nm confrming
the nanostructures.Te scanning electron microscope-energy dispersive spectroscopy (SEM-EDX) tests verifed that the spherical
globules of ZnFe2O4 were well attached to the mesoporous layers of g-C3N4 and absence of contaminant phases. Te UV-Vis
analysis for 25% ZF-GCN revealed a band gap reduction from 2.67 eV to 2.03 eV.Te PL intensity for all the composites decreased
at excitation of 266 nm and 550 nmwhich was evidence for suppressed charge recombination. A 25% ferrite loading resulted in the
best photocatalytic performance with tetracycline degradation of 93.64% and total organic carbon (TOC) removal of 51.89%. Te
sensitization of the 25% ZF-GCN composite with Eosin Y further improved its performance for degradation of tetracycline to
94.62% and TOC removal to 68.29%. Terefore, dye sensitization is an efcient way of improving the photocatalytic activity of
a multicomponent photocatalyst for the removal of emerging pollutants.

1. Introduction

Te rising standards of living witnessed in many developing
countries have been accompanied by rapid industrialization,
urbanization, and population growth. Tis has consequently
contributed to the uncontrolled release of emerging pol-
lutants to aquatic bodies and thus led to a severe strain on
existing freshwater sources [1]. Tese emerging pollutants
can be broadly classifed into organic compounds (phar-
maceuticals, personal care products, pesticides, poly-
aromatic compounds, and dyes), inorganic compounds

(heavy metals, fertilizers, and radioactive compounds), and
pathogens, which can potentially cause devastating efects in
the ecosystem [2].

Pharmaceuticals and personal care products are the most
commonly detected emerging pollutants in water bodies [3].
Some of these contaminants have stable structures, are
highly carcinogenic, and are poorly removed by conven-
tional wastewater treatment facilities, which consequently
results in their disposal in freshwater bodies [4, 5]. Te
existing conventional wastewater treatment techniques rely
majorly on physical, chemical, and biological methods [6].
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Tese plants are designed to remove nutrients and bio-
degradable organics at high efciencies and low costs.
However, emerging pollutants such as antibiotics can be
toxic to the bacteria which results in poor degradation and
mineralization commonly associated with these conven-
tional plants [7]. One such notorious emerging contaminant
is tetracycline, a multipurpose antibiotic extensively applied
for treating infections caused by both Gram-negative and
Gram-positive bacteria in both humans and animals [8].
Tis antibiotic can only be partially metabolized in humans,
is chemically stable in water matrices, and has antibacterial
properties which hinder its elimination by biological/
chemical systems [9, 10]. Furthermore, it is the second most
manufactured antibiotic in the world, hence a higher like-
lihood of its residues accumulating in aquatic systems [11].
Tese residues may induce the proliferation of antibiotic-
resistant bacteria and genes, which could be more harmful
than antibiotics thus causing ecological problems [12, 13].
Terefore, there is an urgent need to eliminate its residues
from water bodies.

Advanced oxidation processes (AOPs) are increasingly
explored as alternatives to conventional treatment plants
for eliminating emerging pollutants. Among AOPs, het-
erogenous photocatalysis has gained prominence due to its
suitable properties, such as the ability to use solar energy,
high pollutant removal efciency, recyclable photocatalyst,
highly nonselective process, andmild condition operations.
Furthermore, it does not generate secondary pollutants and
is environmentally friendly [14, 15]. Tis process involves
photoexcitation of a semiconductor using light photons
that are more energetic than the band gap. Te process
photogenerates electrons and holes, which form superoxide
and hydroxide oxidative radicals that can degrade pol-
lutants [2]. Some of the potential applications for heter-
ogenous photocatalysis include (i) pretreatment of high
industrial strength organic wastes to enhance their bio-
degradability before biological treatment, (ii) posttreat-
ment or polishing step for emerging pollutant removal at
low concentrations, and (iii) disinfection of potable
water [1].

Recently, graphite carbon nitride (g-C3N4) has gained
attention as a promising heterogenous photocatalyst. It is
a metal-free, n-type semiconductor with a π-conjugated
polymeric structure and has abundant delocalized elec-
trons [16]. Additionally, its band gap energy of (∼2.7 eV) is
capable of utilizing visible light up to 460 nm and has well-
positioned valence and conduction bands which are ap-
propriate for water oxidation.Terefore, due to its rare opto-
electronic, structural, and chemical properties, it has been
widely tested as an ideal semiconductor in water splitting,
pollutant degradation, and energy storage feld [17, 18].
However, g-C3N4 sufers from a plethora of pitfalls, such as
a small interstitial surface area, rapid recombination of
photogenerated charges, and low quantum yields due to
poor electron mobility which hinders its photocatalytic
performance [16, 19, 20]. To improve the photocatalytic
performance of g-C3N4, various techniques can be
employed, such as exfoliation, construction of hetero-
junctions, and dye sensitization [11, 21].

Te issue of a small surface area can be addressed by the
application of exfoliation techniques, which can separate the
bulk g-C3N4 into 2-D structures by breaking weak van der
Waals forces between the layers. Tis results in nanosheets
that have a high specifc surface area, hence increased re-
action sites, lower recombination rates of electrons/holes
due to reduced difusion paths, and thus better electronic
properties [17]. Nevertheless, single photocatalytic systems
have inadequate photocatalytic performance and are often
inferior to multicomponent photocatalysts [20]. Terefore,
there is an increasing trend to combine multiple photo-
catalysts to form composites. Tese composite semi-
conductors form heterojunctions that create an internal
electric feld necessary for driving opposite charges in the
two semiconductors. Tis enhances charge separation and
thus decreases charge recombination [22, 23]. Several studies
have worked to improve on the photocatalytic performance
of g-C3N4 by combining it with ZnFe2O4 to form a com-
posite. Borthakul and Saikia synthesized a composite of 10%
ZnFe2O4/g-C3N4 using the coprecipitation method and
achieved 97.4% of rhodamine B removal in 30minutes using
visible light [24]. Similarly, Renukadevi and Jeyakumari
synthesized 15% ZnFe2O4/g-C3N4 using the microwave ir-
radiation method and achieved 86% and 98% removal of
methyl orange and rhodamine B dye, respectively, in
60minutesTese studies are evidence that the photocatalytic
activity of g-C3N4 is improved by creating a composite with
ZnFe2O4. Furthermore, ZnFe2O4 belongs to the spinel-
ferrite family whose compounds have extensive visible
light absorption up to λ< 653 nm and have better charge
mobility and ferromagnetic properties, which can enable
magnetic separation at the end of treatment [26].

Nevertheless, most previous studies have worked on
exfoliation techniques and creating composites as the main
modifcation for g-C3N4. Tis research has attempted to
study the efect of dye sensitization on the best-performing
ZnFe2O4/g-C3N4 composites. Dye sensitization is a prom-
ising approach since dye molecules can be excited at long
wavelengths by visible light photons to produce electrons
from its HOMO band (highest occupied molecular orbital),
which is passed to its LUMO band (lowest unoccupied
molecular orbital) and subsequently injected to the con-
duction band of the semiconductor [27, 28]. Tese injected
electrons then react with adsorbed oxygen molecules on the
surface of the photocatalyst to form superoxide, hydroxyl,
and other active species [29]. Eosin Y is an anthracene-based
dye with a high optical absorption coefcient necessary for
the absorption of visible light at long light wavelengths [30].
Furthermore, due to its low cost, it can be used as a potential
sensitizer.

Considering the surging energy cost, utilizing solar
energy to drive heterogenous photocatalytic systems has
become a priority for researchers. Te parabolic trough
reactor (PTR) is a promising confguration for wastewater
remediation adopted from thermal power concentrators
[31]. It has a parabolic shape that refects solar rays along
a focal line where a collector tube holding wastewater is
positioned [32]. A tracking system is installed in order to
maintain the incident solar rays perpendicular to the
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receiver at various sun positions. Te PTR can be utilized in
photochemical reactions, due to its ability to concentrate
high-energy photons for photocatalyst activation [33]. Be-
sides, it can be operated at high fuid throughput, which is
necessary to maintain turbulent fow regimes. Tis conse-
quently promotes turbulent difusion which enhances mass
transfer between contaminant and photocatalyst surface
[34, 35]. However, the PTR is fawed since it only con-
centrates direct sunlight but not the difuse radiation. Hence,
it is applicable to summer conditions [36].

Nevertheless, some studies have reported solar-assisted
heterogenous systems to outperform both UV and visible
light. Ghaedi et al. compared the performance of two cat-
ionic dyes (rhodamine B and methylene blue) under solar
light (PTR) and visible light (LED) using a g-C3N4/TiO2
composite [37]. Te study showed that solar light had faster
degradation kinetics than LED light. Te apparent kinetic
constants for solar light were 1.29 and 1.18 times faster than
LED for methylene blue and rhodamine B, respectively. Rani
et al. investigated the degradation of doxycycline (DOX) and
ofoxacin under solar, UV, and visible light using a TiO2-
SiO2-Fe photocatalyst [38]. Te highest photocatalytic
performance was achieved under solar light as compared to
UV and visible light.Te degradation efciency for ofoxacin
after 15min was 24%, 45.6%, and 98.16% for visible, UV, and
solar light, respectively. Terefore, considering these de-
sirable capabilities, the PTR is a promising solar reactor that
was utilized in this study.

Te present study aims to examine the efect of dye
sensitization in the photocatalytic performance of a com-
posite by synthesizing Eosin Y-sensitized ZnFe2O4/g-C3N4
composite. To the best of our knowledge, several reports
have been published on the degradation of organic dyes with
ZnFe2O4/g-C3N4 composite. Nonetheless, no study has been
reported of Eosin Y-dye-sensitized ZnFe2O4/g-C3N4 com-
posite for tetracycline degradation. Furthermore, only a few
studies have used natural solar light. Hence, for greater
practicability of heterogenous photocatalysis, this study
investigated the performance of photocatalysts under solar
light using a solar parabolic trough reactor.Tus, the current
study (i) synthesized Eosin Y sensitized and plain ZnFe2O4/
g-C3N4 composite at weight ratios of 5, 15, and 25%, (ii)
characterized the structural, morphological, chemical
composition, and photoelectronic properties of composites
using XRD, FTIR, SEM-EDX, UV-Vis, and PL spectra, and
(iii) evaluated the photocatalytic performance of composites
and pure semiconductors in the degradation of tetracycline.

2. Materials and Methods

2.1. Materials. All reagents used in this study were of ana-
lytical grade and used without any further purifcation.
Melamine powder (Sigma-Aldrich), deionized water, dilute
ammonia solution, iron (III) chloride hexahydrate (Sigma-
Aldrich), zinc (II) chloride dehydrate (RD HAEN), Eosin Y-
dye (Kobian Chemicals), ethanol, hydrogen peroxide (Kobian
chemicals), tetracycline (Universal Corporation), 0.2M HCl
(Kobian chemicals), and 0.2M NaOH (Kobian chemicals).

2.2. Synthesis of Photocatalyst

2.2.1. Preparation of g-C3N4. Graphite carbon nitride
(g-C3N4) was synthesized using methods adapted from
[39–41] with modifcation implemented being thermal and
ultrasonic exfoliation of bulk graphite carbon nitride to
obtain nanosheets. In a typical experiment, 20 grams of
melamine powder was placed in a closed alumina crucible
and the crucible was then heated at 550°C at a heating rate
of 5°C/minute for 4 hours in a furnace (Carbolite Gero
Furnace, ELF 11/14). Te resultant product was then fnely
ground into powder and then heated to 550°C for 2 hours in
open air to obtain g-C3N4 nanosheets. Te graphite carbon
nitride formed was then ultrasonically dispersed in 200ml
of water for 15 hours. Te resultant suspension was then
centrifuged at 150 rpm to aid in the separation of any
unexfoliated graphite carbon nitride. Te supernatant so-
lution was then oven-dried (Daihan Labtech, LDO-150) at
70°C for 24 hours to obtain pure graphite carbon nitride.
Te obtained graphite carbon nitride was then ground into
fne powder.

2.2.2. Preparation of ZnFe2O4/g-C3N4. Te preparation of
ZnFe2O4/g-C3N4 photocatalyst followed a coprecipitation
procedure with the method adapted from [25, 40, 41]. In
a typical experiment, 20 grams of graphite carbon nitride
were ultrasonically dispersed for 30minutes in 100ml of
water. Iron (III) chloride hexahydrate (0.0124M) and zinc
(II) chloride dehydrate (0.0248M) were then added to the
graphite carbon nitride and then stirred using a magnetic
stirrer (Pro Scientifc) for one hour. After the metal salts
dissolved completely, the reaction mixture was then
heated at 80°C and ammonium hydroxide was added
dropwise periodically to adjust pH to 10 to aid in pre-
cipitation. Te mixture was then stirred for another
4 hours and then allowed to precipitate. Te generated
precipitate was then washed frst with deionized water,
followed by ethanol three times, and then dried at 80°C
overnight in a vacuum oven. Finally, the synthesized
composite was annealed at 500°C for 2 hours to improve
the crystal structure. Other hybrids of ZnFe2O4-g-C3N4
were synthesized using the same procedure at diferent
weight ratios of 5, 15, and 25%.

2.2.3. Dye Sensitization of ZnFe2O4/g-C3N4. Te dye sensi-
tization experiment used mixing and adsorption with the
method adapted from [28, 42]. In a typical experiment,
10 grams of photocatalyst was added to 100ml of ethanol
solution and stirred magnetically for thirty minutes to en-
sure evenmixing. Half a gram of Eosin Y dye was then added
to the slurry and then stirred for 24 hours.Te resultant solid
residue was subsequently rinsed thrice with deionized water,
followed by 99% ethanol. Te washed solid precipitate was
oven-dried at 80°C for 8 hours to obtain a dye-sensitized
photocatalyst, which was then stored in amber bottles.
Figure 1 summarizes the process route used in synthesizing
the photocatalysts.
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2.3. Characterization of Photocatalysts

2.3.1. XRD. Te crystalline structure and patterns of
the photocatalysts were analyzed using a Rigaku Altima III
X-ray difractometer equipped with Cu Kα radiation
(λ�1.54178 Å) at a scanning angle of 10–90°. Te average
crystallite sizes of the fve composites were calculated using
the Debye–Scherrer equation [43].

D �
Kλ

β cos θ
, (1)

where D� crystallite size, K� shape factor of sphere taken
as 0.9, β� full width at half maximum (FWHM) radians,
λ�X-ray wavelength (0.154178 nm), and θ�Braggs angle.

2.3.2. FTIR. Te functional groups and their vibration
modes were determined using a Fourier transform infrared
spectrometer (FT-IR, PerkinElmer Frontier) for the range
4000–500 cm−1.

2.3.3. SEM-EDX. Scanning electron microscopy (SEM) is
a technique that involves focusing a strong electron beam on
a sample, which causes electrons to interact with the surface
to obtain the surface topography and microstructure of
a sample.Temorphology, microstructure, and the chemical
composition of the photocatalyst were determined using
a scanning electron microscope equipped with energy dis-
persive X-ray spectroscopy (SEM-EDS, Zeiss-Ultra 55)
operating at 3KV.

2.3.4. UV-Vis. Te optical absorption properties of the
photocatalyst were determined using a UV-Vis absorption
spectrophotometer (Shimadzu, UV-1800) for the range
200–800 nm. A small sample of the photocatalyst was frst
ultrasonically suspended using distilled water in a 100ml
beaker. Tis was then followed by a UV-Vis wavelength scan
in the 200–800 nm wavelength. A tangent line was drawn
from the descending absorption spectrum to obtain the tail
absorption edge, which can be used to calculate the band gap
energy according to equation (2) [43, 44]:

Eg �
1240eV
λmax

. (2)

2.3.5. PL-Spectra. Te photoelectronic properties of the
photocatalysts were determined using a photoluminescence
spectrum (PL, Horiba LabRam HR) at an excitation
wavelength of 266 and 550 nm.

2.4. Photocatalytic Performance. Te photocatalytic perfor-
mance of various as-prepared photocatalysts was tested by
solar photodegradation of tetracycline in a slurry parabolic
trough reactor (PTR), and the equipment setup is shown in
Figure S1 in the supplementary material. Te experiment
was conducted between the sunnymonths of January-March
2023, in Eldoret, Kenya, at a solar irradiance of between 900
and 1050W/m2. For a typical experiment, 0.7 g of photo-
catalyst was mixed with 10mg/l of tetracycline dissolved in

(a) Melamine (b) Calcination of melamine (c) GCN powder (d) Synthesis of nanocomposites

(h) Dried sensitized composite (g) Dye sensitization of composite (f) Dried nanocomposites (e) Filtration of precipitate

(a) Melamine (b) Calcination of melamine (c) GCN powder (d) Synthesis of nanocompositesanoano

Figure 1: A summarized process route used in synthesizing photocatalyst (5, 15, and 25% ZnFe2O4/g-C3N4 and EY-25%-ZnFe2O4/g-C3N4).
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1.5 L of distilled water. Te resultant mixture was then
magnetically stirred for 15minutes in a dark room to es-
tablish the adsorption-desorption equilibrium. Te solution
was then irradiated using a PTR. A 5ml sample was then
drawn at periodic intervals of 0, 30, 60, and 90minutes. Te
sample was then centrifuged and fltered using a 0.45 µm
syringe flter.Te sample was then measured at 358 nm (max
absorbance for tetracycline) using a UV-Vis spectropho-
tometer (UV-1800, Shimadzu). Te concentration of tet-
racycline was then determined from the UV absorbance
curves calibrated based on De Beers’ law. Te collected
samples were also analyzed for total organic carbon using
a TOC analyzer (Multi N/C 2100, Analytica Jena) to confrm
the degree of mineralization. Te tetracycline degradation
efciency was calculated according to the following
equation:

Degradation Efficiency(%) �
Co − Ct

Co

∗ 100. (3)

Te degradation kinetics were analyzed using the
pseudo-second-order equation:

1
Ct

−
1

Co

� kappt, (4)

where Co� initial concentration, Ct� concentration at time t
(mg/l), and kapp� apparent kinetic constant (mg−1·L·min−1).

Te mineralization efciency was determined by the
following equation:

TOC removal (%) � 1 −
TOCt

TOCo

 ∗ 100, (5)

where TOCo� initial TOC concentration and TOCt� fnal
TOC concentration, mg/l

3. Results and Discussion

3.1. Characterization of the As-Synthesized Photocatalysts

3.1.1. Structural Analyses of Photocatalyst

(1) XRD Analyses. Te XRD patterns for pure g-C3N4,
ZnFe2O4, and their hybrids were recorded at angle 2θ for the
range between 10 and 90°. Figures 2(a) and 2(b) show the
difraction planes of the pure photocatalysts and their
composites.

Pure g-C3N4 had a characteristic intense peak at 27.5°,
and this peak corresponds well to a width of 0.326 nm and
represents the crystallographic plane (002) according to
(JCPDS98-1526) [45]. Tis difraction plane represents the
interlayer packing of the graphitic melon network present in
g-C3N4. Similarly, another smaller peak at 13.1° was ob-
served in g-C3N4. Tis peak was indexed in the crystallo-
graphic plane (100) and was as a result of repeated s-triazine
units’ packing.Tese results were within the literature values
sincemost studies have found g-C3N4 to have two difraction
peaks ranging from 12.8 to 13.41° and 27.2 to 27.8° [24, 40].

Moreover, for ZnFe2O4, a series of small intense dif-
fraction peaks were observed at 29.9°, 35.2°, 42.8°, 49.4°, 54.1°,

56.5°, and 62.3°. Tese peaks were well matched with the
spinel ferrite structure (JCPDS77-0011) of crystallographic
planes of (220), (311), (400), (422), (511), and (440) [41].
Additionally, no impurity phases of Fe2O3 were identifed in
ZnFe2O4, which was evidence for the successful synthesis of
the spinel ferrite structure and high degree of crystallinity.
On the other hand, most difraction peaks attributable to
pure ZnFe2O4 and g-C3N4 could be observed in the XRD
patterns of the composites as shown in Figure 2(b). How-
ever, for the 5% ZF-GCN composite, only the 35.2° ZnFe2O4
peak could be observed. Tis agrees with literature since low
quantities of ZnFe2O4 may not be detected by the XRD [46].
Hence, the existence of both phases in the composites was
evidence of the successful incorporation of ZnFe2O4
nanoparticles in the crystalline structure of g-C3N4 and thus
successful construction of the heterostructure.

Table 1 shows the crystallite sizes of the as-prepared
photocatalysts. Tese results confrmed the formation of
nanoparticles since the average crystal size ranged between
4.63 and 8.51 nm. Tese values were comparable to the
average crystallite size results obtained by Saeed et al. for
Mn0.6Zn0.4Fe2O4/g-C3N4 photocatalyst which ranged be-
tween 5.8 and 6.96 nm [47].

Interestingly, it was observed that by increasing the
percentage of ZnFe2O4 in the composite, there was signif-
icant suppression of g-C3N4 peaks, while the intensity of
ZnFe2O4 peaks steadily increased [45, 46]. For instance, the
13.2° peak was almost completely diminished in the 25%
ZF-GCN composite. Similarly, on close examination of the
composite peaks, there was a slight shift to higher difraction
angles, which has also been reported in the literature [48].
Likewise, the g-C3N4 peak shifted slightly from 27.5° to 27.6°.
Tese observations could suggest that by creating the het-
erostructure, there is a remarkable decrease in the overall
crystallinity and dispersibility of the composite [25].
Moreover, these occurrences could be explained by the
possible guest-host interaction between g-C3N4 and the
metal ions. Nonetheless, the XRD spectra of Eosin Y-
sensitized (25% ZF-GCN) and the unsensitized (25% ZF-
GCN) hybrids were almost identical. Tis could imply that
dye sensitization at small concentrations has little efect on
the crystalline structure of the composite, and they interact
through van der Waals or hydrogen bond as reported for
similar studies involving dye sensitization [29].

(2) FTIR Analyses. Pure g-C3N4 and its composites showed
intense peaks at 808 cm−1, as shown in Figure 3.

Tis was due to the stretching mode of carbon-nitrogen
heterocycles attributed to the breathing mode of the s-
triazine rings [49]. Additionally, for g-C3N4 and its com-
posites, other characteristic peaks were noticed in the region
between 1200 and 1600 cm−1 region with specifc peaks at
1241, 1325, 1413, 1455, and 1637 cm−1. Tese series of peaks
were attributed to the aromatic stretching vibration of C�N
heterocyclic ring as a consequence of heptazine repeating
units [50]. Also, another broad absorption peak was ob-
served between 2940 and 3644 cm−1.Tis could be due to the
vibration of NH and NH2 terminal groups at defect size or
the breathing mode due to adsorbed water molecules [10].
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On the other hand, for ZnFe2O4, characteristic intense
peaks were identifed at 3442 cm−1 and 1626 cm−1. Tese
could be attributed to the vibration of the OH group on its
surface due to the adsorbed water molecules. Besides, an-
other intense peak was observed at 551.8 cm−1 on the surface
of ZnFe2O4. Tis is due to the vibrational stretching of Fe-O
due to the bond created between the tetrahedral Fe ion and
the oxygen ion [51]. Interestingly, it was observed that the
composites possessed peaks for both photocatalysts, how-
ever at intensities proportional to the concentration. Tis
could be evidence of the successful incorporation of
ZnFe2O4 in the g-C3N4 heterostructures. Similarly, the dye-
sensitized composite displayed highly diminished peaks as
compared to the other composites. Tis confrms that the
Eosin Y structure physically bonded well with the composite.

3.1.2. Morphology and Chemical Composition

(1) SEM. From SEM images in Figures 4(a) and 4(b), g-C3N4
showed mesoporous nanosheet layers, which was evidence
of successful exfoliation, unlike pristine g-C3N4 which has
been reported to form a bulky and multilayer structure [49].

Similarly, Figures 4(c) and 4(d) show the ZnFe2O4
images at diferent magnifcations (×100 nm and ×2000 nm).
It can be observed that ZnFe2O4 particles consisted of almost
spherical nodules with a diameter ranging between 30.71 nm
and 50.97 nm. Tese particles are highly agglomerated and
interlock to form clusters, which could be attributed to the
magnetic character of spinel ferrites [47, 51].

Figures 4(e) and 4(f ) show the 25% ZF-GCN images at
diferent magnifcations (×100 nm and ×1000 nm). It could
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Figure 2: (a) XRD difraction patterns for g-C3N4, ZnFe2O4 and hybrids (5% ZF-GCN, 25%ZF-GCN, EY-25%ZF-GCN) (b) 25% ZF-GCN
showing the difraction peaks of both photocatalysts.

Table 1: Average crystallite size of photocatalysts.

Photocatalyst 2θ FWHM D (nm)
g-C3N4 27.48 1.51334 5.103
ZnFe2O4 35.2 0.89038 8.511
5% ZF-GCN 27.48 1.34715 5.732
25% ZF-GCN 27.6 1.66573 4.635
Sensitized 27.56 1.59701 4.835
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Figure 3: FTIR spectra analyses for g-C3N4, ZnFe2O4 and hybrids
(5% ZF-GCN, 25% ZF-GCN, sensitized 25% ZF-GCN).
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(a) (b)

(c) (d)

(e) (f )

(g) (h)

Figure 4: SEM images of (a, b) g-C3N4. SEM images of (c, d) ZnFe2O4. SEM images of (e, f ) 25%ZF-GCN. (g) Sensitised-25% ZF-GCN.
(h) 25% ZF-GCN.

Journal of Nanotechnology 7



be observed that ZnFe2O4 nanoparticles were well dispersed
and attached to the sheet-like layers of g-C3N4 [46]. Hence,
the incorporation of the ferrite nanoparticles into the
nanosheets confrmed the successful creation of the heter-
ojunction between the two photocatalysts.

Finally, there were no signifcant diferences in the
morphology between the dye-sensitized and 25% ZF-GCN
composite in Figures 4(g) and 4(h). Tis indicates that Eosin
Y could not be detected on the surface of the composite
using SEM. Furthermore, a similar study conducted by Chen
and coworkers using g-C3N4 sensitized by indoline dye
reported that the TEM images could not detect organic dyes
on the surface of a sample [42].

(2) EDX Spectra. Te elemental purity of the synthesized
photocatalyst was confrmed using energy dispersive X-ray
spectroscopy (EDX). Figure 5(a) shows the EDX graph of g-
C3N4, and this confrmed its purity since carbon, nitrogen,
and oxygen peaks were dominant throughout.

Figures 5(b)–5(d) show the EDX spectra for the com-
posites (5%, 25%, and EY-25% ZnFe2O4/g-C3N4). Tis
revealed that peaks of carbon, nitrogen, oxygen, iron, and
zinc were detected in all the composites. Tis confrmed the
successful formation of the heterostructures, which sup-
ported the SEM, XRD, and FTIR analyses.

3.1.3. Optoelectronic Studies

(1) UV-Vis Absorption Spectra. A UV-Vis spectrophotom-
eter was used to determine the optical absorption of the
photocatalyst samples. From Figure 6, it was evident that the
synthesized composites had enhanced light absorption in the
400–610 nm region as compared to either of the pure
photocatalysts.

Te thermally exfoliated graphite carbon nitride nanosheets
had a tail absorption of 465nm, and this agreed with reported
literature values [45]. Interestingly, with increasing concen-
tration of zinc ferrite in the composites, there was a gradual red
shift in visible light absorption towards higher wavelength. For
instance, 5% ZF-GCN, 15% ZF-GCN, and 25% ZF-GCN had
corresponding tail absorption of 490nm, 552nm, and 610nm.
Tis corresponded to approximate band gaps of 2.53 eV,
2.23 eV, and 2.03 eV, respectively, when calculated using
equation (2). Tis decrease in the band gap could be possibly
explained by the synergy achieved by creating a heterojunction
between two semiconductors, which results in band gap
modulation and thus broadening of the absorption peak.

Similarly, it can also be observed by increasing the ratio
of zinc ferrite in the composite, and there is narrowing in the
band gap, which consequently improves the visible light
absorption [52]. Furthermore, there was a corresponding
colour change of the composite from the light yellow colour
characteristic of graphite carbon nitride to brown as the
ferrite content is increased. However, the dye-sensitized
composite displayed a similar peak to the 25% ZF-GCN.
Tis could be explained by the maximum absorbance of
Eosin Y at 550 nm, whose wavelength is lower than that of
the composite; hence, it does not extend the visible range.

(2) Photoluminescence Spectra. Apart from extending the
visible light absorption spectrum of a photocatalyst, the
performance of semiconductors can also be improved fur-
ther by enhancing charge separation using a heterojunction
as well as by inhibiting the recombination rates of electrons/
holes pairs. Terefore, to understand the behavior of pho-
toexcited charge mobility, recombination, and transfer for
the synthesized photocatalysts, photoluminescence studies
were carried out. Te photoluminescence (PL) measure-
ments produce an emission peak whose intensity is directly
proportional to radiative recombination of photogenerated
charges [29]. Hence, a stronger PL emission intensity in-
dicates a higher probability for charge recombination, while
a weaker intensity indicates suppressed charge re-
combination [49]. Figures 7(a) and 7(b) show the PL spectra
for g-C3N4, ZnFe2O4 and their corresponding composites
excited at 266 nm and 550 nm wavelengths.

It can be observed that graphite carbon nitride has the
highest PL spectra intensity, which peaks at approximately
435 nm and coincides with its band gap energy of 2.85 eV.
Tis sharp peak can be attributed to photoexcitation by PL,
which caused the n⟶ π∗ electron transition for lone ni-
trogen pairs in g-C3N4 [53]. Additionally, this phenomenon
could be explained by possible radiative recombination of
self-trapped charges on the surface of pristine g-C3N4 [50].

Interestingly, when the ZnFe2O4 content was increased
in the composites, the intensity of the emission spectrum
reduced signifcantly and could be ranked in the following
order: g-C3N4> 5% ZF-GCN> 25% ZF-GCN>EY-25% ZF-
GCN>ZnFe2O4. Tis is evidence that the synthesized
composites can successfully inhibit the charge re-
combination as well as capture the photoinduced charges,
leading to improved separation as compared to g-C3N4.
Additionally, the heterojunction created between the two
pure semiconductors resulted in new electron paths used for
evacuating electrons and thus reduced the direct re-
combination of the photoexcited charges [25]. Besides, there
was a notable peak shift of the composite to a higher
wavelength, which revealed the possible band-gap reduction
after the creation of the heterostructure.

Finally, the dye-sensitized composite (EY-25% ZF-GCN)
demonstrated lower PL spectra intensity compared to the
25% ZF-GCN hybrid.Tis showed the notable improvement
in the suppression of charge recombination by dye sensi-
tization and could also explain its slightly higher photo-
catalytic performance than the latter.

4. Photocatalytic Studies

Immediately after the characterization tests were concluded,
all the as-prepared photocatalysts were tested for their
degradation and mineralization efciency at the optimal
conditions of 10mg/l tetracycline, pH 7, 0.7 g/L catalyst, and
90minutes irradiation time. Figure 8(a) shows the photo-
catalytic performance of the photocatalysts under solar
irradiation.

For the frst 15minutes carried out under dark condi-
tions, the 5, 15, and 25% ZF-GCN composite had a re-
markable adsorption efciency compared to g-C3N4 and the
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Figure 5: EDX images of (a) g-C3N4, (b) 5% ZnFe2O4/g-C3N4, (c) 25% ZnFe2O4/g-C3N4, and (d) EY-25% ZnFe2O4/g-C3N4.

Ab
so

rb
an

ce

g-C3N4
25%ZF-GCN
15%ZF-GCN

5%ZF-GCN
ZnFe2O4

610 nm552 nm465 nm

479 nm

490 nm

500 600 700 800400
Wavelength (nm)

0

1

2

3

4

Figure 6: UV-Vis spectra of graphite carbon nitride and zinc ferrite carbon nitride composite (5%, 15%, and 25%).

Journal of Nanotechnology 9



sensitized composite. Te adsorption efciencies were
12.43%, 22.93%, 24.8%, 44.5%, 44.5%, 45.6%, and 46.6% for
anatase, GCN, EY-25% ZF-GCN, ZF, 15% ZF-GCN, 5% ZF-
GCN, and 25% ZF-GCN. Tis can be possibly attributed to
the improved surface area and afnity for tetracycline
molecules in the composites [54]. However, EY-25%
ZF-GCN had a lower adsorption efciency as compared to
other composites. Tis could be attributed to the possible
occupation of its active sites by the dye molecules, hence

lowering its adsorptive capacity. Figure 8(a) shows that the
degradation efciency of tetracycline follows the order: EY-
25% ZF-GCN> 25% ZF-GCN> 15% ZF-GCN> 5% ZF-
GCN>Anatase>ZF>GCN. Te sensitized photocatalyst
achieves the best photocatalytic performance at 94.62%.Tis
could be explained by the improved charge separation and
better light photon harvesting [42]. Similarly, all the com-
posites had signifcantly higher performance than all the
pure photocatalysts, and an increase in ZnFe2O4
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Figure 8: (a) Photodegradation of tetracycline using photocatalysts; (b) tetracycline removal kinetics of photocatalysts.
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composition was accompanied by an increase in photo-
catalytic activity. Tis could be possibly explained by the
synergistic interaction between the two semiconductors,
which results in prolonged charge separation, higher specifc
surface area, and enhanced light absorption [46]. However,
Chen et al. reported that when the proportion of ZnFe2O4 is
increased above 67% in the composite, there is a signifcant
reduction in photocatalytic activity due to poor dispersion
and large crystallite size, which hinder charge mobility [45].

Eventually, the dye-sensitized composite had the best
overall photocatalytic performance, as shown by its kinetic
rates in Figure 8(b). It outperformed the 25% ZF-GCN 1.118
times, 15% ZF-GCN 1.82 times, 5% ZF-GCN 3.31 times,
Anatase-Titania 5.04 times, ZnFe2O4 5.34 times, and
16 times better than g-C3N4 based on the calculated kinetic
rates as shown in Table 2.

Te second-order kinetics could ft the degradation data
adequately for all the photocatalysts since the coefcient of
determination (R2) ranged between 0.94 and 0.99. See
Table S1 in the supplementary material. Terefore, this
remarkable improvement in photocatalytic activity is evi-
dence of the potential of dye sensitization as a photocatalyst
modifcation strategy. A similar study by Musa et al. on
cafeine degradation using Eosin Y dye-sensitized Ag-TiO2
and plain Ag-TiO2 found a higher removal of 95% against
52% in 290minutes, respectively [28]. Furthermore, a study
by Li et al. on the degradation of 2,4-DCP using 15wt%
Eosin Y/BiPO4 composite obtained apparent reaction rates
10.5 fold higher than plain BiPO4 [30]. According to these
studies, it can be inferred that Eosin Y sensitization of
a photocatalyst improves its photocatalytic performance.
However, despite the high photocatalytic activity of the dye-
sensitized composite, it was observed that the dye was si-
multaneously degraded with the pollutant. Tis agreed with
a similar study by Diaz-Angulo et al. who investigated the
degradation of diclofenac using methyl red sensitized TiO2
in a compound parabolic collector [27]. Te results revealed
better photocatalytic performance with sensitization but
simultaneous degradation of the organic dye sensitizer with
the pollutant.

A decrease in maximum absorbance intensity for tet-
racycline as measured by UV/Vis is not evidence for its
complete mineralization to CO2 and H2O [40]. Further-
more, a decrease in absorbance could be attributed to the
destruction of chromophore groups of tetracycline, while
TOC reduction depends on mineralization [55]. Terefore,

TOC removal was measured for all the composites and pure
photocatalysts to determine the extent of mineralization.
Te TOC removal results showed similar trends to the
degradation results obtained by UV/Vis as shown in
Figures 9(a) and 9(b).

Te TOC removal followed the order: EY-25% ZF-
GCN>Anatase> 25% ZF-GCN> 15% ZF-GCN> 5% ZF-
GCN>ZF>GCN. Te dye-sensitized photocatalyst had the
highest removal efciency of 68.29%, followed closely by
anatase (TiO2) at 64.22%, which proves the comparability of
the as-synthesized photocatalyst with that of commercial
ones. Interestingly, all the other composites achieved
a mineralization efciency still higher than for the pure
photocatalysts. Te higher performance of composites
compared to pure photocatalysts is evidence of the enhanced
photocatalytic activity due to constructing the type-II het-
erojunction. Furthermore, dye sensitization of the catalyst
improves both the degradation and mineralization of pol-
lutants, which can be attributed to the increased generation
of oxidative radicals during electron transfer from the ex-
cited dye molecule to the conduction band of the photo-
catalyst [27]. Nonetheless, none of the photocatalysts
achieved 100% mineralization of tetracycline, but by in-
creasing the reaction time for photocatalytic systems, it is
possible to mineralize all the transformational products [56].

4.1. Comparative Reusability Studies. For heterogenous
photocatalysis to be a feasible wastewater treatment method,
the as-synthesized photocatalysts should be stable and reusable
even after several cycles. Some studies have revealed the
recyclability and chemical stability of ZnFe2O4/g-C3N4-based
photocatalysts. Dhiman et al. synthesized a g-C3N4/Co0.75
Zn0.25Fe2O4 composite, which achieved a degradation ef-
ciency of 92% after fve successive cycles against methylene
blue. Besides, SEM images of the catalyst collected after the 5th
run showed no notable diference with the fresh catalyst.
Moreover, leaching tests performed on Co, Fe, and Zn revealed
negligible leaching values for consecutive cycles [57]. Similarly,
S-g-C3N4/ZnFe2O4 composite maintained a photocatalytic
performance of 93% against methylene blue, even after fve
successful cycles [58].Terefore, the reported high degradation
efciency, even after cyclic use, indicates that ZnFe2O4/g-C3N4-
based composites have high stability and could be viable
photocatalysts. Consequently, the next phase of our research
will include the recyclability and metal leaching studies.

Table 2: Kinetic constant comparison of composites.

Photocatalyst kapp(×10
–3) (mg−1·L·min−1) Comparison with

sensitized

Sensitized 16.68 1
25% ZF-GCN 14.91 1.118
15% ZF-GCN 9.16 1.82
Anatase (TiO2) 5.38 3.10
5% ZF-GCN 5.04 3.31
g-C3N4 1.01 16.52
ZnFe2O4 3.12 5.34
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5. Conclusions

In this study, Eosin Y-sensitized and plain composites of
ZnFe2O4-g-C3N4 were synthesized, characterized, and their
photocatalytic performance evaluated by the degradation
of tetracycline in aqueous solution. It could be concluded
that the construction of a type-II heterojunction between g-
C3N4 and ZnFe2O4 is a promising way of improving the
photocatalytic performance of both photocatalysts. UV-Vis
spectra showed that the 25% composite has enhanced
visible light absorption up to 610 nm. Te PL spectra also
identifed a signifcant decrease in intensity, which is ev-
idence for better charge separation and reduced re-
combination. All the FTIR, XRD, and SEM-EDX analyses
confrmed the presence of the phases for the two semi-
conductors in the composites. Tis was evidence of the
successful synthesis of the composite. Dye sensitization
increased the photocatalytic activity for the composite
since it had a photocatalytic and TOC removal of 94.62%
and 68.29%, respectively, as compared to 25% ZF-GCN
removals of 93.64% and 51.89%. Furthermore, the com-
parison of the kinetic constants for all the kinetics followed
the order: EY-25% ZF-GCN> 25% ZF-GCN> 15% ZF-
GCN>Anatase-Titania> 5% ZF-GCN> ZF>GCN.
Terefore, the dye-sensitized composite could possibly be
applied to remove other emerging pollutants due to its fast
kinetics. For future studies, it is recommended that recy-
clability and metal leaching studies be determined for
ZF-GCN composites.
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