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| A novel ZrO,/g-C;N./CuFe,0, nanocomposite was synthesized by wet impregnation method and its photocatalytic degradation efficacy
is studied on the organic pollutants viz. antibiotic drug (amoxicillin), pesticide (chlorpyrifos) and dye (methylene blue) under both dark
and visible light conditions in liquid medium. The synthesized nanocomposite and its photocatalytic degradation studies were well

photocatalytic degradation of methylene blue pollutant is higher (99.5%, k = 0.0533 min™) than that of chlorpyrifos (97.3% k = 0.0367

min") and amoxicillin (64.6%, k = 0.0109 min™) under visible light exposure for 90 min using Zr0O,/g-C;N/CuFe,O, nanocomposite as

a photocatalyst. The nanocomposite showed excellent degradation efficiency under the irradiation of visible light while the degradation

under dark condition is highly limited. As a control experiment the individual g-C;Ny, ZrO, and CuFe,04 components of the nanocomposite

under the same conditions possess limited degradation efficiency than that of ZrO,/g-C3sN4/CuFe,O, nanocomposite. A possible photo-

C3N4/CuFe,O4 due to its high stability and reusability.

‘I
|
|

characterized using XRD, TEM, EDS, XPS, UV-Vis DRS, PL, BET and EIS analytical techniques. Among three organic pollutants, the |
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| degradation mechanism is also proposed. Efficient treatment of wastewater could be possible with this novel nanocomposite ZrO./g-
L

INTRODUCTION

Water quality is an important parameter which is mostly
influenced by the industrial pollution [1-5]. Textile dyes, anti-
biotics, insecticides and fertilizers are the important categories
of pollutants of water due to industrialization [6-12]. One of
the important methods to address this problem is photocatalytic
degradation. Graphitic carbon nitride (g-C3N,), a conjugated
polymer of metal-free attractive, which is inexpensive, benign
and thermally as well as chemically stable with a sufficient band-
gap (2.7 eV) has the subject of extensive research in recent years
[13]. The photocatalytic activity of g-C;N, has enhanced when
they are converted into composites like g-C3N4/Mn-ZnO, g-C3N4/
TiOz/(X-FCzOg, etc. [14]

ZrO, stands out as a promising photocatalyst due to its
affordability, non-toxic nature, high-temperature stability,
strength and reusability [15,16]. However, ZrO, systems suffer
from significant drawbacks, including their limited sensitivity

to visible light due to a high bandgap ranging from 5.00 to 5.18
eV, as well as slow generation, rapid recombination of electron-
hole pairs (e/h*) [17,18]. Electrodoping these less efficient metal
oxide systems with metal and non-metal dopants in g-C3N4 and
CuFe,0. is an effective way to decrease these defects[19,20].

Due to its low cost, high photochemical stability and sensi-
tivity to visible light, the magnetic oxide semiconductor CuFe,O,
is considered one of the most effective co-catalysts. Further-
more, due to the high rate of electron-hole pair recombination,
CuFe,0, alone only displayed a modest amount of photocatal-
ytic activity when exposed to visible light. Therefore, creating
fresh visible-light-driven photocatalysts that are effective and
reusable poses a significant challenge for energy conservation
and environmental restoration [21,22]. Hence, the combination
of these materials can be envisaged to provide higher efficiency
towards photocatalytic degradation.

Hence, we herein report the synthesis of novel ZrO,/g-
C3N4/CuFe,0, nanocomposite by wet impregnation method
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and studied the photocatalytic degradation efficacy on organic
pollutants such as a drug (amoxicillin), a dye (methylene blue)
and a pesticide (chlorpyrifos) under both dark and light conditions.

EXPERIMENTAL

All the chemicals and reactants used in this research were
analytically pure without any further purification (A.R. grade).
Urea (CH4N,O, Merck, 99.5% purity), citric acid monohydrate
(CeH,00s, Merck, 99% purity), chemical grade iron(IIl) nitrate
nonahydrate [Fe(NO;);-9H,0] and copper(I) nitrate hexahyd-
rate [Cu(NOs),-6H,0], sodium hydroxide (Merck, 97% purity)
and hydrochloric acid (ADWIC 33%), ethylenediamine, zirconyl
nitrite (ZrO(NOs), were obtained from Sigma-Aldrich, USA.
Isopropyl alcohol (Sigma-Aldrich), 1,4-benzoquinone (BQ,
Alfa Aesar, Massachusetts) and ethylenediaminetetraacetic acid
(EDTA) were obtained from Sigma-Aldrich and used for the
scavenger analysis. The antibiotic drug viz. amoxicillin (AMX,
500 mg), methylene blue (MB) dye and pesticide chlorpyrifos
(CPF, 500 mL) were used as pollutants. Millipore distilled
water and deionized water was used throughout the experiment.

Synthesis of ZrQ,/g-C;N4/CuFe,0snanocomposite: The
synthesis of ZrO,/g-C;N4/CuFe,O,nanocomposite was achieved
by wet impregnation method [18] using CuFe,O,, g-C;N, and
ZrO, nanocomponents which were synthesized as based on
the earlier reports [10,23-26]. The stoichiometric amount (0.1
mol each) of g-C3N4, ZrO, and CuFe,O, were added into 30 mL
of ethanol. Then this mixture was continuously stirred at 70 °C
for 1 h until evaporation of the solvent . The resulting nanocom-
posite was then collected, dried overnight and kept for further
studies.

Characterization: All the synthesized nanoparticles were
characterized using X-ray diffractometer (Bruker Kappa APEX
II) to study the crystalline phase structure and phase composi-
tions of the samples with CuKo emission over the 20 range of
10-80°. The electrochemical impedance spectroscopy (EIS,
Princeton, NJ, USA) was used to analyze electrical properties
and processes occurring at the interface between an electrode
and an electrolyte solution.

The surface morphology, elemental mapping distribution,
internal morphology (particle size, shape and distribution),
surface chemical bonding and optical properties of the nano-
composite were examined by transmission electron microscopy
(TEMTermo Scientific - Talos F200S), X-ray photoelectron
spectroscopy (XPS, Termo Scientific - ESCALAB 250 xi) and
UV-vis diffuse reflectance spectra (DRS, Shimadzu/UV 2600
UV-vis spectrophotometer from 400 to 800 nm), respectively.
The surface area and pore size distributions were calculated
using the Brunauer-Emmett-Teller (BET, Autosorb 1Q, USA)
method. Photoluminescence (PL, Edinburgh FL/FS900 spectro-
photometer with an excitation wavelength of 320 nm) spectra
was recorded to find out the interaction among the elements
of the nanocomposite.

Photocatalytic degradation of organic pollutants: The
photocatalytic degradation of the organic pollutants such as
amoxicillin/methylene blue/chlorpyrifos were carried out in a
photocatalytic reactor (Heber photoreactor, Annular type, HVAR-
MP 400) UV-visible light irradiation is accomplished with a

300 W Xenon lamp and a 420 nm cutting filter, which comp-
letely shields the radiation below 420 nm [14].

At the outset, 50 mg of synthesized ZrO,/g-C3sN4/CuFe,04
nanocomposite was added to 100 mL of an aqueous solution
of amoxicillin/methylene blue/chlorpyrifos (20 mg/L). Then, the
solution was stirred in the dark condition for 0.5 h to attain the
adsorption-desorption state of equilibrium. For photocatalytic
degradation studies, this solution was kept in a photocatalytic
reactor with continuous aerated by pump to make sure that the
suspension of catalyst were uniform over the period of reaction.
At regular intervals (10 min), adequate amount of sample
solution (5 mL) was taken over and centrifuged for 10 min to
separate the nanocatalysts for further use. After that the super-
natant solution was analyzed with the help of UV-visible double
beam spectrophotometer at the wavelength of absorbance
maximum (MB A = 664 nm, AMX A= 341 nm and CPF
Ama= 291nm) to obtain the concentration of pollutants in the
solution [6,14].

The percentage of degradation of pollutants has been
calculated using the following equation:

. _C,-C
Degradation (%) c x100 (1)
where C, (initial concentration) and C,(concentration decreases
with respect to time, t) represent the levels of organic pollutants
both before and after photoirradiation, respectively.

RESULTS AND DISCUSSION

Phase structure analysis: The powder X-ray diffraction
(PXRD) studies were conducted to look into the crystalline phase
structure of ZrO,, g-C;N4, CuFe,O,4 and nanocomposite ZrO,/
g-C3Ny/CuFe,0,. Fig. 1a shows that the g-C;N.develops when

ZrO,/g-C4,N,/CuFe,O,
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Fig. 1. PXRD pattern of (a) g-C3Nu, (b) ZrO,, (¢) CuFe,Oy, (d) ZrO/g-C3Na/
CuFego4
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urea and citric acid undergoes annealing at 550 °C, as seen by
the peaks that occur at 12.8° and 27.5°, which corresponding to
the diffraction planes (100) and (002) for periodically stacking
graphitic material (JCPDS card No. 87-1526) [23,24].

As indicated in Fig. 1b, the diffraction peaks at 26 values
0f 28.2°,31.5°,38.5° 50.1° and 59.8° corresponding to the plans
to (101), (111), (111), (102), (120), (022) and (131) exhibited
the rutile phase of ZrO, according to the JCPDS card No. 37-
1484 [25,26]. Fig. 1c shows the XRD patterns of CuFe,O,
with cubic spinel phase (JCPDS 34-0425) show an amorphous
structure and distinctive crystal planes (101), (112), (103), (211),
(004), (220), (312),(321), (224) and (400). The increased degree
of crystallinity that is present in the CuFe,Oy, is confirmed by
sharp peaks presented in the XRD pattern [27,28]. The XRD
pattern of ZrO,/g-C3;N4/CuFe,04 nanocomposite (Fig. 1d)
confirmed the observation of all of the peaks for each individual
nanoparticles (ZrO,, g-C;N, and CuFe,0,) and the ZrO,/g-CsN./
CuFe,04 nanocomposite crystalline size is 24 nm were calcu-
lated by using Debye-Scherrer’s formula [11].

Morphological structure analysis: The morphologies of
synthesized ZrO,/g-C3;N4/CuFe,0, nanocomposite (Fig. 2a-d)
were examined using transmission electron microscope (TEM)
technique to investigate the crystal structure of ZrO,/g-C3;N4/
CuFe,0,nanocomposite. The g-CsN, sheet was fused with ZrO,

and CuFe,04 nanoparticles. Due to the sufficient interaction
with g-Cs;Ny sheet, the ZrO,/g-CsN4/CuFe,O4 nanocomposite
had the least amount of agglomeration when compared to the
individual nanoparticles [29-31]. The nanocomposite of ZrO,/
g-C3Ny/CuFe,04 has a larger surface area and active site, which
makes it advantageous for charge separation and allows it to
degrade AMX/CPF/MB under visible light efficiently [32,33].

The surface area of the nanocomposite and the properties
related to porosity dictated that there was less aggregation of
spheroidal ZrO, and rod-like CuFe,O, nanoparticles on the g-
C3N, nanosheets, respectively [29,31]. Thus, the photodegrada-
tion efficiency is enhanced by a wide surface area, low agglo-
meration, and strong particle-to-particle contact, which reduce
the likelihood of photoexcited charge carriers recombining and
increases charge transfer [32]. The internal morphology of ZrO,
and CuFe,O, were distributed over the surface of g-CsNy, which
has thin lamellar structure [33-37]. Fig. 2c shows the SAED
pattern of ZrO,/g-C;N./CuFe,O4 nanocomposite was prepared
by wet impregnation method. The particle size of ZrO,/g-CsNa4/
CuFe,04 nanocomposite was calculated as 27 nm approximately.
The SAED pattern of ZrO,/g-CsN4/CuFe,O4 nanocomposite
reveals distinct circular diffraction rings, which suggests a high
degree of crystallinity and crystalline nature of the nanocom-
posite.

Fig. 2. (a-c) TEM and (d) SAED images of synthesized nanocomposite of ZrO,/g-C;N./CuFe,0., ZrO,, CuFe,0, and g-C3N4
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Surface and elemental composition analysis

X-ray photoelectron spectroscopic (XPS) studies: The
X-ray photoelectron spectroscopy (XPS) studies was analyzed
to clarify the surface electronic states of tripartite photocatalytic
nanocomposite i.e. ZrO,/g-C3;N4/CuFe,0;,. The nanocomposite
was composed of six elements viz. carbon (C), nitrogen (N),
oxygen (O), zirconium (Zr), iron (Fe) and copper (Cu). The
XPS survey spectrum of ZrO,/g-C3N4/CuFe,0, displays the
extremely high-resolution XPS spectra of Cls, N1s, Ols, Zr
3d, Fe 2p, Zr 3d and Cu 2p elements (Fig. 3a).

The high resolution C1s spectrum (Fig. 3b) shows two peaks
at 288.2 and 284.8 eV. The initial peak has been attributed to
sp” carbon in the g-C;N, and benzoic rings as well as C-C bonds
while the second peak was assigned to sp* hybridized carbon
in C-N-C and the N-containing automatic ring (N=C=N) [14].

In the binding energy portion of the N1s spectrum (Fig. 3c)
might be deconvolved onto two peaks at 399.8 and 398.4 eV.
The first peak is the sp* hybridized aromatic (C-N=C) nitrogen
bonded to carbon atoms, while the second peak is the 3°
nitrogen (N-C3) [10,34]. In (Fig. 3d), the Ols spectrum was
divided into two peaks at 531.3 and 533.8 eV wherein the first
one is linked to the Zr-O bond, the lattice oxide oxygen species
of metal oxides (Fe-O and Cu-O) and the adsorption of hydroxyl
groups onto the surface [20] and the second one could be trigg-
ered in the water molecule also adsorbed onto the non stoichio-
metric surface O, bond associated with Zr, Cu and Fe. The Zr
3d spectrum (Fig. 3e) shows two typical signals (Zr 3ds» and
Zr 3ds;) at 183.3 eV and 181.1 eV, which are distinct types of
Zr* [21,36]. For the Fe 2p spectra (Fig. 3f), five peaks have
identified at 710.2, 712.0, 718.3, 723.4 and 725.0 eV corresp-
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Fig. 3. (a) Survey scan, high-resolution XPS spectra (b) C, (¢) N, (d) O, (e) Zr, (f) Fe and (g) Cu for obtained ZrO,/g-C3N4/CuFe,O, nanocomposite
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Fig. 4. (a) UV-Vis DRS and (b) the consistent bandgap values via Tauc plot of the synthesized nanoparticles

ondingly. The peak near 710.2 eV might be the reason to the
binding energies of 2ps,, for Fe**, the peak at 712.0 and 723.4
eV were allotted with the 2ps» and 2py,, of the Fe** [37], the
peak at 725.0 eV was associated towards the binding energies
of 2py» of Fe** and Fe** [38] and the peak at 718.3 eV served
as a satellite for the afore mentioned four peaks, demonstrating
the coexistence of Fe* and Fe™* in the catalyst [14,34]. For the
XPS of the Cu 2p sections, the peak located at 932.8 eV is
attributed to the Cu(I) molecule. The Cu 2ps, peak at 934.0 eV
and its shakeup satellite are linked with Cu(II) [17]. The peak
occurring at 952.7 eV with a satellite at 961.6 eV was attributed
to Cu 2pi, (Fig. 3g) [39-41].

Optical studies: The optical characteristics of the synthe-
sized nanoparticles viz. ZrO,, g-C;N4, CuFe,O,4 and nanocom-
posite ZrO,/g-C;N./CuFe,O, were analyzed using the diffuse
reflectance spectroscopy (DRS) as shown in Fig. 4. The absor-
ption threshold value of ZrO,/g-C;N4/CuFe,Osnanocomposite
has extended up to the wider range of UV-visible light and the
primary adsorption edge of pure g-CsN4appeared at 440 nm
[42], ZrO, appeared at 250 nm [37], CuFe,O, appeared at 390
nm [43] and ZrO,/g-C;N./CuFe,O, nanocomposite appeared
at 460 nm (Fig. 4a). Therefore, the band edge of ZrO,/g-C;N./
CuFe,O,nanocomposite is greater than that of pure nanocom-
ponents. The bandgap energies of the direct transition semi-
conductor might be calculated by a plot of (athv)*vs. the photo
energy (hv) according to Kubelka-Munk function [44]. As a
result, the bandgaps of ZrO,, g-C;N., CuFe,04 and ZrO,/g-CsNs/
CuFe,0. nanocomposite were 4.26,2.72, 1.92 and 2.3 eV, resp-
ectively (Fig. 4b). The diffuse reflectance spectra are converted
into the Kubelka-Munk function using the following relation:

(IxR)’
2R
where R stands for measured reflectance.
The bandgap energy (E,) value is estimated using Tauc
equation:

FR)=

2

(0hv)* = A(hv — E,) 3)

where hv is the photon energy and A is the constant, o-absorp-
tion coefficient. Plotting of (cthv)? or [F(R) hv]?vs. (hv) enables
to calculate the bandgap energy with the help of extrapolating
of linear fit. This technique is frequently applied to semicon-
ductors [4,9].

Photoluminescence study: Fig. 5 shows the fluorescence
(PL) spectra of pure ZrO,, g-C3N4, CuFe,0.and ZrO,/g-CsN4/
CuFe,0O,nanocomposite samples with excitation wavelength
range of 400-480 nm. It could be observed that pure g-C;N,has
a strong fluorescence emission peak at about 441 nm due to
its high recombination rate of photoinduced holes and electrons
[34,36]. In terms of ZrO,, CuFe,0,and ZrO,/g-C;N,/CuFe,0,
nanocomposite photocatalysts, the PL intensities significantly
decreased due to the heterostructures, reducing the recombi-
nation of photoexcited electron/hole pairs. Moreover, 445 nm
was the quenching of intrinsic fluorescence of ZrO, and the PL
intensities of CuFe,Osand ternary ZrO,/g-C;N4/CuFe,O,nano-
composites were 432 nm and 407 nm, respectively [45]. The
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Fig. 5. Photoluminescence (PL) spectra of ZrO,, CuFe,Os, g-C3N, and ZrO,/
g-C3N,/CuFe,O, materials
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intensity of peak ZrO,/g-C;N,/CuFe,04 composite is weaker
than ZrO,, g-CsN4 and CuFe,O,, which indicated that the photo-
induced electrons and holes were recombining at a slower rate
[34]. It was determined that the ZrO,/g-C3;N4/CuFe,O, nano-
composite have exhibited better photocatalytic activity.

Surface analysis: The surface features of the synthesized
catalysts were analyzed using the Brunauer-Emmet-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods. Fig. 6a shows the
N, adsorption and desorption isotherm of the synthesized nano-
components and nanocomposite. The N, adsorption-desorption
isotherms of the samples have shown a hysteresis loop, indicating
the presence of mesoporous solids, with pore size between 2
and 17 nm (Fig. 6b). The specific surface area of CuFe,0,, g-CsNy,
ZrO,, and ZrO,/g-C3;N4/CuFe,0, nanocomposite are 14.75
m?/g, 18.25 m*/g,26.50 m*/g and 41.40 m*/g. The pore diameter
values CuFe,0;, g-CsN4, ZrO, and ZrO,/g-C3;N,/CuFe,O,nano-
composite were 0.0500 nm, 0.0760 nm, 0.0074 nm and 0.140
nm, respectively [46,47]. The Sger of ZrO,/g-CsN4/CuFe,0,
nanocomposite is larger than that of ZrO,, g-Cs;N4 CuFe,O,
nanoparticles. From Table-1, it was found that the specific area,
pore volume and pore size of ZrO,/g-C;N4/CuFe,O, nanocom-
posite was greater than of ZrO,, g-CsN, and CuFe,O, nano-
particles [48]. The mesoporous nature and large surface area
of ZrO,/g-CsN4/CuFe,O4 nanocomposite support the presence
of highly effective active sites. It might be beneficial to aqueous
penetration in the photocatalytic reaction [49].

TABLE-1
SURFACE AREA. PORE VOLUME AND PORE SIZES OF ZrO..
¢-C:N,, CuFe,0, AND ZrO,/g-C;N,/CuFe,0, NANOCOMPOSITE

Sample Surfacze area  Pore volume Pore size

(m7/g) (cclg) (nm)

CuFe,0, 14.75 13.5 0.0500
g-CN, 18.25 16.4 0.0760

7r0O, 26.50 24.4 0.0074
Zr0,/g-C;N,/CuFe,0, 41.40 38.0 0.1400

Charge transfer and conductivity studies: Fig. 7 displays
the EIS Nyquist plots of g-C3;N, ZrO,, CuFe,O4 and ZrO,/g-
C3N4/CuFe,O4 nanocomposite electrode with irradiation of
visible light. The radius of arc in the spectra indicates the separ-
ation of charge and resistance of transfer at the electrode, the
radius was smaller and the charge separation was higher effici-
ency [50]. The ZrO,/g-CsN4/CuFe,O4 nanocomposite electrode
shows smaller radius of arc than pure ZrO,, g-CsN4 and CuFe, O,
in visible light irradiation, revealed that the composite has a
better charge transfer and conductivity than pure ZrO,, g-CsN4
and CuFe,0,. The results of photoelectrochemical character-
ization indicate that the ZrO,/g-CsN4/CuFe,Osnanocomposite
could effectively enhance the photogenerated charge separation
efficiency than the ZrO,, g-CsN4 and CuFe,0,. These results
indicated the separation and transfer efficiency of photogene-
rated electron-hole pairs increased, which further confirmed

—&— gC;N,
—o— 210,
—h— CuFe,0,
—¥— 2r0,/g-C,N,/CuFe,0,

Z" (ohm)

0 200 400 600 800

Z' (ohm)
Fig. 7. Electron impedance spectroscopy of g-CsNa, ZrO,, CuFe,O4 and
Zr0,/g-C3N4/CuFe,O,4 under visible light irradiation, k 1~ 420 nm

1000 1200
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that ZrO,/g-C;N4/CuFe,O,nanocomposite possessed enhanced
photocatalytic activity [51,52].

Photocatalytic activity: The photocatalytic activity of
the ZrO,/g-C;N4/CuFe,O4 nanocomposite was analyzed
towards the degradation of the different kinds of pollutants
such as amoxicillin (antibiotics), methylene blue (dye) and
chlorpyrifos (pesticide) under dark and visible light conditions.

Photocatalytic degradation of amoxicillin: The effici-
ency of photocatalysis of g-C3Ny, ZrO,, CuFe,O,nanocatalysts
and ZrO,/g-C3;N4/CuFe,O, nanocomposite were evaluated by
the photodegradation of aqueous amoxicillin solution under
visible light irradiation. The decreasing in the intensity of amo-
xicillin (Amax 341 nm) by UV absorption peak confirmed the
amoxicillin photodegradation related to the irradiation time t
(min) [24]. Fig. 8a-d shows the degradation of pollutant by
g-CsNy, ZrO,, CuFe,0, and ZrO,/g-C;N4/CuFe,0, nanocom-
posite. Among them, 64.60% pollutant was degraded by the
ZrO,/g-CsN4/CuFe,O4nanocomposite under UV-visible light
radiation for about 90 min. The rate constant (Fig. 9a) and the
degradation efficiency of g-C3;Ns, ZrO,, CuFe,0, and ZrO,/g-
C3N4/CuFe,0, nanocomposites were calculated (Fig. 9b) and

the pseudo-first-order kinetics of photodegradation of amoxi-
cillin were also calculated (Fig. 9c). The results clearly showed
that ZrO,/g-Cs;N./CuFe,O4nanocomposite has the higher rate
constant (0.0109 min™) for amoxicillin than that of individual
nanocomponents (Fig. 14). The superior photocatalytic activity
of ZrO,/g-CsN.4/CuFe,O4nanocomposite could be attributing
to the highly feasible photo-excited e /h* pair transfer/separation
on the surface of nanocatalysts [12]. Moreover, in optimum
addition of ZrO, and CuFe,0, in g-C;N, was showed the higher
enhancing degradation, signifying that the higher amount of
UV-visible light absorption ability and larger hindrance of
photo-excited recombination centre also promoted the oxidant
species for amoxicillin degradation [14,53].

Photocatalytic degradation of chlorpyrifos: The photo-
catalyst efficiencies of g-CsNy, ZrO,, CuFe,O,and ZrO,/g-C3N,/
CuFe,04nanocomposite for chlorpyrifos solution under UV-
visible light irradiation were evaluated. The decreasing in the
intensity of chlorpyrifos (Am.x 291 nm) by UV absorbance peaks
confirmed the chlorpyrifos photodegradation related to the
radiation time t (min) [24]. Fig. 10a-d shows the degradation of
pollutant by g-C3Nj, ZrO,, CuFe,04 and ZrO,/g-C3;N4/CuFe,04

1.2 1.2
gC:N, @) Zr0, (b)
1.0 4 1.0+
—— 20 ppm =20 ppm

~ 084 [—Omin _ o084 [—omin
3 =15 min 3 =15 min
< —— 30 min = —— 30 min
€ 0.6+ 45 min 2 064 ——45min
o = 60 min < ;
£ . el =60 min
3 —EMulld 3 —— 90 min
Qo Q
< 0.41 < 044

0.21 0.2 1

o7 T T T T T T T T 1 (0 T T T T T T T T 1
260 280 300 320 340 360 380 400 420 440 260 280 300 320 340 360 380 400 420 440
Wavelength (nm) Wavelength (nm)
1.2 1.2
CuFe,O, ©) ZrO,/g-C4N,/CuFe O, (d)
1.04
=20 ppm

~ 084 [ 0min -
=} f——15 min >
% —— 30 min %
o f=——45 min o
§ %% }—e0min §
S |90 min o
[%2] 2]
Qo Q
< 0.4+ <

0.2 4

0 L L] Ll Al L) Ll L) L) L L)
260 280 300 320 340 360 380 400 420 440
Wavelength (nm)

O L) ¥ L L) Ll L] L L] L] L]
260 280 300 320 340 360 380 400 420 440
Wavelength (nm)

Fig. 8. Photocatalytic degradation of amoxicillin (AMX) with (a) g-CsNy, (b) ZrO,, (c) CuFe,0O, and (d) ZrO,/g-C3N4/CuFe,04
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Fig. 9. Amoxicillin (AMX) (a) photodegradation rate, (b) phaotodegradation efficiency and (c) pseudo-first-order kinetic plots for CPF over
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nanocomposite. Among them, 97.30% pollutant was degraded
by the ZrO,/g-C;N4/CuFe,0snanocomposite under UV-visible
light irradiation for about 90 min. The degradation rate constant
(Fig. 11a), the degradation efficiency (Fig. 11b) and the pseudo-
first-order kinetics of photodegradation of chlorpyrifos were
calculated (Fig. 11c). The results clearly indicated that the ZrO,/

Wavelength (nm)
Fig. 10. Photocatalytic degradation of chlorpyrifos (CPF) with (a) g-CsNa, (b) ZrO,, (¢) CuFe,O4 and (d) ZrO,/g-C3N4/CuFe,0,

g-C;Nu/CuFe,O4 nanocomposite has the higher rate constant
(0.0367 min™) for chlorpyrifos than that of individual nano-
components (Fig. 14). The superior photocatalytic activity of
Zr0O,/g-C;N./CuFe,O4 nanocomposite might be attributing to
the greater feasible photo-excited e /h* pair transfer/separation
on the surface of nanocatalysts [10]. Furthermore, the addition
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Fig. 11. Chlorpyrifos (CPF) (a) photodegradation rate, (b) photodegradation efficiency and (c) pseudo-first-order kinetic plots for CPF over

the obtained photocatalytic samples of g-C;N,, ZrO,, CuFe,0, and ZrO,/g-C;N,/CuFe,0,

of ZrO, and CuFe,0; in g-C;N, showed the higher degradation
efficiency, which is attributed to the higher hindrance of photo-
excited recombination centre and also promoted the oxidant
species for the chlorpyrifos degradation [14,54].
Photocatalytic degradation of methylene blue: The photo-

and ZrO,/g-C3;N4/CuFe,O,nanocomposite were evaluated by
the photodegradation of methylene blue solution under UV-
visible light irradiation. The decreasing in the intensity of MB
dye (Amax 664 nm) by UV absorbance peaks confirmed the photo-
degradation of methylene blue with respect to the radiation

catalyst efficiencies of g-C3;Ns, ZrO,, CuFe,O, nanocatalysts time t (min) [24]. Fig. 12a-d shows the degradation of pollutant
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Fig. 12. Methylene blue (MB) photocatalytic degradation of (a) g-C3N,, (b) ZrO,, (c) CuFe,O, and (d) ZrO,/g-C;N./CuFe,0,
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Fig. 13. Methylene blue (MB) (a) photodegradation rate constant, (b) photodegradation efficiency and (c) pseudo-first-order kinetic plots

for MB over the photocatalytic samples of g-Cs;N,, ZrO,, CuFe,0, and ZrO,/g-C3N,/CuFe,0,

by g-C;Ny, ZrO,, CuFe,O, and ZrO,/g-CsN,/CuFe,O4 nano- _0os

composite. Among them, 99.40% pollutant was degraded by = Il 2r0,/g-C;N,/CuFe,0, 0.0533
the ZrO,/g-C;N./CuFe,0, nanocomposite under UV-visible £ 0.05- B CuFe.0,

. .o, . . c Y Il zo,

light radiation for about 90 min. The degradation rate constant 2 [JoCN,

(Fig. 13a), the degradation efficiency (Fig. 13b) and the pseudo-
first-order kinetics of photodegradation of methylene blue were
calculated (Fig. 13c). The results clearly indicated that the ZrO,/
g-C3Ny/CuFe,O, nanocomposite has the larger rate constant
(0.0533 min™") for MB dye than that of individual nanocompo-
nents (Fig. 14). The superior photocatalytic activity of ZrO,/
g-C3Ny/CuFe,O, nanocomposite might be attributing to the
highly feasible photo-excited e /h* pair transfer/separation on
the surface of nanocatalysts.

Effect of scavengers: Various scavengers has been utilized
in the photocatalytic process for reactive species of scavenge
[29,30]. In this present work, three active oxidizing species
(*Oy7, h"and *OH) could be produced and participate in this
reaction. The benzoquinone (BQ) was employed to capture *O;,
while ethylenediaminetetraacetic acid (EDTA) and isopropanol
(IPA) are used to capture h"and *OH during AMX/CPF/MB
photocatalytic degradation with the ZrO,/g-C;N4/CuFe,0,
nanocomposite photocatalyst under visible light, respectively.
The efficiency of AMX degradation decreased from 97.60%
(no scavengers) to 47.80% (EDTA), 52.90% (IPA) and 81.20%
(BQ), respectively [49] (Fig. 15). Likewise, the efficiency of
CPF degradation decreased from 97.30% (no scavengers) to
42.80% (EDTA), 59.30% (IPA) and 80.10% (BQ) [10] and for

Rate constant of photocatalytic degradatio

AMX CPF MB

Pollutants

Fig. 14. Highest to lowest rate constant of photocatalytic degradation activities
of amoxicillin (AMX), chlorpyrifos (CPF) and methylene blue (MB)
by ZrO,/g-C3N4/CuFe,O4nanocomposite, CuFe,0s4, ZrO, and g-C3N4

MB molecules, the degradation decreased from 99.40% (no
scavengers) to 31.20% (EDTA), 82.30% (IPA) and 40.30% (BQ)
[55], respectively (Fig. 15). These results showed the partici-
pation of reactive species in the pollutants degradation is of
the order of BQ > IPA > EDTA revealing that h* was more
effective than "OH and *O, for AMX/CPF and IPA > BQ >

AMX

INo scavengers

1004 No scavengers

Degradation efficiency (%)
Degradation efficiency (%)

Types of scavengers

Types of scavengers

CPF 1004 No scavengers ~ MB

Degradation efficiency (%)

Types of scavengers

Fig. 15. Effect of reactive scavenging species on the amoxicillin (AMX), chlorpyrifos (CPF) and methylene blue (MB) pollutants photodegradation
activity over the ZrO,/g-C3;N4/CuFe, 0, photocatalytic nanocomposite under visible-light exposure
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Fig. 16. Recycling stability performance over the ZrO,/g-C;N./CuFe,O, photocatalytic nanocomposite

EDTA revealing h* was more effective than *O,™ and "OH for
MB molecules. Similar results are reported by Balarak et al.
[56] for identified the reactive species.

Reusability studies: Photocatalyst stability was evaluated
by the recyclability of ZrO,/g-CsN4/CuFe,O, nanocomposite
of three cycling experiments were carried out for amoxicillin/
methylene blue/chlorpyrifos molecules photodegradation. After
every cycle, samples were centrifuged, completely rinsed with
deionized water to eliminate any remaining contaminants and
also dried in an oven at 60 °C for the following cycles. At 90
min interval between each cycle, ~64.60 % of amoxicillin was
decomposed in first cycle, which was slightly lower (~4%)
than that of second cycle (~60.30 %) and third cycle (~55.90%)
(Fig. 16). For chlorpyrifos, 97.30% was decomposed in the
first cycle, which was slightly, lower (~5%) than that of second
cycle (~92.20%) and third cycle (~87.30%). For methylene
blue, 99.40% was decomposed in the first cycle, which was
slightly, lower (~3%) than that of second cycle (~96.70%) and
third cycle (~92.80%) [57]. From The XRD patterns of ZrO,/
g-C3Ny/CuFe,O4nanocomposite before and after three photo-
reactions are shown in Fig. 17. The major diffraction peak
positions are unaltered, after the third photoreaction, indicating
that ZrO,/g-C;N./CuFe,O4 nanocomposite is a stable photo-
catalyst. The above results indicated that ZrO,/g-C;N4/CuFe,O,
nanocomposite showed high-stability under visible light irradi-

— Before photoreaction
—— After 3 photoreaction
S
8
2
‘@
c
[4]
kS
10 20 30 40 50 60 70 80

26 (°)
Fig. 17. XRD patterns of ZrO,/g-C;N./CuFe,O, before and after third photo-
reactions

ation due to the -1 stacking interaction between the ZrO,, g-
C;N4 and CuFe,O4nanocatalysts [10,14].

Photocatalytic mechanism: The proposed mechanism
explains the photocatalytic degradation of organic pollutants
(AMX/CPF/MB) over the ZrO,/g-C;N./CuFe,O,nanocomposite
(Scheme-I). During the photocatalysis under irradiation of
visible light, electrons and holes generated, the electrons were
excited from valence band (VB) to conduction band (CB) and
holes were created on the VB [14,58]. As g-C;N,, narrow
bandgap material having extremely negative charged e~ from
CB of g-C;N,easily transferred to CB of ZrO,/CuFe,O, and the
highly positive charged h* from VB of ZrO,/CuFe,0. is transf-
erred to VB of g-C;N,, creating a heterojunction that separates
the charge carries, substantially decreases the possibilities of
recombination [34]. As a result, enhanced the photocatalytic
activity of the nanomaterial. Thereafter the generated e and h*
react with O, and OH™ produce ‘O~ and *OH radicals [59].
This radical has a tendency to decompose the organic dye into
H,0 and CO, compounds. Therefore, presence of ZrO,/g-C;N./
CuFe,0,4 nanocomposite promoted the high photocatalytic
activity of the nanocomposite corresponds to the high separ-
ation of charges as well as easy transfer of photoinduced charge
carriers [49].

ZrOz/g-C3N4/CuFeZO4 +hv — e +h* (6)

e+0, — 'Oz 7

2¢ + 0, +2H" — H,0, @
H,O0,+°0; —— *OH+ OH + O, 9)
h*+ OH" —— °*OH + H* (10)

‘OH + h* + AMX/CPF/MB —— Degradation pollutants (11)

Thus, both enhanced surface area and improve U'V-visible
light irradiation absorption ability in case of the ZrO,/g-CsN./
CuFe,0,nanocomposite lead to the rapid degradation efficiency
towards the studied organic pollutants [3].

Conclusion

A novel ZrO,/g-C3N,4/CuFe,0, photocatalytic nanocom-
posite was successfully synthesized by wet impregnation method
and characterized using XRD, FTIR, TEM, EDS, XPS, UV-
DRS, PL, BET and EIS techniques. The homogeneous distri-
bution of the components in the nanocomposite was confirmed
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Scheme-I: The possible reaction mechanism of AMX/CPF/MB in ZrO,/g-C;N4/CuFe,O, nanocomposite system

by EDS spectra. The rate constant values of degradation for
the novel synthesized ZrO,/g-C;N./CuFe,O4 nanocomposite
were 0.0109, 0.0367 and 0.0533 min’* for amoxicillin (64.60%),
chlorpyrifos (97.30%) and methylene blue (99.40%), respec-
tively. These values were 2.5 times higher than those of CuFe,O.,
3 times higher than those of ZrO, and 5.5 times higher than
those of g-CsN.. After three successive recycling experiments,
the novel nanocomposite was effortlessly retrieved and exhi-
bited reasonably good durability and stability. Hence, this study
focused on the synthesis of novel ZrO,/g-C3;N4/CuFe,O. nano-
composite as a highly efficient photocatalyst for the degra-
dation of organic contaminants in aqueous environments.
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