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a b s t r a c t
The as-synthesized CdS-WO3 nanocomposite and its individual components were characterized by 
X-ray diffraction, scanning electron microscope, diffuse reflectance spectroscopy, Fourier transforma-
tion infra-red spectroscopy and photoluminescence (PL) spectroscopy. The composite was then used
in photodegradation of phenazopyridine aqueous solution and it showed a synergistic photocatalytic
activity with respect to the individual CdS and WO3 semiconductors. The composite showed also a
lower PL intensity than the single semiconductors. Optimal conditions in photodegradation experi-
ments were CPhP: 10 mg L–1, pH 4, irradiation time: 45 min and 0.9 g L–1 of the CdS-WO3 catalyst when
the moles of WO3 were twice greater than CdS in the composite. The kinetics of the photodegradation
process obeyed the Hinshelwood equation and a rate constant of 6.96 × 10–3 min–1 with a half-life time
of 99.6 min was obtained by UV-Vis spectroscopy. Also, the mineralization extent of the PhP mole-
cules was followed by the COD technique and a rate constant of 0.052 min–1 with a t1/2 of 13 min was
obtained. HPLC analysis of the PhP solution showed that about 90% of PhP molecules were degraded
for 45 min.

Keywords:  Phenazopyridine; Pseudo-first order kinetic; Heterogeneous photodegradation; Antibiotics; 
CdS-WO3 composite

1. Introduction

Visible-light photocatalysis based on the semiconducting
based photocatalysts has been widely applied for environ-
mental remediation by the degradation of various organic/
inorganic/pharmaceutical pollutants. Using visible (solar) 
light for the excitation of the subjected semiconductor, drasti-
cally decreased the cost of the process [1–3]. In this heteroge-
neous process, the photo-induced electron–hole (e–/h+) pairs 
could produce in the conduction (Cb) and the valence (Vb) 
bands of the irradiated semiconductor, respectively. The e–/h+ 
pairs could, respectively, react with dissolved oxygen and 
water molecules (or OH anions) to produce superoxide and 

hydroxyl radicals. Hence, in a typical semiconducting based 
photocatalysis, there are four reactive species including e–/h+ 
pairs, superoxide and hydroxyl radicals that can efficiently 
attack the investigated pollutant molecules and break them 
into the smaller fragments and finally mineralize them into 
carbon dioxide and water molecules, etc. [4–10].

WO3 is well known as a nontoxic visible-light-driven 
photocatalyst with a narrow band gap of 2.5–2.8 eV and it 
has a high oxidation potential of photo-generated holes. 
The Cb position of WO3 has a standard potential in the range 
of 0–0.5 V (vs. NHE). Comparison of its Cb position with 
the Eo values of –0.33 and 0.05 V for (O2/•O–

2) and (O2/HO2
•) 

redox systems confirms that it cannot produce superoxide 
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or HO2 radical. Hence, the photogenerated electrons have a 
high potential to re-combine with the photogenerated holes. 
Hence, finding a novel strategy for the fast separation of the 
photo-induced e–/h+ pairs in the excited WO3 semiconduc-
tor has utmost importance in environmental remediation 
processes. Generally, for the fast separation of e–/h+ pairs in 
semiconducting based photocatalysis, different strategies 
have been used so far by researchers. The most famous of 
these strategies are doping of a suitable species into the used 
semiconductor, the coupling of two or more semiconductors, 
decreasing the path length for the photogenerated e–/h+ pairs 
to reach them rapidly to the surface of the semiconductor by 
using nanoparticles, etc. [11–20].

In the present work, both coupling and using of nano- 
dimension of the semiconductors strategies were used to 
enhance the photocatalytic activity of WO3. For this goal, the 
p-type semiconductor WO3 nanoparticles (NPs) were syn-
thesized and coupled mechanically with the as-synthesized 
n-type CdS NPs. The resulted WO3-CdS nanocomposite was 
then used in photocatalytic degradation of phenazopyridine 
(PhP) in aqueous solution under visible light irradiation. 
Phenazopyridine is not an antibiotic and is not recommended 
for the cure of infection itself. It is a local anesthetic and it 
is commonly used to relieve symptoms caused by irritation 
of the urinary tract such as pain, burning, and the feeling of 
needing to urinate urgently or frequently. It is a dye that acts 
as a painkiller to soothe the lining of the urinary tract. It has 
some problems such as toxicity (primarily blood disorders) 
and potential carcinogenicity that limited its applications. 
Some side effects of this drugs are pale skin, fever, confusion 
or weakness, jaundice (yellowing of your skin or eyes), swell-
ing, weight gain, feeling short of breath; blue or purple col-
oring in our skin, etc.. Hence, we subjected it as the pollutant 
in the present work that may pollute water sources due to its 
wide using.

2. Experimental

2.1. Materials and synthesize procedures

All analytical grade chemicals including CH3OH, Cd(NO3)2∙ 
4H2O, Na2S, ammonium tungstate hydrate (H42N10O42W12 
xH2O) and nitric acid as the starting material were prepared 
from Merck or Sigma-Aldrich Co., (Normal Labo Agency, 
Isfahan, Iran). Distilled water was  used throughout the 
work. Phenazopyridine (C11H11N5. MW: 213.24) pharma-
ceutical tablet (100 mg, Shahrdari Co., Iran) was prepared 
from local drugstores. Each tablet had 175 mg in weight. For 
preparing a 100 mg/L of the solution, a PhP tablet was thor-
oughly hand mixed in an agate mortar to obtain a homoge-
neous powder. Aliquot 17.5 mg of the powder was dissolved 
in water and filtered in a 100-mL volumetric flask to remove 
probable undissolved materials. The resulted solution was 
diluted to the mark. Diluter solutions were prepared by 
using the serial dilution method.

For the synthesis of CdS NPs, 100 mL 0.1 M sodium 
hydroxide aqueous solution and 50 mL CH3OH were added 
dropwise to a 100 mL 0.085 M Cd(NO3)2 ∙4H2O aqueous solu-
tion under vigorous stirring (1,200 rpm) for 30 min. Then, 
100 mL 0.1 M Na2S aqueous solution was added dropwise 
under 6 h of vigorous stirring. The stirring step was then 

continued for an additional 5 h. The resulted CdS NPs were 
separated by centrifugation (>13,000 rpm) from the green-yel-
low suspension [21].

To synthesize WO3 NPs, 45 mL of concentrated nitric 
acid was added dropwise to 67 mL aqueous solution con-
taining 1.07 mmole of ammonium tungstate hydrate at 80°C. 
The mixed solution was kept at 80°C for 70 min under a con-
trolled continuous stirring at 800 rpm. Finally, the suspension 
kept constant for 1 d at room temperature to complete the 
precipitation. The precipitate was separated by centrifuga-
tion at >13,000 rpm and the supernatant was used again for 
repeating precipitation. The aqueous solution was decanted 
and distilled water was added with continuous stirring, and 
then, the sedimentation process was repeated. Finally, the 
resulted precipitate was dried at 80°C and then calcined at 
400°C for 70 min in order to form WO3 NPs [22].

The following procedure was used for preparing WO3-
CdS nanocomposite. Adequate amount of each semicon-
ductor (depending on the desired mole ratio for each semi-
conductor in the resulted composite) was added into an agate 
mortar and hand-mixed thoroughly for 10 min. After this 
period, a homogenous powder was obtained.

2.2. Characterization

The surface morphology of the as-synthesized com-
posite was studied by scanning electron microscope (SEM; 
TESCAN CO., Czech Republic). Phase identification of the 
as-synthesized catalysts was studied by X-ray diffraction 
(XRD; X,Pert PRO, with Ni-filtered and Cu-Kα radiation 
at 1.5406 Å, V: 40 kV, i: 30 mA; Netherlands). The optical 
properties of the samples were studied by a UV-Vis spectro-
photometer equipped with an optics integrating sphere and 
a diffuse reflectance accessory (JASCOV670, by using BasO4 
as reference. A pH meter (Jenway model 3505, UK) was 
used to record solutions’ pH. A centrifuge (Sigma-Aldrich, 
2-16P, Germany) instrument was used for the separation of 
nanoparticles from the suspensions. A photoluminescence 
(PL) spectrophotometer (PerkinElmer S45, UK) was used 
for recording PL spectra. An HPLC chromatogram (Agilent 
1200, C18 reversed-phase, 25 cm in length, 4.6 mm id, particle 
size column: 5 μm, detector: UV/Vis, UV-A, USA) was used 
to record the chromatograms. 

2.3. Photodegradation experiments

In a typical photo-degradation experiment, a suspension 
of 0.9 g/L of the CdS-WO3 composite in 10 mg/L PhP solution 
at pH 4 was subjected to the irradiation process. The radia-
tion source was a 100 W tungsten lamp (Osram electric Co., 
Iran) which was positioned 15 cm above the reaction cell. The 
reaction cell was a common 25 mL beaker. The suspension 
was stirred continuously on a magnetic stirrer (200 rpm) 
to achieve a homogeneous suspension for increasing the 
repeatability of the experiments. At definite time intervals, 
an aliquot of sample was withdrawn and centrifuged (at 
13,000 rpm, g: 15,493). The absorbance of the supernatant (A) 
was recorded at a maximum absorption wavelength of PhP 
(426 nm) and comprised with the absorbance of blank PhP 
solution (Ao) at the same concentration. Because the absor-
bance corresponds to concentration (Co and C, the initial and 
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final PhP concentrations, respectively) based on the Beer–
Lambert law, the ratio of A/Ao was considered as a measure 
of C/Co. The C/Co value, in turn, counted as a measure of the 
degraded PhP molecules during the photodegradation pro-
cess. When degradation extent (DE) of PhP was followed, we 
used the following equation [23]. 

DE% =
−

×






















1 100
0

A
A

 (1)

2.4. Formula and equations

For estimation of the crystallite size of the composite 
(d), the following Scherrer equation was used. In this equa-
tion, term β is excess of width line of the diffraction peak (in 
radian), term θ is the Bragg’s angle (in degree) and λ is the 
wavelength of X-ray photons [24,25]. 

d
cos

=
0 9.  
 

 λ
β θ

 (2)

To calculate the band gap energy (Eg) of the used samples 
by using the absorption edge wavelengths (λAE), the follow-
ing formula was used [26–28].

Eg eV
nmAE

( ) ( )=
1240

λ
 (3)

To calculate the rate constant (k) of the pseudo-first- order 
reaction, the following Hinshelwood equation was used. 
Also, for the estimation of t1/2 of the process, the t1/2 = 0.693/k 
formula was used [29,30]. In the Hinshelwood equation, Co 
and C show the initial and final concentrations of the solution.
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To evaluate the precision of the reusing method the 
following statistical ‘g-test’ formula was used in which si

2 
is the variance of each class of determinations [31].
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3. Results and discussion

3.1. Characterizations

3.1.1. XRD patterns

Fig. 1 shows the XRD pattern of the CdS-WO3 composite 
which some important peaks are assigned to the correspond-
ing hkl planes. It was reported that the hexagonal crystallite 
phase of CdS includes typical diffraction peaks at 2θ positions 
of 24.96°, 26.63°, 28.31°, 36.69°, 43.71°, 47.86°, 51.85°, 52.73°, 
55.16°, 58.18°, 62.73°, 66.61°, 69.01°. These reflection peaks 
correspond to hkl planes of (100), (002), (101), (102), (110), 
(103), (112), (201), (004), (202), (104), (203), (210), respectively, 

according to JCPDS card No. 41–1049 and 80–0006 [32,33]. 
Based on literature [34], the hexagonal phase of WO3 includes 
typical diffraction peaks positioned at 2θ values of 14.09°, 
22.90°, 24.36°, 26.97°, 28.30° and 36.64° corresponding to 
hkl planes of (100), (001), (110), (101), (200) and (201) planes, 
respectively (JCPDs file no. 351001). The recorded pattern of 
the composite in this work includes the aforementioned dif-
fraction peaks and well agreement is present. Accordingly, 
the observed peaks of the composite are assigned to their 
corresponding hkl planes as shown in Fig. 1.

By using the Scherrer equation (Eq. (2)), the average 
crystallite size of the composite was estimated at about 
22.4 ± 10.3 nm. All data used for this calculation are summa-
rized in SDT1 (see supplementary data). 

3.1.2. Optical properties of the CdS-WO3 composite

The electronic excitation of a semiconductor determines 
its band gap energy and is an important parameter in 
semiconducting based photocatalysis because a narrower 
band gap generates more photogenerated e–/h+ pairs in the 
irradiated semiconductor. One way to achieve a narrower 
band gap is the coupling of two or more semiconductors 
that hybrids the energy levels and may cause a narrower 
band gap. To estimate the band gap energy of the individ-
ual CdS and WO3 semiconductors and their composite, and 
also to study of change in the band gap energy during the 
coupling process, UV-Vis diffuse reflectance spectra of the 
samples were recorded. Typical absorption plots are shown 
in Fig. 2a. In these spectra, absorption edge wavelength of 
each sample was estimated which corresponds to electronic 
excitation of the samples. The extrapolated absorption 
edge wavelengths (λAE) were used to estimate the band gap 
energy (Eg) by using Eq. (3). The results are summarized 
in the inset of Fig. 2a. As shown, the composite showed a 
small red shift in the band gap with respect to WO3 NPs 
while it showed a small blue shift with respect to CdS NPs. 
However, coupling of these semiconductors improved the 
optical properties of WO3 NPs [35,36].
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Fig. 1. Typical XRD pattern of the as-synthesized CdS-WO3 nano-
composite (mole ratio of 1:2).
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As we know, e–/h+ recombination in a photo-excited 
compound (such as a semiconductor) is a positive phenom-
enon in PL process while it is a negative phenomenon in a 
photodegradation processes [37,38]. Hence, to measure the 
e–/h+ recombination extent in the individual CdS and WO3 

NPs and the resulted nano-composite, PL spectra of the 
samples were recorded in acetone solvent and shown in 
Fig. 2b. As shown, the PL intensity of the composite (for 
the peaks centered at 408 and 436 nm) was decreased with 
respect to the individual systems. This confirms a slower 
e–/h+ recombination process is carried out in the compos-
ite that can cause a better photodegradation efficiency for 
it. This speculation will discuss in the photodegradation 
section. 

Fig. 2c shows that the PL intensity of the CdS-WO3 
composite depends on the mole ratio of the coupled semi-
conductors. On the other hand, a change in the mole ratio 
of CdS and WO3 in the resulted composites can change the 
e–/h+ recombination rate. As shown, the lowest PL intensity 
was obtained for the composite with the CdS/WO3 mole ratio 
of 1:2. As we will see in the photodegradation section, this 
composite shows the best photodegradation efficiency. In all 
PL spectra, the high intense peak at 360 nm shows the light 
scattered by the nano-samples.

3.1.3. Investigation of surface charge of the composite

To evaluate the surface charge of the samples, the initial 
pH (pHI) of suspensions containing 0.09 g of each catalyst in 
5 mL 0.1 M NaCl was adjusted between 2 and 10 and shaken 
for 24 h. The final pH (PHF) was recorded and drawn against 
the pHI. The crossing point of the curve with bisector (pHI 
vs. pHI) gave the pH of point of zero charge (pHpzc) of the 
catalyst (Fig. 3) [39–41]. As shown below, the pHpzc value, the 
initial pHs were increased showing that the catalyst surfaces 
have a basic property and hence adsorb protons of the adja-
cent solution. Hence, the surface of the catalysts acquires a 
net positive charge and the pH of the solution was increased. 
At pHs above pHpzc, the initial pHs were decreased. This 
confirms an acidic property of the catalyst surface that 
resulted to adsorb hydroxyl anions from the adjacent solu-
tion. Hence, the surface of the catalysts gave a net negative 
charge and the pH of the solution was decreased. At pHpzc, 
the basic property of the catalyst surface begun to change 
to an acidic property. At this point, the charge of the cata-
lyst surface was neutralized by the adjacent solution. The 
pHpzc of CdS, WO3 NPs, and the CdS-WO3 composite was 
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estimated at about 5.5, 4.4 and 6.2, respectively. A discus-
sion on pHpzc with more details is present in our previous 
work [42].

3.1.4. SEM studies

Fig. 4 shows some SEM images of the CdS-WO3 compos-
ite with a mole ratio of 1:2 for CdS:WO3. The images show 
that some spherical NPs are dispersed on the nano-flakes. 
The nano-flakes belong to WO3 species. These smooth nano-
flakes of WO3 are randomly distributed in different directions 
and the CdS NPs are dispersed on them homogeneously. 
The images confirm the formation of nano-dimension for 
the composite. 

3.2. Photodegradation results

3.2.1. Photocatalytic activity

Fig. 5a shows a decrease in UV-Vis absorption spectra 
of PhP solutions during different initial experiments. This 
decrease shows the removal of PhP molecules during the 
mentioned processes. The corresponding C/Co values as 
a measure of the removed PhP are shown in the inset of 
Fig. 5a. Accordingly, 7% and 9.2% of the initial PhP mole-
cules are removed by direct photolysis and surface adsorp-
tion for 20 min, respectively. The role of surface adsorption 
on PhP removal was also followed at contacting times of 30, 
45 and 60 min. The results showed that about 10.8%, 11.5% 
and 12.0% of the molecules were removed at the mentioned 
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Fig. 4. SEM images of the CdS-WO3 composite (a, b); Particle size distribution obtained by applying image-j software on image B (c)
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times, respectively. Because of no significant difference in 
the removal by surface adsorption at longer times, before 
all photodegradation experiments, the suspensions were 
shaken for 20 min at dark to reach equilibrium adsorption/
desorption process. As the results show, the photodegra-
dation method is the most efficient method to remove PhP 
molecules from the solution with a boosted activity of the 
composite with respect to the individual WO3 and CdS 
systems. During 20 min photodegradation of PhP solution 

about 18%, 46% and 60% of the molecules were degraded by 
CdS, WO3 and CdS-WO3 composite (with a mole ratio of 1:1), 
respectively. This boosted activity of the composite relates to 
the better charge carriers’ transfer in the composite [43,44].

To achieve a better-boosted activity of the composite, 
the mole ratio of its ingredients was changed and the pho-
tocatalytic activity of the resulted composites was followed. 
The results are shown in Fig. 5b which shows the photocat-
alytic activity of the composite depends on the mole ratio 
of its ingredients [45]. 

Typical schematic energy diagram of charge carriers’ 
transfer in the photo-excited composite is shown in Fig. 5c. 
Both semiconductors of the composite have band gap energy 
in the visible light region and hence they can excite by the 
arrived visible photons. The photogenerated electrons in 
the conduction band (Cb) of CdS have a standard Eo value 
of –0.6 V (vs. NHE) that is more negative than that of the 
WO3-Cb level (0 V). This favors an internal oxidation–reduc-
tion process and hence the electron in the CdS-Cb immigrates 
to the WO3-Cb level. In the opposite way, the Eo value of the 
valence band (Vb) of WO3 is about 2.5 V which is more pos-
itive than that of the CdS-Vb (1.86 V). This favors the hole 
transfer from WO3-Vb to the CdS-Vb level. In addition, the 
WO3-Cb level has more negative Eo value with respect to that 
of the CdS-Vb level. Hence, the photogenerated electrons in 
the WO3-Cb can immigrate to the CdS-Vb level. Hence, all the 
aforementioned pathways favor charge carriers’ separation 
in the composite that diminishes the rate of e–/h+ recom-
bination process. This is the pivotal factor for the boosted 
photocatalytic activity of the composite.

When moles of WO3 are twice greater than CdS, the 
best matching is present to achieve the best-aforementioned 
charge separation. When moles of WO3 or CdS were increased 
from this optimum value, the photocatalytic activity of the 
resulted composites was decreased.

3.2.2. Kinetics and mineralization of the process

As we know, when the initial pollutant and its degrada-
tion intermediates absorb the arrived photons, the degrada-
tion rate can be evaluated by the following Grotthuss–Draper 
law. This law relates to the Beer–Lambert law [46,47] at which 
the initial and final (at time t) concentrations of pollutants are 
Co and C, the rate constant is k1 and the absorption coefficients 
of the pollutant and the products are k2 and k3, respectively. 

− = − − +
+ −

−( )( )



( ) ( )( )





dC
dt

k k C k C C
k C

k C k C Co
1 2 3

2

2 3
01 exp    

  









  
 (6)

When the photodegradation products do not absorb the 
arrived photons, k3 is about zero. In the case of high con-
centrated reactant, the process obeys zero-order kinetics. 
When k3 ~ k2, it means that the photodegradation inter-
mediates have the same spectrum with the reactant, and 
hence a pseudo-first-order reaction rate (not a first-order 
one) must be achieved and hence Eq. (6) can be simplified 
as Eq. (7), at which k is the pseudo-first-order reaction rate 
constant [46,47].
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Eq. (8) shows the integrated form of Eq. (7) that is sim-
ilar to the Hinshelwood pseudo-first-order reaction rate 
constant [29,30].
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Hence, the kinetics of PhP photodegradation by the 
as-synthesized CdS-WO3 composite was followed. A dec-
rease in C/Co values during the photodegradation process 
is shown in Fig. 6a. The resulted plot of ln(C/Co) vs. irradi-
ation time is shown in the inset. The slope of the curve is 
6.96 × 10–3 min–1 that shows the pseudo-first-order reaction 
rate constant of the process. Accordingly, the t1/2 value was 
estimated at about 99.6 min. A discussion on the kinetics of 
the photodegradation process with more details is present 
in our previous work [48].

As we know, the pollution extent of an aquatic sample 
can be estimated from its chemical oxygen demand (COD) 
value and a lower pollution results in a lower COD value 
[49,50]. Accordingly, when a typical pollutant mineralizes 
to carbon dioxide, water molecules, etc., the COD value of 
its aqueous solution tends to decrease. Thus, the COD value 
of such a solution estimates its mineralization extent. PhP 
solutions, before and after photodegradation experiments, 
were subjected to COD analysis and the results are shown 
in Fig. 6b. Based on the inset of this figure, a rate constant of 
0.052 min–1 (and t1/2 = 13.3 min) was obtained for mineraliz-
ing of PhP at the applied conditions. This value is 7.5 times 
greater than that of degradation rate constant obtained by 
UV-Vis spectroscopy (6.96 × 10–3 min–1). This comparison 
confirms that initial PhP molecules may resist degradation 
process during initial times and when it was degraded to 
smaller fragments, these intermediates rapidly mineralized 
to CO2, H2O, etc.

3.2.3. HPLC and reusability measurements

HPLC chromatograms of PhP solutions before and after 
45 min photodegradation process are shown in Fig. 7a. 
As shown, the main peak of the solution at a retention time 
of 27.25 min was drastically decreased during the photo-
degradation process. This corresponds to a degradation 
of 90% of the molecules for 45 min. Such a solution had a 
degradation extent of 86% obtained by UV-Vis spectros-
copy. These values are close together because the HPLC 
detector was a UV detector. A new peak was detected at a 
retention time of 28.32 min that accompanied with a broad 
peak ranged from 20 min to about 29 min, confirming the 
formation of new smaller degradation intermediates. No 
attempt was done to detect these intermediates. Mobile 
phase contained a solvent programing of 15%–25% ‘A’ and 
85%–75% ‘B’ component (A: methanol and B: phosphate 
buffer at pH 6.5 [10 mM]) for 15 min, then to 80% A, and 
20% B over a 10 min period by using a linear gradient 
program [51].

The reusability of the composite catalyst was evaluated 
in PhP photodegradation. For this goal, the catalyst was 
re-used in three successive runs and after each run, the cat-
alyst was dried at 80°C for 15 min. The results are summa-
rized in Fig. 7b. In this study, the kinetics of the process in 
each run was evaluated. All data in each run were averaged 
based on triplicate measurements. The average rate constants 
of 3.89 (±0.57) × 10–2, 3.46 (±0.54) × 10–2, 3.97 (±0.71) × 10–2 were 
obtained for runs 1–3, respectively. These values were statis-
tically evaluated by the g-test (Eq. (5)). The calculated g value 
is 0.4466 which is smaller than its critical g value at 95% con-
fidence interval, g0.05,3,3 = 0.9423 (3 class (k), three replicates (n) 
in each class, g0.05,n,k). This confirms that there is no difference 
between the averaged rate constants of 3 aforementioned 
runs and the appeared differences are due to random errors. 
This comparison confirms that the catalyst can retain its ini-
tial activity after three successive runs and no significant 
decrease in its activity can occur with 95% certainty [52].

3.2.4. FTIR study of PhP sample

Fourier transformation infra-red (FTIR) spectra of PhP 
solutions before (blank) and after photodegradation process 
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Fig. 6. (a) Change in C/Co values during irradiation time in the 
photodegradation of PhP; Inset: Typical ln(C/Co)–time plot for 
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of PhP). Conditions in both cases: dose of the catalyst: 0.9 g L–1, 
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(sample) (photodegradation conditions: 0.9 g/L of the cat-
alyst, 10 mg/L of PhP, pH 4, 45 min) were recorded and 
shown in Fig. 8. To separate PhP from solution, a liquid–
liquid extraction method was used. For this goal, 1 mL of 
1 M NaOH was added to the solution and then 2.5 mL ethyl 
acetate–diethyl ether (1:1) was added and the mixture was 
vortexed for 5 min. Finally, the solution was centrifuged 
for 10 min (4,000 rpm) and the upper organic layer was 
transferred to a clean tube. The lower aqueous solution 
was subjected to the extraction process for another time. 
The organic solution was evaporated under a stream of 
nitrogen at 40°C [53]. The remained PhP phase was used 
for recording the FTIR spectra against KBr pellets.

Typical vibration of aromatic and alkenes’ C=C can show 
absorption peaks at 1,400–1,600 cm–1 and 1,620–1,680 cm–1, 
respectively. Typical bands at 1,463 cm–1 in the spectrum 
of blank corresponds to the aromatic C=C while the peaks 
located at 1,463; 1,554 and 1,653 cm–1 in sample spectrum 
correspond to that of alkenes compounds. The N–H vibra-
tion mode showed absorption bands at 3,513 and 3,635 cm–1 
in the spectra of PhP samples. After the photodegradation 
experiment, these peaks overlapped with OH stretching 

mode and created a broad peak at 3,452 cm–1. The main 
change in the spectra is the appearance of the correspond-
ing peak of OH stretching vibration. Typical peaks of 
carbonyl group located at 1,775 cm–1 present in both spec-
tra. In spectrum of blank sample, this peak can be related to 
atmospheric carbon dioxide. In the spectrum of the sample, 
this peak can also be related to carbonyl compounds formed 
during the degradation of PhP. In general, the presence of 
the peaks of OH and C=O functional groups in the spectrum 
of the sample confirm some acidic and alcoholic compounds 
formed during the photodegradation process.

4. Conclusion

As-synthesized CdS-WO3 nano-composite showed a syn-
ergistic catalytic effect in photodegradation of PhP aqueous 
solution with respect to single CdS or WO3 NPs. This is due 
to a lower e–/h+ recombination in the composite. The com-
posite showed also a lower PL intensity than WO3 and CdS 
alone. This confirmed a lower e–/h+ recombination process 
occurred in the composite. The mineralization extent of PhP 
solution was followed by COD analysis. Simultaneously, 
the degradation of PhP molecules was followed by UV-Vis 
measurement on similar solutions. The rate constants of 
0.052 min–1 and 6.96 × 10–3 min–1 were, respectively, obtained 
for the mineralization and degradation processes, respec-
tively. On the other hand, mineralization rate of PhP was 
about 7.5 times faster than its degradation extent. This con-
firms that initial PhP molecules may resist degradation at 
initial steps, but the produced intermediates may rapidly 
mineralize water, carbon dioxide, etc.
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Table S1
Results used in Scherrer equation in the estimation of the crystallite size of CdS-WO3 composite

2θ FWHM (2θ) β cosθ β cosθ d (nm) Av. d (nm)

16.64 0.49 0.008 0.99 0.008 17.3 22.4 ± 10.3
25.83 0.29 0.005 0.99 0.005 34.6
30.64 0.59 0.01 0.99 0.01 15.4
33.65 0.29 0.005 0.99 0.005 34.6
34.40 0.19 0.003 0.99 0.003 46.2
35.11 0.44 0.007 0.99 0.007 19.8
38.37 0.39 0.006 0.99 0.006 23.1
38.92 0.39 0.006 0.99 0.006 23.1
42.99 0.78 0.01 0.99 0.01 13.8
46.21 0.78 0.01 0.99 0.01 13.8
49.82 0.29 0.005 0.99 0.005 27.7
52.88 0.19 0.003 0.99 0.003 46.2
56.43 0.34 0.006 0.99 0.006 27.7
57.34 0.39 0.006 0.99 0.006 23.1
61.63 0.78 0.01 0.99 0.01 13.8
62.96 0.78 0.01 0.99 0.01 13.8
66.25 0.78 0.01 0.99 0.01 13.8
72.40 0.59 0.01 0.99 0.01 13.8
74.18 0.98 0.01 0.99 0.01 13.8
78.85 0.6 0.01 0.99 0.01 13.8
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