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Abstract: Growing industry and its effluents create a serious environmental concern. Various
industrial wastes such as toxic dyes and volatile organic compounds are posing a threat to a clean
environment because of their non-biodegradable nature and high chemical stability. In recent years,
the degradation of toxic dyes and drugs by photo-catalysts has gained much importance and proved
a successful approach to capture light by hybrid photo-catalysts for decomposing toxic organic
molecules. This work presents the synthesis of a poly(o-anisidine)-based composite with graphitic
carbon nitride and zinc oxide (POA/g-C3N4/ZnO) and its utilization as a photo-catalyst. Various
analytical techniques investigated the synthesized photo-catalysts’ chemical structure, crystallinity,
and morphology. The degradation of Congo red dye evaluated the efficiency of the photo-catalyst
in an aqueous medium under ultraviolet light. It was revealed that the photo-catalytic activity
of the synthesized POA/g-C3N4/ZnO composites show 81.43%, 92.28%, and 87.05% degradation.
This sustainable composite will be highly beneficial to treat industrial wastewater to make our
environment clean.

Keywords: poly(o-anisidine); graphitic carbon nitride; zinc oxide; ternary composite; photo-catalytic
degradation; Congo red; industrial wastewater treatment

1. Introduction

Water is a basic need for all living things, used for drinking, washing, agriculture, and
other purposes. These days, the scarcity of drinking water and the importance of water
have become a major concern for researchers due to changes occurring in climate. Water pol-
lution is increasing significantly with the advent of chemical industry and the concomitant
growing population. Industrial and agricultural wastewater and domestic sewage are the
major causes of water pollution [1]. Among these wastes, industrial wastewater involves
organic and inorganic elements which include chemical dyes, pesticide residues, fertilizers,
volatile organic compounds, and detergents. Various toxic dyes, drugs, and volatile organic
compounds are of much concern because of their stable chemistry and non-biodegradable
nature [2]. The industrial processes of dyeing cloth, paper and pulp manufacturing, leather
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treatment, food, medicine, cosmetics, and plastics, use synthetic organic dyes, and about
17–20% of water pollution has been caused by industrial effluents [3].

Different methods are employed to eliminate dyes from wastewater. These methods
are electrodialysis [4], chemical treatment [5], adsorption [6], membrane separation pro-
cess [7], conventional coagulation [8], and photo-catalytic degradation [9]. Keeping the
efficiency of these methods in view, photo-catalytic degradation is widely used because of
its high efficiency in organic degradation and its cost-effective technology [10].

In recent years, conductive polymeric materials having conjugated bonds has gained
the attention of scientists and engineers. Polyaniline, polypyrrole, and poly(o-anisidine)
are conducting polymers that have been widely used in scientific and industrial research,
as well as in various applications, e.g., rechargeable batteries, sensors, and diodes, as well
as transistors and microelectronic devices. For example, Manea et al. have developed
mesoporous Sm@POA/TP and POA/TP nanocomposites to enhance the performance of
the photo-catalytic degradation of MB and MG dyes [11]. Poly(o-anisidine) has gotten a lot
of interest among these conducting polymers because of its excellent ecological stability,
good electrical conductivity, and easy synthesis [12].

In 1996, Teter and Hemley published the first study on C3N4, resulting in five molecu-
lar structures: α-C3N4, β-C3N4, g-C3N4, p-C3N4, and c-C3N4. Among them, g-C3N4 is the
most stable and has the lowest density at normal conditions [13,14]. The concentration of
carbon and nitrogen in g-C3N4 enhances the accepter/donor properties, which improves
the active reaction sites and wettability with electrolytes. The photo-catalyst g-C3N4 is
used for various photo-redox processes, including artificial photosynthesis, environmental
cleanup, pollutant degradation, and bacterial disinfection. To improve its photo-catalytic
efficacy, it is typically doped with other elements, co-polymerized with other substances,
or mixed with semiconductors and metals [15,16]. Paul et al. have reported zinc carbonate
basic dihydrate and urea-derived g-C3N4−ZnO composites result in better photo-catalytic
ability toward degradation of the Methylene blue (MB) dye [17].

ZnO is an n-type semiconductor with a varied range of band gaps (Eg = 3.37) and a
wide range of excitation binding energy (60 meV) [18]. As compared to other metal oxide
semiconductors, zinc oxide is the most often used photo-catalyst for the detoxification
of inorganic and organic compounds. It has excellent multi-disciplinary properties, e.g.,
high activity and photosensitivity, good chemical stability, low cost, chemical and physical
stability, easy synthesis, non-toxicity, excellent photo-catalytic activity, and biocompatibil-
ity [19,20]. It shows poor light absorption properties because it can absorb only ultraviolet
light with a wavelength shorter than 387 nm. Furthermore, the photo-catalytic activity of
zinc oxide is also reduced as a result of the quick recombination of photo-generated e−/h+

pairs. Therefore, poor light absorption and low charge separation decrease the usage of
zinc oxide at a large scale [21]. Mohd et al. fabricated the novel metal-organic framework
ZIF-8 with poly(o-anisidine)/zinc oxide to synthesize non-hybrid PAZ@ZIF-8 material.
AZ@ZIF-8 has shown high removal effectiveness towards the removal of Malachite Green
(MG) dye, and approximately 96% of the dye is removed within a very short amount of
time, as compared to ZIF-8 (34%) and POA/ZnO (61%) [22].

2. Results and Discussion

Given all the above, we combined POA with g-C3N4 and ZnO to prepare a POA/g-
C3N4/ZnO composite photo-catalyst by chemical oxidative polymerization technique.
Herein, we report the design of a photo-catalytic system that photo-degrades the organic
pollutants by using POA/g-C3N4/ZnO as composite catalysts. The current work not only
offers a perfect example of how photo-degradation can function, but it also creates a brand-
new path toward removing organic contaminants from wastewater [23]. The synthesized
poly(o-anisidine)/graphitic carbon nitride/zinc oxide composite was characterized by
using FTIR (Spectrum 2, Perkin Elmer, Waltham, MA, USA), XRD (D8 Advance Bruker,
Vancouver, BC, Canada and SEM (Cube II EmCrafts, Gyeonggi, Republic of Korea). Fourier
transform infrared spectroscopy (FTIR) analyzed the functional groups of the composites.
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The composite crystallinity was examined by X-ray diffraction (XRD). Finally, the morphol-
ogy and composite electrode homogeneous dispersion were indicated by scanning electron
microscopy (SEM).

2.1. X-ray Diffraction (XRD)

The crystalline structure of ZnO, g-C3N4, S1, S2, and S3 of POA/g-C3N4/ZnO com-
posites with different polymer ratios were characterized by using XRD, which are shown
in Figure 1. The XRD peaks of the pure ZnO NPs are quite comparable to the hexagonal
wurtzite crystal phase of ZnO (JCPDS 65-3411) [24]. The XRD characteristic curve of pure
g-C3N4 shows a significant peak at 2θ = 27.17◦ which is related to the inter-layer structural
packing motif and the typical inter-layer stacking of the conjugated aromatic CN units
(JCPDS 87-1526) [25]. Due to interactions between g-C3N4 and ZnO NPs, the main peaks
exhibit a minor shift toward a higher Bragg’s angle, which identifies the contraction and
expansion of the lattice of ZnO respectively [26]. Additionally, a characteristic peak for
g-C3N4 that initially emerged at 27.17◦ and was later moved to 27.66◦ provided improved
indication when combined with POA and ZnO NPs. In POA/g-C3N4/ZnO composites,
the distinctive ZnO peaks completely vanished which may be due to doping of the ZnO in
POA/g-C3N4/ZnO composite. However, POA shows no broad peak which is due to the
amorphous nature of the material. Additionally, the coexistence of POA, g-C3N4, and ZnO
diffraction planes in all composites’ XRD patterns indicate that the three materials were
successfully composited [27].
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2.2. Fourier Transform Infrared Spectroscopy (FTIR)

FT-IR spectroscopy is used to identify the chemical structure of the pure g-C3N4 and
generated POA/g-C3N4/ZnO composite photo-catalyst [28]. As seen in Figure 2, pure
g-C3N4 exhibits that the C=N stretching vibration mode is responsible for the peak at
1533 cm−1, while aromatic C-N stretching is responsible for the peaks at 1237, 1398, and
1637 cm−1, respectively. The s-triazine ring’s distinctive breathing pattern is related to
the peak at 806 cm−1. The primary and secondary amines’ stretching modes and their
interactions within the molecules of other molecules can be attributed to the peak ranging
from 2900 to 3400 cm−1 region [29]. In the IR spectra, 1553 and 1489 cm−1 are established
by C=C stretching vibrations of the quinoid and rings, respectively [11]. The distinctive
absorption band of the POA/g-C3N4/ZnO composites are similar to those of the bulk
material, demonstrating that thermal exfoliation did not affect the chemical composition of
the g-C3N4 network [30]. Poor crystallinity observed for POA/g-C3N4/ZnO composites
that may cause more defects related to the g-C3N4 phase. Such a condition might play a
vital role in promoting its activity as a photo-catalyst [17].
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2.3. Scanning Electron Microscope (SEM)

The morphology of the synthesized POA/g-C3N4/ZnO composites is shown in
Figure 3. The SEM images reveal an irregularly shaped structure and demonstrate various
tightly or loosely aggregated sheets in various sizes. Due to in situ polymerization on
g-C3N4, the POA is assembled on the material’s surface and displays a sheet-like shape.
Furthermore, it can be observed that ZnO nanostructures are encapsulated in carbon nitride
sheets, producing the networks between the g-C3N4 sheets. The POA/g-C3N4/ZnO com-
posites exhibit sponge-like porous structures composed of many nanoparticles, dissimilar
from the morphology of pure POA/g-C3N4 and ZnO. The results confirmed the synthesis
of POA/g-C3N4/ZnO composites [31].
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2.4. Photo-Catalytic Activity

The photo-catalytic properties of ZnO NPs, g-C3N4, and POA/g-C3N4/ZnO com-
posites were estimated by the degradation of Congo red (CR) dye in an aqueous medium
under UV light. The degradation ratio of CR under various conditions is shown in Figure 4,
where C represents the concentration of CR just after irradiation and Co represents the CR
concentration following 60 min of adsorption in complete darkness. Throughout 2 h, ZnO
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NPs showed 18.30%, and g-C3N4 showed 36.60% degradation of CR, shown in Figure 4.
The degradation rate of ZnO NPs was lower compared to g-C3N4 due to the poor absorp-
tion ability of UV light which was unable to create sufficient e− and h+ for the degradation
of dye [32]. However, g-C3N4 showed good absorption ability under UV light; as a result,
it created sufficient e− and h+ for the degradation of CR dye. The degradation rates of
S1, S2, and S3 POA/g-C3N4/ZnO composites were around 81.43%, 92.28%, and 87.05%,
shown in Figure 4. Although adding POA is favorable to enhancing the charge transfer
rate for the degradation of dye, excess POA would lead to a decrease in the degradation
rate [33]. Therefore, POA/g-C3N4/ZnO composites’ photo-catalytic activity decreased
when the POA content was increased to 2 mL. The POA/g-C3N4/ZnO composites have
a much higher binding affinity for CR molecules than pristine g-C3N4 and ZnO because
it is a hybrid and contains several functional groups from g-C3N4, ZnO, and POA. In the
initial stage, the CR molecules in solution quickly interact with the active site of the POA/g-
C3N4/ZnO composite. In the second stage, the CR molecules that had been adsorbed
were degraded through photo-catalysis. The results revealed that the POA/g-C3N4/ZnO
composite decomposed CR molecules more effectively than pure g-C3N4 and ZnO due to
improved e−/h+ pair separation and lower bandgap energy. The results demonstrate that
the POA/g-C3N4/ZnO composite is effective for CR molecule degradation.
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2.4.1. pH Effect on CR Dye Degradation

The pH and concentration of dye greatly influence photo-catalysis. Therefore, the pH
adjustment is essential for the total photo-catalytic degradation of dyes. In addition, pH
affects the catalyst surface ionization state; therefore, finding optimal pH is difficult. Using
an optimized CR dye concentration and catalyst quantity, the reaction mixture pH was
changed from 2.00 to 10.04 to determine the ideal pH for the degradation of CR dye. The
addition of diluted HCl and NaOH solutions changed the pH. The CR dye solution pH
was normally 7. The study showed that the CR dye degradation percentage increased from
92.3% to 96% when the solution pH was lowered from 7 to 2.

Additionally, raising the solution pH from 7 to 10 reduced the CR dye photo-degradation
to 59% from 92.3%. Owing to CR dye’s anionic nature and the presence of two sulphonic
groups, the catalyst performs better at low pH for CR dye degradation [34]. These groups
are quickly ionized in an acidic environment and produce a soluble CR anion. Additionally,
at lower pH levels, more protons are available to protonate the hydroxyl groups in POA/g-
C3N4/ZnO composites and create an electrostatic attraction that will draw a certain amount
of dye anion into the material. Because of the positive surface charges of POA/g-C3N4/ZnO
composites, CR anions were readily adsorbed to them at low pH levels. However, at higher
pH levels, more negatively charged sites on the adsorbent prevented CR anions from adhering
to the catalyst’s surface. Due to electrostatic repulsion, an anionic dye cannot be adsorbed to a
negatively charged spot on the adsorbent [35]. The results conclude that the acidic medium
favors the degradation of CR dye compared to the basic medium, as shown in Figure 5.
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2.4.2. Effect of Dye Concentration

The CR dye concentration effect on photo-degradation was investigated with differing
concentrations within a 10–50 ppm range with a fixed amount of catalyst. The result showed
that 96% photo-catalytic degradation of CR was obtained at 10 ppm dye concentration.
However, as the concentration of dye increased to 50 ppm, the degradation decreased to
68%, as shown in Figure 6. This may be explained by the fact that as dye concentration
increases, the amount of light that reaches the photo-catalyst surface decreases; as a result,
it generates less photo-generated reactive radicals, which causes a drop in photo-catalytic
activity at higher initial dye concentration [36].
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2.4.3. Kinetic Analysis

Kinetic analysis is an essential factor in determining the reaction route. Various
researchers have proved that the Langmuir–Hinshelwood kinetic expression is compat-
ible with the pseudo-first-order kinetic model for heterogeneous photo-catalysis [37,38].
Therefore, the Langmuir–Hinshelwood model can be written as shown in Equation (1):

r = kKCt/1 + KCt ≈ kappCt (1)
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K is the reactant adsorption constant, kapp is the reaction rate constant, and Ct is the dye
concentration at time t. Also, Equation (1) can be summarized by integration:

ln(C0/C) = kt (2)

C0 is the dye solution starting concentration, and k is a rate constant. It is demonstrated in
Figure 7 by the straight line on the plot of ln C0/C vs. irradiation time t that the degradation
of CR dye observes the pseudo-first-order kinetics. Additionally, the L–H kinetic model
for the CR dye photo-degradation was validated by the regression coefficient (R2) of 0.973,
which is close to 1 and indicates that the photo-catalyst follows the pseudo-first-order
kinetic model.
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3. Photo-Catalytic Mechanism

The electron-hole pairs’ effective separation and efficient ultraviolet light absorption
are two potential mechanisms for enhancing the photo-catalytic performance of the POA/g-
C3N4/ZnO photo-catalyst. In Figure 8, a potential photo-catalytic system of POA/g-
C3N4/ZnO has been presented for the degradation of CR. ZnO and POA can be excited
when exposed to UV light because of their intermediate bandgap energies of 3.37 eV
and 2.46 eV, respectively. Owing to the higher negative conduction band (CB) of POA
(−1.15 eV) than that of ZnO (+0.43 eV), the photo-induced electron of POA can transfer
to the conduction band (CB) of ZnO [39]. O2 could be converted to H2O2 (+0.674 eV) by
the electrons in the CB of the ZnO, and H2O2 could then interact with electrons to form
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OH•. While g-C3N4 is an electron acceptor, some ZnO electrons may also be transported to
g-C3N4 to produce O2

•−. In the breakdown of CR, both O2
•− and OH• participate [40]. On

the other hand, the generation of h+ in ZnO was carried to the valence band of POA and
interacted with CR to produce CO2, H2O, or other intermediate products. The ZnO, g-C3N4,
and POA synergistic interaction in ternary systems improves the separation efficiency of
e−/h+, leading to significantly better CR degradation performance [41].
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4. Experimental Section
4.1. Materials

Urea (CH4N2O, 99%), zinc nitrate (Zn (NO3)2·6H2O, 99%), and ethanol (C2H6O, 95%),
sodium hydroxide (NaOH, 97%) Hydrochloric acid (HCl, 99%), o-anisidine monomer
(CH3OC6H4NH2, 99.5%), nitric acid (HNO3, 98%), ammonium persulfate ((NH4)2S2O8)
and 4,4′-diaminodiphenylamine sulfate hydrate (C12H15N3O4S, 99%) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China), and Congo red (C32H22N6Na2O6S2, 89%)
dye was purchased from Tianjin Tianhe Chemical Reagent Factory (Tianjin China). The
whole experiment proceeded with deionized (DI) water (H2O). All of the chemicals and
reagents are analytically pure and used without any purification.

4.2. Synthesis of g-C3N4

The direct decomposition method was used to synthesize the g-C3N4. First, we filled
the silica crucible with 100 g of analytical-grade CH4N2O and covered it with a lid. Then we
placed the crucible in a muffle furnace and allowed it to heat for 2 h. Finally, the required
g-C3N4 was washed with C2H6O and DI H2O to remove the impurities [42].

4.3. Synthesis of ZnO NPs

The co-precipitation method was used to synthesize the ZnO NPs. First, 1 M aqueous
solution of Zn (NO3)2·6H2O was prepared and stirred for 30 min. Then, a 1 M aqueous
solution of NaOH was prepared. The synthesized NaOH solution was added dropwise in
Zn (NO3)2·6H2O solution with high-speed stirring for 60 min. The reaction was allowed to
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proceed for 150 min. After that, the white precipitate was allowed to settle down overnight.
The prepared solution was separated carefully by centrifugation. Finally, the ZnO NPs
precipitates were cleaned with DI H2O and C2H6O, and dried in an electrical oven at about
120 ◦C [43].

4.4. Regeneration of ZnO NPs

The previously obtained ZnO NPs were modified by treating them with 0.1 M HNO3.
An amount of 5 g of ZnO NPs was added to 10 mL of HNO3 solution and stirred for 12 h.
Then it was sonicated for 2 h. Afterward, it was centrifuged and dried in an oven at 80 ◦C
for half an hour.

4.5. Synthesis of POA/g-C3N4/ZnO Composites

A facile in-situ chemical oxidative polymerization technique was employed to synthe-
size the POA/g-C3N4/ZnO composites. For sample 1 (S1), 0.08 g of g-C3N4 was added to
20 mL of 2 M HCl solution and stirred for 24 h. Afterward, 1 g of regenerated ZnO NPs
was added and stirred for 1 h. Next, 1 mL of CH3OC6H4NH2 was added dropwise into
the above-prepared g-C3N4/ZnO solution and stirred for another half an hour. For poly-
merization, (NH4)2S2O8 (0.1 M) was added to the solution. Moreover, C32H22N6Na2O6S2
was added as an initiator to increase the reaction rate. The precipitate was formed and
stirred for 24 h. Finally, the solution was centrifuged and dried at 70 ◦C. Similarly, the
same procedure was used for the synthesis of sample 2 (S2) and sample 3 (S3); in S2 2 mL
CH3OC6H4NH2 was used, and for S3 3 mL CH3OC6H4NH2 was used [44].

4.6. Test of Photo-Catalytic Activity

ZnO NPs, g-C3N4, and POA/g-C3N4/ZnO composites were evaluated under UV
light for the degradation of CR. In the first experiment, 0.1 g of ZnO NPs was added into
a 100-ppm solution of CR to determine the photo-catalytic performance of the material.
In the second experiment, 0.1 g of g-C3N4 was added into a 100-ppm solution of CR
to determine the photo-catalytic performance of the material. The same procedure was
followed to evaluate the performance of synthesized POA/g-C3N4/ZnO composites. The
solution was placed in the dark for 1 h to attain the adsorption–desorption equilibrium
before illuminating the UV light. The experiment was performed for 120 min, in which the
absorbance of the sample was evaluated at 10 min intervals using UV-visible spectroscopy
(Lambda 25, Perkin Elmer Shanghai, China) at 497 nm. The sample was centrifuged at 4500
rpm for each measurement to separate the liquid pollutant from the powder catalyst. The
photo-catalytic degradation efficiency (E) was obtained by the following formula as shown
in Equation (3):

E =

(
1− C

C0

)
× 100% OR

(
1− A

A0

)
× 100% (3)

C is the CR concentration at different times, and C0 is the initial concentration at CR
adsorption equilibrium, and A and A0 are the corresponding absorption values.

5. Conclusions

In summary, poly(o-anisidine)/graphitic carbon nitride/zinc oxide composites were
synthesized by a facile in situ chemical oxidative polymerization method. The synthesized
POA/g-C3N4/ZnO composite was tested as an active photo-catalyst for the Congo red
(CR) degradation under UV light. The photo-catalytic activity of the synthesized POA/g-
C3N4/ZnO composites was higher than the pristine g-C3N4 and ZnO. The result revealed
that g-C3N4, ZnO, and POA are suitable to alter the bandgap energy and enhance the e−/h+

pairs recombination rate, which facilitates the higher decomposition of CR molecules by
POA/g-C3N4/ZnO under the UV light. Overall, the synthesis and photo-catalytic activity
of POA/g-C3N4/ZnO composites for degrading CR dyes were non-toxic, economical, and
environmentally friendly.
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