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Abstract. In this study, pure ZnO and g-C;N, were synthesized using coprecipitation and simple calci-
nation methods, respectively. Further, ZnO is impregnated on a g-C3N, surface with 10, 20 & 30 weight
percentages, respectively. Besides, these materials are characterized by various physicochemical techniques
such as PXRD, UV-Vis-DRS, TEM, PL, and FT-IR, etc. Vitally, as-prepared materials, catalytic activity was
tested for removal of Rhodamine B and 4-nitrophenol from the wastewater under visible light irradia-
tion. Among all these catalysts, 20 wt% ZnO/g-C3;N, showed better activity and showed 67% and 75%

mineralization.
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1. Introduction

For a couple of decades, organic dyes and aromatic
nitro compounds are being discharged into ecological
water from various chemical industries such as print-
ing, leather, textiles, plastic, cosmetics, pharmaceuti-
cal industries, etc.,, which has gotten primary
worldwide attention due to their potential toxicity,
mutagenic, teratogenic and cancer-causing properties,
raising ecological concerns."” Consequently, the
effective removal of these pollutants/contaminants
from wastewater is a critical task.

To remove these pollutants, such as 4-nitrophenol
and Rhodamine B, different techniques have been
developed, such as oxidation,” reverse osmosis,” bio-
logical filtrations,” ion exchanges,® chemical precipi-
tations,’ adsorptions, etc. However, alternatively,
photocatalysis is the inexpensive and most accessible
method to remove pollutants like phenol, p-cresol, and
heavy metals from aqueous streams.””'' Due to the
high quantum efficiency, non-toxicity, and low cost of
Zn0Q, it has been considered for photocatalytic removal
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of pollutants.'>'> As per the literature sur-
vey, Asher et al., synthesized ZnO flowers for
removal of surfactant nonylphenol ethoxylate
degradation, Khan et al., prepared ZnO nanoglobules
for removal of Methyl orange, and Nagaraja et al,
developed ZnO nanopowder for removal of
Rhodamine B under UV light irradia-
tion. Zhang et al., synthesized the ZnO spheres and
photocatalytic activity was tested for removal of
4-Nitrophenol and Rhodamine B and Rajaman-
ickam et al., synthesized the ZnO nanoparticles for
the removal of 4-Nitrophenol under solar light.'*'®
The pure ZnO has a wide bandgap (3.3 eV), and it
shows excellent activity for organic pollutant degra-
dation in aqueous suspension under an ultra-violet
region.'®™*? Gratifyingly, the activity of photocatalyst
(ZnO) increased by decreasing the bandgap of ZnO
using doping with transition metals (Co, Mn, Fe, and
Cu, etc.) and non-metals/carbonaceous materials (g-
CsNy, GO, rGO, CNT’s and CNF, etc.). From previ-
ous reports, g-C3N, exhibited excellent photocatalytic
activity. Notably, recent reports reveal that g-
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C;N, displays tremendous photocatalytic activity in
visible light, i.e., water splitting, CO, and NO, re-
duction, removal of organic pollutants,
etc.”% Nonetheless, the fundamental disadvantage
of g-C3N, is quick electron-hole recombination and
poor charge transport. This way, ZnO combined
with g-C3Ny (ZnO/g-C5Ny) could yield an excellent
heterostructure to improve charge separation due to
suitable  band  alignment.>*”* In  the recent
past, Uma et al., Chidambaram et al., Chen et al,
Liang et al., and Ji et al., reported that ZnO/g-C3N,
showed excellent photocatalytic activity under visible
light for removal of organic dyes.” "

In addition to that, Kumar et al., prepared N-doped
7Zn0/g-C3N4 composite by ultrasonic  dispersion
method, and photocatalytic activity was tested for
removal of Rhodamine B from aqueous streams.*’ In
this manuscript we focus on the removal of multiple
pollutants (4-nitrophenol and Rhodamine B) with
different weight ratios of ZnO and g-C;N4. We also
optimize the effect of catalyst amount and concentra-
tions of pollutant.

The highest percentages of removal and mineral-
ization were observed for 4-nitrophenol and Rho-
damine B. These are all major points to earlier
reported work by Kumar et al., ZnO and N-doped
ZnO is used to trap the photoelectron from CB of
g-C3Ny4 and suppress the recombination of electron-
hole pairs and enhances the visible light activity in
g-C3N4.

In this context, we synthesized the pure
Zn0, g-C3N,, and ZnO/g-C5N4 with various weight
percentages of ZnO via co-precipitation and deposi-
tion methods, respectively. These photocatalysts have
been characterized by various physical-chemical
techniques. Vitally, the photocatalytic activity of these
materials was examined for the abatement of
4-Nitrophenol and Rhodamine B from wastewater.
Also, kinetic studies and the effect of pollutants and
catalytic concentrations were examined.

2. Experimental
2.1 Chemicals used

Zinc nitrate hexahydrate (Zn(NO3),-6 H,O) (Merck),
Melamine (Alfa Aesar), 4-Nitrophenol (Sigma
Aldrich), Rhodamine B (Sigma Aldrich), and Metha-
nol (Fisher Scientific) were used without any further
purification. Deionized water was used during the
experiment.
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2.2 Synthesis of photocatalysts

2.2.1. Synthesis of pure ZnO The pure ZnO was prepared
by a simple co-precipitation method. Typically, 1 g of
Zn(NOs3),-6 H,O was dissolved in 40 mL DI water. The
resultant mixture was stirred on a hot plate for 15 min.
Further, we added 10% NH4OH solution dropwise, to reach
pH ~ 9. For extension, the stirring was continued for 3 h.
After 3 h, the formed precipitate was recovered by cen-
trifugation. The final material was washed with DI water
and ethanol several times and kept in a hot air oven over-
night drying at 80 °C. The dried material was calcined at
450 °C and used for further examinations and denoted as
ZnO (1).

2.2.2. Synthesis of pure g-C;N, For the synthesis of g-
C5Ny, 10 g melamine was calcined in an alumina crucible at
550 °C for 4 h in the nitrogen gas atmosphere. The resulting
material was used for further analysis, and it was named
CN. (2).

2.2.3. Synthesis of pure ZnO/g-C3N, To synthesize the
Zn0/g-C5Ny catalyst with different weight percentages of
ZnO (10, 20 and 30 wt%), initially, we took the required
amount of ZnO (10, 20 and 30 wt%) and g-C5Ny4 in the
mortar mixed well and grained for 30 min. The resultant
material was taken into the 10 mL of methanol, and the
formed suspension was heated until complete methanol
evaporation. Finally, the dried material was pelletized and
calcined at 300 °C for 3 h. As developed, catalysts were
denoted as 10 ZnO/CN (3), 20 ZnO/CN (4), and 30 ZnO/CN
(5), respectively.

2.3 Characterization

The PANalytical X’pert Pro Powder X-ray diffrac-
tometer with Cu-Ko radiation, with a wavelength
A=1.54 A and with a Ni filter is used for the phase
quantification and crystal structure determination of all
synthesized catalysts. UV-visible diffuse reflectance
spectra of the samples were collected on Shimadzu-
3600, with BaSO, as a standard reference. The particle
size and morphology of the samples were recorded by
Transmission electron microscopy (JEM-2100). The
TEM images were recorded by inserting the sample
onto a carbon-coated copper grid with an operating
voltage of 200 kV. Samples from the Fourier trans-
formation infrared spectrum (1-5) were measured
using a Bruker ALPHA-E instrument with a resolution
of 4 cm™'. Photoluminescent properties of selected
photocatalysts were recorded by Fluoromax-4-Spec-
trofluorometer (HORRIBA Scientific). The SHI-
MADZU TOC analyser confirmed the mineralization
of pollutants (4-NP & RhB). The surface area of
selected samples was analysed by Nova 2200e at
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liquid nitrogen temperature. The surface area of cata-
lyst ZnO is 26 m* g~ ', and the surface area of catalyst
20 ZnO/CN is ~50 m* g~ .

2.4  Photocatalytic activity test

The photocatalytic activity of the catalysts (1-
5) was carried out in the specially designed photo-
catalytic reactor, which consists of two (250 W) low
voltage (24 V) non-halogen lamps with a light inten-
sity of 500 to 550 W/m?. The visible light activity of
synthesized catalysts was tested for the removal of
Rhodamine B and 4-Nitrophenol. In this typical
experiment, we took 50 mg/50 mL of the catalyst in a
round bottom flask and dispersed it in the aqueous
solution pollutants, and kept it in the dark for 30 min
to attain the adsorption-desorption equilibrium
between pollutant and catalyst. It is worth mentioning
that no conversion was observed either in the absence
of the catalyst or light. After that, every 30 min, the
mixture was collected and analysed by the UV-Vis
spectrophotometer. The degradation of 4-Nitrophenol
and Rhodamine B was monitored at wavelength 317
and 554 nm, respectively. The percentage of degra-
dation of the pollutants was calculated by the formula
shown in eq. 1:

G -G
0

x 100 (1)

where Cy, is the original concentration of a pollutant at
time t=0, C, is the final concentration of pollutants at
time t, 1 is the pollutant degradation efficiency.*'~*

TOC analysis was conducted to read the mineral-
ization of 4-nitrophenol and Rhodamine B. Total
organic carbon was measured with a TOC analyser
(TOC-VCSH; SHIMADZU, Japan). The decrease in
the percentage of TOC in pollutants was measured by
the eq. 2:

TOC; — TOCy o

% of the decrease in TOC = TOC,

100

(2)

Here, TOC; is the initial value of TOC before the
experiment and TOC is the final TOC value after 180
min visible light irradiation. The mineralization of
4-nitrophenol and Rhodamine B was investigated
by monitoring the loss of TOC in the pollution
solution.
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3. Results and Discussions
3.1 Powder-XRD analysis

The crystalline properties and phase identification
of (1-5) materials are displayed in Figure 1. The peak
at 20 value 27.7° with a lattice plane (002) confirms
the presence of g-C3N,4. The sharp peaks at d-spacing
values of 2.819, 2.596, 2.478, 1.915, 1.624, 1.477 and
1376 A corresponds to (100), (002), (101), (102),
(110), (103), and (112) planes of ZnO hexagonal
wurtzite phase (JC-PDS number 36-1451). In the ZnO/
CN catalyst, the crystalline phase of ZnO remains
unchanged even after the g-C3N, material has been
impregnated. This phenomenon indicates the forma-
tion of a two-phase composite. The diffraction peaks
of ZnO in ZnO/CN are slightly shifted to a higher
angle than pure ZnO, indicating a good interaction
between ZnO and g-C5N, in the composite.***°

3.2 UV-VIS-DRS analysis

The UV-Vis-DRS analysis of synthesized materials (1-
5) is shown in Figure 2, which indicates that ZnO has
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Figure 1. Powder-XRD patterns of 1-5 catalysts.
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Figure 2. UV-Visible spectrum of 1-5 catalysts.

an absorption edge at 403 nm with a corresponding
bandgap of 3.07 eV. Similarly, for g-C3Ny4, 30 ZnO/
CN, 10 ZnO/CN, and 20 ZnO/CN composites show
the band gap values at 2.7 eV, 2.37 eV, 2.33 eV, and
2.29 eV, respectively. Moreover, the absorption edges
of ZnO/CN nanocomposites move towards the long
wavelengths compared with pure ZnO, which reveals
that the absorption edge of ZnO/CN photocatalyst
moves to the lower energy region (visible region).
These results imply that the visible light response of
the photocatalysts has improved, and leads to a pos-
sible charge transfer between g-CsN4 and ZnO.** The
formation of chemically bonded interfaces between
ZnO and g-C3N4 makes the interparticle charge
transfer process more spatially available and smoother,
which is significant to enhance the photocatalytic
activity.*” The catalyst 20 ZnO/CN has the lowest
bandgap of E,=2.29 eV and the highest visible light
activity compared to the remaining catalysts.***"

3.3 TEM analysis

The TEM images of ZnO (1) and 20 ZnO/CN (4) are
shown in Figure 3. The morphology of ZnO is
hexagonal plate type structures, which are highlighted
in Figure 3a. In Figure 3a, the inserted image repre-
sents the lattice fringes of ZnO a crystal plane (101)
and an interplanar distance of 0.24 nm, which con-
sistent with XRD observations. In Figure 3b, the ZnO
nanoplates are randomly distributed on a surface of
g-C3N, sheets. From the TEM analysis, we conclude
that there is a formation of heterojunction between
g-C3N, and Zn0.>°
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3.4 Photoluminescence (PL) spectroscopy
analysis

The PL spectra of ZnO (1), g-C3N,4 (2), and 20 ZnO/
CN (4) are shown in Figure 4. Pure ZnO shows a
broad emission peak at 464 nm, which is originated
from oxygen and zinc intrinsic defects. Similarly, pure
g-C3N,4 shows a broad peak at 500 nm, which is sub-
sequently suppressed in the ZnO/CN composite. In the
Zn0O/g-C3N,4 composite, the intensity of the broad
peak at 464 nm was reduced and slightly shifted to a
higher wavelength which confirms the shifts in the
bandgap towards the visible region. However, the PL
intensity in ZnO/CN decreases due to a decrease in the
charge recombination rate, which indicates the effec-
tive charge carrier separation capacity.’’ This shows
that 20 ZnO/CN nanocomposite effectively conducts
the photoexcited electrons to form superoxide radicals
thereby enhancing the photocatalytic activity.*>%

3.5 FTIR analysis

The FTIR spectra of (1-5) photocatalysts are shown in
Figure 5. In g-C3Ny, the two broad peaks recognized at
1209 cm ™" and 1626 cm ™" are related to C-N and C=N
stretching bands, and the peak at 800 cm™' correspond
to triazine units present in graphitic carbon nitride. In
ZnO, the peaks between 679-1031 cm™" represent the
Zn-O stretching band, and peaks at 1374 cm™" and 1597
cm ! are associated with bending vibrations of hydro-
xyl residues which is due to atmospheric moisture.”*
Similar peaks of ZnO and g-C3N, are observed in all
composites indicate the formation of the ZnO/CN
composite. The other important observation made from
FTIR spectra was the structural features of g-C3Ny4
maintained in all composites. The ZnO/CN (3-5) peaks
(1200 to 1800 cm™') slightly shifted to the higher
wavenumber side compared to pure g-C3Ny, (Figure 5)
and this blue shift indicates the interaction between g-
C5N4 and ZnO in composite (ZnO/CN).M’5 3,56

3.6 Photocatalytic activity studies

3.6a Photocatalytic removal of Rhodamine B and 4-
nitrophenol: The visible light activity of prepared
catalysts (1-5) was verified by the removal of
individual pollutants  4-Nitrophenol (NP) and
Rhodamine B (RhB). In the experiment, we observed
that these pollutants (4-NP and RhB) degrade into
non-toxic products (CO, and H,O) under visible light
irradiation. All pseudo-first-order rate constants are
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Figure 3. TEM image of (a) ZnO (1) (Lattice fringes of ZnO); (b) ZnO/CN composite (4).
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Figure 4. PL Spectra of ZnO (1), g-C3N4 (2), and ZnO/
CN composite (4).

calculated from the slope of the linearly fitted plots.
From Figure 6a, the pseudo-first-order rate constant
for (1-5) is found to be 2.69x107°, 2.85x1077,
3.09x107°, 5.72x107° and 4.73x10™° min",
respectively. The photocatalyst 20 ZnO/CN shows
the highest activity for 4-Nitrophenol when compare
with other catalysts (1, 2, 3 and 5). From Figure 6b, the
pseudo-first-order rate constant for Rhodamine B was
found to be 2.58x107°, 4.02x107°, 4.49x107,
7.49%107°, and 5.66x107° min~', respectively,
for (1-5) materials. Based on the above results, we
confirm the catalyst 20 ZnO/CN showed better
photocatalytic activity. We found the degradation
efficiency for 4-nitrophenol is 38%, 41%, 57%, 60%,
43% and the Rhodamine B showed 37%, 52%, 68%,
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Figure 5. FTIR spectra of 1-5 catalysts.
73% and 55%, respectively (Figure S1 in

Suupplementary Information).

The decrease in percentages of TOC is measured for
4-nitrophenol and Rhodamine B and the results are
presented in Table 1. The percentage of mineralization
of 4-nitrophenol was 42%, 44%, 62%, 67% and 46%,
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Figure 6. The kinetic plots for the pseudo-first-order reaction of (a) 4-Nitrophenol; (b) Rhodamine B (50 mg/50 mL

catalysts, 10 ppm 4-NP, 10 ppm RhB, 3 h irradiation time).

Table 1. The decrease in TOC percentages of Rhodamine B and 4-nitrophenol.

Entry Catalyst 4-nitrophenol (% in the decrease of TOC) Rhodamine B (% in the decrease of TOC)
1 ZnO 58 56

2 CN 56 43

3 10 ZnO/CN 37 29

4 20 ZnO/CN 33 25

5 30 ZnO/CN 54 39

respectively. Whereas, Rhodamine B mineralization
percentage was 44%, 57%, 71%, 75% and 61%,
respectively. The results are displayed in Figure 7.
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Figure 7. Catalytic mineralization of Rhodamine B and
4-Nitrophenol.

3.6b Effect of concentration on the removal
of Rhodamine B and 4-nitrophenol: The effect of
concentration plays a major role in the abatement of
Rhodamine B and 4-nitrophenol. In this experiment,
the concentration of both pollutants (4-NP & RhB)
varied between 5 to 20 mgL~'. As shown in Figure 8,
the pseudo-first-order rate constant increased up to
10 mgL™" (4.10x107%, 5.12x107* min~" for 4-NP
and 6.42x107>, 7.49x107> min~' for RhB) and
decreased for higher concentration (1.98x107> and
1.79%107> min~" for 15 mgL™" and 20 mgL~" for
4-NP whereas, its rate constants for the same
concentration was 3.67x107>, 1.79x 107> min~! for
RhB). The decrement of catalyst activity at a higher
concentration of pollutants is due to the higher
quantity of molecules present on the catalyst surface,
and these molecules partially prevent light absorption.
At this time, the chances of the formation of active
species (OH® & O, °) are very less on the surface of
the catalyst. Finally, we concluded that 10 mgL ™" of
pollutants showed the highest rate constant
(5.12x107° min~" for 4-NP and 7.49x10™> min~'
for RhB). The degradation percentages are shown in
Figure S2 (Supplementary Information). The optimum
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Figure 8. The kinetic plots for the pseudo-first-order reaction of the effect of concentration on 4-Nitrophenol and
Rhodamine B (50 mg/50 mL, 20 ZnO/CN catalyst, 3 h irradiation time).

concentration for the removal of both pollutants is
10 mgL ™",

3.6c Effect of amount of the catalyst on 4-
nitrophenol and Rhodamine B degradation: As we
know, the quantity of the catalyst also shows the
impact on the mineralization and degradation of the
pollutants. Herein, we varied the catalyst (20 ZnO/CN)
quantity of 30 mg/50 mL to 60 mg/50 mL; in the
results, the rate constant and activity of the catalyst
were changed, i.e., increased due to the presence of a
higher number of active sites. From Figure 9, we
conclude that 50 mg/50 mL provided the highest rate
constant 5.12x 10> min~" for 4-NP and 7.49x 107>
min~" for RhB. The degradation profiles are shown in
Figure S3 (Supplementary Information). Therefore,
based on the above results, we optimized the catalyst
quantity, i.e., 50 mg/50 mL.
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Figure 10. Reusability studies of Rhodamine B and
4-Nitrophenol.
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Figure 9. The kinetic plots for the pseudo-first-order reaction of the effect of a catalyst on 4-NP and Rhodamine B.

(10 ppm 4 NP, 10 ppm RhB, 3 h irradiation time).
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3.6d Reusability study: Figure 10 depicts the
reusability profile of the photocatalyst. The
photocatalyst 20 ZnO/CN was reused by recovering
the catalyst by centrifugation and washing with water
and ethanol followed by drying in a hot air oven at 80 °C
overnight. The recovered catalyst was tested for the next
cycles and used for removing of 4-Nitrophenol and
Rhodamine B under visible light irradiation. The slight
activity loss after the fourth cycle was due to losing
some amount of catalyst during recovery. After using
the catalyst four times, we observed 4 NP degradation
decreased from 60% to 55%, and Rhodamine B
degradation decreased from 73% to 67%. From the
above results, it can be concluded that the catalyst is
stable with minimal loss of activity up to 4 cycles.

3.6e Scavenger tests for oxidizing species: The
different scavenger tests have been performed to
investigate the radical species involved in the
degradation process. The isopropyl alcohol (IPA),
p-benzoquinone (p-BQ), EDTA, and DMSO are used
as scavengers for hydroxyl radicals, superoxide
radicals, holes, and electrons respectively. In this
experiment, we have taken 1x10~* mol dm > amount
of IPA, p-BQ, EDTA, and DMSO with pollutants
and 20 ZnO/CN catalyst. After 180 min of visible light
irradiation, we observed degradation percentages of
29%, 37%, 56%, 59% for 4-NP and 32%, 40%, 71%,
68% for Rhodamine B, respectively, with IPA, p-BQ,
EDTA, and DMSO compared to the absence of
scavengers shown in Figure 11. The addition of EDTA
and DMSO had a negligible effect on the photocatalytic
activity of 20 ZnO/CN. The scavenging experiment
identified hydroxyl radicals and superoxide radicals are
the main oxidizing species during the degradation
process.
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Figure 11. Effect of scavengers on photocatalytic removal
of 4-Nitrophenol and Rhodamine B.
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3.7 Photocatalytic mechanism

The mechanism involved in photocatalytic degrada-
tion of Rhodamine B and 4-Nitrophenol has been
explained as follows. The conduction band and
valance band edge potentials of ZnO and g-C3N, are
measured and a detailed discussion is shared in the
supplementary information. When visible light irradi-
ates on the ZnO/g-C5;N4 composite, the electron-hole
pairs are generated on the g-C;N, side. The electrons
in the conduction band (CB) of g-C;N, are transferred
to CB of ZnO (eq. 3), where atmospheric or dissolved
oxygen is reduced to form superoxide radical anion
(O,7®) (eq. 4). As shown in eq. 5, the superoxide
radical ion reacts with protons (H*) to generate per-
oxide radical (HOO"). The peroxide radical reacts with
electrons in CB of ZnO and H* to form hydrogen
peroxide (H,05) (eq. 6), which reacts with CB electron
to form hydroxyl ion (OH™) and hydroxyl radical
(eOH) (eq. 7). The holes left in the VB of ZnO are
transferred to g-C3N4(VB) (eq. 8), and these holes
react with adsorbed water to form hydroxyl radical
(¢OH) and proton (HY) (eq.9 and eq.10). These
hydroxyl radicals (¢OH) and superoxide radical anion
(O,7e) play a vital role during the degradation of
Rhodamine B and 4-Nitrophenol into non-toxic prod-
ucts (CO, & HZO),57’5 8 The schematic representation
of the proposed mechanism for 4-nitrophenol and
Rhodamine B degradation under visible light irradia-

tion is shown in Figure S4 (Supplementary
Information).

e (CB) +ZnO(CB) — e (ZnO(CB)) (3)
e (ZnO(CB)) + O, (atm) — O;" (4)
0, +H" — HOO (5)
HOO +¢ (CB) + H" — H,0, (6)
H,0, + ¢ (CB) — OH™ + -OH (7)
h*(ZnO(VB)) — h* (g-C3N4(VB)) (8)
H;0,4s +h"(VB) — -OH + H' 9)
h*(g - C3N4(VB)) + OH™ — -OH (10)

4. Conclusions

In this experimental study, we successfully synthe-
sized robust, non-toxic, and cheap ZnO, g-C3N,, and
ZnO/CN catalysts. Moreover, as-prepared catalysts
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were characterized by using various physicochemical
techniques. Importantly, the catalyst 20 ZnO/
CN showed higher photocatalytic activity (under the
visible light) for the removal of 4-nitroarenes and
Rhodamine B even at low concentrations. Also, we
studied the effect of pollutant concentration and cat-
alyst quantity. Specifically, kinetic study and recy-
clability of the catalysts are also examined.
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