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Abstract: The presence of various organic pollutants in surface and ground waters has raised serious
environmental threats across the world. In the present work, the solvothermal process was applied
to prepare a ternary composite of barium defect-modified graphitic carbon nitride (DM g. C3Ny)
decorated with silver and titanium oxide for the photocatalytic removal of dyes and pesticides in
visible light. Methylene blue (MB) and glyphosate were targeted pollutants. Enhanced structural
defects in the carbon nitride framework were reported and characterized by using FTIR, SEM, EDS,
XRD, and UV /Visible spectroscopy. Various analytical techniques confirmed the proficient coating of
titanium oxide and silver on the surface of DM g. C3Nj. The photocatalytic efficiency of synthesized
materials for the degradation of persistent organic pollutants and various parameters such as the
effect of pH, catalytic dosage, the concentration of pollutant, reusability of the catalyst, etc., were
estimated by using UV /Visible spectroscopy. Batch experiments were performed to estimate the
degradation efficiency and other parameters by using an absorption study. A scavenger analysis
confirmed hydroxyl radicals as the main reactive species for the degradation of various pollutants.
The results confirm that the ternary composite of barium DM g. C3N,4 showed an increased response
in the visible region, greater stability, and excellent photocatalytic efficiency toward the degradation
of the organic compounds. The results confirm that the maximum degradation of the said organic
pollutants occurs in 105 min.

Keywords: defect-modified graphitic carbon nitride; glyphosate; methylene blue; photocatalytic degradation

1. Introduction

Pure and clean water is not just a fundamental need for humans, but for all living
organisms. Countless deaths among species are reported regularly as a result of diseases
caused by contaminated water [1]. One of the most threatening problems of our ecosystem
is waste materials that cause water pollution. With the growing needs of humanity, indus-
trialization is increasing day by day. As a result, the concentration of toxic contaminants is
rapidly growing in the air, land, and water [2]. Most organic and inorganic effluents pose
a serious threat to our ecosystem through the contamination of water. Pesticides, dyes,
plastics, pharmaceuticals, and personal care products are the most common sources of
water contamination. Industrial and domestic waste is mainly discharged into the water
reservoirs without pretreatment [3].

Dyes play a vital role in human life because they are used in various fields as coloring
agents. Although dyes are essential to our lives, they also pose significant threats to aquatic
life because they are one of the main causes of water contamination [4]. When these
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dyes enter biological systems, they are converted into toxic carcinogens through microbial
degradation. Azo dyes contain the R-N=N-R group and they are considered an almost
non-degradable class of compounds. They are widely applied as coloring agents in various
industries like textile, food, leather, and pharmaceutical products [5].

Methylene blue (MB) is a versatile aromatic compound applied in various fields. The
German chemist Heinrich Caro manufactured methylene blue for the first time. Since then,
it has been abundantly used in medical facilities, various chemicals, the pharmaceutical
industry, the textile and leather industry, etc. MB is the first ever synthetic compound to be
applied as an antiseptic in clinical therapy. It is also used as a redox indicator. The global
market value of MB dye was estimated to be more than USD six million in 2020. It is further
anticipated to reach USD nine million at the end of 2025 [6].

Another class of organic compounds that cause hazardous effects on aquatic life are
pesticides that are applied to prevent pests, insects, and unwanted plants from destroying
crops [7]. Glyphosate is a white crystalline solid herbicide from the organophosphate group.
The importance of glyphosate as an herbicide was discovered by John E. Franz in 1970.
Monsanto used it in agriculture for the first time in 1974. Since then, it has become the
most widely used pesticide in the world as a weed killer, especially for broad-leaf weeds.
In the last decade, more than two billion tons of glyphosate was used worldwide. As
glyphosate and its formulations are widely applied in the world, there is an increasing
concern about its adverse effect on the environment, aquatic life, and human beings [8].
According to a report, only 3-5% of applied pesticides reach their actual target, and the
remaining portion of them leaches to the water sources, causing threats to aquatic life [9].
These waste effluents should be treated properly before releasing them into water resources.
Although legislation for protecting the environment is present worldwide, the lack of strict
implementation of laws in developing and poor countries is a major problem. Moreover,
many effluents are not removed or they are degraded via simple conventional methods of
remediation [10].

Considering the hazardous effects of persistent organic effluents on the ecosystem, it is
important to find efficient methods for the removal of these pollutants. Several conventional
methods like physical absorption, treatment via chemical methods, and biological ways of
remediation, are applied for the treatment of different pollutants. These traditional methods
are based on filtration, chemical oxidation, filtration through membrane, crystallization,
sedimentation, etc. These conventional methods show certain limits due to less removal
efficiency and a higher cost [11]. Considering the limitations of conventional methods, it
is necessary to design such proactive methods that may provide excellent results for the
degradation of persistent effluents into simple and environmentally friendly by-products
such as water, carbon dioxide, etc. [12].

Nanotechnology is widely applied in various fields, as nanoparticles’” mechanical,
electrical, and optical properties can easily be controlled by a large surface area, composition,
and symmetry [13]. The nanoparticles’ required functional properties and morphology can
be achieved via controlled synthesis [14]. Various nanoparticles are applied for remediation
purposes because they are highly efficient absorbents due to their good reactivity and
high mobility in solutions, and their active surface area increases with the decreasing
particle size [15]. These nanomaterials include various nitrides, sulfides, oxides, nitrates,
aluminates, ferrites, etc., and their composites with various other metals and nonmetals.

In recent times, environmental remediation has widely regarded photocatalysis as a
promising and effective method. This method is particularly applied to the degradation of
persistent organic pollutants such as dyes, pesticides, pharmaceutical waste, personal care
products waste, etc. [16]. Photocatalysis is favored over other remediation techniques be-
cause it is inexpensive, powerful, eco-friendly, easy to manipulate with different operational
parameters, and can completely mineralize hazardous pollutants [17]. During photocataly-
sis, organic pollutants are transformed into simple minerals, carbon dioxide, water, etc. [18].
Currently, semiconductor nanomaterials are widely used for the photodegradation of or-
ganic pollutants. Photocatalysis involves the absorption of photons to activate materials.
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The particle size and morphology of the synthesized material play important roles in
controlling and modifying the properties required for a specific application [19].

Recently, polymeric graphitic carbon nitride (g. C3Njy) has attracted considerable
attention due to its eco-friendly nature and lower cost. Additionally, it is metal-free and has
a large surface area that is beneficial for more reactive sites. Carbon nitride nanoparticles
can be applied in a variety of areas, such as environmental remediation, energy storage,
production, etc. [20]. However, certain limitations and challenges are associated with using
pure carbon nitride for environmental remediation. These challenges include a higher
recombination rate, the inefficiency of the material to work in the visible region, and the
smaller surface area. The desired properties of pristine g. C3Ny can be improved by
tailoring and modifying the material. Introducing barium defects to g. C3N4 may improve
the surface area, resulting in a greater photocatalytic efficiency [21]. The introduction
of barium defects also decreases the recombination process of electrons and holes. The
modification of g. C3N4 may be carried out by introducing barium or calcium carbonates
and nitrates [22]. Modifications in the electronic framework and band gap of pristine
or modified graphitic carbon nitride can be obtained by doping with different metals,
nonmetals, or metal oxides. Most transition metals are widely used for this purpose, while
halogens, nitrogen oxygen, sulfur, phosphorus, etc., are nonmetals that are generally used
for modification purposes.

Titanium oxide is an efficient metal oxide for degradation because of its low cost,
better efficiency, and eco-friendly nature, while because of the wide band gap and the lower
efficiency in the visible region, the use of bare titanium oxide is limited. The composite
containing titanium oxide with defect-modified carbon nitride can dramatically increase
the degradation efficiency, increase the response of the visible region, and decrease the
recombination of holes and electrons [23].

The introduction of transition metals like silver in this binary composite may further
improve the surface area. In addition, the introduction of metal may also increase the
electron mobility and the conductivity of the material. A decreased recombination rate and
larger surface area are obtained by the heterojunction of g. C3N4 These properties predict a
higher degradation efficiency of persistent organic compounds. The doping of g. C3Ny with
metal or metal oxide promotes a fast charge transfer, greater degradation efficiency, better
surface area, interfacial properties, and greater material stability. Thus, by realizing this
fact, it is possible to apply the preparation of ultrafine carbon nitride composite decorated
with metal or metal oxide for the effective removal of organic pollutants [24].

In our study, barium defect-modified carbon nitride (DM g. C3Ny) is decorated with
Ag and TiO;. The synthesized ternary composite produced excellent results for the catalytic
degradation of dyes and pesticides.

2. Results and Discussion
2.1. Structural Analysis

The FTIR results for the various prepared materials are shown in Figure 1. Various
absorption peaks in the range from 500 cm~! to 2000 cm~! were found for g. C3Nj. A peak
at 800 cm~! was associated with bending vibrations of the heptazine ring of g. C3Ny. Peaks
in the range of 1240 cm ! to 1650 cm ! were assigned to the stretching vibrations occurring
in the heterocycle of CN. The bands observed around 3700-3800 cm ! were assigned to the
stretching vibrations of the terminal NH; or NH groups and to the absorbed water that
was present on the defects’ site of the aromatic ring. It was noted that the specific peak of g.
C3Ny was persistent in all the synthesized materials. These persistent peaks confirmed that
no major changes in the structural framework of the carbon nitride occurred when silver
and titanium oxide were deposited on the carbon nitride.
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Figure 1. FTIR of g. C3Ny, DM g. C3Ny4, DM g. C3Ny-Ag, and DM g. C3N4-Ag-TiO,.

2.2. XRD

The XRD results for the synthesized nanoparticles are shown in Figure 2. The phase
structures of the synthesized materials determined via XRD confirmed a distinct peak at
27.4° for pristine g. C3Ny. This peak was indexed as (002). The peak of g. C3N4 was found
to be persistent in all the prepared materials. The presence of the characteristic peak of
g. C3Ny in all samples confirmed that the structure of the base material remained intact
after modification. The intensity of the g. C3Ny peak became smaller in the silver-decorated
carbon nitride and was further decreased by introducing silver and titanium oxide. The
well crystalline anatase phase of titanium oxide was found with characteristic peaks at
25°,54°, and 64°. The characteristic peaks of titanium oxide were indexed as (101), (211),
and (220), respectively. The face-centered cubic silver showed characteristic peaks at 38°,
44°,48°, and 77°. Peaks of silver were indexed as (111), (200), (220), and (311), respectively.
These results confirm the efficient packing of Ag and TiO; on the surface of DM g. C3Njy.
The average particle sizes (nanometer) of g. C3Ny, DM g. C3Ny, DM g. C3Ny-Ag, and DM
g. C3Ny-Ag-TiO; calculated using the Debye—Scherrer formula were 25.12, 27.3, 44.12, and
25.12, respectively.

DM g. C3N,4-Ag-TiO,

El e 1
¢ c
~ DM g. C3Ny4-Ag
=y @
]
2
£
@
g.C3Ng4 @
9. CaNg TiOg #
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Figure 2. XRD of g. C3Ny, DM g. C3Ny, DM g. C3Ny-Ag, and DM g. C3Ny-Ag-TiO,.

2.3. Morphological Analysis

The SEM images of pristine g. C3Ny, DM g. C3Ny, DM g. C3N4-Ag, and DM g. C3Ny-
Ag-TiO; are presented in Figure 3a-h, respectively. These results confirm the template
formation by tiny nanodots on the surface of g. C3Ny. The barium defect-modified graphitic
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carbon nitride indicated two-dimensional lamellar structures that have layers and pleats.
The slightly porous and sponge-like structure of the nanoparticles predicted a network
structure with enhanced catalytic properties. The structural layers of the graphitic carbon
nitride started to decrease with the addition of silver and titanium oxide. This decrease
was also confirmed by the XRD analysis, where the intensity of the peaks of the g. C3Ny
decreased with the introduction of silver and titanium oxide. The DM g. C3N4-Ag and
DM g. C3Ny-TiOy-Ag did not show a significant presence of silver nanoparticles. This
confirms the uniform and single-path growth of nano-sized silver nanoparticles on the
surface of g. C3Ny. The ternary composite DM g. C3Ny4-TiO,-Ag indicated two-dimensional
hierarchical structures as a template of the composite. The presence of uniform plate-like
structures with pores and tube-like structures confirmed the successful synthesis of the
ternary composite [25].

Figure 3. Cont.
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Figure 3. SEM images of (a,b) g. C3Ny, (c,d) DM g. C3Ny, (e,f) DM g. C3Ny-Ag, (g,h) DM
8- C3N4-Ag-TiOZ.

2.4. Energy Dispersive X-ray Spectroscopy (EDS) Analysis

The EDS spectrum of the ternary composite is shown in Figure 4. This confirms the
presence of carbon, nitrogen, oxygen, silver, titanium, and barium with atomic percentages
of 27.45,0.43, 36.89, 21.60, 21.37, and 3.62, respectively. The presence of noticeable peaks of
the required elements in the EDS spectrum of the composite confirmed the efficient coating
of titanium oxide and silver on the surface of barium defect-modified graphitic carbon
nitride.

Formula Mass% Atomic% Sigma Net Kratio Line
c 1622 2745  0.03 16824 000367 K
N 029 043 008 411 000121 K
0 36,80 4688 0.3 49778 0.049%6 K
Ag 2160 1564 007 285419 008585 K
Count C
it Ti 2137 907  0.07 164982 010250 K
X1 x10° Ba 362 054 011 18934 001665 L
Total 100 100
0 O
Ti
N Ti
Ag Ag
CBa

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00

Figure 4. EDS spectrum of DM g. C3Ny-Ag-TiO,.

2.5. Optical Properties of Synthesized Nanoparticles

Characteristic peaks were observed in the visible region for all the synthesized mate-
rials. Pure g. C3N,4 showed an absorption peak at a 420 nm wavelength. A considerable
redshift was observed when silver and titanium oxide were introduced to the base material.
The enhanced rate of formation of electron and hole pairs at the surface of the photocatalyst
was considered to be the major reason for the redshift. The transfer rate of electrons at
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the interface also increased with the introduction of silver and titanium oxide, resulting
in absorption at a higher wavelength. The Kubelka-Munk function was applied for the
determination of the band gap of the synthesized materials [26].

(ahv)? = A (hv — Ey) 1)

Here, « is the absorption coefficient, v is the light frequency, A is the proportionality
constant, Eg is the band gap energy, and £ is Planck’s constant.

A graph was plotted by taking /v on the X-axis and (#hv)? on the Y-axis for the deter-
mination of the energy band gap. The band gap values were calculated by extrapolating
the trending line on the X-axis [26]. The Kubelka-Munk functions for the band gap deter-
mination of the various synthesized nanomaterials are shown in Figure 5a—-d. By using the
Kubelka-Munk function, the calculated band gap values for g. C3N4, DM g. C3Ny4, DM g.
C3Ny-Ag, and DM g. C3Ny-Ag-TiO, were 2.72, 2.39, 2.31, and 2.23, respectively.

£} o El
g z s
3 ) 3
g g
£ £
8 8 1.8 20 22 24 26 28 3.0 3.2
S r : : : . . . o hv (ev)
< 18 20 22 24 26 28 30 32 <
hv (ev)
T T T T T T T T T T T T
400 450 500 550 600 650 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
(a) (b)
5 5 3 N
s E s
8 8
g g 16 18 20 22 24 26 28 30 32
e .e hv (ev)
<] o
3 16 18 20 22 24 26 28 30 32 g
< hy (ev) <
T T T T T T T T T T T T T T
400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
(9 (d)

Figure 5. UV /Vis spectrum of nanoparticles and Kubelka-Munk function for BG (inset) (a) g. C3Ny,
(b) DM - C3N4, (C) DM 8- C3N4-Ag, (d) DM 8- C3N4-Ag-Ti02.

2.6. Photoluminescence (PL) Spectroscopy

The stability of the nanoparticles depends upon the stability of the generated electrons
and holes, which plays a very vital role in the catalytic performance of the prepared
materials. A lower recombination rate of electrons and holes provides a lesser intensity
of the PL spectrum, confirming the stability of the prepared material. Various prepared
materials were subjected to PL. The results provide a strong PL emission spectrum of
around 460 nm for g. C3Ny. The strong peak for g. C3Ny indicates that the photogenerated
electrons and holes combined immediately. The DM g. C3N4, DM g. C3Ny4-Ag, and DM g.
C3Ny-Ag-TiO; also show a PL emission peak at around 460 nm. The PL spectrum shows
the least emission peak for the DM g. C3Ny-Ag-TiO;. A decrease in the peak intensity
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indicates a decrease in the recombination rate of the holes and electrons (Figure 6). With the
increase in the life of the excited electrons and holes, the stability of the material increases,
and the catalytic performance increases. The increase in the photocatalytic activity is also
validated by the increase in the degradation efficiency of MB and glyphosate using DM g.
C3N4-Ag-TiOZ.

g.C3Ny

- DM g. C3Nyg

— DM g. C3Nyg- Ag
—— DM g. C3Ny4- Ag-TiO,

Intensity ( a.u)

400 500 600 700 800
Wavelength ( nm)

Figure 6. Photoluminescence spectrum of g. C3Ng4, DM g. C3N4, DM g. C3Ny-Ag, DM g. C3Ny-Ag-
TiO,.

2.7. Photodegradation of MB and Glyphosate

Various synthesized materials were investigated for the photocatalytic removal of
targeted pollutants under visible light to evaluate the photocatalytic performance. The
results reveal that after 24 h (1440 min) of photolytic degradation, MB and glyphosate
only degraded by 5% and 6%, respectively. However, in the presence of photocatalysts
(g- C3N4, DM g. C3Ny, DM g. C3Ny-Ag, DM g. C3Ny-Ag-TiO,), MB and glyphosate took
only 105 min and caused a higher degradation. The maximum degradation of 96% was
achieved by using DM g. C3Ny4-Ag-TiO,. This confirms that the major degradation of
pollutants was due to photocatalytic materials [27]. With time, the absorbance value for
MB and glyphosate decreased, indicating a decrease in the concentration of pollutants [28].
The photocatalytic degradation results of methylene blue and glyphosate by using various
synthesized nanoparticles are shown in Figure 7a—j. The degradation results for MB and
glyphosate by using synthesized materials are listed in Table 1.

Table 1. The photocatalytic efficiency of various nanoparticles for the degradation of MB and

glyphosate.
Time MB Degradation Glyphosate Degradation
Photocatalyst (min) (%) (%)
Photolytic 1440 5 6
g. C3Ny 105 57 47
DM g. C3Ny 105 66 58
DM g. C3Ny-Ag 105 78 78

DM g. C3N;-Ag-TiO, 105 98 96
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Figure 7. (a) Photolytic degradation of MB. (b—e) Photocatalytic degradation of MB by g. C3Ny,
DM g. C3Ny, DM g. C3Ny-Ag, and DM g. C3N4-Ag-TiO;. (f) Photolytic degradation of glyphosate.
(g-j) Photocatalytic degradation of glyphosate by g. C3N4, DM g. C3Ng4, DM g. C3Ny4-Ag, and DM g.
C3N4-Ag-Ti02.

2.8. Scavenger Analysis for Reactive Species and Possible Photocatalytic Mechanism

In the scavenger analysis, the hydroxyl radicals were trapped by isopropyl alcohol
(IPA), while the superoxide and holes were trapped by benzoquinone and Nay-EDTA, re-
spectively. These scavengers were added for trapping reactive species, while the remaining
experimental conditions for the photocatalytic degradation of pollutants remained the
same. A fixed concentration (2 mM) of scavenger was added with DM g. C3N4-Ag-TiO,
in the pollutant solution, and the absorption spectrum was recorded using a UV /Visible
spectrophotometer. As indicated in Figure 8a,b, with the addition of IPA and Nay-EDTA, a
significant drop in the degradation efficiency after 105 min was recorded, which confirms
the major role of hydroxyl radicals and holes in the degradation process. The hydroxyl rad-
icals were trapped by the addition of IPA, hence becoming unavailable for the degradation
of pollutants. Similarly, the results confirm that the addition of Nay-EDTA also trapped
holes and reduced the generation of hydroxyl radicals. The addition of benzoquinone
indicated less effect on the degradation of pollutants. The scavenger analysis confirmed
that the photodegradation of dyes and pesticides is mainly due to hydroxyl radicals.

1 No scavenger
100 - 96%

80
Na,-EDTA

Na,-EDTA
59%

60 56%

IPA

Glyphosate degradation (%)

Effect of scavengers on degradation of glyphosate

Figure 8. Effect of various scavengers on (a) MB and (b) glyphosate degradation using DM g.
C3Ny4-Ag-TiO; after 105 min.
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The photocatalytic process can be initiated by shifting electrons from the valence
band (VB) to the empty conduction band (CB). This excitation occurs when the amount of
energy absorbed by the photon is more than the band gap energy of the material. When an
excited electron reaches the conduction band, a vacancy called a hole is produced in the
valence band. In this way, holes and electrons are produced simultaneously. Electrons and
holes produced by the excitation process are used for the production of hydroxyl radicals,
which are primarily applied in the degradation of persistent organic pollutants into simple
products, mostly carbon dioxide and water [29]. The possible photocatalytic degradation
mechanism is illustrated in Figure 9.

DM g. C3Ny;—Ag — TiOy + ho — e~ +h' ()
O; +e” — O, 3)

h* +H,0 — H" + OH* 4)

2h" 4+ 2H,0 — 2H" + H,0, 5)

H0, produces hydroxyl radicals and ¢O,

H,O, — 20H* 6)
H,0, + e~ — OH™ + OH* @)
OH™ +h* — OH® ®)
eO, + H" — eHO; 9)

oHO,; produces H,O,, which further produces hydroxyl radicals
H" + 002_ + eHO,; — Oy + Hy0O, (10)

These hydroxyl radicals degrade persistent organic pollutants into less hazardous
products, mainly carbon dioxide, water, mineral acids, etc.

oOH + MB/Glyphosate — Degradation products(mainly CO, and H,O)  (11)

) @ j
Degradation' — j _ 00 0O

Products ' O ’02 @ Glyphosate ()
MB @
O O
ExC|tat|onof @ @
electrons ([ ] ...
/\&’///\ + h* h* i OH. l
Pollutant h 4
i .
BG: Band Gap H0
Mago CB: Conduction Band it
particles ’ Degradation

Ly VB: Valence Band Products

MB: Methylene Blue

Figure 9. The possible photocatalytic mechanism for the degradation of pollutants by nanoparticles.
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2.9. Evaluation of Different Parameters for Pollutant Degradation
2.9.1. Catalytic Dosage

It is important to find the optimum amount of synthesized material to degrade a
specific concentration of organic pollutants. The photocatalytic efficiency of DM g. C3Ny-
Ag-TiO; for glyphosate and MB degradation was evaluated by varying concentrations
of prepared materials, as shown in Figure 10a [30]. For degradation purposes, the con-
centration of DM g. C3N4-Ag-TiO, was varied from 10 mg L~ to 200 mg L™}, and the
degradation of MB and glyphosate was studied for 105 min. By increasing the concentra-
tion of the photocatalyst from 10 mg L~! to 100 mg L=, the MB degradation efficiency
increased from 56% to 97%. The glyphosate degradation also increased from 51% to 95%
when the catalyst amount was increased from 10 mg L~! to 200 mg L™!. An increase in
the degradation efficiency with an increasing amount of photocatalysts was attributed to
the increasing number of produced hydroxyl radicals. When the dosage of the catalyst
was further increased from 100 mg L™}, the degradation efficiency of glyphosate and MB
started to decrease. A decrease in the degradation efficiency with an increasing catalyst
dosage could be due to turbidity. Moreover, with the increasing amount of catalysts, the
efficiency of active sites producing free radicals decreased due to a decrease in the light
absorption [31].
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Figure 10. (a) DM g. C3N4-Ag-TiO, dosage effect on degradation efficiency of MB and glyphosate
after 105 min. (b) MB and glyphosate concentration effect on degradation efficiency using DM
g. C3N4-Ag-TiO, after 105 min. (c) pH effect on degradation of MB and glyphosate using DM g.
C3Ny4-Ag-TiO; after 105 min.
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2.9.2. Pollutant Concentration

The concentration of pollutants plays a vital role in determining the degradation
efficiency of photocatalysts. The degradation efficiency was estimated by varying con-
centrations of MB and glyphosate from 10 mg L~ to 100 mg L~!. The MB degradation
efficiency using DM g. C3Ny4-Ag-TiO, decreased from 98% to 35%, and the glyphosate
degradation efficiency decreased from 94% to 41% with the increasing pollutant concentra-
tion at an optimum time of 105 min. The degradation efficiency for both MB and glyphosate
indicated a decreasing trend with the increasing concentration of pollutants, as shown
in Figure 10b. The absorption and intensity of light reaching the active sites of the sur-
face decreased with the increasing pollutant concentration, leading to a decrease in the
degradation efficiency, as reported in the literature [32].

2.9.3. pH Effect

The pH value varies in different water reservoirs and greatly affects the degradation
efficiency of materials. The pH was varied from 2.0 to 12, and the degradation of MB
and glyphosate was estimated for DM g. C3Ny-Ag-TiO; at 105 min (Figure 10c). The
MB degradation efficiency increased from 80% to 95% by varying the pH from 2.0 to 12.
The degradation graph showed that the degradation of MB slightly increased with the
increasing pH. The glyphosate degradation efficiency increased in both the acidic and basic
mediums. When irradiated with light, the synthesized materials were excited to produce
holes and electrons. These electrons and holes produced hydroxyl radicals used for the
degradation of pollutants. In acidic conditions, the degradation of glyphosate is favored
for Equations (4) and (5) (mentioned above). In basic conditions, the degradation process
is favored for Equations (7) and (8) (mentioned above) [33]. In an acidic medium, the
degradation is slightly higher compared to a basic medium. In the acidic medium, the
maximum degradation efficiency of the photocatalyst for glyphosate was 92%, while in the
basic medium, the maximum degradation efficiency of the catalyst for glyphosate was 84%.

2.10. Kinetic Study

A kinetic study of the photocatalytic process was performed by using the Langmuir—
Hinshelwood model. The equilibrium absorption process was applied to study the degra-
dation of persistent organic pollutants. The pseudo-first-order kinetics was investigated
because the concentration of photocatalysts remains unchanged, while the concentration
of pollutants decreases with time. A simplified form of Langmuir’s expression for the
pseudo-first-order can be given as follows:

Ln (Cy — C) = Ln (Co) — kt (12)

In this equation, the initial concentration is Cy, while C indicates the concentration at
any time, while k shows the rate constant for the pseudo-first-order reaction. The normal-
ized concentration curves for MB and glyphosate degradation are shown in Figure 11a,b.
(A), (B), (©), (D), and (E) in Figure 11a,b represent the photolytic, pure g. C3Ny, DM g.
C3Ny, DM g. C3Ny decorated with silver, and the ternary composite of DM g. C3Ny
decorated with Ag and TiO,, respectively. The rate of oxidation or reduction of organic
pollutants into simpler products depends upon the rate constant of the reaction [34]. The
kinetics for the degradation of organic pollutants was studied for a time of 0-105 min. The
values of the rate constant obtained by the slope for the different synthesized materials are
listed in Table 2. The slope indicates that the rate constant for MB photodegradation was
0.03731 min~! for DM g. C3N4-Ag-TiO; and 0.00006246 min~! for the simple photolytic
degradation of MB. The rate of photodegradation of MB using DM g. C3N4-Ag-TiO,
was 597 times greater than the photolytic degradation. The half-life determined for the
composite DM g. C3Ny-Ag-TiO; was 18.72 min, while without using the catalyst, the
half-life was 1117.74 min. The rate constant for the photodegradation of glyphosate using
DM g. C3N4-Ag-TiO, was 0.00006486 min~!, while the rate constant for the photolytic
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degradation of glyphosate was 0.01589 min~!. These results confirm that the photocatalysis
followed pseudo-first-order kinetics for the degradation of organic pollutants into less
hazardous products.

Table 2. Rate constant and half-life for degradation of MB and glyphosate by various nanoparticles
and particle size obtained via XRD.

Sr. No. Targeted Pollutant Photocatalyst Rate Constant (min—1) Half-Life (min)
1 MB Photolytic 0.00006246 11,095
2 MB g. C3Ny 0.00942 73.56
3 MB DM g. C3Ny 0.01213 57.13
4 MB DM g. C3Ny-Ag 0.01753 39.53
5 MB DM g. C3Ny-Ag-TiO, 0.03731 18.57
6 Glyphosate Photolytic 0.00006411 10,809
7 Glyphosate g. C3Ny 0.00446 155.38
8 Glyphosate DM g. C3Ny 0.00667 103.89
9 Glyphosate DM g. C3Ny4-Ag 0.00906 76.49
10 Glyphosate DM g. C3Ny-Ag-TiO, 0.01589 43.61

1.0 1 1.0
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Figure 11. Normalized concentration curves for (a) MB degradation and (b) glyphosate degradation;
A (photolytic), B (g. C3Ny), C (DM g. C3Ny), D (DM g. C3Ny-Ag), E (DM g. C3Ny-Ag-TiOy).

2.11. Reusability/Stability of Catalysts

The stability of the prepared materials plays a vital role in their practical and long-time
usage. The stability of DM g. C3N4-Ag-TiO, was studied by reusing the photocatalyst for
the degradation of MB and glyphosate 10 times, and the results are shown in Figure 12.
Every cycle of photocatalytic degradation of MB and glyphosate was studied for 105 min.
After each degradation, the nanoparticles were recovered through centrifugation, washed
with deionized water, and dried to use again. After ten cycles, the MB degradation
efficiency slightly decreased from 97% to 80%, while the glyphosate degradation efficiency
decreased from 96% to 79%. Reusing the photocatalysts for glyphosate and MB degradation
multiple times confirmed that the surfaces of the catalysts mainly remained intact and
stable with a slight decrease in the degradation efficiency. The XRD of DM g. C3Ny-Ag-TiO,
after 10 cycles of degradation of MB confirmed the presence of all the major peaks of the
material, confirming the stability of the material (Figure 13). Moreover, the pollutant was
not absorbed permanently on the surface of the synthesized material. The nanoparticles
were easily separated from the pollutant via centrifugation. A decrease in the efficiency
with the successive usage of the photocatalysts was thought to be due to the blockage of
some active sites present on the surfaces of the photocatalysts [35].
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Figure 13. XRD of DM g. C3N4-Ag-TiO; (X) before degradation and (Y) after degradation of MB for
10 cycles.

2.12. Comparative Study between Various Nanoparticles for MB and Glyphosate Degradation

The use of various nanomaterials for the photocatalytic removal of glyphosate and
MB was reported. A comparative analysis between the quantum yield (QY) and space-
time yield (STY) (calculated by using Equations (13) and (14)) for the current study and
previously reported materials was performed for MB and glyphosate removal (Table 3). The
STY predicts the amount of pollutant degraded by the specific weight of the nanoparticles.

QY = No.of molecules decayed s~*/No.of photons s~ (13)

STY = QY/photocatalyst mass (mg) (14)

In the current study, a ternary composite of carbon nitride with silver and titanium
oxide was investigated. A comparison was made between the current study and previously
reported nanoparticles of silver, titanium oxide, and carbon nitride for the photocatalytic
removal of glyphosate and MB.
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Table 3. Comparison of degradation efficiency and quantum yield of current material with previously reported carbon nitride, silver, and titanium oxide materials.

Lam Pollutant Removal Quantum
Targeted Light Catalyst Reaction P . .. Yield Space-Time
Absorbent - . Power Concentration Efficiency . Reference
Pollutants Source Dosage (g) Time (min) 1 o Molecule Yield
(W) g L (%) Ph -1
oton
Ag-ZnO MB uv 0.3 60 6 0.01 87.74 1.1 x 1076 3.8 x 1078 [36]
Ag-TiO, MB uv 1 120 15 0.057 80.33 1.6 x 1075 1.6 x 1078 [32]
CaO-loaded 3D g. C3Ny MB uv 0.2 15 20 0.01 99 1.8 x 1075 9.3 x 1078 [32]
Metal-free g. C3Ny MB Visible 0.1 180 80 0.01 81 53 x 1077 5.3 x 107 [37]
DM g. C3N4-Ag-TiO, MB Visible 0.1 105 40 0.1 98 57 x 1076 57 x 1078 C;ﬁ;‘t
Boron-doped diamond/Tio; Glyphosate Uuv 0.2 300 9 0.05 95.2 7.9 x 107° 4.0 x 1077 [38]
Cyclodextrin - - _5
MoS,-g. C3Ny Glyphosate Visible 0.2 180 300 0.9 79 49 x10 24 x 10 [39]
B-CD/g. C3N4-MoS, Glyphosate Visible 0.2 180 300 9 80 1.2 x 1074 5.9 x 107° [40]
BiVO4-g. C3Ny Glyphosate Visible .08 150 125 0.1 69 8.3 x 107° 1.0 x 1077 [41]
DM g. C3Ny-Ag-TiO, Glyphosate Visible 0.1 105 40 0.1 97 28 x10°5 2.8 x 1077 Current

study
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3. Experimental Procedure
3.1. Materials

Analytical-grade methylene blue (99%), glyphosate (96%), barium carbonate (99.99%),
thiourea (99%), DMF (99.8%), silver nitrate (99%), titanium isopropoxide (97%), and ethy-
lene glycol (99.8%) were obtained from Merck (Darmstadt, Germany). All the precur-
sors and chemicals were applied without any treatment. Hydrochloric acid (percentage
36.5-38%) obtained from Merck was used for washing purposes.

3.2. Synthesis of Pristine and Barium Defect-Modified g. C3Ny

Pure g. C3N4 was synthesized by using thiourea precursor. Typically, a 5 g thiourea
is put in a vacuum desiccator for 24 h to ensure the purity of the precursor. This purified
precursor was taken in the crucible and calcinated in a furnace at 610 °C for 2 h to obtain g.
C3Ny. The DM g. C3Ny4 was prepared by using barium carbonate and thiourea precursor in
a 1:4 ratio. For homogenous mixing, both precursors were poured into 10 mL of deionized
water (DI) and sonicated for an hour. Then, overnight drying of the mixture in the oven was
performed at 70 °C. Calcination of material was performed in a furnace for 2 h at 610 °C.
The product obtained was washed with hydrochloric acid and water three times [42].

3.3. Synthesis of DM g. C3Ny4 Decorated with Ag and TiO,

A total of 10 mg DM g. C3Ny was dried overnight in a vacuum desiccator for purifica-
tion purposes. A total of 30 mL dimethylformamide (DMF) was added to it, and sonication
was performed for 1 h at 30 °C. Then, 100 mg silver nitrate and 10 mL ethylene glycol
were added to it, followed by sonication and stirring to homogenize the mixture. After the
addition of 1.3 mL of titanium isopropoxide, the mixture was transferred to an autoclave.
Then, the autoclave was kept in the heating oven at 185 °C for 24 h. Washing of greyish
products was performed by using ethanol and deionized water [43,44].

3.4. Characterization of Photocatalysts

Functional elucidation of various synthesized materials was performed using SHIMADZU-
IR PRESTIGE-2 spectrophotometer (Kyoto, Tapan). Samples were excited by using a pulsed
laser at 10 Hz. Fast detection was performed using a fast MCT detector containing mercury,
cadmium, and a telluride detector, which helped to obtain the resolution at a time of up to
2.5 nanoseconds. Signal-to-noise ratio was improved by performing all the measurements
under vacuum conditions. An amount of 2 mg of sample in 200 mg KBr was pressed to a
KBr pallet to record the spectrum [45]. X-ray diffraction was used for phase determination of
the synthesized materials. Powdered XRD of the materials using D 8 diffractometer (Bruker,
Germany) equipped with Cu Karadiation (o= 15418 A) provided information about the
structure and nature of the crystals, while the phase of the polycrystalline materials and lattice
parameters were also investigated via XRD. Lattice parameters were calculated by using the

following formula.
a=dn* + 12+ 17)!/? (15)

In Equation (15) “a” indicates the length of the unit cell, “d” is the lattice plane distance,
and h2, k2, and 2 represent miller indices.
The average particle size of prepared materials was calculated using the Debye-
Scherrer formula.
D =kA/B Cosb (16)

“D” indicates particle size, “K” is Scherrer constant, A is the wavelength of the X-ray,
and B shows the full width at half maximum of the diffraction peak in Equation (16).

The morphology of the prepared materials was confirmed using SEM analysis. JEOL
EDS system (Tokyo, Japan) was used to study the number of elements and their atomic
percentage in the composite. The optical properties of the base material and other pre-
pared materials were estimated by using a Shimadzu-1800 UV /Visible spectrophotometer
(Kyoto, Tapan). Photocatalytic degradation of organic pollutants occurs due to different
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active species. These species mainly involve hydroxyl radicals, free electrons, holes, and
superoxide radicals. Trapping experiments by using different scavengers were performed
to study the role of active species in the photodegradation process. Scavenger analysis
helped in finding the possible mechanism for the photocatalytic degradation of pollutants.

3.5. Degradation Study and Optimization of Various Experimental Conditions

A Philips 40-watt visible light bulb (Amsterdam, the Netherlands) was used as a
solar light irradiation source to carry out the degradation study of the pollutants via
nanoparticles in a photoreactor. The absorption efficiency of prepared nanoparticles for
the degradation of pollutants was evaluated by recording the UV /Visible spectrum of the
liquid samples. For each calculation, an appropriate amount of synthesized material was
put in an aqueous solution of dye or pesticide. The sample was stirred in the dark for
30 min to obtain equilibrium. After homogenization was achieved, Cy was calculated by
drawing a 15 mL sample and recording UV /Visible absorption spectra. Then, the sample
was irradiated with a light source while keeping the stirring on. After every 15 min, a
sample was drawn and centrifuged, and the absorption spectrum was recorded by using
the same procedure. Results confirm that complete degradation of MB and glyphosate was
achieved in 105 min. For comparison, simple photolytic degradation spectra of MB and
glyphosate were also recorded without the addition of a catalyst. UV /Visible degradation
spectra for MB and glyphosate were recorded for simple carbon nitride, defect-modified
graphitic carbon nitride, silver-decorated defect-modified carbon nitride, and the ternary
composite of silver and titanium oxide with defect-modified carbon nitride. Degradation
efficiency was estimated by using the following equation [46].

Co—C
0

% Degradation of pollutant = x 100 (17)

Cp is UV /Vis absorption value of the sample before light irradiation. C is the value
of absorption at any given time. Absorption values were calculated by using lambda max
(Amax) 664 nm and 260 nm for MB and glyphosate, respectively. Different parameters such
as the pH effect, catalyst dose effect, the concentration of pollutants, stability of the catalyst,
etc., were studied and optimized by using an absorption study [47]. The stability of the
synthesized nanocomposite was performed via regeneration study. A kinetic study was
performed by applying the Langmuir-Hinshelwood model.

4. Conclusions

Carbon nitride is considered an important base material for efficient photocatalytic
activity. In our work, barium defect-modified carbon nitride was used as the base material.
The ternary composite was prepared by decorating the base material with silver and titanium
oxide. The prepared composite showed excellent efficiency in the removal of glyphosate and
MB from water. A series of structural characterizations were applied to confirm the efficient
synthesis of the composite and other photocatalysts. The photocatalytic degradation results
were obtained by taking the UV /Visible absorption spectra. The absorbance values were
measured at characteristic wavelengths of 664 nm and 260 nm for MB and glyphosate,
respectively. Decorating carbon nitride with silver and titanium oxide increased the visible
light response by increasing both the VB and CB response. With the introduction of TiO, and
silver, the recombination rate of the holes and electrons was lowered, and as a result, more
photogenerated electrons and holes were produced. The lowering of the recombination
rate was confirmed by a decrease in the intensity of the photoluminescence spectrum.
Glyphosate and MB were almost completely degraded by DM g. C3N4-Ag-TiO, after one
hour and forty-five minutes. The XRD analysis of the DM g. C3N4-Ag-TiO, after ten
cycles of photocatalytic degradation of MB showed persistence of all the major peaks of the
material. After using the catalyst ten times, the structure of the composite mainly remained
intact, confirming the higher stability of the prepared material. These results confirm the
efficient removal of pollutants from water resources using synthesized materials.
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