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Abstract

A critical global environmental crisis has emerged due to the use of synthetic organic pollutants in industry, which resulted in the
pollution of water. Recently, photocatalysis has attracted much attention for its potential to effectively, economically, and
environmentally friendly remove organic pollutants from wastewater. ZnO is known as a potential photocatalyst for the
degradation of wastewater in the UV region. However, ZnO has limited light absorption within the UV region and exhibits fast
recombination of electron-hole pairs, which reduces its efficiency. To overcome this issue, a g-CaN4/ZnO photocatalyst for
organic pollutant degradation in wastewater was developed to extend the light absorption towards the visible region. This
research aims to investigate the performance of g-C3sN4/ZnO nanocomposites in the degradation of ofloxacin (OFL). The ZnO
was prepared using the sol-gel method, while the g-CsN4 was prepared using thermal decomposition. The composite catalyst of
9-CsN4/ZnO was prepared by mixing g-CsNsand ZnO. The prepared catalysts were characterized using X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM), UV-Vis NIR spectrophotometer, high-resolution transmission electron
microscopy (HRTEM), and Brunauer Emmet Teller (BET). As a result of the composite photocatalyst combining ZnO and g-
CsNy4, the band gap decreased from 3.30 eV to 2.92 eV. The degradation of OFL using g-C3sN4/ZnO nanocomposite is 11 times
higher than that of pristine ZnO and double than that of pristine g-C3sNa.
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Abstrak
Krisis alam sekitar global yang kritikal telah muncul akibat penggunaan bahan pencemar organik sintetik di dalam industri,
mengakibatkan pencemaran air. Baru-baru ini, fotokatalisis telah menarik banyak perhatian kerana potensinya untuk merawat
bahan organik daripada air sisa tercemar secara berkesan, ekonomikal dan mesra alam. ZnO dikenali sebagai fotomangkin
berpotensi untuk degradasi air sisa tercemar di kawasan UV. Walau bagaimanapun, ZnO mempunyai penyerapan cahaya yang
terhad dalam kawasan UV hanya disebabkan oleh tenaga jurang jalur yang besar (3.37 eV) dan mempamerkan penggabungan
semula pantas pasangan lubang elektron, yang mengurangkan kecekapannya. Untuk mengatasi isu ini, fotomangkin g-CsN4/ZnO
untuk degradasi bahan organik dalam rawatan air sisa telah dihasilkan untuk meningkatkan penyerapan cahaya ke arah cahaya
tampak. Matlamat penyelidikan ini adalah untuk menyiasat prestasi nanokomposit g-CsN4/ZnO dalam degradasi ofloksasin
(OFL). ZnO disediakan menggunakan kaedah sol-gel, manakala g-CsN4 disediakan menggunakan penguraian terma. Mangkin
komposit g-C3N4/ZnO disediakan dengan mencampurkan g-CsNs4 dan ZnO. Pemangkin yang disediakan telah dicirikan
menggunakan pembelauan sinar-X-(XRD), mikroskopi imbasan elektron pancaran medan (FESEM), spektrofotometer UV-Vis
NIR, mikroskopi transmisi elektron resolusi tinggi (HRTEM), dan Brunauer Emmet Teller (BET). Hasil daripada fotomangkin
komposit yang menggabungkan ZnO dan g-CsNs, jurang jalur menurun daripada 3.30 eV kepada 2.92 eV. Degradasi ofloksasin
menggunakan nanokomposit g-CsN4/ZnO adalah 11 kali lebih tinggi daripada ZnO dan 2 kali lebih tinggi daripada g-CsNa tulen.

Kata kunci: g-CsN4/ZnO, ofloksasin, degradasi, fotokatalisis, rawatan air tercemar

Introduction

The increasing use of pharmaceuticals in recent years
has attracted researchers' attention due to their harmful
impact on the environment. They have been identified
as the most common organic pollutants found in
wastewater from various sources, such as hospitals,
households, industries, and agricultural waste.
Antibiotics contribute to a large proportion of the
numerous pharmaceutical products consumed due to
their widespread use in veterinary and human medicine
for the treatment or prevention of bacterial diseases [1,
2]. Ofloxacin (OFL) is a quinolone antibiotic known as
an antibacterial agent used for the treatment of
bacterial infections in body parts including the skin,
kidney, soft tissue, respiratory tract, and urine tract [3].
OFL is a third-generation fluoroquinolone antibiotic
and cannot be completely metabolized by the human
body, in which 20-80% of the indigested agent is
excreted in pharmacologically active form. It has been
reported that low concentrations of OFL can
accumulate in water for prolonged periods of time. The
fluoroquinolones that are present in wastewater can
lead to the proliferation of drug resistant bacteria
through induction and selection. It can be harmful to
human health and can potentially reduce the ability of
human immune system to fight those bacteria strains
[4-9].

OFL has been detected in water environments such as
in hospital wastewater (35 pg/L), urban wastewater
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treatment plants (1.8 pg/L), sewage water (0.89-31.73
Mg/L) and surface water (0.5-35 pg/L) [10,11]. Various
methods have been extensively explored for the
removal of OFL such as adsorption, biodegradation,
chlorination, precipitation, coagulation etc. [6, 12-15].
However, most of the methods are unable to remove
the organic pollutant completely and effectively. In
recent years, photocatalysis has attracted attention for
antibiotic degradation due to its high efficiency,
excellent stability, and eco-friendliness compare to the
conventional methods [5, 16, 17].

ZnO is a metal oxide semiconductor that has good
electron transfer ability, exhibits photostability and can
generate holes for strong oxidation. Despite its
numerous advantages, ZnO has certain limitation of
poor photocatalytic response to visible light due to
having a wide band gap (3.37 eV) and fast
recombination of photogenerated electron-hole pairs
[18, 19]. Various approaches have been attempted to
overcome this limitation, which include making
suitable composites such as ZnO/CdS, ZnO/Snz0a4,
CuO/Zn0O, ZnOITiO,, ZnO-CoOx-CeO; and etc. [20-
24].

Graphitic carbon nitride (g-C3N4) is the most stable
allotrope of carbon nitrides at ambient temperature and
has received a lot of attention in recent years. The g-
CsN4 is a metal-free n-type semiconductor polymer
with a two-dimensional structure similar to graphite. In
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the visible spectral range, g-CsN4 has a band gap of 2.7
eV, corresponding to an optical wavelength of 460 nm,
making it an excellent photocatalyst. In addition to
being safe and non-toxic, g-CsNs is highly stable and
has a strong reduction ability, as well as being light
active. [25-29]. However, ¢-C3Ns also has
disadvantages of photogenerated electron and holes
pairs that easily recombine, which greatly reduces the
performance of the photocatalyst. Since g-CsN4 has a
large resistance, it blocks the transfer of photoexcited
electrons.

The combination of g-C3N4/ZnO could improve the
photocatalytic performance due to the complementary
properties of both g-CsN4 and ZnO. The ability of g-
CsNs4 to absorb visible light is well known, whereas
ZnO can absorb only UV light. This combination can
extend the light absorption with a broader spectrum of
light that can enhance the photocatalytic performance.
The ¢-C3sN4/ZnO composite exhibits synergistic
effects, resulting in a more efficient and effective
photocatalyst than either material alone. This synergy
has the potential to improve electron-hole pair
generation and separation which can improve the
photocatalytic performance [30-33]. The formation of
g-CsNs and ZnO to form a heterojunction can
significantly reduce the recombination rate of electron
holes by modifying the charge carrier pathway at the
interface. Hybrid structures can facilitate interfacial
charge transfer, enabling electrons and holes to be
simultaneously available for selective redox reactions
[34]. In summary, heterojunction of g-CsNs and ZnO
provides several advantages, including improved
charge separation, extended light absorption range,
increased photocatalytic activity, and improved
stability. Due to these characteristics, g-C3N4/ZnO
heterojunctions are attractive for a variety of
environmental and energy applications.

In the present work, g-CsN4/ZnO nanocomposite has
been synthesized using sol-gel, thermal decomposition
method followed by wet impregnation method. The
photocatalytic activity was evaluated based on the
degradation of OFL. It has been observed that the
photocatalytic activity of the composite has improved
significantly compared to the pristine.

Materials and Methods

Materials

Melamine (C3HgNs,>99%) was used as the precursor
for g-C3sN4, Zinc acetate Zn(CH3COO), was used for
the preparation of ZnO. The ammonium hydroxide
(NH4OH) and absolute ethanol were used as the
solvent, and analytical grade of OFL (Sigma-Aldrich)
was used as the organic pollutant in this study.

Preparation of the g-C3sN4+/ZnO photocatalysts

The synthesis method that was used for the preparation
of ZnO catalyst is the sol-gel method. This method
involves the dissolution of the starting material,
Zn(CH3COO),, in absolute ethanol. The solution was
then stirred using a magnetic stirrer for an hour to
make sure the solution completely dissolved and
obtained a homogenous mixture. The NH4OH, was
then added to the solution to obtain pH 9. The mixture
was then dried to obtain the ZnO precursor. The ZnO
precursor was then annealed at 300 °C for 24 hours.
The g-C3N4 was prepared using thermal decomposition
by directly heating the melamine using a crucible and
covering it with a lid at 550 °C for 3 hours. The
preparation of a composite catalyst of g-CsN4+/ZnO was
done by using wet impregnation, which involved
mixing g-CsN4 and ZnO in a 1:1 mass ratio. The solid
mixture was then dissolved in deionized water and
stirred for 1 hour to obtain a homogenous solution. The
mixture solution was then filtered, washed with
deionized water, and dried in an oven at 200 °C for 5
hours. The dry powder was then ground into a very fine
powder to obtain the final products, which were ready
for other characterizations.

Characterization of the g-C3N4/ZnO photocatalysts

The phase studies of the catalyst were performed by the
XRD PANalytical X’Pert Pro MPD Diffractometer
using the Bragg Brentano optical configuration under
ambient conditions. The morphology and crystallite
size of the photocatalysts were examined using field
emission scanning electron microscopy (FESEM,
JEOL JSM-7600F) equipped with energy dispersive X-
ray spectroscopy (EDX) to give quantitative elemental
mapping. The light absorption properties were studied
using the Perkin Elmer Lambda 950 UV-Vis NIR in
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reflectance mode. The surface area, pore volume, and
pore diameter were determined using the N
adsorption-desorption isotherm by the BELJAPAN
BELSORP-mini porosity analyzer.

Degradation of OFL by g-CsN4/ZnO

The photocatalytic activity of ZnO, g-CsNg, and g-
C3N4/ZnO photocatalyst was evaluated by the
determination of OFL degradation at each interval
using UV-Vis NIR spectrophotometer. The
photocatalytic reactor is equipped with a 150-watt LED
visible lamp as the light source to carry out the
photocatalytic activity (under standard temperature and
pressure). The amount of 0.25 g of photocatalyst was
added to 150 mL of 10 ppm OFL solution. Then, the
solution was stirred for about 30 minutes in a dark
condition for equilibrium adsorption, and then the light
source was applied until the reaction was completed.
The solution was extracted at intervals of 15 minutes.
The photocatalytic analysis was performed using UV-
Vis NIR spectrophotometer in absorbance mode. The
photocatalytic performance of the photocatalyst was
evaluated through the degradation of OFL using the
following equation [1]:

Co—Ct
Co

Degradation (%) = % 100% Q)

where Cy is the initial concentration of pollutant and C;
is the concentration of OFL at time (min).

Results and Discussion

Figure 1 represents the XRD patterns of pure ZnO, g-
CsN4, and composite g-CsN4/ZnO. The phase structure
was analyzed by the XRD Xpert Highscore Plus
software. The 20 values that correspond to the
diffraction peak of the ZnO sample are 31.7°, 34.4°,
36.2°, 47.3°, 56.5°, 62.7°, 66.4°, 67.9°, and 69.0°,
corresponding to (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004), (202), and (104)
planes, which prove that the sample is pure and
belongs to the hexagonal wurtzite crystalline phase of
ZnO (ICDD No. 01-079-2205). The XRD pattern of g-
CsN4 shows two peaks at 13.1° and 27.4°, which
correspond to the ICDD pattern of g-CsNs (ICDD No.
01-087-1526). The 13.1° peak that corresponds to the
(100) plane indicates the periodic arrangement of the
structural units in the layer that is graphite-like phase
carbon nitride. The intensive peak at 27.4° belongs to
the (002) plane and corresponds to the interlayer
stacking of the conjugated carbocyclic plane [33]. The
position of these two diffraction peaks is consistent
with the previous report on g-CsNs [35]. The XRD
pattern of composite materials shows the appearance of
ZnO and g-CsN4 peaks, which indicate the success of
the composite materials.

0 T T T
10 20 30 40
Position [°2Theta] (Copper (Cu))

T T T
50 60 70 80 90

Figure 1. XRD patterns of (a) ZnO (b) g-CsNa (¢) g-C3N4/ZnO

Figure 2 represents the FESEM micrograph of pristine
g-CsNa, pristine ZnO, and composite g-C3N4/ZnO at 50
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k magnification. The composition of g-C3N./ZnO was
investigated by elemental mapping, as shown in Figure
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3. (a)—(e) that confirms the uniform distribution of
elements. The elements present in the material were
determined using EDX analysis, as demonstrated in
Figure 3 (f). The existence of Zn, O, C, and N elements
can be clearly visualized in the EDX spectrum of the g-
C3N4/Zn0O, and no other elements were detected, which
confirms its purity. Figure 4 (a) indicates the TEM

image of g-CsN4/ZnO, which shows a nanospherical
shape with an average crystallite size of 35 nm. The
high-resolution and SAED images of g-C3N4/ZnO are
shown in Figure 4 (b), which indicates the interplanar
spacing of about 0.281 nm at the (100) plane of ZnO
that is estimated from the intensity profile image.

Figure 3. (2) FESEM image and elemental mapping (b) oxygen (c) zinc (d) carbon (e) nitrogen and (f) EDX
spectrum of g-CsN4/ZnO
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Figure 4. (a) TEM image of g-CsN4/ZnO at 100k magnification (b) High resolution image of g-CsN./ZnO and

SAED image at (100) plane

Figure 5 represents the UV-Vis reflectance spectra of
Zn0, g-C3Ng4, and g-C3N4/ZnO. As can be observed,
the composite materials exhibit the red shift towards
the visible light region. Tauc plot for ZnO, g-C3N4, and
g-CsN4/ZnO calculated based on the equations (2) to
(4) [36]. From the reflectance spectra, a tauc plot was
drawn, and the values of the band gaps can be
obtained.
(ahv) = A(hv— E,)" 2

where o is the absorption coefficient of the material
corresponding to a value of wavelength A, h is Planck’s
constant, A is the proportionality constant, n is the
frequency of light, Eq4 is the band energy, and n = %
(for direct transition mode materials). The absorption
coefficient is evaluated using equation (3):

o = kinl Bmac = Ruin 3)
R-R

min

where K is a constant, Rmax is the maximum reflectance
and Rmin is the minimum reflectance. Consideration of
equations. (2) and (3) gives equation (4),

(chv)® =A'(hv-E,) 4)

where A’ is a constant. From Equation (4), a tauc plot
can be drawn of (ahv)? versus hv as shown in Figure 6.
The point of the extrapolation of the linear part that
meets the abscissa gives the value of the band gap
energy of the material. It was found that the calculated
band gap of ZnO is 3.31 eV. The band gap of g-CsN.
prepared is 2.81 eV whereas the band gap of g-
C3N4/ZnO was observed to be 2.92 eV which is lower
than the pristine ZnO. The reduced band gap of
composite materials is attributed to the presence of g-
CsNs in the crystal lattice. This will cause the shifting
of the valence and conduction bands, subsequently
narrowing the band gap.

2

% Reflectance
-

— Zn0
— g-CsNs
— g-GNJZnO

300 400 500
Wavelength (nm)

600 700 800

Figure 5. Reflectance spectra of ZnO, g-CsN.and g-C3sN4/ZnO
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Figure 7. N2 adsorption-desorption isotherm of (a) ZnO (b) g-CsNa (¢) g-CsN4/ZnO

Table 1 shows the values of total pore volume, pore
diameter, and specific surface area of the sample from
the Ny sorption analysis as well as the percent
degradation of OFL. The g-C3N4/ZnO had a surface
area and pore volume of 8.30 m3g* and 0.010 cm®g?,
respectively, with an average pore diameter of 46.14
nm, which is in the mesoporous range. The surface area
of g-C3N4/ZnO is higher in comparison with that of
pure g-CsNa. Specific surface area increases along with
lower pore volume, suggesting that ZnO is loaded onto
g-CsNa, which also enhances the photocatalytic activity
[37]. The isotherm plot of g-C3sN4/ZnO in Figure 7
shows a discerned pattern belongs to type IV and H3
hysteresis loop which represent the existence of
mesoporous [38].

The percent degradation of 10 mg/L of OFL was
shown in Figure 8 under irradiation of light for 180
min. The optical properties of ZnO may exhibit an
absorbance potential that is suitable for the UV
spectrum only, which explains the only 5.3%

degradation efficiency of ZnO. The photocatalytic
performance of g-CsN4 shows 47.9% in 180 min higher
than ZnO due to the active light response in the visible
light. The degradation of g-C3N4/ZnO is 63.4% in 180
min, which is 11 times higher than that of pristine ZnO
and double than that of pristine g-CsN4. The reduced
band gap energy of g-CsN4/ZnO may result in better
absorption of light in the visible region, favoring more
electron-hole pair formation and thus improving
photocatalytic performance of g-CsN4/ZnO. [39]. The
photocatalytic performance is influenced by the
crystallinity of the photocatalyst and the surface area
for both light absorption and molecule adsorption. It is
shown that high surface area and pore volume of g-
C3N4/ZnO can improve photocatalytic degradation due
to a larger number of active sites that absorb and
mineralize the contaminant through the inter-associated
porous structure [40].
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Table 1. Surface characteristics analysis and photocatalytic performance of photocatalysts

Sample Total Pore Mean Pore Surface Area  Types of %
Volume (cm®g™?) Diameter (nm)  (m%g?) Pores Degradation
Zn0 0.009 54.10 7.22 Macroporous 5.5
g-C3Ns4 0.005 45.27 4.54 Mesoporous  47.9
g-C3N./ZnO 0.010 46.14 8.30 Mesoporous  63.4
100 -
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Figure 8. The percentage degradation of OFL under exposure of light at optimized condition in 180 min (Operating
parameters: 0.25 g of catalyst loading, 10 mg/L concentration OFL)

Conclusion

In this work, the g-CsN4/ZnO photocatalyst was
successfully  prepared via  sol-gel, thermal
decomposition, and followed by impregnation
methods. The prepared g-CsN4/ZnO photocatalyst was
successfully characterized with a nanospherical shape,
and a higher surface area compared to the pristine.
From the band gap analysis, it was found that the band
gap of g-CsN4/ZnO was reduced from 3.31 eV to 2.92
eV. The reduction of the band gap energy improved the
performance of the photocatalytic activity in visible
light. The photocatalytic activity of OFL is higher than
that of pristine g-CsNs and ZnO, which takes 180 min
to degrade 63.4% of the OFL.
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