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Abstract

The explosive pollution of water suppliers via the discharged various industrial and pharmaceuticals effluents prompted 
researchers to construct novel adsorbents and photocatalysts, especially their visible-light driven photocatalysts. A novel 
coupled Cu2O-CdS-BiVO4-WO3 quadripartite nanoscale catalyst was prepared and characterized by XRD, SEM-DX, 
x-ray mapping, and DRS techniques. Its pHpzc was also determined to be about 9. The Eg-values obtained were 1.95, 
1.96, 2.16, 2.38, and 2.19 for Cu2O, BiVO4, CdS, WO3, and quadripartite catalysts, respectively. The photodegradation 
experiments were designed via RSM. The significance of the suggested model was confirmed by greater model F-value 
of 26.19 than F0.05,14,15=2.55. The optimal run in the photodegradation of sulfasalazine (SFSZ) included the CSFSZ: 7 
mg/L, pH 6.25, 30 min irradiation time, 0.45 g/L of the catalyst dose, by a catalyst with a Cu2O-CdS-BiVO4-WO3 mole ratio 
3:1:1:1 under visible light illumination. The effects of the scavenging agents were also studied, and the results confirmed 
the critical role of superoxide in SFSZ photodegradation and the hydroxyl radicals. The photodegradation pathway obeyed 
the direct Z-scheme mechanism, which involved three successive binary Z-scheme components involving WO3-BiVO4, 
BiVO4-CdS, and CdS-Cu2O, which accumulates the photoinduced electrons in the CB-Cu2O and the holes in the VB-WO3, 
the more powerful reducing and oxidizing centers, respectively.

Keywords: Type II-heterojunction; Direct Z-scheme mechanism; Quadripartite catalyst; RSM; Antibiotics.

INTRODUCTION
In recent decades, various synthetic pharmaceutics have critically 

protected humans’ lives and domestic animals from many diseases. This 
broad use accumulates them in the environment, especially aquatic ones, 
causing severe environmental implications such as bacterial resistance 
[1- 8]. Further, some pharmaceutics have high resistivity against 
the biodegradation, natural degradation, and photo-transformation 
processes [9-11]. Thus, due to the continuous discharge of chemical 
industries and disposal from consumers into the natural environment, 
their accumulation in the atmosphere is increasing. Accordingly, their 
environmental concentration reached a few mg to g per kg in soils and 
water. This is high enough to yield an unhealthy environment [12]. 

A combined sulfa drug sulfasalazine (SFSZ) consists of sulfapyridine 
and salicylate via an Azo bond. It became widely used to treat rheumatoid 
arthritis because of its antibacterial characteristics. SFSZ has a high 
persistence in the environment, and thus, it was subjected as a pollutant 

model here. Due to the frequent use and discharging of personal 
care drugs to the environment, removing them before discharging 
their corresponding effluents greatly diminishes their environmental 
accumulation and hazards [13]. 

However, more physical removal techniques transfer the subjected 
concomitant to another phase, requiring further secondary removal 
[14-18]. Thus, special attention has been paid to the advanced oxidation 
processes (AOPs) that commonly mineralize the pollutant used in some 
inert/harmless species [19-23]. The best efficient AOPs’ technique is the 
heterogeneous semiconducting materials’ based photocatalysis under 
the semiconductor illumination process by UV of visible photons with 
adequate photo energy ≥ semiconductors’ band gap energy (Eg) [24-30]. 
The semiconductors’ valence band (VB) electrons (e-) can be excited to 
its conduction band (CB) under the illumination process, leaving holes 
(h+) in the VB. These photoinduced e/h pairs can begin subsequent 
attacks on the molecules of the pollutant to degrade them [31,32]. They 
also can react with the dissolved oxygen and water molecules to produce 
the superoxide and hydroxyl radicals, respectively, as powerful oxidizing 
centers to attack the pollutant used [33-36]. 

The major problem with efficiency in heterogeneous photodegradation 
is the e/h recombination; thus, when it is relatively high, the overall 
efficiency of the process can be drastically low [37-39]. This drawback 
can be overcome critically by various techniques, including converting the 
semiconductor to nanoscale [40-48], supporting on various supports [49-
52], coupling of two or more semiconducting materials, or construction 
of heterojunction systems or co-catalysts [53-64], doped systems with 
metals/non-metals species [65-68], vacancy engineering [22,69] etc. 
Thus, the coupling of nano-scale semiconductors was used to enhance 
the photocatalytic activity of Cu2O, CdS, BiVO4, and WO3 in this work. In 
the coupled systems, charge carriers transfer between the VB and CB 
positions of the connected semiconductors, resulting a critical decreased 
e/h recombination process via various mechanisms such as type(II) 
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heterojunction, direct Z-scheme [70], and S-scheme pathways [70-73]. 
In the nano scale systems, the decreased path should be traveled by the 
charge carriers to reach the surface of the catalyst critically decreased, 
resulting in a decreased e/h recombination by the elongation of electrons 
and holes lifetimes. Unfortunately, the difficulty in the separation of nano 
scale catalysts from the suspensions has regarded as a drawback that can 
be covered by their excellent advantages like high effective surface area 
and lower e/h recombination rate. 

The p-type Cu2O semiconductor has a small band gap of 2 eV, 
while the n-type CdS and BiVO4, about 2.4 eV and 2.5 eV are all visible 
light active photocatalysts [74]. The monoclinic BiVO4 showed good 
photocatalytic activity in pollution removal and water splitting under 
simulated sunlight irradiation [74, 75]. The unique future of BiVO4 is 
its VB constitution, which includes the coupling of the Bi 6s and O 2p 
orbitals. This destabilizes its electrons and acts as a driving force for 
upward excitation. Conversely, its coupled CB includes the V 3d, O 2p, and 
Bi 6p hybrid, causing a lower band. This is a significant factor in creating 
a direct band gap with a lower energy. Thus, despite most oxides, BiVO4 
can be excited under visible light illumination, resulting in a bright yellow 
color. Further, the coupled Bi 6s and O 2p VB orbitals improve the hole 
mobility, satisfying the photocatalysis process [76].

The p-type semiconductor with a direct band gap of about 2.5 eV is 
another visible light active photocatalyst. It is used as a sensitizer due to 
its absorption ability against photons of a large part of the visible region. 
The band edge positions of BiVO4 CB and VB have been reported at 0.11 
V and 2.65 V vs. NHE, while those of WO3 at 3.3 V and 0.5 V vs. NHE, 
respectively. These values provide evidence of the possible formation of 
an n-p heterojunction between them, injecting the CB -BiVO4 electrons to 
the CB -WO3 to promote the e/h separation [77]. In general, in a coupled 
system including a large band gap semiconductor and a small band gap 
semiconductor with a more negative CB level, CB electrons of the small 
band gap material can transfer into the CB level in an extensive band gap 
material. Thus, this can happen between the narrow band gap BiVO4 (with 
more negative CB) and WO3 with a longer band gap, resulting in a higher 
photocatalytic activity of BiVO4/WO3 concerning the individual system 
[78].

We coupled Cu2O, CdS, BiVO4, and WO3 and investigated the boosted 
photocatalytic activity of the obtained quadripartite photocatalyst in 
the photodegradation of sulfasalazine (SFSZ) in an aqueous solution. A 
brief characterization was done in the first part of the work [30], and 
the kinetics of the photodegradation and photomineralization processes 
were studied. Other characterization techniques were used to complete 
the work, and the optimal photodegradation process conditions were 
achieved using an experimental design optimization approach. Then, the 
effects of scavenging agents and the photodegradation mechanism were 
studied. 

EXPERIMENTAL

Materials 
The main chemicals used including Cu(CH3COO)2.H2O (>99%), 

Bi(NO3)3.5H2O (>99%), NH4VO3 (>99%), ammonium tungstate (>99%), 
NaOH (>95%), ascorbic acid (AA: C6H8O6) (>99%), CdNO3 (>99%), NH4S 
(>99%), HNO3 65%), etc., were analytical grade chemical prepared from 
Flucka/Aldrich Co. Sulfasalazine was prepared from Mehr Daru Co. IRAN, 
as a 500 mg pharmaceutical tablet. The pH of the aqueous solutions/
suspensions (in distilled water) was adjusted by NaOH or HCl solution 
[79].

Preparations and synthesis
Each SFSZ tablet was 570.0 mg in weight, and thus, five tablets were 

thoroughly hand-mixed in a mortar, and 115.0 mg of the powder was 
added to 100 mL water. After 15 min stirring, it was filtered in a 250 mL 

volumetric flask and reached the mark with water. This solution was 
about 400 mg/L concerning SFSZ and used for diluter solutions [79].

Cu2O NPs were obtained by dissolving 0.05 g copper acetate (0.27 
mmole) in 100 mL water, followed by the addition of NaOH (0.2 g in 20 
mL), under constant stirring for Cu(OH)2 production. 15 mL aqueous 
solution of AA (0.39g/2.2m mole) was then added to convert Cu(II) to 
Cu(I) (C6H8O6 was oxidized to C6H6O6). At this moment, the deep blue 
color suspension was colorless, and a burgundy suspension was achieved, 
confirming Cu2O colloid formation. It was centrifuged (>13000 rpm), and 
the solid Cu2O was water washed three times and dried at 80oC [79,80].

To obtain CdS NPs, 100 mL 85 mM Cd(II) solution (as the nitrate salt), 
was prepared and slowly added to 100 mL 100 mM ammonium sulfide 
aqueous solution under a stirring speed of 1200 rpm. The stirring process 
was then continued for another 5 h. CdS NPs product was dark yellow, 
separated by centrifugation, washed with water, and air dried [79,81].

A hydrothermal synthesis procedure was used to synthesize BiVO4 
NPs: 20 mL concentrated nitric acid (65%) was added to 20 mmole 
bismuth nitrate to thoroughly dissolute it (solution A). Solution B 
was obtained by dissolving 20 m mole NH4VO3 in 20 mL 0.1 M NaOH. 
Dissolution of each solution A or B was completed under 2 h stirring. 
Then, solution A was added to B and stirred for 1 h to reach a stable 
homogeneous suspension. Its pH reached 7 and was transferred into a 
Teflon-lined stainless autoclave maintained at 180ºC for 6 h. The BiVO4 
NPs product (other products were N2, NO2, O2, and H2O), was separated 
and washed with water. The yellow BiVO4 NPs were dried at 80ºC for 12 
h [78,79].

Finally, WO3 NPs were synthesized as below. 1.07 mmole (350 mg) 
H42N10O42W12-xH2O was dissolved in 67 mL distilled water at 80ºC under 
vigorous magnetic stirring. After the droplet of 45 mL concentrated 
nitric acid was added, it was stirred (800 rpm) at 80ºC for 70 min. This 
remained at room temperature for a day to settle the WO3 precipitate. 
After centrifugation, WO3 was washed with water, dried at 80ºC, and 
calcined at 400°C for 70 min [79, 82].

The quadripartite Cu2O-CdS-BiVO4-WO3 catalyst was prepared by 
hand-mixing the adequate weight of each component required to reach a 
definite mole ratio in an agate mortar for 30 min [79]. 

Characterizations 
The samples prepared were characterized by the following 

techniques/instruments. A X’PertPro XRD diffractometer (Ni-filter, Cu-Kα 
source at 1.5406 Å, Acc. Voltage: 40 kV, i: 30 mA; Netherland), An UV–Vis 
diffuse reflectance spectrophotometer (JASCO V 670, reference: BaSO4, 
Japan), MIRA3LMU scanning electron microscope (TESCAN Co Czech 
Republic), a transmission electron Microscope Philips EM 208s (100 kV), 
a photoluminescence spectrophotometer (Perkin Elmer, LS 45, UK), A 
UV-Vis double beam spectrophotometer (UV/Vis 2100S, JASCO, power 
source: AC 220 V/50 Hz, quartz cells), a centrifuge instrument (Sigma, 
rpm: 13000, g: 15493), and a p-ion meter device (Jenway model 3505) 
[79].

Photodegradation experiments
A dark experiment for a 10 min string of the suspensions was done 

to reach the equilibrated adsorption/desorption. For a photodegradation 
run, 10 mL 10 mg/L SFSZ solution (pH 6.25)/0.4 g/L of the catalyst 
was irradiated against a 40 W W-lamp (located 10 cm above the cell). A 
homogeneous mass transfer during the illumination process was achieved 
under constant magnetic stirring. At the end of the illumination process, 
it was centrifuged, and the supernatant was transferred to the UV-Vis cell. 
The absorbance of the solution (A) at λmax= 359 nm was recorded and 
compared to that of the blank SFSZ solution (Ao). The removed SFSZ was 
estimated as C/Co (corresponding to A/Ao) [79].
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RESULTS AND DISCUSSION

Characterization studies

XRD patterns, morphology: The proposed quadripartite 
photocatalyst involves WO3, BiVO4, CdS, and Cu2O components. This work 
is a continuation of previously published works where the activity of the 
individual, binary, and ternary systems of the four elements mentioned 
above was studied in the SFSZ photodegradation process. The results 
have been published; thus, some characterization and photodegradation 
results have been illustrated in detail in our published works [79,83-88]. 

As mentioned above, some characterization results of the sample 
have been discussed in the first section of the work [79]. XRD patterns 
confirmed that a Cu2O cubic (CPDS# 65-3288) [21], a CdS hexagonal 
phase (JCPDS# 42-1411) [89], a monoclinic BiVO4 phase (JCPDS card 
No. 14-0688) [78], and a cubic WO3 phase (JCPDS file no. 46-1096) [78], 
were formed. Substituting the pattern data in the Scherrer [90], and 
Williamson-Hall models [91] got the average crystallite size of 27.8 and 
22.5 nm for the quadripartite catalyst, respectively.

The morphology of the quadripartite catalyst has also been studied, 
and the SEM images discussed in the previous paper [79]. Some SEM 
images are also presented in Figure 1, which prove the presence of some 
cubes (Cu2O and WO3 NPs), some hexagonal relatively distorted (CdS NPs), 
and some nano-flakes or plate-like NPs (BiVO4 species) in the catalyst. 
Applying the image-j software has confirmed the nano dimension for the 
catalyst species [79]. Elemental EXD analysis in X-ray mapping images 
has also confirmed the presence and homogeneous distribution of the 
constituent elements in the quadripartite catalyst [79].

Optical properties and VB/CB potential positions: 
Optical properties of the individual and coupled catalysts have also 
been evaluated by performing photoluminescence (PL) and UV-Vis 
spectroscopy, the results of which have been presented in the first section 
of the work [79]. The PL intensity was decreased in the quadripartite 
catalyst, confirming higher e/h separation occurred by coupling the 
semiconductors. Further, when the moles of the components were 
changed, the PL intensity changed. The sample’s band gap energy (Eg) 
was estimated using the absorption wavelength edge obtained from the 
absorption spectra. The Eg-values obtained were 1.95, 1.96, 2.16, 2.38, 
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Figure 1: Some FESEM images of Cu2O-CdS-BiVO4-WO3 NPs (mole ratios 3:1:1:1) [79].

and 2.19 for Cu2O, BiVO4, CdS, WO3, and quadripartite catalysts, respectively [79].

Here, we use the Kubelka-Munk and the Tauc models to estimate the more precise Eg-values based on the reflectance spectra of the samples 
[92-96]. In the Kubelka-Munk model, the Kubelka-Munk function (F(R)=(1-R)2/2R=K/S) or the reflectance (R) can be converted into the absorption 
coefficient (α) [97] as follows. S and K are the scattering and absorption Kubelka-Munk coefficients [98].

K = 2α = SF(R)

The Eg value for various electronic transitions can be estimated from the following Tauc relation:

F(R) hυ = A (hυ − Eg )n

Depending on the type of transition that occurs, the power n gets various values. Depending on the electronic nature, the exponent n-vale gets 
values of 3, 2, 3/2, and 1/2 for the indirect forbidden (IF), indirect allowed (IA), direct forbidden (DF), and direct allowed (DA) transitions, respectively 
[99]. By the change in writing format for this equation, the n-value tends to change. For example, an n value equal to 1/2 for a direct band gap material 
is subjected to the above-mentioned formula. This equation can be rewritten for this direct electronic transition, and an n value of 2 must be achieved. 
In the following formula, an n value of 2 is for a DA transition, a value of 1/2 is for an IA transition, a value of 2/3 is for a DF transition, and a value of 
1/3 is for an IF transition [100].

(F(R) hυ)n  A (hυ − Eg)

Due to s-d and p-d exchange interactions, a red shift in the band gap energies has been reported [101].

In the following format, n values of 1/2, 3/2. 2, and 3 show the DA, DF, IA, and IF transition, respectively [102-104].
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(αhʋ)1/n = A (hυ − Eg)

We can write the following model: the exponent n = 2 is for DA 
transition, n = 2/3 for DF transition, n = 1/2 for IA transition, and n = 1/3 
for IF transition [105, 106].

(αhʋ) = A (hυ − Eg)1/n

If the equation is written as follows, n gets values of 1, and 4, for DA 
and IA transitions, while the values of 3 and 6 for DF and IF transitions, 
respectively [107].

(αhʋ)= A (hʋ – Eg)n/2

This formula can construct a plot of ln (αhʋ) vs. ln (hʋ- Eg) with an 
approximate Eg-value. The slope of a straight line gives the value of n for 
the transition investigated. For calculating the Eg-value, a plot of (αhʋ)2/n 
vs. hʋ should be constructed, providing a tangential line. This line is near 
the band edge. The extrapolation of the rising slope of the curve towards 
the x-axis of the photon energy, the obtained x-intercept is equal to the 
optical band gap [107].

Finally, in another format of the Kubelka-Munk equation, n values of 

(αhʋ)2/n= A (hʋ – Eg)

Based on the reflectance data (Figure 2A), the Tauc plots were 
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Figure 2: (A) Typical UV–Vis reflectance spectra obtained in DRS study of the Cu2O, CdS, BiVO4, WO3 NPs and Cu2O-CdS-BiVO4-WO3 quadripartite 
sample (mole ratios 3:1:1:1); (B) Typical Tauc plot for n= 2 obtained based on reflectance spectra in case A; (C) Typical plots for calculation of pHpzc 
of Cu2O-CdS--BiVO4-WO3 [79].

constructed as shown in Figure 2B and SDF1 (supplementary data). As 
shown in Figure 2B, WO3 NPs showed the most significant Eg, which 
can be lowered effectively when coupled with other semiconductors. 
The results obtained are summarized in Table 1, confirming that the as-
synthesized catalysts are visible light active. The band gap energies for 
BiVO4 and WO3 NPs synthesized here showed a blue shift concerning the 
commercial BiVO4 (Eg= 2.3 eV) and commercial WO3 (Eg= 2.6 eV) due to 
the increased Eg in nanoscale [76].

In the next step, the catalyst’s VB and CB potential positions were 
calculated by the following formulas: the free electrons energy is about 
4.5 eV (vs NHE), and χ is the semiconductors’ electronegativity [108]. This 
calculation illustrated the reasons for the increased separation rate of the 
photoinduced e/h pairs. 

ECB = χ −Ee −1/2 Eg

EVB = ECB + Eg

The χ value of each semiconductor is a geometric mean of the 
electronegativity of each constituent element. As shown in Table 1, the 
atoms’ electronegativity can be estimated from the atom’s first ionization 
and electronegativity energies.

pHpzc: Exposing some metal oxides to the external environment, 
especially aqueous ones, changes the surface characteristics, significantly 
the accumulated surface charge. This is based on the proton balance 
between the solid surface and the aqueous suspension prepared, and 
the equilibrium adsorption/desorption reached would be expected to be 
forced by their acid-base futures. Commonly, the surface hydroxyl groups 
of the metal oxide can alter the surface electrical charges in an aqueous 
environment [42,109]. In general, the electrolyte concentration, pH, and 
the native properties of the solid material used can change the type of 
accumulated charges on the surface. This pH dependency of the surface 
charge of mineral adsorbents/ catalysts in an aqueous phase is critical in 
the overall process yield. Thus, to obtain more reliable optimal conditions 
for running the process, it is essential to know about the accumulated 

surface charge [110]. 

A critical pH point for describing the surface accumulated charge 
is the zero charge (pHpzc or PZC), in which the surrounding solution 
neutralizes the surface accrued charge. An equal number of de-protonated 
negative surface centers must balance the positive surface centers (via 
the protonation process). In general, knowing the pHpzc point of the 
sample used is very important, and it has been reported that the chemical 
properties of some soil samples and mineral oxides or hydroxides can 
be determined by their pHpzc future. The PZC characteristics played 
a critical role in the overall efficiency of some processes, such as ore 
flotation, adsorption of colloidal particles on the surface, etc. Further, the 
deposition efficiency of the corrosion products in steam generators and 
the transporting radioactivity efficiency in a water-cooled nuclear reactor 
can be illustrated by the pHpzc of the surface subjected [110].

Typical plots for determining the pHpzc of the quadripartite catalyst 
are shown in Figure 2. Before the pHpzc, the native basic or negative 
surface could adsorb protons from the adjacent aqueous phase, resulting 
in net positive surface charges and increase in the suspension pH (please 
focus on Figure 2). Beyond the pHpzc, the native acidic or positive future 
of the surface adsorbs hydroxyl anions from the adjacent aqueous media, 
resulting in a net negatively surface charge and a decreased suspension 
pH. The quadripartite catalyst showed a pHpzc around 9.

Photocatalytic studies

The boosted photocatalytic activity of the coupled 
system: Some preliminary removal runs were done to evaluate the 
capability of the quadripartite catalyst in SFSZ removal; which results 
have been discussed in the first section of the work [79]. The results are 
also shown in Figure 3. Briefly, a dark experiment for 10 min was done 
to achieve an equilibrated surface adsorption/desorption process [111], 
based on the preliminary experiments illustrated in the first part of the 
work. Then, the photodegraded solutions were compared against the 
direct photolyzed solution to obtain a net photodegradation efficiency. 
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Table 1: Band gap and potential positions for CB and VB of the semiconductors used.

Approximated band gap energies of the used catalysts by using the absorption edge method and Kubelka-Munk equation and Tauc plots

Catalysts
Tauc plots (eV) Absorption edge

1/2 2 3/2 3 λ (nm) Eg (eV)

Cu2O 2.665 2.412 2.445 2.425 636 1.949

CdS 2.667 2.382 2.489 2.487 573 2.164

BiVO4 2.389 2.43 2.508 2.519 566 2.190

WO3 2.820 2.998 3.011 3.027 634 1.955

Composite 2.453 2.523 2.549 2.562 520 2.384

Ea and Ei values of the constituent elements of the used semiconductors

Element Ea (eV) Ei (eV) ½(Ea+Ei) (eV)

Cu 1.235 7.712 4.475

O 1.461 13.618 7.539

Cd 0.724 8.985 4.854

S 2.077 10.358 6.217

Bi 0.942 7.238 4.090

V 0.527 6.739 3.633

W 0.816 7.864 4.340

Eg, VB and CB values of the used semiconductors, χ data are in Mullikenʹs electronegativity scale

Catalyst χ (eV) Eg (eV) EVB (eV) ECB (eV)

Cu2O 5.35 2.41 2.05 -0.36

CdS 5.49 2.38 2.18 -0.20

BiVO4 6.02 2.43 2.73 0.30

WO3 6.56 2.99 3.55 0.56

Various formats for the Tauc model

n-value for:

Formula IF IA DF DA Ref.

F(R) hυ  A (hυ − Eg)n 3 2 3/2 1/2 [99]

(F(R) hυ)n = A (hυ − Eg) 1/3 1/2 2/3 2 [101]

(αhʋ)1/n = A (hυ − Eg) 3 2 3/2 1/3 [103, 134, 135]

(αhʋ) = A (hυ − Eg)1/n 1/3 1/2 2/3 2 [105, 106]

(αhʋ)= A (hʋ – Eg)n/2 6 4 3 1 [107]

(αhʋ)2/n= A (hʋ – Eg) 6 4 3 1 [107]
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Figure 3: (A) Effects of direct photolysis and photocatalytic processes on SFSZ removal (catalysts dose 0.4 g/L, CSFSZ: 10 mg/L, irradiation time: 30 
min, initial pH 6.5); (B) Effects of the mole ratio of the Cu2O:CdS:BiVO4:WO3 in photodegradation of SFSZ [79].
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Based on the decrease in the peak intensity of the photodegraded 
solutions, the photodegradation efficiencies of 6, 27, 39, and 48% were 
achieved for BiVO4, WO3, CdS, and Cu2O NPs in SFSZ photodegradation 
when used alone. This efficiency was enhanced to about 64% when the 
coupled quadripartite catalyst was used. This boosted effect is related 
to the faster separation of the photoinduced e/h pairs, which will be 
discussed in detail in the following sections by constructing suitable 
schematics. Based on the results [79], the change in the mass ratio of the 
components of the quadripartite catalyst, changed the PL intensity and 
the photodegradation efficiency. The lowest PL intensity and the highest 
photocatalytic activity were obtained when the quadripartite catalyst 
with a Cu2O: CdS: BiVO4:WO3 mole ratio of 3:1:1:1 was used. In general, 
both the higher extent of the production of the e/h pairs and their lower 
recombination extent determine the overall efficiency of the process. 
These can be change by varying the semiconductor components in the 
catalyst, reached the optimal extents in the above-mentioned ratio [112]. 
Thus, this catalyst was used in the experimental design optimization 
approach to optimize the SFSZ photodegradation condition. The results 
will be discussed in the next section. 

Experimental design (RSM) studies: Table 2 summarizes the selected 
influencing variable in the RSM study of SFSZ photodegradation process. 
The selected ranges include the axial level (±2), the cubic level from the 
factorial design (±1), and the central level (with a code of 0). Based on 
the selected ranges for each variable, a central composite design (CCD) 
was constructed by inputting the ranges to the software, which resulted 
in the suggestion of conditions for 30 runs (16 factorial (24), 8 axial (2k, 
k = number of factors), and 6 center point replicates). The coded values 
were obtained by the following formula: the coded and actual values of 
the independent variable (Xi and Xj) are Xci and Xi, while its actual value at 
the center point is Xo. ∆X is the value of the step change [113].

xci =         ()

After performing the photodegradation experiments based on the 
RSM runs’ conditions, the viable response Y (SFSZ photodegradation%) 
was inputted into the software. The coefficients (β0: the constant 
intercept, βi, βii, and βij: the linear, second order, and interactive effects 
regression coefficients, respectively) of the following quadratic (second 
order) were determined as shown in equation (2) [113, 114]. 

Y = β0 + ∑βixi + ε = β0 + ∑βixi + ∑βiixi
2 + ∑βijxixj + ε     (2)

Y (Deg. %) = 28.68 –3.82 A –11.83 B +13.57 C+ 0.43 D –3.33 AB  ̶ 
2.92 AC +0.81 AD –5.24 BC + 3.32 BD +12.20 CD –0.51 A2 +8.99 B2 + 3.79 
C2 – 2.55 D2   (3)

1. ANOVA and Fit summary: Other data in Table 2 belong to the 
ANOVA (analysis of the variance) analysis constructed based on the 
Fischer test (F-test) analysis. The significance of the model suggested 
can be evaluated by comparison of the model F-value of 26.19 (a divide 
of model MS to that of residual) with the critical value of F0.05, 14, 15=2.55. 
This larger calculated F-value confirms that the suggested model can 
significantly process more than 95% of the data obtained, and only less 
than 5% cannot be processed. The model lack of fit (LOF) estimates 
the random errors, and for a significant model, this term must be not 
significant. Here, the LOF F-value (a divide of its MS to that of pure error) 
is 2.04, smaller than the tabulated F0.05, 10, and 5= 8.79. This smaller 
calculated F-value confirms a non-significant LOF, proving that random 
errors influenced the data obtained [115, 116].

The correlation coefficients, including the multiple correlation 
coefficients R2 (R2= 0.9607), adjusted-R2 (adj-R2=0.9240) and predicted-R2 
(pred-R2 = 0.8070) were achieved. All values are close to unity, confirming 
a reasonable statistical data fit in the model [117]. 

A precision measure of the model can be evaluated by the CV 
(coefficient of variation) term, and a smaller CV value shows higher model 
precision. Here, a CV value of 7.20% was obtained, which is relatively low. 

Further, an adequate precision value of 19.80 was achieved, and in RSM, 
this value must be above 4 for a good model. This term estimates the S/N 
ratio in the space investigated or to navigate the design space [118]. 

2. Diagnostic plots: Diagnostic plots are shown in Figure 3A and 
SDF2. The normal probability plot in Figure 3 (A) confirms normal 
distribution of residual around the normal diagonal straight line with 
no trend. No transformation is required because no S-shaped curve was 
reached. The plot of residuals versus predicted response values tests the 
assumption of constant variance across the graph, which is confirmed by 
a random scatter.

As shown here, a typical plot of residuals versus an experimental run 
should show a random scatter to check the lurking variables that may 
influence the response variable during the experiment. The plot of actual 
responses versus the predicted responses detects a value or group of 
values the suggested model does not predict. This can be confirmed by a 
split of data points evenly by the 45-degree line. 

3. Influencing plots: The influencing plots show the influence of 
individual runs, which are shown in Figure 3B and SDF3. Based on the 
externally studentized residual (outlier t, R-student) no outlier point 
is present because no data point is laid out of the control limits ±3. 
The outlier data points are not fitted well by the proposed model, due 
to a wrong value or model. The applicability of a definite data point to 
influence the model fit can be evaluated by the leverage–run plot, in 
which each run gets a numerical value between zero and one. A high 
leverage value near one proves the predicted and actual values have the 
same force with zero residual, which is terrible because an unexpected 
error source influenced the model.

The difference in fit can be evaluated by plotting DFFITS versus 
runs, and the value can be estimated by deleting the point and following 
the change in the fit. Thus, a larger DFFITS value proves more influence 
on the point in the fitted model. Mathematically, this is similar to the 
externally studentized residual with a high leverage point. The plot of 
Cook’s distance versus runs measures the change in the regression when 
the case is deleted. Large values (2-3 times greater than the other points) 
commonly have high leverage and large studentized residuals; thus, these 
values must be re-investigated. 

Finally, all diagnostic and influencing plots confirmed the goodness 
of the model suggested.

4. Model graph: 3D and related 2D contour plots are summarized 
in Figure 5 and SDF3 to present the simultaneous interactions between 
the binary variables investigated graphically. The suspension pH is a 
crucial experimental variable that critically influences the response. It 
simultaneously affects the accumulated charges on the catalyst’s surface 
and the SFSZ molecules’ ionic species. Depending on the pKa values of 2.4, 
6.8, and 11 that have been reported for SFSZ salicylic ring, sulfonamide 
hydrogen, and azo bond or pyridine rings’ nitrogen atoms, respectively 
[113], SFSZ molecules can be present as various ionic species depending 
the pH of the suspension. 

Thus, it would be expected that at acidic pHs around 3.5, the 
sulfonamide hydrogen and the nitrogen atom of the azo bond or pyridine 
ring to be in the protonated form should be repelled by the positively 
charged surface of the catalyst (see pHpzc section). This negative effect 
can continue at pHs about 9, because the mentioned nitrogen atoms may 
be in the protonated form.

The concentration of the pollutant can change the collision 
probability between SFSZ molecules and the catalyst surface, where 
the reactive species with very short lifetimes are formed and absorb 
the arrived photons by the catalyst surface. Due to the lower collision 
probability at low concentrations, the reactive species may participate in 
the side reaction, resulting in photodegradation efficiency. The increased 
collision probability due to the increased concentration can increase 
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Table 2: Data used/obtained in the RSM study of SFSZ removal by the quadripartite Cu2O-CdS-BiVO4-WO3 catalyst.

Variables and surfaces for the design of experiment by RSM under CCD pattern

Code/Factor Unite -1 level +1 level -α +α

X1: Contact time min 20 40 10 50

X2: Ads. dosage mg/L 0.3 0.6 0.15 0.75

X3: CSFSZ mg/L 8 10 7 11

X4: pH - 3.5 9 0.75 11.75

Analysis of variance (ANOVA) for %degradation of SFSZ

Source Sum Sq. df Mean Sq. F value p-value

Model 14412.82 14 1029.49 26.19 > 0.0001 Sig.

X1: time 4417.58 1 4417.58 112.36 <0.0001

X2: Ads. Dos. 4.39 1 4.39 0.11 0.0074

X3: Cpb(Ⅱ) 3359.96 1 3359.96 85.46 <0.0001

X4: pH 22.44 1 22.44 3.31 0.0089

X1X2 2380.22 1 2380.22 60.54 <0.0001

X1X3 438.59 1 438.59 11.16 0.0045

X1X4 136.71 1 136.71 3.48 0.0082

X2X3 175.89 1 175.89 4.47 0.0052

X2X4 10.61 1 10.61 0.27 0.0061

X3X4 176.96 1 176.96 4.5 0.0509

X12 394.18 1 394.18 10.03 0.0064

X22 178.22 1 178.22 4.53 0.0502

X32 2218.48 1 2218.48 56.43 <0.0001

X42 7.25 1 7.25 0.18 0.6738

Residual 589.72 15 39.31

Lack of Fit 473.66 10 47.37 2.04 0.2231 not sig.

Pure Error 116.06 5 23.21

Cor Total 15002.54 29

The results obtained for the applicability of the model

Variable Value/Type

Optimized values pH: 9, Dose: 0.45 g/L, time: 30 min, CSFSZ: 6.25 mg/L

Suggested model Quadratic

Predicted response 90.70

95% CI low and high 86.6-95.0

Predicted Std Dev 2.3

Observed response (n=3) 95± 2.3
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Figure 4: Typical diagnostic (A) and influencing (B) plots obtained in RSM study of SFSZ by Cu2O-CdS-BiVO4-WO3 catalyst
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Figure 5: 3D response surface plots for effects of process variables on SFSZ by Cu2O-CdS-BiVO4-WO3 catalyst.
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the photodegradation efficiency. However, high amounts of the arrived 
photons may be absorbed in the high SFSZ concentration, adversely 
affecting the photodegradation of SFSZ molecules. Thus, an optimal 
concentration value would be expected. Thus, in Figure 5A, through the 
pH range of 3.5-9, the photodegradation efficiency cannot be increased 
at high concentrations, and the best optimal interactions between pH-C 
can be achieved at moderate concentrations of 8 ppm. Based on the 
results in Figure 5B, the negative effects of the pH range of 3.5-9 cannot 
be compensated by shorter irradiation times. 

The catalyst dose can affect both the aggregation of the solid 
powder and the amounts of active centers to be illuminated. With mass 
increasing the catalyst, more active centers can be illuminated to produce 
the reactive species. At the same time, it aggregates the catalyst species 
and reduces the effective surface area under illumination. As shown in 
Figure 5C, a moderate dose of 0.45 g/L at more acidic pHs caused a better 
photodegradation efficiency. In this pH, the sulfonamide hydrogen may 
be released, and thus, an attractive force between this segment and the 
catalyst surface may attract SFSZ molecules and bring them near the 
surface to be degraded.

The interactions of C-Time in Figure 5D confirm that moderate 
concentrations of 8 ppm have better collision probability than 10 ppm, 
resulting in a more extended degradation yield. This confirms that some 
resist intermediates may form, needing longer illumination times to 
be degraded. The adverse effects of higher doses of the catalyst can be 
compensated by using relatively lower concentrations (Figure 5E), and 
longer irradiation times (Figure 5F).

The model’s applicability was evaluated by performing SFSZ 
photodegradation runs in the optimal runs’ conditions of pH 6.25, 
catalyst dosage 0.45 g L-1, irradiation time 30 min, CSFSZ: 7 g/L. The 
results were averaged based on triplicate measurements and compared 
with the acceptable range suggested by the model. Good agreement 
between them confirms the applicability of the proposed model in SFSZ 
photodegradation (Table 2).

Scavenging agent’s effects and the photodegradation 
mechanism: As illustrated in the introduction section, in a typical 
heterogeneous photocatalytic process, the main reactive species of e-, 
•O2

-, h+, and •OH produced under the appropriate light irradiation are 
responsible for the degradation of various organic pollutants. To estimate 
their relative importance in the degradation reaction, the change in the 
photodegradation activity of the proposed quadripartite catalyst in the 
presence of K2S2O8, KHCO3, acetic acid, and ascorbic acid (AA) as the 
scavenging agents were followed. The proposed trapping agents can 
respectively trap the photoinduced electrons (e-), hydroxyl radicals (•OH), 
photoinduced holes (h+), and superoxide ion radicals (•O2

-), respectively. 
Accordingly, the scavenging of each reactive species must decrease overall 
photodegradation efficiency, proving the higher role of the investigated 
reactive species in the photodegradation process. The photodegradation 
results are shown in Figure 6A. Peroxodisulfate (PDS), peromonosulfate 
and hydrogen peroxide, are known as electron scavengers in the 
heterogeneous photocatalytic process. During this scavenging process, 
PDS production is sulfate anion radicals (SO4

•-). Following rate constants 
have been reported for PDS and sulfate radicals contained reactions in 
acidic pH range of 3-8 [119].

S2O8
2- + Heat → 2 SO4

•-          (k1: 5.7 × 10-5 s-1)

SO4
•- + S2O8

2- → S2O8
•- + SO4

2-    (k2: 6.1 × 10-5 M-1 s-1)

SO4
•- + H2O → •OH + H+ + SO4

2-   (k3 [H2O] ˂ 2 × 10-3 M-1 s-1)

SO4
•- + SO4

•- → S2O8
2-            (k4: 5 × 108 M-1 s-1)

The powerful •OH for photochemical decontamination in freshwater 
can be photochemically generated by illuminating nitrate, nitrite, and 
dissolved organic matter (DOM). Simultaneously, many solutes, such as 

DOM itself, can scavenge these radicals and inorganic carbon as carbonate 
and bicarbonate salts. The scavenging reaction kinetics of •OH and 
carbonate or bicarbonate obeys a second-order model with rate constants 
of 3.9 ×108 M-1 s-1 and 8.5 ×106 M-1 s-1, respectively. The produced CO3

•- is 
less reactive than •OH [120].

Acetic acid is known as an effective hole scavenger [121]. Ascorbic 
acid undergoes the one or two electron steps redox reactions that form 
semidehydroascorbic acid and dehydroascorbic acid (DHA + 2H+ + 2e- → 
ASC + H2O, Eo (pH 7) = 60 mV) [122]. AA is a superoxide radical scavenger, 
and in the presence of acetaldehyde and xanthine oxidase (as the 
superoxide radical sources), the second order rate constant of 8·2 × 107 
M-1s-1 has been reported for the scavenging of superoxide by AA. Another 
first-rate constant for such scavenging reaction has been reported as 2·7 
× 105 M-1s-1 (in the presence of a xanthinexanthine oxidase system) [123].

As depicted in Figure 6A, the inhibition trend is as ascorbic acid > 
acetic acid > KHCO3 > K2S2O8, proving that the critical photodegradation 
role by the proposed catalyst belongs to the photogenerated •O2

- and then 
to •OH. The results show that the photoinduced e- and h+ species play a 
minor role during the photodegradation reaction. Based on the results 
obtained here and using the VB/CB potential positions obtained in DRS 
section, the photodegradation mechanisms were proposed, which will be 
discussed in the following. 

So far, various mechanisms have been described to illustrate the 
photodegradation pathways in heterogeneous photocatalysis. These 
mechanisms involve direct Z-scheme photocatalysts, traditional 
Z-scheme photocatalysts, all-solid-state Z-scheme photocatalysts, type II-
heterojunction systems, etc. [124-126]. 

In heterojunction systems, the Type- photocatalytic mechanism is 
usually the most common. This mechanism is shown in Figure 6B when the 
coupled semiconductors are considered successive binary heterojunction 
systems. Under the visible light irradiation of the system, all components 
can be excited to produce the e/h pairs. Among the CB positions, the CB-
Cu2O has a more negative (higher) potential position (-0.36 V) than that 
of CB-CdS (-0.28 V), satisfying the electron transfer from CB-Cu2O to CB-
CdS direction. Consequently, the CB-CdS electrons can rapidly transfer to 
that of the CB-BiVO4 position with a more positive potential position (0.3 
V). The final goal of these electrons is the CB-WO3 position with the most 
possible position (0.36 V) among all CB positions involved.

Meanwhile, the photogenerated holes’ transfer obeys a reverse path 
from the VB-WO3 (3.55 V) to VB-BiVO4 (2.73 V), then to VB-CdS (2.73 V) 
and finally to VB-Cu2O (2.05 V). Overall, these e/h migrations result in the 
accumulation of the photogenerated electrons in the CB-WO3 (0.56 V) and 
the holes in the VB-Cu2O (2.05 V). These successive reduction/oxidation 
steps between the coupled components promote the spatial separation of 
the photoinduced e/h pairs, resulting in a suppressed recombination for 
the photoinduced e/h charge carriers. Overall, this quadripartite catalyst 
can be considered as three type(II)-heterojunction component involving 
the WO3-BiVO4, BiVO4-CdS, and CdS-Cu2O. On the other hand, this system 
can be regarded as a typical cascade type(II) heterojunction system in 
which the above mentioned binary type(II) heterojunction systems are 
consequently connected.

This suggested type (II) heterojunction system is not capable of 
producing sufficient superoxide radicals because the accumulated 
CB-WO3 electrons with a very positive potential position (E: 0.56 V) 
concerning that of oxygen reduction (E: -0.28 V), cannot reduce the 
dissolved oxygen to superoxide radicals. In this suggested mechanism, 
only superoxide radicals can be produced by the electrons in the CB-
Cu2O, which is relatively free from the photogenerated electrons due to 
the successive migrations towards CB-WO3. Similarly, the difference in the 
potential positions of the photoaccumulated hole in the VB-Cu2O (E: 2.05 
V) and that of water oxidation to produce hydroxyl radicals (E: 2.35 V) is 
tiny to the effective production of enough hydroxyl radicals. This proposed 
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Figure 6: (A) Effects of some scavenging agents in SFSZ photodegradation (catalysts dose g/L, CSFSZ: mg/L, irradiation time: min, initial pH); (B-C) 
Proposed mechanism for SFSZ photodegradation by the proposed Cu2O-CdS-BiVO4-WO3 photocatalysts

successive type II-heterojunction charge transfer pathway for the proposed quadripartite catalyst is unsuitable for producing enough superoxide and 
hydroxyl radicals under the illumination process. Furthermore, if direct degradation of SFSZ molecules by the photoinduced electrons is considered a 
type of SFSZ degradation, its efficiency is also low. The direct oxidation potential of SFSZ molecules has been reported to be about 0.75 V [127], and its 
difference with that of CB-WO3 is about 0.2 V. Thus, SFSZ cannot be degraded effectively (reduced) by the photoaccumulated CB-WO3 electrons.

Thus, we considered another charge carrier transfer pathway to illustrate the excellent SFSZ degradation efficiency obtained by the proposed 
photocatalyst based on the results obtained in the study of scavenging agents. The direct Z-scheme photocatalysts are patterns like natural 
photosynthesis systems with outstanding merits of high light harvesting, critical spatially separated reductive and oxidative active centers, and a well-
preserved powerful redox characteristic. Thus, such a system has been widely used in photocatalysis, photodegradation, water splitting for O2 and H2 
evolution, photoreduction of CO2 to produce hydrocarbon fuels, etc [128-133]. According to the direct Z-Scheme mechanism, the typical schematic 
is presented in Figure 6C, which consists of 3 binary Z-scheme systems, including the WO3-BiVO4, BiVO4-CdS, and CdS-Cu2O, which are sequentially 
connected. On the other hand, this system can be considered a typical cascade direct Z-scheme system in which these mentioned above binary direct 
Z-schemes are consequently connected. 
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The first Z-scheme system involves WO3-BiVO4, in which the 
potential positions of CB-WO3 (0.56 V) are negative enough to transfer 
its photoinduced electrons to the VB-BiVO4 (2.73 V), which can be 
photoexcited to CB-BiVO4 position (0.3 V). The second Z-scheme system 
can then form, and the VB-BiVO4 photoinduced electrons (0.3 V) can 
transfer to VB-CdS position (2.18 V), which can be photoexcited to its CB 
position (-0.28 V) to form the BiVO4-CdS Z-scheme system. The electron 
transfer from the Cb-CdS (-0.28 V) to VB-Cu2O (0.2.05 V) and the final 
photoexcitation to the CB-Cu2O (-0.36 V) construct the third Z-scheme 
component. On the other hand, based on the migration of the CB-CdS 
electrons to the VB-Cu2O position, the final path of the photoinduced 
electrons is CB-Cu2O. These CB-Cu2O accumulated electrons are more 
powerful reducing centers (-0.36 V) than the CB- WO3 accumulated 
electrons in type II-heterojunction mechanism in the CB-WO3 position 
(0.56 V), and capable of producing enough superoxide radicals via the 
reduction of a high amounts of the dissolved oxygen. These electrons 
can also directly reduce SFSZ molecules (E: about 0.75 V). As proved 
by scavenging agents, superoxide radicals can also react with SFSZ 
molecules, which is the more effective species in its degradation. In this 
direct Z-scheme mechanism, the holes must be accumulated in VB-WO3 
(3.55 V), which are more powerful oxidizing agents than those collected 
in the VB-Cu2O (2.05 V) in the type II-heterojunction system. These 
accumulated holes can effectively oxidize water to hydroxyl radicals, as 
the second critical active centers for SFSZ photodegradation based on 
the results obtained in the scavenging agent study. Based on the results, 
the successive direct Z-scheme system is suitable for illustrating the SFSZ 
photodegradation using the proposed quadripartite catalyst. 

Reusability of the catalyst: The reusability of the fabricated 
photocatalyst was kinetically evaluated as a critical economic issue, and 
the results obtained were illustrated in detail in the first part of the work 
[79]. After the photodegradation of SFSZ under optimized RSM runs’ 
condition, but under various illumination times, the reused catalyst was 
washed and dried 100oC for 20 min for the next run. Three reusing runs 
were performed, and the average vale was obtained each time based 

on triplicates. Based on the results, typical Hinshelwood plots were 
constructed, and average slopes of 0.065 ± 0.010, 0.053 ± 0.007, and 
0.054 ± 0.004 min-1 were calculated for the first to third runs, respectively, 
as the pesido-first order rate constant, k. To validate the reusability of 
the catalyst statistically, the statistical ‘t-test’ approach was used based 
on the pooled standard deviation of 0.008 min-1 obtained in three classes 
of data runs. The smaller calculated t-value of 1.77 than the critical 
value of t0.05, 4= 2.78 [76], proved that there is no considerable difference 
between the k-values obtained. Thus, the activity of the photocatalyst 
critically remained after 3 reusing runs at the considered time interval 
[79]. It is worth mentioning that individual CdS photocatalysts suffer 
from the photo corrosion effect. Here, this was overcome in the proposed 
quadripartite photocatalyst, and no leached Cd(II) cations were observed 
at the end of the photodegradation process, as tested via spot test analysis 
of the solution against sulfide anions, and no yellow CdS was observed.

Effect of various waters: To test the applicability of the 
proposed quadripartite photocatalyst for photodegrading SFSZ in 
various water sources, SFSZ solutions were prepared in different water 
matrixes like distilled water, pool water (in our university), tap water 
(in our laboratory), well water (in our university), Zaiandehrood river 
(Isfahan, Iran), and Zarcheshmeh river (Semirom, Isfahan Iran) and the 
photodegradation experiments were carried out under the RSM optimal 
runs’ condition. The obtained UV-Vis spectra are compared in Figure 7. As 
proved by the results, change in the water resource has no considerable 
effect on the activity of the photocatalyst, meaning that the photocatalyst 
can be excellently used in various wastewater samples for the successful 
photodegradation of SFSZ. As the results show, a relatively small change 
in the obtained C/Co values (inversely, as a measure of the photodegraded 
SFSZ molecules) was obtained with various water samples concerning the 
SFSZ solution prepared in distilled water. In these cases, some inorganic 
species may scavenge some reactive species and slightly decrease the 
degradation efficiency. In contrast, some inorganic substances may 
produce reactive radicals that can enhance photodegradation efficiency. 
It is worth mentioning that no analysis was done on the water samples 
used, and they were used to prepare SFSZ solutions as received.
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Figure 7:  Effects of various waters on SFSZ removal by the proposed catalyst in the conditions of: catalysts dose 0.4 g/L, CSFSZ: 6.25 mg/L, 
irradiation time: 30 min, pH 9. 
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CONCLUSIONS
A synergist photocatalytic activity was achieved for the quadripartite 

catalyst concerning the individual catalyst and their binary system. 
This boosted effect can be related to the efficient e/h separation in the 
quadripartite catalyst that is well described by the direct Z-scheme 
mechanism, consisting of 3 binary Z-scheme systems sequentially 
connected. In the first Z-scheme system (WO3-BiVO4), the potential 
positions of CB-WO3 are negative enough to electron transfer to the VB-
BiVO4. In the second Z-scheme, electron transfers from the VB-BiVO4 to 
VB-CdS position. The third Z-scheme system forms between the CdS-
Cu2O, which finally accumulates the electrons in CB-Cu2O. These CB-
Cu2O electrons are more powerful reducing centers than the CB- WO3 
accumulated electrons in the type II-heterojunction mechanism and can 
produce enough superoxide radicals. These electrons can also directly 
reduce SFSZ molecules (E: about 0.75 V). As proved by scavenging agents, 
superoxide radicals can also react with SFSZ molecules, which are the 
more effective species. In this direct Z-scheme mechanism, the holes 
must be accumulated in VB-WO3 as more powerful oxidizing agents than 
those of VB-Cu2O in the type II-heterojunction system. These accumulated 
holes can effectively oxidize water to hydroxyl radicals as the second 
critical center for SFSZ photodegradation based on the results obtained 
in the scavenging agent study. Based on the results, the successive direct 
Z-scheme system is suitable for illustrating the SFSZ photodegradation 
using the proposed quadripartite catalyst.
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