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Abstract: Ciprofloxacin (CIP) belongs to the fluoroquino-
lone antibiotic family. It is mostly used for the treatment
of bacterial infections and highly recalcitrant to naturally
decompose. The nanocomposite was successfully con-
structed by zinc ferrite nanoparticle anchored onto graphitic
carbon nitride nanosheet (ZFNP-CNNS). The structural,
morphological, and optical properties of the ZFNP-CNNS
nanocomposite were investigated. Moreover, the enhanced
photocatalytic performance of the ZFNP-CNNS nanocompo-
site was a result of the synergetic effect between adsorption
and photocatalysis. The adsorption study showed that the
ZFNP-CNNS nanocomposite has heterogeneous active sites
with multilayers and the maximum CIP adsorption capacity
was 15.49 mg g~". However, the photodegradation efficacy of
CIP reached up to five times compared to that of pristine
CNNS. The high adsorption—photocatalytic synergetic effect
of the ZFNP-CNNS nanocomposite has great application in
wastewater treatment.
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1 Introduction

The necessity for medicine and pharmaceutical products,
especially antibiotics, is unavoidable. However, antibiotics
contribute to the increasing amount of pollutants, which
are damaging the environment. Moreover, antibiotics are
known as compounds that are difficult to degrade by tra-
ditional wastewater treatments, including filtration, coa-
gulation, and sedimentation [1,2]. Photocatalysis is one of
the auspicious technologies that is of low cost, highly effi-
cient in the degradation of pollutants, eco-friendly and
nontoxic, and secondary pollution free [3-5]. Photocatalysis
can effectively degrade antibiotics, such as ciprofloxacin
(CIP), enrofloxacin, and sulfamethazine, from aqueous
environments [6—8]. The graphitic-like carbon nitride
(g-C3N,, CN) has been approved as a potential photocata-
lyst material, which is suitable for some applications, such
as carbon dioxide reduction, water splitting, and degrada-
tion of emerging pollutants [9]. Moreover, CN has inter-
esting properties because of the appropriate bandgap
(2.7eV), physical and chemical stabilities, nontoxicity,
low cost, and easy and scalable mass production [10].
Two-dimensional morphology of CN (carbon nitride
nanosheet [CNNS]) has several advantages because it
possesses high specific surface area and thinner layer
compared to other CN morphologies, such as 0D, 1D,
and 3D [11]. A considerable specific surface of CNNS pro-
vides more active sites and also enhances the separation
rate of photogenerated electrons and holes (e"—h™). How-
ever, the CNNS has several drawbacks which are affecting
its photocatalytic performance, such as insufficient utili-
zation of visible light and low transfer of photogenerated
e —h" pairs which participate in the reduction and oxida-
tion reactions [11]. Therefore, the heterojunction forma-
tion with other photocatalyst materials can address these
disadvantages and also enhance photocatalytic perfor-
mance. The metal oxide shows a preferably visible light
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response, especially bimetallic oxides with superior photo-
catalytic performance than single transition metal oxides
[12]. Spinel ferrite is an attractive bimetallic oxide due to
its physicochemical stability, dynamic magnetic and inter-
esting optical properties. Zinc ferrite nanoparticles (ZnFe,0,,
ZFNP) became hot attraction materials because of their
sustainable synthesis, simplicity of preparation, well-
controlled stoichiometry, suitable particle size, rapid
time processing, narrow bandgap (~1.9 eV), acceptable
synthesis temperatures, and scalable mass production
[13,14]. On the other hand, the insufficient effectiveness
of ZFNP brings out a terrible photocatalytic performance
and a speedy electron—hole recombination process [15].
As a result, some endeavors have been made to address
these issues, such as heterojunction formation using dif-
ferent materials.

In this study, the zinc ferrite nanoparticle anchored
onto graphitic carbon nitride nanosheet (ZFNP-CNNS)
nanocomposite was successfully synthesized with the
adsorption—photocatalysis synergetic effect for the photo-
degradation of CIP. The drawback of CNNS due to broad
bandgap energy (2.83 eV) could be addressed by the par-
ticipation of ZFNP in the ZFNP-CNNS nanocomposite. This
work has been dedicated to acquiring narrowly the
bandgap of the ZFNP-CNNS nanocomposite of 2.66 eV.
Consequently, the ZFNP-CNNS nanocomposite could
extend the absorption of light and increase the photo-
degradation performance of CIP. The ZFNP-CNNS nano-
composite was appropriate to the specification of an
ideal photocatalyst as it (i) harvests sunlight with a
broad wavelength, (ii) has a high surface area, and
acts as a mesoporous photocatalyst, (iii) has eminent
reusability, (iv) has effortless separation, and (v) has a
durability of photocorrosion.

2 Materials and methods

2.1 Materials

Each chemical used in the synthesis of the ZFNP-CNNS
nanocomposite was of analytical grade and used without
any further treatment, including urea (99%), dicyandia-
mide (99%), zinc nitrate hexahydrate (99%), iron(III)
nitrate-9-hydrate (98%), 1-pentanol (>=98%), oleic acid
(90%), oleylamine (70%), ethanol (299%), and CIP
(98%). All solutions were prepared using ultrapure water
(18.2MQ cm).
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2.2 Synthesis of the ZFNP-CNNS
nanocomposite

The bulk CN was prepared by a combination of urea and
dicyandiamide (2:1w/w) and calcinated at 550°C, 2°C
min~', for 4h in air. The CNNS was synthesized by
thermal exfoliation at 520°C, 5°C min, for 2h in atmo-
spheric air condition. In the meantime, the ZFNP was
synthesized by the hydrothermal method. An amount of
deionized water was used to dissolve iron nitrate and zinc
nitrate in a molar ratio of 2:1 under vigorous stirring.
Then, 60 mL of pentanol as an organic solvent was added
to the solution, followed by oleic acid and oleylamine in a
molar ratio of 1:1. The NaOH solution was added until the
pH value attained 11 and then the solution was stirred
continuously for 1h. The mixture was transferred to a
Teflon tube and subjected to the hydrothermal process
at 180°C for 16 h. Furthermore, the ethanol/n-hexane
(1/3, v/v) mixture was used as a washing solution to
remove impurities in the ZFNP. The ZFNP-CNNS nano-
composites were synthesized by mixing a certain mass of
CNNS with loadings of ZFNPs in 15 mL of ethanol. The
mixture was filtered and dried for 6 h at 60°C. Then, the
mixture was calcinated at 400°C, 5°C min?, for 2 h.

2.3 Characterization of the ZFNP-CNNS
nanocomposite

The X-ray diffraction (XRD) patterns were determined using
Bruker D8 Advance. The surface morphological characteris-
tics were determined using SEM (JEOL, JSM-6490LV) equipped
with an EDX spectrometer (JEOL, Centurio) and TEM (Hitachi
S-3000N). The absorption spectra were recorded in a
350-800 nm range using Hitachi U-4100 UV-vis spectrophoto-
meter. A Nicolet 6700 spectrophotometer was used to obtain
the functional group information of the materials. The specific
surface area was measured using Micromeritics ASAP 2020.

2.4 Photocatalytic degradation experiments

The adsorption activity was determined in the as-pre-
pared sample that was treated in the dark condition
with a solution of 20 mL of CIP (10 mgL™) at a neutral
pH and a temperature of 25 + 2°C. To study the adsorp-
tion behavior, 0.5 g L™ of CNNS, ZFNP, and ZEFNP-CNNS
was added to the CIP solution. The photocatalytic activity
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of nanocomposites was determined in the as-prepared
sample when exposed to eight visible light sources (each
8 W). The concentration of residual CIP and the adsorption
capacity were determined by high-performance liquid
chromatography (HPLC; Agilent 1200).

2.5 Adsorption kinetics and isotherms
model

The adsorption kinetics can be expressed by the reaction
order, adsorption capacity, and adsorption rate. Lagergren
kinetic models for the pseudo-first-order (PFO) and
pseudo-second-order (PSO) were used to determine
the CIP adsorption on the surface of the ZFNP-CNNS.
The linear forms of PFO (equation (1)) and PSO (equa-
tion (2)) have been introduced to determine the adsorp-
tion process characteristic.

In(ge - ¢¢) = Inge - Kit, 1
t 1 1

+ —t, 2
@ K+4¢ g @

where g; and g, are the capacity of CIP adsorption on the
photocatalytic adsorbent at a particular time and the
quantity of CIP adsorption at an equilibrium time (mg g™),
respectively. Furthermore, K; and K, are the coefficient of
PFO (min") and that of PSO (mgg ' min"), respectively.
Meanwhile, the adsorption isotherm mechanism can provide
information about the distribution of homogeneous or
heterogeneous CIP molecules at the liquid and solid
interface in equilibrium time, active sites, monolayer
or multilayer formation, and adsorption characteristics
[16—-18]. Furthermore, the nonlinear Sips (equation (3))
and Temkin (equation (4)) isotherms were applied to
understand the isotherm mechanism of the photocatalytic
adsorbent [19].

Ka(C)"
G- a(Ce)

= WQm, 3)

RT
ge = —In K7Ce, (4)
Br

where K, and n are the capacity and intensity of adsorp-
tion (L mg ), respectively. Moreover, R is the ideal gas
constant (8.314 J mol ' K™), T is an absolute temperature
(K), By is the Temkin isotherm constant (J mol™), and Ky
is the Temkin isotherm binding constant (L gfl).
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3 Results and discussion

3.1 Structure and optical characterization of
the ZFNP-CNNS nanocomposite

The XRD patterns of CNNS, ZFNP, and ZFNP-CNNS nano-
composites are shown in Figure la. The XRD-specific
peak profiles of pure CNNS and ZFNP are found at 26 =
27.6 and 35.4°, corresponding to the crystallographic
planes (002) and (311), respectively [20,21]. However,
the XRD patterns of pristine CNNS and ZFNP coincide
with the JCPDS card Nos 87-1526 and 89-1010, respectively.
No other impurity phases are obtained, thus representing
the highly crystalline nature obtained from the pure CNNS
and ZFNP. The XRD patterns of the ZFNP-CNNS nanocom-
posite reveal a series of diffraction peaks located at 12.8,
27.6, 29.7, 35.4, 42.3, 53.4, 56.8, and 62.3°, corresponding
to the crystallographic planes (10 0), (002), (220), (311),
(400),(422),(511), and (4 4 0) [13,22-24]. On the other
hand, the suppression of the (002) peak for CNNS is pre-
sumably attributable to embedding ZFNP nanoparticles on
the ZFNP-CNNS surface. The Scherrer equation is used
to determine the crystallite sizes for CNNS, ZFNP, and
ZFNP-CNNS nanocomposites, namely, 8.2, 23.2, and
18.5nm, respectively. Meanwhile, the percentages of
crystallinity of CNNS, ZFNP, and ZFNP-CNNS nanocom-
posites are 38, 83, and 50%, respectively. Furthermore,
the crystallinity of the ZFNP-CNNS nanocomposite is
higher than that of pure CNNS due to the introduction
of ZFNPs on the ZFNP-CNNS surface.

Figure 1b shows the fourier transform infrared spectro-
scopy (FT-IR) transmission spectra of pristine CNNS, ZFNP,
and ZFNP—-CNNS nanocomposites. For CNNS, the stretching
vibrational nodes of the repeating units deprived of hepta-
zine (C-N heterocycles) are observed in 1,150-1,700 cm L
The out-of-plane breathing modes of heptazine rings corre-
spond to the sharp peaks at 812cm™. The stretching vibra-
tions of N-H groups are observed in 3,000-3,500 cm™. The
ZFNPs, either inverse or standard spinel oxide, have two
evident infrared active modes at 563 and 432cm™, corre-
sponding to the characteristic peaks of octahedral and tetra-
hedral sites for Fe-0 and Zn-O of the ZFNP, respectively
[25,26]. Furthermore, the absorption bands at 1,635 and
3,420cm™" are defined as the surface hydroxyl bending
and the H,0 stretching vibration that were adsorbed on
the surface of ZENP [27]. The sharp band at 1,384 cm ™ is
associated with a nitrate group due to metal nitrate salts as
precursors in synthesizing ZFO nanoparticles [26]. Also,
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Figure 1: (@) XRD patterns, (b) FT-IR spectra, and (c and d) Kubelka—Munk extrapolation of CNNS, ZFNP, and ZFNP-CNNS nanocomposite.

the marked peaks at 812, 1,246, 1,416, and 1,557 cm ™ indi-
cate a slightly strong absorption on ZFNP-CNNS samples,
signifying that the CNNS covalent bond has a change in its
coordination environment.

The reflectance spectra of diffuse reflectance spectro-
scopy were applied to determine the optical bandgap of
the as-prepared samples. Based on the Kubelka—Munk
function, the bandgap is found at 2.83, 1.82, and 2.66 eV
for CNNS, ZFNP, and ZFNP-CNNS nanocomposites, respec-
tively. The CNNS and ZFNP—CNNS have an absorption coef-
ficient with an indirect bandgap. In contrast, ZFNP has a
direct semiconductor bandgap, as shown in Figure 1c and d
[28,29]. Compared to pristine CNNS, the ZFNP-CNNS nano-
composite could absorb broader visible light and possibly
increase the generation of e —h* pairs.

The morphological characteristics, composition of
elements, particle shapes, and size distribution of the
as-prepared samples were examined by SEM, TEM, and
EDX, respectively. Figure 2a represents the SEM images
of CNNS-like sheets, and the ZFNP is nanospherical
in shape with an average size of 24 nm, as shown in
Figure 2b. The crystallite sizes of ZFNP (23.2nm) calcu-
lated by the XRD data are appropriate. The anchored
ZFNPs on the CNNS surface are ubiquitously distributed,

as depicted in Figure 2c. The EDX spectra in Figure 2d
reveal that ZFNP anchored successfully to the CNNS sur-
face, as can be verified from the elemental weight percen-
tage of ZFNP-CNNS. Furthermore, the abovementioned
observations justify the formation of the ZFNP-CNNS
heterojunction.

3.2 CIP degradation via synergistic
adsorption—photocatalysis

The dark and light modes were used to assess the syner-
gistic effect of adsorption and photocatalytic degradation
against CIP with the ZFNP-CNNS nanocomposite. The
adsorption experiment of CIP solution 10 mg L™ (20 mL,
pH 7) was controlled in the dark mode to fully eliminate
the photocatalytic effect. Moreover, the contact time to
achieve equilibrium and adsorption saturation was 30 min.
The brisk adsorption of the as-prepared sample was noticed
in the first 10 min, continued by slower adsorption, and
proceeded until saturation was reached, as depicted in
Figure 3a. The ZFNP-CNNS nanocomposite and CNNS had
a maximum adsorption capacity of 9.04 and 5.70mgg™,
respectively. It corresponded to the CIP removal of 44 and
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Figure 2: SEM images of (a) CNNS, (b) ZFNP, (c) TEM image of ZFNP-CNNS, and (d) EDX spectra of ZFNP-CNNS.
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Figure 3: (a) The adsorption kinetic and PSO exponential fitting, (b) the photocatalytic activity of CNNS, ZFNP, and ZFNP-CNNS nano-
composites, (c and d) N, adsorption—desorption curve and the concentration-dependent adsorption kinetic of the ZFNP-CNNS
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27% by the adsorption process. Meanwhile, the CIP removal
rate using ZFNP was 18%, and the maximum adsorption
capacity was 4.18 mg g .

The narrow bandgap energy (1.82eV) of the ZFNP
caused by e —h* recombination potential is more significant.
Consequently, the photocatalytic performance of ZFNP was
lowest (24%) within 60 min compared with the other two
synthesized photocatalyst materials, as depicted in Figure
3b. Moreover, the CNNS and ZFNP-CNNS represent a higher
CIP photodegradation than the ZFNP, i.e.,, 58 and 97%,
respectively. The fact is that the bandgap energy of the
ZFNP-CNNS (2.66eV) is lower than that of pure CNNS
(2.83 eV), which allows more capturing of visible light and
reduces the e-h* recombination rate. The experimental
data revealed that photocatalytic degradation followed
the linear fitting of PFO kinetic. Then, synergistically,
CIP removal between adsorption and photocatalysis is
consistently shown by the ZFNP-CNNS nanocomposites
that showed the best performance. In the ZFNP-CNNS
nanocomposite, the CIP molecules could be adsorbed
and effectively enriched by the lamellar CNNS, which pro-
vides a high surface area and has the most mesoporous
sites. Thus, it could quickly reduce the CIP concentration
in the solution and increase the probability of CIP contact
with the ZFNP-CNNS nanocomposite and further photode-
gradation by the reactive oxygen species [30]. This result
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attests to the heterojunction formation system between
ZFNP and CNNS and increases the photocatalytic activity.
Hereafter, the PSO kinetic has a better fitting concur-
rence than the PFO fitting, with the theoretical value of g.
being near to g. of the experiment. The Ky value of the
ZFNP-CNNS nanocomposite (0.904 L ¢™) has higher adsorp-
tion and photocatalytic performance compared to that of
ZFNP and CNNS, namely, 0.418 and 0.570 L g, respectively.
On other hand, Figure 3c exhibits the Brunauer—-Emmett—
Teller (BET) analysis of the ZFNP-CNNS nanocomposite,
which shows a type-IV isotherm with H3 hysteresis and
has a specific surface area of 134 m?g . This result implies
that the high Ky value of the ZFNP-CNNS nanocomposite is
in line with the high surface area of the ZFNP-CNNS nanocom-
posite. However, the reaction rate constants of CNNS, ZFNP,
and ZFNP-CNNS are 0.0089, 0.0011, and 0.0452 min ™, respec-
tively, which shows that the ZFNP-CNNS nanocomposite dom-
inates in the CIP removal with five times higher than pris-
tine CNNS. Besides, the K4 and rate constant value of the
ZFNP-CNNS nanocomposites exhibit a synergistic effect in
the adsorption—photocatalytic processes. The adsorption
of CIP molecules on the photocatalytic-adsorbent was
also examined by various CIP concentrations ranging
from 5 to 30 mgL~". Figure 3d presents that increasing
CIP concentration increases the adsorption capacity until
a saturation condition is reached. The contact time of
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Figure 4: (a) The photocatalytic activity of the ZFNP-CNNS nanocomposite, (b) the exponential fitting of the Sips and Temkin isotherms,
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30 min implies that the adsorption movement was ade-
quate to achieve the adsorption equilibrium. The adsorp-
tion equilibrium is reached at 7.47, 9.06, 14.57, and
15.41mg g for 5, 10, 20, and 30 mg L ™" of CIP concen-
trations, respectively. To investigate the photocatalytic
activity on CIP concentration-dependent activity, the
CIP solution was exposed to a visible light for 60 min.
The removal efficiency decreased by increasing the CIP
concentration as depicted in Figure 4a. This result shows
that high initial concentration of CIP can inhibit visible
light to penetrate photocatalyst. Another reason is that
the generation of by-products during the photodegrada-
tion reaction, which can compete with the initial CIP mole-
cules, thus decreasing the surface contact between CIP
molecules and photocatalyst material.

Based on the theoretical and experimental data, the
concentration-dependent adsorption capacity followed
the good concurrent PSO kinetic models. PSO adsorption
kinetics describes the involvement of multilayer in the
adsorption process. Subject to the classification by Gile
and Smith for the solute adsorption isotherm, the adsorp-
tion process of the ZFNP-CNNS nanocomposites is
included in the L2-type isotherm [19]. This indicates that
there is a high affinity between the adsorbate and the
adsorbent as well as chemical bonds or electrostatic inter-
actions in the multilayer adsorption process [31]. The Sips
isotherm was used to investigate the nature of the adsorp-
tion process and examine the maximum adsorption capa-
city (Figure 4b). The Sips isotherm is the integration of the
Langmuir and Freundlich model in heterogeneous systems.
In addition, the Temkin model was also applied to assess
the relationship between adsorption heat and binding. The
Sips model represents an R” value of 0.961 with a max-
imum adsorption capacity of 15.49 mg g, which approved
that the CIP adsorption onto the ZFNP-CNNS nanocompo-
site follows the heterogeneous active sites with a multi-
layer adsorption process.

Meanwhile, the conduction band potentials (Ecg) of
CNNS and ZFNP are estimated to be —-1.93 and -0.835V
(vs Ag/AgCl), which coincide with -1.33 and -0.23V (vs
NHE), respectively (Figure 4c). Moreover, the recycl-
ability performance of the ZFNP-CNNS nanocomposites
was also tested with five times recycling as depicted in
Figure 4d. The removal efficiency of CIP was gradually
reduced from the first cycle and reached 90% in the final
cycle. The slight loss of photocatalytic performance indi-
cates that the ZFNP-CNNS nanocomposite has excellent
recyclability. Furthermore, according to the bandgap of
2.83 and 1.82 eV for CNNS and ZFNP, the calculated Eyg
values are 1.50 and 1.59 V for CNNS and ZFNP, respec-
tively. Based on the Eg, Ecp, and Eyg values, the proposed
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reaction mechanism of the ZFNP-CNNS system is men-
tioned in the following equations.

ZENP + hv — ZFNP(e~ + ht), )
ezenp + CNNS — ZFNP + ey, )
ezenp—cnns) + 02 = 0y, 7)

'0; + e — '0,, (8)

‘05 + Fe3* - 10, + Fe?*, 9)
205 + 2H* - 0, + H,0,, (10)
Fe?* + H,0, — Fe3* + OH™ + 'OH, 11)

CIP + ZFNP - CNNS(h*)/'0,/0H/'0, — CO, + H,0. (12)

The trapping experiment was conducted to confirm
the presence of ROS, which participated in the photode-
gradation of CIP. Hereinafter, several trapping agents
were used, including 1,4-benzoquinone (BQ), sodium
azide (SA), and ethanol (EtOH) as the scavengers to
trap ‘03, '0,, and "OH, respectively. Figure 4e shows the
presence of BQ, SA, and EtOH in the photodegradation of
CIP, which can reduce the photocatalytic performance of
58%, 73%, and 86%, respectively, indicating the presence
of ‘03, 102, and ‘OH. Meanwhile, the generation of H,0, was
determined using the spectrophotometry method. According
to Figure 4f, the generation of H,0, increased in line with
increasing reaction time. This result shows that the presence
of H,0, also participates in the photodegradation of CIP.

Furthermore, the electrons could react with O, adsorbed
on the surface of the photocatalytic adsorbent to produce ‘O..
Then, the reduction process initiates with an appropriate
potential reduction of —0.33 eV (0,/0,) [32]. The superoxide
radical (0,) is also capable of undergoing further reactions,
producing other ROS family members. With a half-life of
2-4ns, the superoxide radical (O,) could be further trans-
formed into more reactive species such as ‘OH and '0,. The
presence of Fe** ions in ZFNP could facilitate the generation
of H,0, as the forerunner of the ‘OH generation. Moreover,
the h™ in the valence band of CNNS could initiate the oxida-
tion reaction of CIP directly because the energy level of the
ZFNP-CNNS nanocomposite could not oxidize H,O or OH™
to generate ‘OH [33].

4 Conclusions

The ZFNP-CNNS nanocomposite was successfully synthe-
sized with the simple calcination method. The ZFNP-CNNS
nanocomposite exhibited an excellent adsorption—photo-
catalytic synergetic effect for CIP removal. Moreover, the
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photodegradation efficiency of CIP reached up to five times
compared to that of pristine CNNS. The adsorption iso-
therm study shows the heterogeneous active site with
multilayer on the ZFNP-CNNS nanocomposite. The presence
of an organic functional group and m—m interaction gives a
sign that chemisorption participates in the ZFNP-CNNS
system. On the other hand, the adsorption capacity of the
ZFNP-CNNS nanocomposite is 15.49mgg™". Finally, the
experimental result presents that the ZFNP-CNNS nanocom-
posite is viable and has great application for wastewater
treatment.
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