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Methylene blue and Congo red are widely used organic dyes in biomedical laboratories and textile
industries. The abundant use of these dyes has led to their emission in wastewaters, which causes major
health hazards to exposed populations. Therefore, it is necessary to properly treat the dye effluents
before being discharged into the water bodies. The present study presents Cu—-g-CsN4 as an efficient
and cost-effective catalyst for the photocatalytic degradation of these dyes. The single-atom catalyst
was prepared by a simple co-precipitation method and the composition, structure, morphologies, and
electronic state were determined by FT-IR SEM, XRD, XPS, PL, and TGA analyses. The photocatalytic
activity of the catalyst was studied by optimizing various parameters i.e. concentration of dye, time,
catalyst dose, and pH under UV irradiation and dark conditions. The results evidenced that Cu—g-CzNy is
an excellent catalyst as it achieved 100% degradation of the methylene blue and Congo red dyes in only
5 and 30 minutes respectively. The kinetics of photocatalytic degradation revealed that the half-life of
methylene blue and Congo red was reduced significantly. The stability of the catalyst was determined by
using it for five consecutive cycles and the results proved that Cu—-g-CsNy4 is a highly stable catalyst.
Thus, Cu-g-CsN4 proved itself to be a highly active, stable, and cost-effective catalyst for the
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Introduction

Water contamination is becoming a crucial environmental and
health issue with time. Industrial development and a massive
increase in population are playing a significant role in aggra-
vating the water contamination. Various techniques are being
used to remove contaminants from water including membrane
filtration, electro-dialysis, adsorption, precipitation, electro-
deionization, electrochemical reduction, etc. But there are
several disadvantages associated with these techniques i.e. high
energy consumption, lower efficiency, and production of
various by-products. Thus, there is a need to explore new
methods for mitigating the problem of water contamination
that are energy efficient, low cost and easy to execute. In this
context, the photocatalytic degradation has emerged as an
alternative method with many advantages over other conven-
tional techniques including excellent performance, low cost, no
waste formation, and also that it is functional at ambient
temperature and pressure.'”
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degrade other environmental pollutants too.

Semiconductor photocatalysts have been considered as the
most efficient and environment-friendly catalysts for the pho-
tocatalytic degradation of contaminants.*® Their activity can be
further increased by converting them to single-atom catalysts.
In the field of photocatalysis, single-atom catalysts have
received a lot of attention owing to their fascinating properties
in comparison to their bulk counterparts or clusters. They offer
exceptionally high selectivity and activity, reduced use of metals
due to atomic dispersion, and easy-to-follow mechanism due to
single-atom reactive sites.® Single-atom catalysts also offer high
surface energy owing to their small size, but they sometimes
agglomerate during the reaction process. This issue of aggre-
gation can be resolved by selecting appropriate support and
developing strong bonding between the support material and
single atoms. This bonding and interaction affect the efficiency
and stability of the catalysts.” The popular approaches for
increasing the stabilization of single-atom catalysts also include
the reduction in mobility of single atoms by their confinement
into a limited space.

Considering the above mentioned factors, graphitic carbon
nitride has presented itself to be an ideal candidate for the
support of single-atom catalysts. It is a polymeric semi-
conductor consisting of two-dimensional (2D) layered structure.
It can be synthesized easily from some precursors ie. urea,
melamine, thiourea etc.®* The combined effect of the high
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catalytic activity of single atoms and the photo-response char-
acteristics of graphitic carbon nitride makes them ideal candi-
dates for photocatalytic reactions.®'® The rich surface loading
sites are achieved owing to the 2D layered structure of graphitic
carbon nitride in which the layers are connected by weak van
der Waals forces. The carbon and nitrogen atoms in the plane
are sp” hybridized forming a highly delocalized t-conjugated
system. An opportunity for coordinating metal atoms is
provided by the lone-pair of electrons in two-coordinated
nitrogen atoms. The rich lone-pair electrons of nitrogen
atoms in the carbon-nitrogen heterocycle confine the highly
active single metal atoms that lead to the formation of stabi-
lized graphitic carbon nitride-based single-atom
photocatalysts."***

The present work reports the synthesis of graphitic carbon
nitride-supported copper single-atom (Cu-g-C3;N,) catalyst. The
commonly used dyes (methylene blue and Congo red)
contaminating the water systems were used as model
compounds to study the potential of synthesized catalyst for
their degradation. These dyes were selected because of their
different properties. Methylene blue is cationic dye, basic in
nature, and belongs to the phenothiazines family and Congo
red is anionic, acidic dye and belongs to the group of azo
dyes.**'* Their structures are shown in Fig. 1. The synthesized
catalyst exhibited excellent catalytic activity both under UV and
dark conditions.

Experimental methodology

The chemicals used for present research work were of analytical
grade with a purity of 99.8%. Deionized distilled water was used
throughout the study for making various solutions. The glass-
ware used was of acid resistant borosilicate glass that was
unaffected by leaching effect of strong acidic or alkaline solu-
tions. All the volumetric apparatus used was calibrated prior to
use. The graphitic carbon nitride supported copper single-atom
catalyst was synthesized and used for the photocatalytic
degradation of both dyes by optimizing various parameters. The
Focus degradation kinetic software was used to determine the
kinetics of photocatalytic degradation and half life for
photodegradation.*
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Fig. 1 Structure of dyes.
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Preparation of graphitic carbon nitride supported single atom
catalyst

The Cu-g-C;N, catalyst was synthesized by adopting the co-
precipitation method. Firstly, the support was prepared by
heating the urea in a covered crucible at 550 °C in a muffle
furnace set at the heating rate of 10 °C min~'. Then it was
washed with nitric acid and dried at 80 °C. To prepare the
single-atom catalyst, 0.1341 g CuCl,-2H,0O was added to 5 g g-
C;3N, solution. Under continuous stirring, the solution was
heated up to 80 °C and maintained at this temperature till
further processing. The pH of the solution was set at 8 by
dropwise addition of sodium hydroxide solution. The heating
was then stopped and the solution was left to age for 4 hours.
Afterward, the precipitates were carefully filtered, thoroughly
washed with hot distilled water and finally dried at 80 °C.** The
synthesized catalyst was characterized by FTIR, XRD, EDX, SEM,
TGA, XPS, and PL analyses before being used for the photo-
degradation of dyes.

Photocatalytic degradation of methylene blue and Congo red
dyes

Methylene blue and Congo red dyes are widely used in the
textile industry. Their unwise use is increasing day by day that
has led to serious environmental concerns. They enter water
bodies through runoff or leaching which poses serious health
risks to aquatic and other living organisms. Therefore, these
dyes should be properly treated before being disposed of. The
photocatalytic degradation of the dyes is one of the most
convenient and efficient methods to treat the dye's waste. The
use of photocatalysts such as graphitic carbon nitride sup-
ported copper single-atom can accelerate the degradation
process, converting the dyes to simpler and non-toxic
compounds. However, the optimization of catalyst dose, irra-
diation time, and pH is necessary to achieve controlled and
desirable results.

To study the photocatalytic degradation of dyes, their solu-
tions of different concentrations (15, 25, and 35 mg L") were
prepared. These solutions were stirred in the presence of Cu-g-
C;3N, catalyst under UV light for specific intervals of time. A UVC
light of 8 W was used during the reaction with maximum
emission at 230 nm. These samples were then analyzed by a UV-
visible spectrophotometer (LABOMED, INC, Model No. “UVD-
3200”) at 665 and 497 nm respectively to determine the leftover
concentration of dyes after degradation. The same procedure
was followed for the reactions performed in the dark.

The degradation efficiency was calculated by using the
following equation:

(%) degradation = (C, — C))/C, x 100

where C, represents the initial concentration of dye and C,
represents the remaining concentration of dye after degrada-
tion, at a specific interval of time.

The effect of different parameters on the degradation of dyes
was also studied. The parameters included: the effect of the
irradiation time, the concentration of dyes, the dose of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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catalyst, and pH. To study the effect of UV irradiation time, the
dye solutions were stirred for specific intervals of time i.e., from
5 to 45 minutes under UV light. The similar control experiments
were carried out under dark in the presence of the catalyst. The
solutions of different concentrations i.e., 15 mg L ', 25 mg L™,
and 35 mg L' were prepared to study the effect of the initial
concentration of dyes. A 0.025 g portion of the catalyst per
100 mL volume of dye solution was added to each of these
solutions. These solutions were then continuously stirred for
a specific interval of time in the presence of UV light. The
samples were then analyzed for the remaining dye concentra-
tion. Another set of experiments was performed in the dark with
similar conditions. To study the effect of catalyst dose, different
specific amounts of Cu-g-C;N, catalyst i.e., 0.025 g, 0.05 g, and
0.075 g were added to 100 mL volumes of the dye solutions
under UV light and in the dark for a specific interval of time.
The pH of the dye solutions was maintained at 3, 5, 7, 9, and 11
by the addition of NaOH or HCI solutions, in the presence of
0.075 g of catalyst with continuous stirring to study the effect of
pH on photocatalytic degradation. The process was repeated in
the dark as well.

Results and discussion

Characterization of graphitic carbon nitride supported copper
single-atom catalyst

The XRD patterns of graphitic carbon nitride (g-C3N,) and
graphitic carbon nitride supported single-atom catalyst (Cu-g-
C3N,) were recorded in the range of 26 = 10-80° as shown in
Fig. 2. The XRD pattern clearly showed two diffraction peaks at
26 values of 13.1° and 27.3° indexed to (100) and (002) planes
respectively. The strong diffraction peak (002) is due to the
interlayer stacking of the conjugated aromatic system of
graphitic carbon nitride. While the other comparatively weaker
peak (100) is associated with the in-plane repeat units. The
observed peaks matched well with the JCPDS card no.
01-087-1526.%" No characteristic peak for copper was observed
as the metal loading was quite low.

The scanning electron microscopy images of graphitic
carbon nitride supported copper single-atom catalyst are shown
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Fig. 2 XRD patterns of g-CsN4 and Cu—g-CsN,.
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Fig. 3 SEM images of Cu—g-C3Ny.

in Fig. 3. The figure clearly showed the nano-sized particles of
graphitic carbon nitride. The single atoms or nanoclusters of
copper cannot be seen at this magnification. However, the
presence of copper single atoms was evidenced by energy
dispersive X-ray (EDX) analysis (Fig. 4). The EDX spectra for Cu-
g-C3N, clearly showed that graphitic carbon nitride supported
copper single atom catalyst was successfully prepared and there
was no impurity present in it. The presence of copper is

Fig. 4 EDX spectra of (a) g-C3N4 and (b) Cu—g-CzNg4.

RSC Adv, 2023, 13, 35537-35550 | 35539
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confirmed by the peaks in EDX spectra followed by the presence
of carbon and nitrogen.

The FTIR spectrum of g-C3;N, and Cu-g-C;N, is presented in
Fig. 5. Several bands present in the range of 1000 cm™" to
1700 cm ™" were ascribed to the stretching vibrations of C-N
heterocycles. The vibrations observed at 1231, 1313, and
1397 cm™ ' were characteristic of aromatic C-N stretching. The
band observed at 806 cm™ ' was ascribed to the tris-s-triazine
rings of graphitic carbon nitride, while the band observed at
3185 cm ™' was ascribed to the stretching of the N-H group of
residual uncondensed amino groups.*®

The thermal stability of Cu-g-C;N, was investigated by
thermo-gravimetric analysis (TGA) as depicted in Fig. 6. The
TGA was performed under a nitrogen atmosphere at the heating
rate of 10 °C min~". Up to 550 °C, a small weight loss occurred
that involved the removal of moisture adsorbed on the surface.
After 550 °C, the catalyst starts to decompose up to 700 °C. This
sharp weight loss is attributed to the oxidation of the g-C;N, to
form nitrogen and graphite.” This curve indicated the typical
behavior of polymeric graphitic carbon nitride.

The chemical composition and chemical state of the Cu-g-
C;3;N, catalyst were determined by X-ray photoelectron spec-
troscopy (XPS). The spectrum for C 1s, N 1s, and Cu 2p is shown
in Fig. 7. The C 1s region showed peaks around 284.6, 288.7,
and 291.6 eV. The peak at 288.6 eV is attributed to adventitious
carbon. The adventitious carbon peak is visible because of a very
thin film of the sample deposited in the sample holder to avoid
charging effects. The peak at 288.7 eV is characteristic of
graphitic carbon nitride and is attributed to C-(N);. The peak at
291.6 €V is associated with w—7* satellite structure. For the N 1s
region, the broad spectrum was deconvoluted into four peaks at
398.1, 399.2, 400.7, and 401.8 as shown in Fig. 6. These peaks
were assigned to C-N=C, C-N-H,, (C),-N-H, and N-(C);
species respectively. It is evident from the fit of the Cu 2p3,
region that copper is present in different oxidation states. The
first component centered at 933.3 eV is assigned to the presence
of both Cu" (933.7 eV) and metallic Cu (933.2 eV). While the
second component at 934.5 €V in the Cu 2p;/, peak, and the
intense satellite peak at 940.4 eV, are associated with the pres-
ence of Cu®", which confirmed the presence of copper in two
different oxidation states.®***** A distinct shift in binding energy
compared with references for pure metal may elucidate the
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Fig. 5 FTIR spectra of g-C3N4 and Cu—g-C3Ny.
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Fig. 6 TGA curve of Cu—g-CsN,.

oxidation state of isolated metal atoms and exclude the exis-
tence of nanoparticles.” The characteristic peak of single
copper atom was shifted to 933.7 eV as compared to pure metal
peaks generally observed at 932.3 eV.*® So it may provide
evidence for the presence of single atom.

The Fig. 8 shows the photo-luminescence spectra of g-C;N,
and Cu-g-C;N,. For g-C;N, and Cu-g-C;Ny, the emission bands
were centered at 437 and 474 nm that were attributed to blue
emission produced from electronic transitions. The intense
emission peaks are assigned to the higher recombination rate of
the photogenerated electrons and holes. In case of Cu-g-C;N,,
the decrease in the intensity of emission peaks is observed. The
decrease in emission peak intensity is due to inhibited recom-
bination of photogenerated electron-hole pairs in Cu-g-C3N,
which indicates a successful charge separation. However, PL
study confirmed the increased lifetime of the photogenerated
carrier in Cu-g-C;N, as compared to pristine g-C3N,.>**

Photocatalytic degradation of methylene blue by graphitic
carbon nitride supported single atom catalyst

Various parameters i.e. irradiation time, catalyst dose, concen-
tration of dye, and pH were optimized in the presence of Cu-g-
C;3N, catalyst to study the photocatalytic degradation of meth-
ylene blue. The UV-visible spectra of methylene blue (Fig. 9)
depicted its Apax to be 665 nm.>® This value of A, Was used to
determine the concentration of methylene blue throughout the
experiment.

Effect of time on degradation of methylene blue

The optimum time for the photocatalytic degradation of
methylene blue was determined by the addition of 0.025 g of
Cu-g-C3N, catalyst to 100 mL solutions of 15 mg per L dye with
continuous stirring. The data for the photocatalytic degradation
of methylene blue in the absence of the catalyst under UV light
and dark is depicted in Fig. 10. The data for the degradation of
methylene blue in the presence of the catalyst is also depicted in
this figure. In the first case, the data clearly showed that the
degradation of methylene blue reached only 0.4% in the dark,
and under UV light it reached up to 6.2% in 45 minutes. The UV

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XPS spectra of Cu—-g-CzN,.

light slightly improved the degradation process. But the Cu-g-
C;N, catalyst significantly enhanced the degradation and
reached up to 98% under UV which was only 79% under the
dark condition in just 45 minutes. It was worth noting that in
the presence of the catalyst, the degradation rapidly increased

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Photo luminescence spectra of g-CsN4 and Cu—g-C3Ny.
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Fig. 9 UV-vis absorption spectra of methylene blue.

after adding the catalyst for up to 5 minutes leading to
maximum degradation in 45 minutes. The degradation of dye is
dependent on contact time. As the contact time is increased,
more electron-hole pairs are generated which lead to higher
degradation of dye.” The degradation rate was higher in the
first five minutes due to the combined effect of adsorption of
dye molecules on the catalyst surface and subsequent photo-
catalytic degradation. It can be considered that firstly the dye
molecules are adsorbed onto the catalyst which are then pho-
todegraded so, adsorption is an important factor for dye
removal under dark conditions. After that UV light was majorly
responsible for the degradation of adsorbed dye molecules
creating vacancies for more molecules to be mineralized.?®

Effect of concentration of methylene blue

Fig. 11 represents the degradation of different concentrations of
methylene blue i.e. 15 mg L', 25 mg L', and 35 mg L. The
maximum degradation was recorded for the 15 mg L™ solution
which degraded to 98% under UV light while in dark, its

RSC Adv, 2023, 13, 35537-35550 | 35541
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Fig. 11 Effect of concentration of methylene blue on its degradation.

degradation was only 79%. As the concentration of methylene
blue was increased, the degradation was found to be decreased.
The reason for the decrease in degradation was the increased
adsorption of methylene blue molecules on the active catalytic
sites and decreased adsorption of OH™~ which led to reduced
production of OH" radicals. The degradation was also decreased
with an increase in concentration that caused reduced number

35542 | RSC Adv, 2023, 13, 35537-35550
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of photons reaching the dye molecules and hence leading to
decreased concentration of light-triggered active sites.>**°

Effect of dose of catalyst

The effect of the dose of catalyst on the degradation of methy-
lene blue was studied by varying the amounts of catalyst ie.
0.025 g, 0.05 g, and 0.075 g. The data for the effect of the catalyst
dose on degradation is shown in Fig. 12. The highest percentage
degradation was 99% observed in just 20 minutes for a 0.075 g
catalyst in the presence of UV light. The same effect was
observed for the solutions degraded under dark. The maximum
degradation efficiency was recorded for the 0.075 g catalyst. The
increase in degradation efficiency is related to the increased
availability of active catalytic sites due to the uniform dispersion
of catalyst particles.*

Effect of pH

The effect of pH on the degradation pattern for methylene blue
under the optimum conditions of dye concentration and the
catalyst dose was studied by maintaining different pH i.e. 3, 5, 7,
9, and 11 as depicted in Fig. 13. At pH 7, the degradation
reached 100% in only 5 minutes. By further increasing the pH to
9 and 11, the complete degradation was observed even before 5
minutes. However, the degradation was reduced when moving
towards acidic side. The same pattern was observed under dark
conditions as well. The increase in degradation with the
increase in pH is related to the cationic nature of methylene
blue. At a basic pH, the increased number of OH™ ions are
adsorbed rapidly on the surface of the catalyst. They further lead
to the subsequent degradation of methylene blue in several
intermediates and finally into simplest molecules.**
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Fig. 12 Effect of dose of catalyst on degradation of methylene blue.
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Kinetics of photocatalytic degradation of methylene blue

The degradation kinetics of methylene blue was evaluated by
using three different models, i.e., single first order rate model
(SFO), indeterminate order rate equation model (IORE), and
double first-order in parallel (DFOP) model. First-order
kinetics is followed in most photocatalytic degradation reac-
tions, but it is not compulsory for all cases. It can vary
according to the conditions and nature of the dye. Thus, three
different models were applied to study the kinetics of pho-
tocatalytic degradation of methylene blue. Table 1 depicts the
parameters for all the models studied. The degradation

Table 1 Kinetic Parameters of different degradation models
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kinetics of methylene blue carried out in the absence of the
catalyst in the dark is depicted in Fig. 14(a). The degradation
data exhibited a S. value less than Ssre. Thus, the single first-
order model cannot be applied to represent degradation data
according to the NAFTA guidelines. This can be described
based on initial degradation of dye as the degradation process
was very slow at the initial stages. Thus, the degradation data
may follow either of the other two models. The Tiogrg for the
IORE model and DTs, corresponding to the slower rate
constant were compared to get the representative half-life.
The model to be followed will be decided based on these
values. The model with the smaller value will be followed. And
for this data set Tiorg Was greater than 2DTs,, so, the DFOP
model was the most suitable model to determine the half-life
value of methylene blue.

Fig. 14(b) represents the data for the degradation of methy-
lene blue in the absence of the catalyst under UV irradiation. In
this case, Sspo Was greater than S., so the single first-order
model cannot be applied here. Moreover, the 2DTs, value was
much lower than Tiorg. SO, the DFOP model is most suitable for
the determination of the half-life of methylene blue under UV in
the absence of the catalyst. The half-life was reduced from 693
to 346 minutes in the presence of UV irradiations.

The degradation kinetics of methylene blue in the presence of
the catalyst in the dark is depicted in Fig. 14(c). The data depicted
that Sspo was greater than S, so the SFO model cannot be applied
here. The DFOP model was found to be the most suitable model
for determining the half-life of the dye as the value of 2DTs, was
lower than Tiogrg. According to the calculations based on this
model, the half-life of the dye was reduced to 81 min only even in
the dark, thus depicting that the prepared catalyst is even effective
in reducing the half-life of the dye in the dark. The data for UV
irradiation in the presence of the catalyst is depicted in Fig. 14(d).
In this case, the S, is greater than Ssro, so the single first-order
model best is the best choice to describe the degradation
kinetics. The half-life of the dye was further reduced to only 6 min,

Without catalyst

With catalyst

Model Parameters Dark uv Dark uv
SFO K 0.0009 0.001 0.054 0.10
Sefo 0.97 0.38 24.64 22.45
DTs, 770.2 620.4 12.83 6.932
DTso 2558 2061 42.62 23.03
IORE Kiore 2.29 x 10°° 6.10 x 10~° 3.60 x 107* 7.01 x 107*
Niore 2.00 3.10 3.50 3.43
Siore 0.02 0.04 1.16 18.40
DTs, 29239 869.8 5.895 3.59
DTg 262575 33051 400.9 218.8
Tiore 79043 9949 120.7 65.86
DFOP K, 0.00 0.00 0.21 1.00
K, 1.00 x 103 2.00 x 1073 8.50 x 103 1.00 x 102
Sdfop 0.09 1.18 1.83 34.96
1DTs, 62386 6932 3.32 0.69
2DTs, 693.1 346.6 81.55 69.31
g 0.5 0.5 0.5 0.5
Se 0.03 0.06 1.60 25.27

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Kinetics of photocatalytic degradation of methylene blue (a)
without catalyst under dark (b) without catalyst under UV irradiation (c)
with catalyst under dark (d) with catalyst under UV irradiation.

showing that the catalyst more efficiently degraded the dye under
UV irradiation.*»**

A comparison of the degradation efficiency of methylene
blue in the presence of various catalysts is presented in Table 2.

Photocatalytic degradation of Congo red by graphitic carbon
nitride supported single atom catalyst

The photocatalytic degradation of Congo red was also studied
by optimizing various parameters such as catalyst dose, irradi-
ation time, pH, and concentration of dye in the presence of Cu-
2-C;3N, catalyst. The UV-visible spectra of Congo red (Fig. 15)
depicted its Anax to be 497 nm.* This value of A, was used
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Table2 Comparison of photocatalytic degradation of methylene blue
in the presence of different catalysts

Degradation
Sr no Catalyst Time (%) Reference
1 g-C3N4/ZnO 120 91 33
2 CuO-ZnO 120 95.6 34
3 CuO-ZnO 150 98.5 35
4 Cr,0,/Zn0 90 85 36
5 Cu-g-C3N, 5 100 This work

throughout the study to determine the concentration of Congo
red during different sets of experiments.

Effect of time on degradation of Congo red

The optimum time for photocatalytic degradation of Congo red
was determined by the addition of 0.025 g of Cu-g-C;N, catalyst
to 100 mL solutions of 15 mg per L Congo red with continuous
stirring. The data for the degradation of methylene blue under
UV light and dark in the presence and absence of the catalyst is
shown in Fig. 16. In the absence of the catalyst, the degradation
of Congo red reached only 2% in the dark and 6.2% under UV
light in 40 minutes as shown in Fig. 16. The UV irradiation has
a slight effect on the degradation process. But the degradation
was improved significantly in the presence of Cu-g-C;N, cata-
lyst and reached up to 97% under UV light and 80% in the dark
in just 40 minutes. As in the case of methylene blue, the
degradation rapidly increased after adding the catalyst for up to
5 minutes and then it slowly progressed to maximum degra-
dation in 40 minutes. The degradation of dye is affected by the
contact time. By increasing the contact time, the production of
electron-hole pairs increases leading to improved degradation
of the dye.*®

Effect of concentration of Congo red

Fig. 17 represents the degradation of different concentrations of
Congo red ie. 15 mg L™, 25 mg L', and 35 mg L™". The
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Fig. 15 UV spectra of Congo red.
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Fig. 17 Effect of concentration of Congo red on its degradation.

maximum degradation was recorded for the 15 mg L™" solution
which was 97% in the presence of UV light and 80% in dark.
With an increase in the concentration of Congo red the degra-
dation was reduced. As the increased concentration of the dye
blocks the radiation and lets only a small amount of radiation to
reach the catalyst, hence reducing the number of radicals

© 2023 The Author(s). Published by the Royal Society of Chemistry
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generated and hence leading to a decrease in degradation
percentage.*®

Effect of dose of catalyst

The effect of the catalyst dose on the photocatalytic degradation
of Congo red was studied by varying the amounts of catalyst i.e.
0.025 g, 0.05 g, and 0.075 g. The data for the effect of the dose of
catalyst on degradation is shown in Fig. 18. The highest
degradation was 99% in just 30 minutes for a 0.075 g catalyst
under UV irradiation. The same effect was observed for the
solutions degraded under dark. The maximum degradation
efficiency was recorded for the 0.075 g catalyst. By increasing the
catalyst dose, a higher number of catalytic sites were available
that efficiently degraded the dye molecules.*

Effect of pH

The effect of pH on the degradation of Congo red dye at the
optimum concentration and the catalyst dose was studied by
varying pH between 5 and 11. The pH had a detrimental effect
on the degradation of the dye as depicted in Fig. 19. At pH 5, the
degradation reached 99% in 30 minutes. At pH less than 5, CR is
chemically unstable, it protonates and takes on a blue color.
Therefore, tests were not carried out below pH 5.*” The degra-
dation is increased at acidic pH due to the anionic nature of
Congo red dye which contains two sulphonic acid groups and
these groups are easily ionized in an acidic medium to produce
soluble Congo red anion.**

Kinetics of photocatalytic degradation of Congo red

The photocatalytic degradation kinetics of Congo red was also
determined by IORE, SFO, and DFOP model. Table 3 provides

Concentration of Catalyst (UV)
o = = = o
—

—e—

)
=]
\Y ‘J.‘

5 10 15 20 25 30 35 40 45

——0.025¢ —@—0.05g 0.075g

Concentration of Catalyst (Dark)
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Fig. 18 Effect of dose catalyst on degradation of Congo red.
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the parameters for the all three models. The degradation
kinetics of Congo red carried out in the dark and in the absence
of catalyst are depicted in Fig. 20(a). According to the degra-
dation data the S. value was less than Ssgo. Thus, the single first-
order model cannot be applied to represent degradation data.
Thus, either the IORE or DFOP model will be followed. The
Tiore for the IORE model and DT, were compared to determine
the half-life. And for this data set Tiorg Was greater than 2DTs,
so, the DFOP model was followed to determine the half-life
value of Congo red. Fig. 20(b) represents the data for the

Table 3 Parameters of different kinetic degradation models

View Article Online
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degradation of Congo red in the presence of UV light without
catalyst. In this case, Ssro was less than S, so the single first-
order model is followed to determine the half-life of the dye.
In the presence of UV light, the half-life was reduced from 693 to
433 minutes. Fig. 20(c) shows the degradation kinetics of Congo
red in the dark and in the presence of the catalyst. The data
depicted that Ssro was greater than S, so the SFO model cannot
be applied here. The DFOP model was found to be most suitable
for determining the half-life of the dye as the value of 2DT5, was
lower than Tiorg. The half-life of the dye was reduced to only
125 min even in the dark in the presence of the catalyst. It
depicts that the prepared catalyst is efficient enough to reduce
the half-life of the dye in the dark. The data for the degradation
in the presence of the catalyst under UV is provided in
Fig. 20(d).

In this case, the single first-order model cannot be applied
here because the S, is lower than Sggo. The DFOP model was
found to be most suitable for determining the half-life of the
dye as the value of 2DT5, was lower than Tiorg. The catalyst
more efficiently degraded the dye under UV irradiation as the
half-life of the dye was further reduced to only 34 min.*** A
comparison of the degradation efficiency of Congo red in the
presence of different catalysts is presented in Table 4.

Reusability of the catalyst

The reusability and stability of the catalyst were determined by
using it for five consecutive cycles. The catalyst was first used to
degrade methylene blue at optimum conditions exhibiting
maximum degradation of 100% in 5 minutes for methylene
blue. After that, the catalyst was regenerated by thoroughly
washing with distilled water followed by drying at 100 °C. The
dried catalyst was then used again for the second cycle at
optimum conditions. The second cycle also exhibited 100%
degradation of methylene blue. The catalyst was similarly
reused for the third, fourth, and fifth cycles after activation. The

Without catalyst

With catalyst

Model Parameters Dark uv Dark uv
SFO K 0.0010 0.0016 0.0548 0.11
Sefo 0.11 0.04 24.15 18.75
DTso 692.9 433.2 12.65 6.11
DTso 2302 1439 42.01 20.23
IORE Kiore 1.02 x 10°° 2.00 x 10°° 3.00 x 10~ 1.09 x 10
Niore 2.60 3.50 3.56 3.65
Siore 0.01 0.04 1.66 7.91
DTs, 1647 1069 6.21 1.41
DToo 31342 72347 459.5 117.9
Tiore 9435 21779 138.3 35.49
DFOP K, 0.00 0.00 0.23 0.40
K, 1.00 x 103 5.50 x 103 5.51 x 103 2.00 x 102
Sdfop 0.13 0.04 4.46 5.92
1DTs, 13472 60533 3.01 1.73
2DTs, 693.2 126.0 125.8 34.66
g 0.5 0.5 0.5 0.636
Se 0.02 0.06 2.40 11.42
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Fig. 20 Kinetics of photocatalytic degradation of Congo red (a)
without catalyst under dark, (b) without catalyst under UV irradiation,
(c) with catalyst under dark (d) with catalyst under UV irradiation.

Table 4 Comparison of percentage degradation of Congo red in the
presence of different catalysts

Sr no. Catalyst Time % degradation Reference

1 CoFe,0, 9 83 12
2 CeO,-chitosan 90 86.2 43
3 Cocatalyst loaded Al-SrTiO; 90 81 40
4 Sn0,-Fe;0, 90  50.76 38
5 Cu-g-C;3N, 30 99 This work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Reusability of the catalyst.

degradation observed for the third, fourth, and fifth cycles was
99.6, 97.4, and 64% respectively as shown in Fig. 21. The same
set of cycles was conducted for Congo red dye. The percentage
degradation observed was 100, 100, 96.3, 92.2, and 70% for the
cycles starting from 1 to 5. After five consecutive cycles, the XRD
spectra of the catalyst was recorded which is shown in Fig. 22.
The structural stability of the catalyst is evident from the XRD
patterns. The XRD patterns confirm that there is no significant
change in the structure of the catalyst even after five reaction
cycles. The reduced activity after four cycles might be due to the
agglomeration of particles which leads to reduced surface
area.*® After using the catalyst for five consecutive cycles it was
disposed of according to the SDGs practiced worldwide. The
catalyst was disposed of properly in waste bins specified for
solid chemicals.

Scavenger studies

To study the role of different reactive species, a series of
experiments were performed using different scavengers such as
isopropyl alcohol, p-benzoquinone, and formic acid which
acted as the source of HO", 0," 7, and h" respectively. As shown
in Fig. 23, the % degradation of methylene blue was slightly
decreased in the case of isopropyl alcohol and p-benzoquinone.
While the % degradation was significantly reduced in the case
of formic acid. However, 100% degradation was observed when
there was no scavenger added. This study indicated that HO"
plays a more critical role than O," ", and holes.*”*® In the case of
Congo red, it was deduced from Fig. 23 that maximum degra-
dation was observed when no scavenger was added. Other than
that the O,"~ exhibited an essential role in the degradation of
Congo red.**°
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Fig. 22 XRD pattern of Cu—g-CsN4 catalyst after five reaction cycles.

The mechanism of degradation of dyes in the presence of the
Cu-g-C3N, catalyst is elaborated in Fig. 24. The bandgap of the
catalyst was calculated to be 2.7 eV. The catalyst is activated by the
incident UV light, and electrons and holes are generated. These
photo-generated electron and hole pairs react with oxygen and
water to produce reactive oxygen species, including hydroxyl
radicals and superoxide radical anions. These radicals interact
with dye molecules, resulting in the complete degradation of
dyes.”* To determine the possible degradation products of dyes,
GC-MS analysis was carried out. Before analysis with the GC-MS
system, the products were extracted using trichloromethane in
a separating funnel for three times. Remaining water content
from the sample was removed using Na,SO,. The metabolites
extracted were identified using Thermo Scientific ISQ Single
Quadrupole GC-MS with Trace TR-35 GC Column. Ionization
voltage was set at 70 eV and helium gas flow was set at 1 mL min "
for 35 minutes of run time. Starting temperature was set at 80 °C
for two minutes and increased gradually by 10 °C min™" until
temperature reached 280 °C and held for seven minutes.”>** In the
case of both dyes, no metabolites were observed. Hence, it can be
deduced that the single-atom catalyst was able to completely
mineralize the dye solutions.
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Fig. 24 Schematic diagram for photocatalytic degradation of dyes
using Cu—g-C3N,4 catalyst.

Conclusions

This work focused on the synthesis of an efficient and cost-
effective single-atom catalyst that was used for the photo-
catalytic degradation of methylene blue and Congo red. The
maximum degradation for methylene blue and Congo red was
observed for 15 mg L™ concentration in 5 and 30 minutes
respectively, under UV irradiation. The prepared catalyst was
able to efficiently reduce the half-life of both dyes. The half life
of methylene blue was reduced from 346 to 6 minutes and the
half life of Congo red was reduced from 433 to 34 minutes in the
presence of supported single atom catalyst under UV irradia-
tion. The catalyst was consecutively used for five cycles and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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showed excellent stability with a little reduction in activity after
the fifth cycle. The catalyst's structural stability after five cycles
was also depicted by XRD patterns which were not changed after
reuse. Thus, Cu-g-C;N, can be used as a cost-effective, stable,
and highly active catalyst for the removal of pollutants like
organic dyes from contaminated industrial effluents.
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