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Novel single and binary photocatalysts were synthesized by coprecipitation method. The crystal structure, surface area, morphol-
ogy, bandgap energy, functional groups, and optical properties were characterized using XRD, BET, SEM-EDX, UV/vis, FTIR, and
PL instruments, respectively. Aqueous solutions of the model contaminant alizarin yellow (AY) dye and real wastewater sample
solutions were used to evaluate the photocatalytic activity of single and binary nanocomposite. We found that the photocatalytic
activity of CeO,/Ag;PO, binary nanocomposite is higher than that of their individual counterparts. We investigated the effects of
operating parameters such as pH, initial dye concentration, and photocatalytic loading on AY dye degradation. Under optimal
conditions, the binary system showed an efficiency of 96.99%. The binary photocatalyst showed relatively higher AY photolysis
efficiencies than actual wastewater, about 96.56% and 57.76%, respectively. The actions of various scavengers suggest that -O, and
-OH scavengers play an important role in AY decomposition. When the reusability of the photocatalyst was tested, only a reduction
of about 20% was observed after four consecutive runs. The degradation of AY follows pseudo-first-order kinetics for newly
synthesized nanocomposite. This result indicates that the binary nanocomposite can serve as an excellent medium for electron

transport.

1. Introduction

As a well-known contributor to environmental pollution,
dyes are being removed from wastewater with greater fre-
quency. They are typically resistant to light, water, oxidizing
agents, and many chemicals, making it challenging to degrade
them once released into the aquatic systems. Azo dyes are the
most common and flexible category of organic dye-stufts. The
distribution of dyes and near-perfect color matching are two
unavoidable constraints that frequently accompany dyeing.
Sometimes dyeing is strategically modulated to confine and
increase the relative number of dyes on the leather surface in
order to reduce the consumption of dyes and processing costs.
As a result of their intricate aromatic structures, azo dyes are
both more stable and more challenging to eliminate from
effluents released into water bodies [1, 2]. A variety of physi-
cal, chemical, and biological techniques have been reported

with varying degrees of success for the treatment of all types
of dyes.

Since they can address the issue of dye destruction in
aqueous systems, advanced oxidation processes (AOPs),
a contemporary technique, are used to degrade or remove
those dyes. AOPs were found on the production of highly
reactive species like hydroxyl radicals (-OH), which quickly
and nonselectively oxidize a variety of pollutants. In order to
lessen the color and organic load of effluent wastewaters that
contain dyes, semiconductor-mediated photocatalysis has
been investigated under a wide range of experimental con-
ditions [3-5]. This is because there are AOPs that contain
different mechanisms to degrade such dyes. Heterogeneous
photocatalytic oxidation, also known as photocatalysis, is the
most significant of those advanced oxidation processes [2, 6].
This method primarily deals with the oxidation of organic
molecules and compounds using a solid metal oxide semi-
conductor as a catalyst, which is activated by the incidence of
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FiGure 1: CeO, nanoparticle.

radiation at the right wavelength. When wastewaters are
chemically treated by AOPs, the pollutants can completely
mineralize and become simple, harmless byproducts like car-
bon dioxide, water, and inorganic salts. A semiconductor
photocatalyst for water purification should ideally be UV
or sunlight activated, photocatalytically active, chemically
and biologically inert, and simple to produce and use [2, 7].

Semiconductor-based photocatalysts harnessing abun-
dant sunlight are a promising approach to combat the global
energy crisis and pollution [2, 8]. Ceria (CeO,), an attractive
rare-earth material and one of the best-known photocata-
lysts, has attracted a great deal of interest due to its high
activity, low cost, and eco-friendly properties [9]. It shows
promising photoactivation for oxidation of organic pollu-
tants and water splitting for hydrogen generation. However,
due to its large bandgap (~3.2¢eV), pure CeO, can only be
excited by ultraviolet (UV) light, limiting its further use in
the visible light range. The visible light absorption of CeO,
photocatalysts has been improved using various techniques
such as doping, noble metal deposition, and composite forma-
tion to maximize the utilization of solar energy. Combining
CeO, and another semiconductor into a composite is the most
successful of these techniques [2, 10].

There are numerous reports on mixed metal oxides of
CeO, that can enhance its thermal stability and photocata-
lytic performance. The photocatalytic activities of nanocom-
posite like TiO,/CeO,, CeO,/Zn0O, ZrO,/CeO,, and Fe,Os/
CeO, under visible irradiation have been studied [11-14].
The main goal of this work is to synthesize binary CeO,/
Ag;PO, and assess the photocatalytic activity of the nano-
composite in its as-synthesized state for the degradation of
alizarin yellow (AY), a model pollutant dye.

2. Experimental Procedure

2.1. Synthesis of Photocatalysts

2.1.1. Preparation of CeO, Nanoparticle. As shown in Figure 1,
the precipitation method was used to create cerium oxide
nanoparticles. Cerium nitrate hexahydrate Ce(NO;);-6H,0O

was prepared as an aqueous solution in 0.1 M deionized
water (DIW) and stirred for 30 min. By adding dropwise
amounts of aqueous NH,OH solution while stirring continu-
ously until precipitation was complete, the clear solution was
precipitated. The reaction condition was then maintained at
pH =10 after two more hours of stirring. To finish the pre-
cipitation process, the reaction mixture was stirred for a fur-
ther 12hr. Following an hour of stirring, the ash-colored
solution turned yellow. For 12 hr, the mixture was aged. The
resulting yellow slurry was decanted, filtered, and washed
numerous times with ethanol and deionized water. In order
to encourage crystallization, the precipitate was oven dried at
140°C for 12 hr and then calcined at 500°C for 3 hr, as shown
in Figure 1 [15, 16].

2.1.2. Preparation of AgsPO, Nanoparticle. A straightforward
precipitation method [17] was used to create Ag;PO, nano-
particles, as shown in Figure 2. In this common procedure,
AgNO; and Na,HPO, were separately dissolved in 60 mL of
distilled water at an equal molarity (0.01 M). Following that,
Na,HPO, solution was gradually added to the AgNO; solu-
tion while magnetic stirring was ongoing for 4 hr. To obtain
pure Ag;PO, nanoparticle, the resulting yellow precipitate
was collected, cleaned, and dried in an oven at 60°C for
6 hr. The final precipitate was then calcined at 300°C for 2 hr.

2.1.3. Synthesis of Agz3P0O,/CeO, Nanocomposite. The fabrica-
tion of heterostructural complexes was performed by an
in situ precipitation method, as shown in Figure 3 [18]. In a
typical synthetic procedure, 0.0814 mmol of CeO, nanopar-
ticles prepared by this method were dispersed in 100 mL of
deionized water and sonicated for 30 min at a molar ratio of
1:1 [19]. Immediately after sonication, 0.1 M AgNOj; aque-
ous solution was added to the white dispersed CeO, solution,
followed by magnetic stirring for 30 min. An equimolar
Na,HPO, solution was then added dropwise with vigorous
stirring for 2 hr. After that, the color of the solution changed
from white to yellow. The precipitate was filtered, washed
with deionized water and ethanol three times, and dried in
an oven at 80°C for 10 hr.
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FiGure 3: Synthesis of binary Ag;PO,/CeO, nanocomposite.

2.2. Characterization of the As-Synthesized Photocatalysts.
The structures of all the as-synthesized photocatalyst were
examined by XRD at room temperature at step scan rate of
0.02° (step time: 1s; 26 range: 5.0°-90.4°), which is equipped
with an X-ray source of a CuKa radiation (wavelength of
0.15406 nm) using 45kV accelerating voltage and 40 mA
applied current. Finally, XRD patterns were collected with
X’Pert Pro PAN alytical. The specific surface area of each of
the as-synthesized photocatalyst was calculated from the N,
adsorption—desorption isotherm at liquid-nitrogen tempera-
ture —196°C (77 K) and the micropore surface area was calcu-
lated by using the Brunauer—Emmett—Teller (BET) method.
Solid morphologies and particle distribution of the as-
synthesized photocatalyst were determined by scanning elec-
tron micrographs (SEM Hitachi TM1000 with EDX detector)
with a backscattered detector instrument; a gold film was
sputtered into the sample prior to observation. From energy
dispersive X-ray (EDX, an acquisition time (s) 40.0, process
time 3 hr, and an accelerating voltage (kV) 15.0) link with
SEM the elemental percent weight distribution of the as-
synthesized sample was determined. The optical absorption

spectra and bandgaps of the as-synthesized photocatalysts
were determined using UV—vis DRS. The solid-state absor-
bance of the photocatalyst was measured by scanning over
the wavelength range of 200-800 nm.

The as-synthesized photocatalyst was characterized using
FTIR (Spectrum 65, PerkinElmer) instrument. Dry mass of
the photocatalyst was thoroughly mixed with a given dry mass
of KBr and ground to a fine powder. A transparent disc was
formed by applying a pressure in moisture free atmosphere.
The IR absorption spectrum was recorded between 400 and
4,000 cm™". Photoluminescence (PL) spectra were measured
using RF 5301PC Shimadzu photoluminescence. The spectra
were obtained in the range of 250-650 nm.

2.3. Photocatalytic Degradation Studies. The photocatalytic
activity of the whole as-synthesized sample was tested for
degradation of the anionic dye AY in aqueous solution.
For example, in a typical photocatalytic experiment, 10 mg/L
AY was mixed with 0.20 g/L photocatalyst. The mixture
was magnetically stirred for 1hr in the dark to ensure
adsorption/desorption equilibrium. Next, the suspension



was irradiated with visible light while being continuously
stirred with a magnetic stirrer and the absorbance was mea-
sured at intervals of 20 min to monitor the decomposition
reaction of the AY aqueous solution. A 300 W mercury lamp
with an emission maximum at 355nm was used as the UV
light source and a 300 W fluorescent lamp was used as the
visible light source. In this case, the UV component is
removed with visible light during photocatalysis. The dis-
tance between the light source and dye solution is 30 cm.
A pipette was used to flush air/oxygen into the solution
during the procedure. Ten milliliters of suspension were
then taken at 20 min intervals and centrifuged at 3,000 rpm
for 10 min. Dye absorbance was measured using a UV/vis
spectrophotometer at A,.x of the AY solution. Degradation
rate (%) was calculated using the following formula [15, 20]:

Co - C
%Degradation = % % 100. (1)
0

After kinetic analysis, we found that the photocatalytic
degradation of organic pollutants follows the Langmuir—
Hinshelwood mechanism and a pseudo-first-order reaction
with a photocatalytic degradation rate (r) defined in [21]:

r= _di—gt) = kobsc(t)? (2)

when the concentration is very low, the observed rate con-
stant, kyps (min~') was determined from the simplified
Langmuir—Hinshelwood model as given below [22]:

Rate = In(C,/Cy) = —kt, (3)

where kg, is the observed rate constant in min~!, C, is the
absorbance at a given time, C, is the absorbance at initial
time, and ¢ (min) is the reaction time. Hence, the linear fit
between C,/C, and irradiation time demonstrates the photo-
catalytic degradation rate. A higher ks value indicates a
better photocatalytic activity of an investigated sample.

2.4. Effect of Operational Parameters on Photocatalytic
Degradation. Effects of operational parameters like initial
pH, photocatalyst load, and initial concentration of organic
compound (AY) were investigated for the binary CeO,/
Ag;PO, photocatalyst in order to optimize the degradation
efficiency.

2.4.1. Effect of pH. The effect of pH on photocatalytic degrada-
tion of AY was investigated in the pH range of 2-10 by keeping
photocatalyst load (0.2g/L) and initial dye concentration
(10 mg/L) constant. The desired pH level was achieved by the
addition of (0.1/1 M) HNOj or (0.1/1 M) NaOH to the solution
and the degradation efficiency of each pH was measured.

2.4.2. Effect of Initial Concentration of Organic Compound.
The effect of AY’s initial concentration on the rate of
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photocatalytic degradation was observed by taking different
initial concentrations of AY by keeping pH at 4 and photo-
catalyst load (0.2 g/L) constant.

2.4.3. Effect of Photocatalyst Load. The effect of amount of
photocatalyst on the rate of photocatalytic degradation of AY
was observed by taking different amounts of the binary
mixed oxide and keeping pH at 4 and initial dye concentra-
tion at 5 mg/L constant.

2.4.4. Effect of Active Species. To evaluate the mechanism of
photodegradation of CeO,/Ag;PO, binary nanocomposite
by AY dye, the effect of the active species on the photode-
gradation process was investigated at an initial AY concen-
tration of 5mg/L, a photocatalyst of 0.15g/L, and pH was
evaluated at 4. The active species were determined by capture
experiments using different scavengers, including NaHCO;
as h™ scavenger, His AgNOj3 as -O; scavenger, and methanol
as OH scavenger [51, 52]. Typically, 0.15 g/L photocatalyst and
15mL of each scavenger of 0.1 M were added to 100 mL of
5 mg/L dye solution. The suspension was then irradiated with
visible light for 160 min. Fifteen milliliters of suspension was
collected at 30 min intervals and centrifuged at 3,000 rpm for
20 min. Dye absorbance was measured using UV/vis-DRS at
Amax Of the AY solution. Finally, the degradation efficiency of
photocatalyst versus dye can be calculated to determine the
dominant role of the active species.

2.5. Stability Taste of the As-Synthesized Photocatalyst. The
recycling of the photocatalyst was carried out as follows [23]:
the treated solution of the dye was centrifuged for 10 min to
settle the catalyst after a first photodegradation cycle of a
5 mg/L solution of AY dye using 0.15 g/L of the as-synthesized
photocatalyst and 160 min irradiation time. The solid phase
containing the photocatalyst was carefully separated for reuse
once the liquid phase had been filtered. The recovered photo-
catalyst was thoroughly cleaned with ethanol and deionized
water. The photocatalyst was then reintroduced into a new
cycle after being dried in an oven for 12 hr at 100°C in prepa-
ration for the following catalytic cycle. Four times the proce-
dure was carried out. At 20 min, the 10 mL suspension was
removed [15].

2.6. Dye Removal from Wastewater. Wastewater collected
from Kombolcha Textile Company was treated/decolorized
using CeO,/Ag;PO, binary nanocomposite under optimized
visible light irradiation conditions. Experiments were per-
formed by taking a 100 mL sample of wastewater into a
250 mL beaker and adjusting its pH to 4. Then, 0.15g/L of
photocatalyst was added to the solution and the suspension
was continuously stirred for 1 hr in the dark to allow the AY
solution to reach adsorption/desorption equilibrium. Finally,
the absorbance was measured by illuminating the suspension
with visible light and aspirating 10 mL of the suspension at
20 min intervals for 160 min while stirring was continued.
A plot of C,/C, against exposure time was then plotted.
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Ficure 4: XRD spectra of (a) Ag;PO,, (b) CeO,/AgsPO, and
(c) CeO, photocatalysts.

3. Results and Discussion

3.1. Characterization of the As-Synthesized Photocatalysts

3.1.1. XRD Analysis. Figure 4 depicts the distinctive peaks on
the XRD patterns of the as-produced photocatalyst: CeO,,
Ag;PO,, and CeO,/Ag;PO,. Accordingly, the cubic fluorite
structure of CeQ, is represented by the diffraction peaks at
scattering angles observed at 20 of 28.61°, 32.69°, 48.09°,
57.75°, 58.99°, 69.16°, 77.01°, 79.66°, and 89.04°, which cor-
respond to (111), (200), (202), (311), (222), (400), (313),
(402), and (422) lattice planes [24]. The crystal planes
(101), (020), (201), (121), (202), (302), (312), (040), (402),
(412), (323), and (512) indexed to the body-centered cubic
structure of Ag;PO, are responsible for the diffraction peaks
observed at 26 of 21.01°, 30.06°, 33.29°, 36.14°, 43.00°,
48.02°, 53.00°, 54.88°, 57.17°, and 74.04° [25]. The CeO,/
AgzPO, composite’s XRD pattern shows that the diffraction
peak positions of CeO, have very weak intensities, which
may be caused by the trace amounts of CeO,.

The average crystallite size of each of the as-synthesized
photocatalyst was calculated using the Debye—Scherrer for-
mula [26]:

K2

D:ﬁcose’ )

where D is the crystallite size in nm, K is the shape factor
constant taken as 0.9, f§ is the full width at half maximum
(FWHM) in radians, A is the wavelength of the X-ray
(0.15406 nm) for Cu target Kal radiation, and 6 is the
Bragg’s angle.

Table 1’'s summary of the calculated average crystalline
size of the as-synthesized photocatalyst confirms the pres-
ence of good crystalline nano range between 10 and 45 nm.
One of the crucial elements in the process of photocatalytic
degradation is the photocatalysts crystallite size [27]. The
photocatalytic degradation of AY by binary mixed oxide
increases as the particle size decreases, as can be seen. This
is because more active sites are formed on the photocatalyst
surface, which leads to an increase in hydroxyl and superox-
ide radical production. Recombination of the electron—hole
pair is less likely when particle size decreases. This is due to
the possibility of increasing the distance needed for charge

carriers to migrate to the surface. As a result, binary mixed
oxide with a crystal size of 40 nm was chosen and put to use
in additional applications.

3.1.2. Determination of Surface Area (BET). The surface area
of the nanocomposite as it was created was calculated using
the Brunauer—Emmett—Teller (BET) method. The nitrogen
adsorption—desorption isotherm analysis sample surface areas
are displayed in Table 1 for each sample. The specific surface area
of CeO, is 68 m’g ™", while AgsPO, is 10.021 m’g~", demonstrat-
ing the latter’s compacted nature. According to calculations, the
specific surface area of the binary system CeO,/Ag;PO, was
about 6 m’g " [28]. Regarding composition and specific surface
area across all the as-synthesized materials, there was generally no
discernible pattern.

3.1.3. SEM-EDX Image Study. The investigation of the mor-
phological images of the photocatalysts created in this way,
CeO,, AgsPO,, and CeO,/Ag;PO,, is depicted in Figure 5(a)—
5(c). Every relevant component is present in every photocatalyst,
as shown by the EDX spectrum. The morphology of the CeO,
nanoparticles is seen to be almost spherical with slight agglomer-
ation in the SEM images depicted in Figure 5(a). Figure 5(b)
depicts the SEM image of an Ag;PO, nanoparticle produced in
the state, which reveals the presence of irregular particles with
varying sizes and no clear morphology [29]. The average stoichio-
metric composition of Ag;PO, nanoparticles, as determined by
the EDX spectrum, is 92.60% silver and 7.40% phosphorus.

The CeO,/Ag;PO, composite has two distinct phases, as
shown by the SEM image in Figure 5(c). CeO, is the sub-
stance that gives the sphere-shaped spots their shape. It is
evident that the CeO, nanoparticles are evenly distributed
throughout the Ag;PO, crystallite sea, with the remaining
Ag;PO, particles acting as a core coating. Ag;PO,/CeO,
nanoparticles have an average stoichiometric composition
of 83.70% silver, 7.10% phosphorus, and 9.20% cerium, as
determined by the EDX spectrum [24, 25]. It is interesting to
note that the binary CeO,/Ag;PO, EDX spectrum exhibits
Ce, Ag, and P peaks, which indicate the presence of CeO,
and Ag;PO, nanoparticles.

3.1.4. UV=Vis DRS Spectra. From a plot of absorbance
against wavelength, the UV/vis diffuse absorption edges of
the photocatalysts as-produced are obtained. The value of
diffuse absorption edge (nm) is determined by the intercept
of the tangent line on the descending portion of the absorp-
tion peak at the wavelength axis. In this scenario, Equation (5)
was used to determine the bandgap energy (E,) of the photo-
catalysts as-synthesized [30].

1240 eV
E, =

) (5)

)“max

where Eg is bandgap energy in electron volts and Ay is
wavelength (nm) corresponding to absorption edge.
However, when the peak is not well resolved for the
samples, the above method of bandgap estimation occasion-
ally may not provide a clear tangential line. Diffuse reflectance
measurements of dry powders can be carried out to get
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TasLE 1: Crystal size, surface area, and bandgap energy of the as-synthesized photocatalysts.

As-synthesized

Crystal size
Ty BET surface area (ng_l)

Bandgap energy

photocatalyst 20 (°) p (radians) D (nm) Max. wavelength Bandgap (E,) eV
CeO, 28.61 0.01402 10.203 68.165+0.213 385 3.21
Ag;PO, 33.29 0.00309 44.774 1.021 £0.011 515 241
CeO,/AgsPO, 33.26 0.00361 40.107 6.107 £0.019 596 2.08
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Figure 5: SEM-EDX images of (a) CeO,, (b) Ag;PO,, and (c) CeO,/Ag;PO, photocatalyst.
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Ficure 6: Tauc plot of single (CeO,, Ag;PO,) and binary (CeO,/
Ag;PO,) photocatalyst.

around the challenges of using a UV/vis diffuse reflectance
spectrometer to obtain bandgap energy in dispersed samples.
A UV-vis DRS in the 200-800 nm range was used to investi-
gate the optical absorption characteristics of each of the
photocatalysts as they were initially synthesized. By examin-
ing the optical data using Tauc’s plot and the expressions for
optical absorbance and photon energy hv, the bandgap values
of the photocatalysts were ascertained [15, 31, 32].

ahv = A(hv - E,)"/?, (6)

where « is the absorption coefficient, which is proportional
to the absorbance, h is the Planck’s constant (J-s), v is the
light frequency (s™'), A is the absorption constant, E, the
bandgap energy, and n is a constant related to the electronic
interband transition.

The bandgaps of the photocatalyst was then determined
by extrapolating the straight line portion of the (ahv)* versus
(hv) graphs to the (hv) axis until (ahv)"'" =0 the linear sec-
tion of this spectra, as shown in Figures 6 and 7. The absorp-
tion edges of the binary (CeO,/Ag;PO,) photocatalysts are
well extended to visible regions of spectrum as compared
with the single nanoparticles. This may be due to the effect
of modification in the electronic levels of each single nano-
particle by making them binary and ternary composite.

The bandgaps for every material as it was synthesized are
shown in Table 1 based on Tauc’s plot as Equation (6). It is
discovered that the calculated bandgaps for CeO, and Ag;PO,
are 3.21 and 2.41 eV, respectively. Bandgaps of 2.08 eV exist in
the binary systems CeO,/Ag;PO,. As can be seen, the inter-
facial combination and matched band edges between the three
semiconductors of the as-prepared nanocomposite (CeO,/
AgsPO,) led to the formation of binary systems, which
resulted in further red-shifting in the visible spectrum. The
composite’s ability to harvest light in the visible light region
may increase as a result of the red shift’s lower bandgap,

which may also contribute to electron transitions. The com-
posite may also produce more photogenerated electron—hole
pairs during the photodegradation process, which is advanta-
geous for the photocatalytic activity.

3.1.5. FTIR Study. The functional groups of CeO, from the
resulting photocatalyst were examined using FTIR in the
400-4,000cm™" range and are displayed in Figure 8 from
the analysis. In the case of CeO,, the band at 3,435 and
1,620 cm™" corresponds to the O—H stretching vibration and
the —OH scissor bending mode, respectively. These modes are
caused by physically absorbed (H-bonded) water molecules or
surface —OH groups [33, 34]. The C-O stretching vibration
was said to be responsible for the band around 1,047 cm™’,
which may have been caused by extra CO, that was absorbed
on the CeO, surface [35]. There are two modes of motion in
the broad band at 1,315 cm™": an internal N-H bending mode
and a symmetric N=O stretching mode. The N-H external
bending mode is responsible for the peak at 850 cm™" [36, 37].
The peaks seen at 1,387 cm™" can be attributed to the N-O
stretching vibration of the nitrate groups (NO3 ) resulting from
the precursor solution Ce(NO3);-6H,0 used to synthesize the
nanoparticle (CeO,) [38]. According to Ho et al. [39], the
Ce-O stretching vibration is represented by the strong band

at 521 cm™,

3.1.6. Photoluminescence (PL) Study. The PL emission spec-
tra of different photocatalysts (CeO,, Ag;PO,, and CeO,/
Ags;PO,) were determined as indicated in Figure 9.

The PL excitation intensity decreases as a result of the
photoinduced electrons and holes being effectively separated
in the binary system. This is due to lower PL excitation levels,
the ability of stronger bound materials to absorb photoin-
duced electrons, higher electron—hole separation rates, and
higher photocatalytic activity [40]. Consequently, it was evi-
dent from the results of this study that the PL emission
spectra of binary metal oxides were lower than those of other
materials.

3.2. Photocatalytic Studies of the As-Synthesized Photocatalysts.
AY is used in this study as a representative organic pollutant
to test the photocatalytic activity of raw materials. Visible light
is used as the radiation source. By testing the ability of each
thus prepared sample to degrade AY in 160 min of visible
irradiation, with an initial dye concentration of 5mg/L and
a catalyst loading of 0.15g/L, the photocatalytic activities of
each were evaluated. Using a plot of C,/C, versus irradiation
time, the rate of degradation was investigated. According to
the results, AY decomposes and the concentration of AY
decreased significantly, as evidenced by the rapid decrease of
the characteristic absorption peaks corresponding to AY with
increasing exposure time.

As seen in Figure 10, the degradation of the model pol-
lutant AY under visible light irradiation was used to assess the
photocatalytic performance of CeO,, Ag;PO,, and CeO,/
Ag;PO,. A 60 min long adsorption step was allowed to take
place in complete darkness before the photocatalytic reaction.
In the meantime, blank tests without photocatalyst were also
carried out under the same experimental conditions. Figure 11
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shows that the AY dye showed minimal degradation (<1.8%)  photocatalysts. The composite photocatalyst had higher photo-
without photocatalyst after 160 min of visible light irradiation. ~catalytic activity than pure CeO, and Ag;PO,. In 160 min of
According to the result, CeO,/Ag;PO, > Ag;PO, > CeO, isthe  exposure time, they decolorized 26.01% and 51.60% of AY,
order of the adsorption capacities of binary and individual  respectively. Pure CeO, have lower photocatalytic activities
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than Ag;PO, because of its higher bandgap energy, making it
less sensitive to visible radiation than its single counter-
parts [41].

It was seen that the binary CeO,/Ag;PO, could decolor-
ize the AY solution in 160 min of visible light irradiation, or
95.09%. Ag;PO, has a higher photocatalytic degradation effi-
ciency than CeO, in AY solution, which is attributed to
efficient charge separation, a narrow bandgap that makes it
sensitive to the visible spectrum, less electron—hole recombi-
nation, and a wide range of optical light absorption of the
composite [42]. The improvement in the degradation effi-
ciency of the binary ensemble over the single photocatalyst,
as shown in Figure 11, clearly indicates that the p-n hetero-
junction has created a state that favors the enhancement of
the degradation efficiency.

TaBLE 2: Previous work for Ag;PO,/CeO, photocatalytic activity.

Photocatalyst ~ Model dye used % of degradation References
Amoxicillin 65.00 [43]
Rhodamine B 60.00 [44]
AgsPO, Methyl blue 76.00 [19]
Rhodamine B 47.00 [25]
Rhodamine B 59.00 [24]
Methyl blue 98.90 [29]
Rhodamine B 95.00 [24]
Methyl blue 76.00 [45]
AgaPO,/CeO, Rhoda}r’nine B 88.00 [25]
Methyl orange 91.00 [28]
Alizarin yellow 96.99 This work

Under visible light irradiation, in the case of CeO,/Ag;PO,,
photogenerated electrons in CB CeO, can be easily transferred
to the surface of Ag;PO, through a heterojunction (type B),
while photoinduced holes in VB Ag;PO, can be migrated to
the surface of CeQ,, and different electron and hole transfer
pathways can effectively suppress recombination. In this way,
the p-n junction formed in the p-CeO,/Ag;PO, heterostruc-
tured interface effectively separates the photogenerated
electron-hole pairs, thereby increasing the photocatalytic activ-
ity of the photocatalyst [17]. Due to the reduction of Ag;PO,
and the resulting formation of a sandwich structure composed
of Ag, Ag;PO, and CeO,, Ag® metal species may be the cause
[29]. As indicated in Table 2 previous work for Ag;PO,/CeO,
photocatalytic activity are tasted and compared.

The kinetics of photocatalytic degradation was also dem-
onstrated using a pseudo-first-order reaction [44]. The rate
constant of the binary nanocomposite was higher than that
of the individual photocatalysts, indicating the presence of a
synergistic effect, as shown in Table 3. Among them, the
apparent rate constants of the binary system were the highest
as calculated based on the equation of In(C,/Cy) for the irra-
diation time.
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TasLE 3: The apparent rate constants and % degradation of the as-synthesized photocatalysts after 160 min.

As-synthesized photocatalyst

Degradation (%)

Rate constant, k (x10™* min™")

CeO, 26.01 10
AgsPO, 51.60 22
CeOZ/Ag3PO4 96.99 51
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FIGURE 12: (a) Plot of point of zero charge of the as-synthesized binary photocatalyst; (b) effect of initial pH of the dye on the degradation of
AY as a function of irradiation time (load at 0.2 g/L and initial concentration of AY at 10 mg/L).

3.3. Effect of Operational Parameters

3.3.1. Effect of pH. Figure 12(a) shows a plot of pHg,a versus
PHfinal-initia- The binary photocatalyst has a pH,,. value of
5.95. This shows that it has acidic nature below pH 5.95,
basic nature above pH 5, and neutral pH at pH 5.95. The
above photodegradation result showed that higher adsorp-
tion and higher photocatalysis were obtained at pH lower
than PZC catalyst, which is pH 4.0. At this pH, there is a
greater interaction between the negatively charged (anionic)
AY molecules and the positively charged surface of the
photocatalyst particles, which is the cause [46].

Figure 12(b) shows the degradation of an AY solution
with an initial concentration of 5mg/L and a photocatalyst
loading of 0-15 g/L as a function of exposure time. At pH 4
or 95.87% and after 160 min of irradiation, binary CeO,/
Ag;PO, degraded the fastest over AY solution. At solution
pH 4, 6, 2, 8, and 10, the degradation rate constants (k) were
0.0163, 0.0159, 0.0098, 0.0072, and 0.0037 min_l, respec-
tively. Increased production of hydroxyl radicals due to the
use of more hydroxyl anions as an alkaline medium may be
to blame for the increased rate of degradation. The dye
removal capacity is reduced for anionic dye adsorption
when pH 4 is higher [46]. Since the surface of a dye solution
tends to become negatively charged as the pH rises, the elec-
trostatic attraction between the negatively charged dye and

the positively charged photocatalyst decreases, reducing the
amount of dye that can adsorbed onto the surface.

All the obtained results confirmed that the effect of pH
on AY degradation in the presence of binary photocatalyst
was illustrated by degradation rate in this order:

pH4>pH2>pH6>pHS8 > pH 10,

(7)

at pH 4, the photocatalyst has a positive charge while AY has
a negative charge. As a result, there is a strong electrostatic
interaction, which causes a strong adsorption of AY mole-
cules, bringing them close to the center of the electron—hole
pair generation [47].

3.3.2. Effect of Initial Concentration of AY. By adjusting the
initial concentrations of the CeO,/Ag;PO, binary solution
from 5 to 25 mg/L at a fixed photocatalyst load of 0.2 g/L and
pH 4, the effect of the initial concentration was investigated.
The result showed that the initial dye concentration (5, 10, 15,
20, and 25mg/L) in the binary system had an inverse relation-
ship with the degradation rate for 160 min. When the dye
concentration was 5mg/L, it was found that after 160 min,
96.43% of the dye was removed and when the AY concentra-
tion increased to 25 mg/L, the degradation decreased to 34.98%,
as shown in Figure 13. After 160min of irradiation, the
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corresponding value of the dye degradation rate constant (k)
decreased as follows: 0.0163, 0.0151, 0.0101, 0.0063, and
0.0032 min~". Due to the smaller number of active sites com-
pared with the number of AY molecules present at higher
concentrations, the rate of AY degradation may have decreased
with increasing concentration. The active sites may be crowded
with AY molecules at higher AY concentrations, reducing the
catalyst efficiency [48].

3.3.3. Effect of Photocatalyst Load. Various amounts of binary
nanocomposite in the range of 0.05-0.30 g/L were used to
test the impact of photocatalyst amount on the rate of AY
degradation. According to Figure 14, the degradation rate
increases from 0.05 to 0.15 g/L as the photocatalyst amount
rises, and it further declines from 0.15 to 0.30 g/L.

With increasing photocatalyst dosage, the degradation rate
of AY significantly rose from 36.09% to 96.92% and then fell to
49.88% when the dosage was excessive. At 160 min of expo-
sure, the corresponding rate constants (k) for concentrations
of 0.05, 0.10, 0.15, 0.20, and 0.30 g/L were 0.0029, 0.00136,
0.0196, 0.0106, and 0.0055min~". The larger number of
exchangeable sites available for interaction with dye molecules
can be used to explain the factor that indicates increased dye
adsorption with increasing adsorbent dosage [49]. Along with
increasing the active functional group that is available at the
adsorption site, increasing the adsorbent dose also results in an
increase in surface area [50]. This lowers the total number of
photons striking the catalyst particles as well as the generation
of active radicals.

3.3.4. Active Species Trapping Experiments. Hydroxyl radicals
(-OH), superoxide radicals (-O,), and holes (h*) were studied
in order to find the active species produced in the photoca-
talytic reaction. The reaction mixture containing AY and
photocatalyst particles was given scavengers like NaHCOs,
AgNO;, and methanol before being exposed to visible light
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to undergo photocatalytic degradation. In both the presence
and absence of the scavengers, Figure 15 depicts the photode-
gradation of AY. In the absence of scavenger, AY is degraded
by photocatalysis at a rate of 96.3%. When NaHCO;, CH;0H,
and AgNO; are added, the percentages drop to 88.72%,
68.66%, and 57.98%, respectively.

The findings showed that all of the scavengers taken into
consideration reduced the efficiency of photocatalytic degra-
dation, although AgNO; and CH3;OH had the strongest
effects. The photocatalytic degradation of the target dye
was slightly altered by the addition of NaHCOs;. In light
of this, superoxide and hydroxyl radicals are the primary
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active species in this photodegradation reaction. AgNO; >
CH3OH > NaHCOj is the trend for the decrease in removal
rate in the presence of scavengers. It seemed that holes were
only indirectly involved. Instead, the holes are involved indi-
rectly because these species react with water molecules to
produce highly reactive hydroxyl radicals [51, 52].

3.4. Photocatalytic Stability. AY was subjected to a circulation
run of the photocatalytic degradation under visible light irra-
diation in order to assess the stability of the photocatalytic
performance of binary CeO,/Ag;POy; circulation runs up to
four times were possible for this process. Figure 16 illustrates
how after 160 min of irradiation, the first cycle had degraded
96.01% of the dye. The rate constant (k) changed from 0.0153
to 0.0099, 0.0078, and 0.0049 min~", respectively, in the fol-
lowing cycles, which degraded 82.14%, 73.49%, and 54.27% of
the dye, respectively. The observed decrease in degradation
rate may be due to sedimentation of the dye around the cata-
lyst after each cycle because each time the photocatalyst is
reused; new regions of the photocatalyst surface become inac-
cessible for dye adsorption [25]. Additionally, it is probable
that some photocatalyst will be lost during recycling, which
will ultimately have an impact on the catalytic activity at the
end of each cycle. The outcome demonstrates that after four
cycles of 160 min each under ideal circumstances, the binary
nanocomposite exhibits good photocatalytic performance as
well as good stability.

3.5. Real Sample Analysis. The synthetic binary CeO,/Ag;PO,
photocatalyst was tested for 160 min to see how well it could
degrade a real sample when exposed to visible light. Figure 17
demonstrates that the percentage degradation of the aqueous
solution of the model pollutant (AY) and the real sample was
96.56% and 58.87%, respectively, with a k value of 0.0170 and
0.0062 min~". According to these findings, the degradation
efficiency was lower than it had been when it was optimized
for the model pollutant (AY). This might be as a result of the
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wastewater’s different dye composition and higher concen-
tration. It is common knowledge that cationic and anionic
dyes of various types are combined in the textile industry.
The degradation efficiency in a real wastewater sample was
found to be lower than that of the AY model solution due to
the complexity of the wastewater, which includes not only a
mixture of organic dyes but also other chemicals from the
bleaching steps [48, 53].

3.6. Mechanism for General Charge Transfer. A potential
mechanism of charge transfer and photocatalytic degradation
of the organic pollutant AY through the CeO,/Ag;PO, binary
nanocomposite under visible light irradiation is presented and
shown in Figure 18 in accordance with the aforementioned
experimental research. The generation of electrons (e”) in the
water band (CB) and holes (h") in the valence band (VB) are
caused by illumination of the binary nanocomposite. By cal-
culating the flat band potentials and estimating the bandgap
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energies of the relevant semiconductors, it may be possible to
better understand how the photogenerated species separate.
In order to achieve this, we calculated the conduction band
(CB) and valence band (VB) energies of the semiconductors
CeO,, AgsPO,, and CeO,/Ag;PO, using the following empir-
ical equations:

ECB = X - EC - 0.5 Eg and EVB = ECB + Eg, (8)

where X is the absolute electronegativity semiconductors and
E., Ecp, Evp, and E; are the free electron energy on the
hydrogen [29, 54].

The Eyg and Ecp values of CeO,, Ag;PO,, and CeO,/
AgiPO, were calculated to be 1.04, 2.66, and 2.91eV and
—1.50, —0.60, and 0.49 eV, respectively, using the equations
above. In Figure 18, the energy band structure diagram of p-
type Ag;PO, and n-type CeO, is thus schematically depicted.
When exposed to the photoexcited CB e~ at the CB site,
molecular oxygen (O,) creates the superoxide radical -O3,
which then combines with H to create the radical species
HO,. AgsPO,’s photoinduced h* may react with water
(H,O) and the adsorbed AY dye molecule during its e~
transfer from CeO, to CB to produce the hydroxyl radical
(-OH) and the AY-~ anions radical, respectively. In most
cases, the AY-~ radicals produce oxidation and reduction
products. The oxidizing and reducing potential of these oxy-
genous radicals (-O,", -OH, and HO,:) for the breakdown of
organic molecules (AY) is well known [55]. The proposed
photoreaction mechanism of binary nanocomposite over AY
degradation under visible light is as follows:

CeO,/Ag;PO, + hv — hi; + egp. 9)

Oxidative reaction:

hys + H,O — H' + -OH,
-OH + AY — (Intermediates) — CO, + H,O0.

(10)

Reductive reaction:

ecg + 0, — 03,
-0; + H" — -HO,,
HO, — 05 + H,0,.
-0; + AY — (Intermediates) — CO, + H,O.

(11)

Generally:

-:05(-OH,h") 4+ AY + O,/H,0 — Degradation products.
(12)

When compared with simple and binary photocatalysts,
binary CeO,/Ag;PO, nanocomposite exhibits excellent photo-
catalytic activity in visible light. This may be due to increased
charge separation and the formation of more active radicals
(-O3 and -OH). As a result, the binary nanocomposite offers
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high photogenerated e—h charge separation and generates a
sufficient quantity of radicals for high AY dye degradation
under visible light irradiation. The photocatalytic performance
is influenced by (1) the photocatalysts light absorption charac-
teristics, (2) the rates of electron and hole reduction and oxida-
tion at the catalyst surface, and (3) the rate of electron-hole
recombination [56]. Due to these elements, at the ideal pH,
initial dye concentration, and photocatalyst loading under
visible light irradiation, 96.99% of AY was degraded.

4. Conclusion

In this study, single (CeO, and Ag;PO,) and binary (CeO,/
Ag;PO,) photocatalyst were created by mixing aqueous
solutions of Ce(NOj3);-6H,0 with NH,OH and AgNO;
with Na,HPO, and the powders of single nanoparticle with
AgsPO, precursors through precipitation method. Using
XRD, BET, SEM-EDX, UV/vis, FTIR, and PL instruments,
analyses of the photocatalysts crystal structure, surface area,
morphology, bandgap energy, functional groups (bond vibra-
tion; stretching as well as bending), and optical properties
were conducted, respectively.

The degradation of AY dye under visible light irradiation
was investigated for the photocatalytic activities of each single
and binary photocatalyst. According to the results, the binary
photocatalyst exhibits the maximum adsorption capacity and
degradation efficiency (96.99%) compared with each individ-
ual photocatalyst. The degradation of AY dye under the
CeO,/Ag;PO, binary photocatalyst was found to be affected
by solution pH, initial dye concentration, and photocatalyst
loading. The results showed that 95.87%, 96.43%, and 96.92%
of AY was decolorized at pH 4, initial dye concentration of
5mg/L, and photocatalyst loading of 0.15g/L, respectively.
The scavenger effects imply that -O; and -OH scavengers
are key players in the degradation of AY dye. However, sta-
bility testing revealed that although the photocatalytic activity
of the binary star was good, it began to decline after four
reaction cycles. Both the model pollutant, AY dye solution,
and the real sample collected from Kombolcha Textile Com-
pany were subjected to the photocatalytic degradation activi-
ties of binary CeO,/Ag;PO, under visible light irradiation
during the study. These comparisons revealed relatively mod-
est photocatalytic degradation efficiencies of both AY and the
real sample, which were 96.56% and 57.76%, respectively.

Abbreviations

AQPs: Advanced oxidation process

AY: Alizarin yellow

BET: Brunauer—-Emmett—Teller

CB: Conduction band

ecp: Electron in the conduction band

EDX: Energy dispersive X-ray spectroscopy

Eg: Bandgap energy

FTIR: Fourier transforms infrared

hi: Hole in the valance band

JCPDS: Joint committee on powder diffraction
standards

PL: Photoluminescence
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PZC: Point of zero charge

SEM: Scanning electron microscopy

UV-vis DRS: Ultraviolet—visible diffuse reflectance
spectroscopy

VB: Valance band

XRD: X-ray diffractometer.
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