¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2019.24352

162 (2019) 290-302
September

Brief study on the kinetic aspect of photodegradation of sulfasalazine
aqueous solution by cuprous oxide/cadmium sulfide nanoparticles

Narges Omrani*®, Alireza Nezamzadeh-Ejhieh****, Mohammad Alizadeh®*

“Department of Chemistry, Shahreza Branch, Islamic Azad University, P.O. Box 311-86145, Shahreza, Isfahan, Iran,
emails: arnezamzadeh@iaush.ac.ir (A. Nezamzadeh-Ejhieh), omraninarsis@yahoo.com (N. Omrani)
"Young Researchers and Elite Club, Shahreza Branch, Islamic Azad University, Shahreza, Iran, Tel. +98 31-53292500;

email: alizadeh1449@yahoo.com

“Razi Chemistry Research Center (RCRC), Shahreza Branch, Islamic Azad University, Isfahan, Iran

Received 19 January 2019; Accepted 30 April 2019

ABSTRACT

A boosted photocatalytic activity was obtained for the as-synthesized Cu,0-CdS nanocomposite
(NC) with respect to single Cu,0 and CdS nanoparticles in the photodegradation of sulfasalazine
(SFSZ) in aquatic media. X-ray diffraction (XRD) spectroscopy, scanning electron microscope (SEM)
and UV-Vis diffuse reflectance spectroscopy were characterization techniques used in this work.
The best mole ratio was 2:1 for the Cu,0/CdS in the composite to achieve the best photodegradation
efficiency. After 15 min, 230, 410, 585, 760 and 450 nano-moles of SFSZ molecules were degraded for
concentrations of 10, 20, 30, 40 and 50 ppm of SFSZ solutions, respectively. The optimal conditions
were CSFSZ: 30 mg L7, pH 5, 25 min irradiation time and 0.5 g L™ of the Cu,0-CdS composite.
Degradation extents of 94%, 94.7% and 82% were, respectively, estimated for the degradation of
SFSZ molecules based on the results obtained by UV-Vis spectroscopy, high-performance liquid
chromatography and chemical oxygen demand measurements.
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1. Introduction

Nowadays, increased pollution of water by pharma-
ceutical compounds, especially antibiotics, has impacted
the human life in a negative way [1-3]. An antibiotic
that is widely used for rheumatoid arthritis treatment is
sulfasalazine (SFSZ) with a long life time in environmental
waters. Accordingly, it can accumulate in different organ-
isms of the food chain and affect the human health [4,5]. Due
to relatively high resistance of such compounds to natural
degradation, biodegradation, and photo-transformation,
in general, heterogeneous photodegradation has been
widely used for destroying of different pollutants in aque-
ous solutions or gaseous phases. In this technique, the
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investigated pollutants must be converted to water and
carbon dioxide as the final products [6-8].

In general, four reactive species including the photogene-
rated hole and electrons and also hydroxyl and super oxide
radicals are responsible for the degradation of pollutants
present in media in a typical heterogeneous semiconducting
based photocatalysis process. By irradiation of the subjected
semiconductor with an adequate photon (in UV-Vis regions),
it can be excited and exit an electron to its conduction band
(C,) and leave a hole in its valence band (V,). The photogene-
rated electron-hole (e/h) pairs can, respectively, react with
dissolved oxygen and water molecules to produce superox-
ide and hydroxyl radicals, respectively [9-16].
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When the photogenerated e/h pairs were recombined,
all the used energy can be consumed as heat. This drawback
can be overcame by doping, supporting of the semicon-
ductors onto a suitable support, coupling of two or more
semiconductors, converting the bulk semiconductor to
nano-dimension for reducing the path length for migration
of the photogenerated e/h pairs to the surface of the
catalyst [17-24].

In the present work, we used the coupling (hybriding,
combining) technique to increase the photoactivity of the
system. In coupling technique, the internal oxidation/
reduction process is responsible for prevention of e/h
recombination. Hence, matching of the standard potentials
of C, and V, levels is very important. Hence, Cu,O (energy
gap: 2.0 eV) and CdS (energy gap: 2.4 eV) semiconductors
were selected as the p-type and n-type semiconductors,
respectively [25,26]. In these semiconductors, the stan-
dard potentials are as: E”: Cu,0-C: -1.30 V, CdS-C: -0.6 V,
Cu,0O-V,: 0.6 V, CdS-V: 1.8 V with respect to NHE [27,28]
that are suitable values for coupling them. The resulted
composite was then used in photodegradation of SFSZ
and kinetics of the process was followed.

2. Experimental
2.1. Reagents and preparations

All analytical grade chemicals including cadmium
nitrate, copper(Il) acetate, ammonium sulfide, ascorbic
acid (AA: CH,O,) etc. used in this work were purchased
from Merck or Sigma-Aldrich Co. A 500 mg sulfasalazine
pharmaceutical capsule (Iran Daru Co., Iran) was pur-
chased from local drugstores. Distilled water was used for
the preparation of solutions/suspensions and wherever pH
adjustment was required their pH was adjusted by sodium
hydroxide or hydrochloric acid solution.

The following method was used for preparation of
cuprous oxide nanoparticles (NPs). 20 mL 0.25 mol L™ NaOH
solution was added into a 100 mL 0.27 mol L™ copper(II)
acetate solution on a magnetic stirrer (rpm 200) to obtain
Cu(OH),. Then, 15 mL 0.15 mol L' AA aqueous solution was
added (as a reducing agent). After a few minutes, the deep
blue color of the solution was appeared and then changed
to burgundy type, confirming synthesis of Cu,O colloid in
the presence of dissolved oxygen atmosphere. The sus-
pension was then centrifuged (>13,000 rpm), washed three
times with water. The resulted precipitate was then dried at
80°C to obtain Cu,O NPs [25].

CdS NPs were synthesized by drop wise addition of
100 mL 0.085 mol L' Cd(NO,), solution to 100 mL 0.1 mol L™
(NH,),S solution under vigorous stirring (1,200 rpm) during
5 h. After centrifugation (>13,000 rpm), the obtained dark yel-
low CdS NPs were washed with water many times and dried
at room temperature [29]. The Cu,0/CdS composite was
prepared by hand mixing of the adequate amount of each
component to obtain a required mole ratio in an agate mortar
for 10 min.

2.2. Instruments and characterization

XRD pattern of the composite was recorded by an XRD
diffractometer model X'PertPro (with Ni-filtered Cu-Ka

radiation source at 1.5406 A, 40 kV, i 30 mA; Netherlands).
UV-Vis diffuse reflectance spectrophotometer (JASCO V
670, using BaSO, as reference, Japan) was used for record-
ing diffuse reflectance spectroscopy (DRS) spectra. FESEM
images were recorded by a MIRA3LMU scanning electron
microscope (TESCAN Co., Czech Republic). A pH-meter
(Jenway model 3505) was used for pH adjustment. A trans-
mission electron microscope (TEM) Philips EM 208s (100 kV)
was used for recording the TEM images.

A high-performance liquid chromatography instrument
(Agilent Technologies 1200 Series) was used for analysis of
SFSZ solutions before and after the photodegradation process
(Column: Zorbax@ 5 um Eclipse-XDB-C,, 80 A; flow rate:
1.0 mL min, Mobile phase: A 1:1 mixture of methanol con-
taining 0.1% formic acid and water containing 0.1% formic
acid, injection volume: 20 uL, column length: 250 mm, i,
4.6 mm, detection wavelength: 345 nm) [5].

2.3. Photodegradation experiments

In the photodegradation experiments, a 10 mL portion
of a 10 mg L' SSZ solution and 0.3 mg L Cu,0-CdS catalyst
was added to the 25 mL glass beaker and shaken for 5 min
(based on preliminary experiments) to reach equilibrium
adsorption/desorption process. After that, the suspension
was irradiated by a 40 Tungsten W lamp (Osram electric
Co., Iran) which positioned 10 cm above the beaker on a
magnetic stirrer (100 rpm). Direct photolysis was also stud-
ied at the similar conditions on a solution without the cata-
lyst. Finally, the suspension was centrifuged (>13,000 rpm)
at regular times and the absorbance of the cleaned solution
was recorded (at Amax = 360 nm for SFSZ). The recorded
absorbencies, (A, and A, for the samples before and
after irradiation process, respectively) were used for the
degradation extent of SFSZ (D in %) by using the following
equation. According to the Beer-Lambert law, the A, and
A terms correspond to the initial and final concentrations
(C, and C, respectively) at time ¢.

A A q00=| S=C
A C

0 0

D(%):{ }100 (1)

No initial pH adjustment was done except wherever
the effect of pH was investigated. Change in initial pH of
solutions during the photodegradation process as the func-
tion of some pivotal investigated parameters are summarized
in Table 1.

3. Characterization
3.1. XRD pattern

To identify the crystallite phase of the as-synthesized
CdS and Cu,0 semiconductors and their correspond-
ing composite, their XRD patterns were recorded and are
shown in Figs. la-d. All important peaks are assigned by
corresponding hkl plans. Generally, CdS crystals have two
important crystallite phases of the hexagonal wurtzite and
cubic zinc blend [30,31]. Its hexagonal (wurtzite) phase crys-
tals have six main diffraction peaks of (100), (002), (101),
(110), (103) and (112) correspond to 20 values of 24.96°,
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Table 1

Change in initial pH of SFSZ solutions during the study of some
pivotal parameters in its photodegradation by the Cu,0-CdS
composite

Parameter Value Initial pH Final pH
Blank - 4.8 4.8
Direct photolysis - 4.8 7.7
1:1 4.8 8.0
1:2 6.0 8.3
1:3 6.0 8.0
CdS/Cu,0 1:4 6.3 8.0
2:1 6.6 8.0
31 6.3 7.7
4:1 6.5 8.0
10 6.0 7.2
20 6.3 7.3
Cyy (mg L) 30 5.8 7.5
40 7.0 7.9
50 7.3 7.3
0.1 5.8 7.8
0.3 6.0 8.3
Catalyst dose (g L) 05 63 8.0
1.0 6.7 8.5
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26.63°, 28.31°, 43.71°, 47.86° and 51.85°, respectively (JCPDS
No. 41-1049), accompanied with two weaker peaks of (203)
and (210) at 20 values of 66.61° and 69.09°, respectively [32].
In contrast, the cubic (zinc blend, $-CdS) phase CdS crystals
have main peaks at 26 values of 26.7°, 44° and 52° correspond
to scattering from the (111), (220) and (311) planes (JCPDS
00-042-1411) [33]. As shown in Fig. 1a, the XRD pattern of
as-synthesized CdS agree with that of cubic CdS phase.
Broadening of the peaks confirms formation of small parti-
cles during the synthesis process. Fig. 1b shows typical XRD
pattern of the as synthesized Cu,O crystals. Corresponding
peaks of Cu,O at 20 values of 29.58° (110), 36.5° (111), 42.36°
(200), 61.64° (220), 73.62° (311) and 77.62° (222) are inconsis-
tent with its cubic phase based on JCPDS# 65-3288 [34,35].
As shown in Fig. 1¢, corresponding peaks of both CdS and
Cu,O crystals are present in the XRD pattern of the CdS-
Cu,0 composite. All patterns were comprised in Fig. 1d.
This comparison shows broader peaks for CdS crystals,
confirming smaller particle size and lower crystallinity for
CdS NPs. In contrast, the intense peaks of Cu,O confirms a
higher crystallinity for Cu,O crystals. In addition, decrease
in peak intensity of the composite is due to decrease in Cu,0
component with respect to its pure crystals.

By using the Scherrer equation and peaks” width, the
crystallite size (d) of the composite was estimated that var-
ied from 6 to 38 nm according different peaks’ width of the
investigated XRD peaks. In the following Scherrer equation,
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Fig. 1. Typical XRD pattern recorded for the as-synthesized CdS and Cu,0 semiconductors and the CdS-Cu,0O composite (CdS/Cu,O

mole ratio of 1:2).
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A shows the applied X-ray wavelength (1.5406 A), 6 the Bragg
angle, K the Scherrer constant (0.9) and  shows the full
width at half maximum [36].

e K\
B cos6

@)

3.2. Optical properties and scanning electron microscope images

To follow the change in band gap energies of the used
semiconductors after coupling process, UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS) was used and the
resulted reflectance spectra are shown in Fig. 2a. The best
method for the estimation of band gap energies is the
Kubelka-Munk model and Tauc plots [37-40]. A typical Tauc
plot for the allowed direct electronic transition is shown in
Fig. 2b. The band gap values of 2.27, 2.30 and 2.39 eV were
estimated for this electronic transition of CdS, Cu,0O and
their composite, respectively. These values show a relative
blue shift for the synthesized nanoparticles with respect to
the bulk CdS and Cu,0O semiconductors. A blue shift was
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Fig. 2. (a) UV-Vis reflectance spectra for the single and composite
(with CdS/Cu,0 mole ratio of 1:2) samples and (b) corresponding
Tauc plots for allowed direct electronic transition for the samples.

also observed in band gap energy of the composite with
respect to the single systems. Similar blue shift has observed
for CdS-SnO, composite that was prepared by impregnation
method. The blue shift in band gap energy of the composite
with respect to the mono-component semiconductors has
related to Cd-O-5n linkages at the interface of the composite
sample [41,42].

Fig. 3 shows some FESEM images of the as-synthesized
Cu,0-CdS composite, confirming that the composite has
nano-dimension. All SEM images showed cubic crystals
for the composite. Some crystals have ordered cubic shape
that can be related to Cu,0 crystals as discussed in XRD
section, because it showed intense and narrow XRD peaks.
In contrast, CdS crystals with broad XRD peaks should show
lower crystallinity, and hence the cubic phase with lower
ordered shape can be related to CdS crystals. The CdS crys-
tals partially aggregated, while the Cu,0 ones present as
single cubic crystals. The CdS crystals were relatively well
dispersed through the composite and due to the higher mole
ratio of Cu,O (2:1), it consisted major parts of the composite.

Fig. 4 shows some selected TEM images of the Cu,0-
CdS composite. As shown, nano-dimension of the composite
can be confirmed from the images. Also, the ordered cubic
phase of Cu,O crystals accompanied with CdS cubic crystals
with lower ordered shape were appeared in TEM images.
These pictures give similar information that obtained and
discussed by scanning electron microscope (SEM) images.

3.3. Photodegradation studies

3.3.1. Boosting effect of coupling of Cu,0O and CdS and
effect of their mole ratio

Based on preliminary experiments, effect of surface
adsorption by the as-synthesized Cu,0-CdS composite in
removal of SFSZ was investigated and the results showed
that about 7% of SFSZ molecules can be removed by the
composite at dark condition during 25 min. No significant
change was obtained for this removal method after 4-5 min
and hence before the photodegradation experiments, the
suspensions were shaken at dark for 5 min to adsorption/
desorption process reached to equilibrium (Fig. 5a). As
shown, direct photolysis can remove about 13.8% of SFSZ
molecules during 25 min. This confirms visible light alone
cannot create reactive radicals for destroying SFSZ molecules.

As shown after using the photocatalysis process by
single semiconductors, the removal efficiency of SFSZ was
remarkably enhanced because both Cu,0 and CdS semi-
conductors can excite by the arrived visible photons for the
production of reactive e/h pairs and OH and superoxide
radicals. But, when the Cu,0-CdS composite was used, the
degradation efficiency was strikingly increased, confirming
the positive role of combination of these semiconductors to
enhance charge carriers’ transfer. This is due to well-matched
standard potentials between C, levels of the coupled system
as well as the values for their V, levels. Although in some
particles both Cu,0 and CdS semiconductors can produce
e/h pairs, they may recombine and act as single semicon-
ductors. But, in some particles, the photogenerated electrons
in Cu,0-C, level immigrate to that of CdS because of its
more negative potential. This internal reduction—oxidation
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Fig. 3. Some selected FESEM images for the as-synthesized Cu,0-CdS NPs (with CdS/Cu,0 mole ratio of 1:2).

process elongates lifetime of the photogenerated e/h pairs
and enhances the degradation efficiency (Fig. 5c).

Change of mole ratio of CdS/Cu,0O changed the photo-
degradation ability of the resulted composites as shown in
Fig. 5b. As shown, when moles of Cu,O is twice the CdS the
best activity was obtained for the composite. This confirms
that in this ratio, the best conditions are provided for elec-
tron transfer from Cu,O-C, to CdS-C,. When moles of Cu,O is
about 34 times greater than CdS, the photocatalytic activity
was drastically decreased and when moles of CdS tend to
increase to three times greater than Cu,O, the activity was
relatively increased. The results confirm that in addition of

matched potentials in a coupled semiconducting system,
their mole ratio also plays a vital role in charge carriers’
separation [43,44].

3.3.2. Kinetic aspect of the process

In a heterogeneous photodegradation process, adsorp-
tion of both of the oxidant and the pollutant is a pivotal
parameter in kinetic point of view. When this process is
an equilibrium process, its kinetics can be interpreted by
the Langmuir-Hinshelwood (L-H) model. This model
supposes that both species present in a monolayer at the
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Fig. 4. Some TEM images for the as-synthesized Cu,0-CdS NPs.

solid-liquid interface and control the rate-determining step
of the process. In the following L-H equation, the reaction
rate (r in mg/L min) relates to the specific reaction rate
constant (k in mg/L min) and the equilibrium constant
of the reactant (K in L/mg) and the concentration of the
pollutant (C).

dC k' KC
=——=———7=k'06 3

dt  1+KC ®)
By integrating Eq. (3), logarithmic form of the equation
can be yield (Eq. (4)) which is similar to an apparent first-
order equation. In the final equation, C; and C, stand for the
initial and final concentrations of the pollutant, respectively,

t is irradiation time and k shows apparent first-order rate
constant [45—47]. Eq. (3) is a zero order at high concentrations
(C>5x10%mol L) but at concentrations below 1 x 10°mol L!
the reaction obeys from an apparent first-order reaction.

In % +k(C,—C,)=k Kt =kt 4)

For study of the kinetics of the process as a function
of concentration of SFSZ, photodegradation experiments were
done at different concentrations of SFSZ. Decrease in UV-Vis
absorbance of a 20 mg L™ of SESZ solution, as an example,
is shown in Fig. 6a, which shows decrease in the absorbance
intensity during time that accompanied an about 30 nm red
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Fig. 5. Effects of surface adsorption, direct photolysis and photocatalytic processes on SFSZ removal (catalysts dose 0.3 g L7,
Cyszs 10 mg L7, irradiation time: 25 min, initial pH: 4.6), (b) effects of the mole ratio of the CdS/Cu,O in photodegradation of SFSZ
at the conditions in part A; All results were averaged based on triplicates measurements, and (c) the energy diagram for the charge

carriers’ transfer in the Cu,0-CdS composite.

shift in maximum absorption peak. Corresponding relative
decrease in concentration of SFSZ during the photodegrada-
tion process for different concentration is shown in Fig. 6b.
Although a 10 mg L SFSZ solution showed the lowest C/C,
value but the moles of the degraded SFSZ molecules is very
low. In general, the degradation percentages of 92%, 82%,
78%, 76% and 36% were, respectively, obtained for 10, 20, 30,
40 and 50 mg L™ of SFSZ solutions at the end of photodegra-
dation process. These values show 230, 410, 585, 760 and 450
nano-moles of SFSZ molecules were degraded during about
15 min of photodegradation process, confirming a fast pho-
todegradation process. These confirm the best degradation
extent for 30 and 40 mg L SFSZ solutions. Typical plots of
Hinshelwood equation are shown in Fig. 6¢c. From the slopes
of the curves, the apparent rate constants were estimated
and summarized in Table 2. As shown, the best rate constant
and the fastest rate was obtained for a 30 mg L™ of SFSZ
solution.

In general, collision probability between SFSZ mol-
ecules and the produced reactive radicals at the surface of
the catalyst (or with catalyst surface, in general) has a prime
importance in photodegradation efficiency because of the
short lifetime of the produced OH and superoxide radicals
(about nano-second) and e/h pairs [48]. This important was
achieved at 30 and 40 mg L™ of SFSZ solutions (especially

for 30 mg L™ because of its higher rate constant). At higher
concentrations, a major part of the arrived photons may be
screened by high SFSZ molecules that are present in media [49].

Change in initial pH of SFSZ solutions during the
photodegradation process was also followed for differ-
ent concentrations and the results are shown in Fig. 6d. As
shown, as the photodegradation process proceeded initial
pH of the suspensions was increased and reached neutral
and even to relatively low alkaline pHs (near 8). Molecular
structure of SFSZ is shown in Fig. 6e. The results confirms
that all acidic functional groups (such as carboxylic acid in
salicylic ring of the structure) or other organic acids formed
during the photodegradation process were successfully min-
eralized. This also confirms some amines may be formed
during the breaking of nitrogen contained bonds that can
be hydrolyzed to increase the solution pH. As shown, the
maximum change in pH was observed for 30 mg L™ of SFSZ
solution that showed the maximum rate constant.

The results belong to the kinetic aspect of the process as
the function of dosage of CdS/Cu,O catalyst are shown in
Fig. 7a and Table 2. As shown in Table 2, the best and faster
rate was observed when a 0.5 g L™ of the catalyst was used. In
general, sufficient amount of the catalyst should be present
in the media for providing sufficient active sites for the cata-
lytic process without disruption of clarity of the suspensions.
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Fig. 6. (a) Change in UV-Vis absorption spectra of a 20 mg L™ of SFSZ solution during the photodegradation process, (b) Change in
C/C, values during the irradiation process in photocatalytic degradation of SFSZ by Cu,0-CdS catalyst, (c) resulted In (C/C) — time
plots constructed for study of the kinetics of the process as a function of SFSZ concentration in time interval of 2-10 min (condi-
tions: catalysts dose 0.5 g L7, irradiation time: 25 min, initial pH: 4.9-6.5), and (d) change in initial pH of SFSZ solution during

its photodegradation process for different concentrations of SFSZ.

On the other hand, high amounts of the catalyst strikingly
scatter the arrived photons and hence photoexcitation of the
catalyst significantly decreased. Here, the best conditions for
achieving the best degradation rate are provided at 0.5 g L™
of the catalyst.

Fig. 7b shows the results belong to the effect of solution
pH on the kinetic aspect of the process. Higher rate con-
stant value was obtained for pH 5 as shown in Table 2. The
pH,,. (point of zero charge pH) of the catalyst was estimated
about 6.9 according to the procedure described in literature

[50]. The sulfonamide hydrogen has a pKa value of 6.8 and
nitrogen atoms in azo bond or pyridine ring have a pKa
value of 11. At pH 3 these functional groups are present in
the protonated form. This results a repulsive force with the
positive charges of the catalyst surface at pHs below pH,,..
The carboxylic acid functional group in the salicylic ring
has a pKa value of 2.4. Hence at pHs above pH,,. this func-
tional group together with sulfonamide functional group
are present as deprotonated form, resulting in a repulsive
force between these anionic form or the free electron pairs of
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Table 2
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Hinshelwood equation and apparent first-order rate constants obtained

Parameter Value K x 102 (min™) + SD (1 = 3) Equation R?
10 9.30 £0.90 Y =-0.093x-0.991 0.9103
20 6.70 +0.50 Y =-0.067x-0.692 0.9503
Copey (g L) 30 11.7 £ 1.30 Y =-0.117x-0.256 0.9318
40 5.90+0.30 Y =-0.059x-0.538 0.9925
50 2.80+0.05 Y =-0.028x-0.430 0.8625
03 8.50 +0.40 Y =-0.085x+0.117 0.9371
Catal. Dos. (g L) 0.5 8.90 +£0.20 Y =-0.089x-0.538 0.9351
1.0 7.60+0.20 Y =-0.076x-0.216 0.9284
3 5.00+0.10 Y =-0.050x-0.091 0.9546
pH 5 9.10 £0.20 Y =-0.91x-0.533 0.9554
7 6.60 +0.30 Y =-0.066x-0.323 0.9110
0.0 nitrogen atoms with negatively charged catalyst surface. Best
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Fig. 7. (a) Plots for study of the kinetic of the process as a function
of dosage of the CdS-Cu,O catalyst (conditions: C,,: 10 mg L™,
irradiation time: 25 min, initial pH: 4.5-6.7) and (b) typical In
(C/C,) — time plots constructed for study of the kinetic of the
process as a function of initial pH of SFSZ solution (conditions:

catalysts dose 0.5 g L, C,: 10 mg L™, irradiation time: 25 min).

interactions between SFSZ molecules and the catalyst surface
are present at pH around pH,, .. Here, the best photodegra-
dation rate was obtained at pH about 5, because at this pH
the surface of the catalyst is relatively protonated while some
aforementioned nitrogen atoms are present in deprotonated
form, resulting an attractive force to bring SFSZ molecules
near the catalyst surface [40,51].

3.3.3. COD and high-performance liquid chromatography
studies

Chemical oxygen demand (COD) gives a measure of the
required oxygen for destroying the organic matters present
in solution and hence its value counts as a measure of the
pollution extent of water samples. Accordingly, high COD
value means high pollution of the investigated water sam-
ple [52]. In this regard, the SFSZ solutions were subjected to
the common COD method [53] for estimation of the photo-
degradation extent of SFSZ molecules. As shown in Table 3,
about 72% of SFSZ molecules were mineralized during initial
15 min of the process, confirming a relatively fast photodeg-
radation process.

The high-performance liquid chromatograms (HPLC)
of SFSZ solutions before and after 25 min photodegrada-
tion process are shown in Fig. 8a. As shown, peak area of
the sample at retention time of 16.05 min was drastically
decreased during the photodegradation process, confirming

Table 3
Results of COD studies during photodegradation of SFSZ by the
optimized catalysts at the optimized conditions

Irrad. COD (mg O,/L) ~Deg.

time (min) Initial Final efficiency (%)
0 1,248 1,248 -

15 1,248 320 72

25 1,248 224 82

35 1,248 192 84
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Fig. 8. (a) Typical HPLC obtained for SFSZ solution before and
after photodegradation process (conditions for photodegrada-
tion experiment: catalyst dose: 0.5 g L™, C,: 10 mg L7, irradia-
tion time: 25 min, initial pH: 5) and (b) reusing results obtained
in successive using of the catalyst in SFSZ photodegradation in

the aforementioned conditions.

the degradation of SFSZ molecules into the smaller frag-
ments. Using the peak area of the peaks, degradation extent
of 94.7% was estimated for the degradation of SFSZ mole-
cules during 25 min photodegradation process. Presence of
no additional peaks confirms that mineralization of SFSZ
molecules is relatively high. This may confirm that some
degradation intermediates cannot be detected by detector of
the instrument.

Comparison of the results confirms that 94%, 94.7% and
82% of SFSZ molecules were degraded as detected by UV-
Vis spectroscopy, high-performance liquid chromatography
and COD results during 25 min photodegradation process.
As shown, the results estimated by UV-Vis spectroscopy and
high-performance liquid chromatography are very close.
The used wavelength in UV-detector of high-performance
liquid chromatography is 345 nm and in UV-Vis spectro-
scopic measurements A__ is 360 nm. This confirms that in
both methods similar molecules were detected by detectors
that is original SFSZ molecules that not degraded. As shown,
COD results show lower degradation extent, confirming
appearance of some intermediates that persist to further

degradation during shorter photodegradation periods.
These relatively resistant intermediates may be degraded
during longer photodegradation times.

3.3.4. Reusing results

Due to economic importance of any suggested method/
catalyst, etc., the as-synthesized composite was used in
successive runs in the degradation of SFSZ at the following
conditions: catalyst dose: 0.5 g L™, C,,: 10 mg L, irradiation
time: 25 min, initial pH: 5. The obtained results are shown
in Fig. 8b. Each experiment at each time was repeated three
times. As shown, the suggested composite retained its
catalytic activity during three successive runs and no consid-

erable decrease in its photocatalytic activity was observed.

3.3.5. Scavenger study

The scavengers effects of NaCl, Na,CO, NaSO,
and ascorbic acid (AA) on the photocatalytic activity of
the Cu,0-CdS composite was studied which of results
during 30 min irradiation process are summarized Table 4.
Carbonate, sulfate and AA are well-known scavengers for
*OH radicals, the photogenerated electrons and superox-
ide radicals, respectively. Chloride anions plays a dual role
scavenging effect and can scavenge both the photogene-
rated holes and hydroxyl radicals simultaneously. This
study tell us the importance of each reactive component
in the degradation of SFSZ molecules. In general, presence
of each scavenging agent used in this study decreased
the photodegradation extent of SFSZ molecules by the
composite. Also, increasing in the concentration of each
scavenger caused to higher decrease in the activity of the
catalyst. These observations confirm that all reactive spe-
cies including the photogenerated e/h pairs, hydroxyl and
super-oxide radicals have participated in SFSZ degradation.

After scavenging process, some novel radicals such as
ascorbyl radical (AH*), Cl;-, CI*, HCIO~, CIO*, SO;-, etc.
may be formed corresponding to the used scavenging agent.
Decreased efficiency of the catalyst in the presence of the
used scavenging agents confirms that the produced novel
radicals have lower oxidation power than the OH or super-
oxide radical. In addition, it has reported that such inorganic
salts have smaller sizes and hence they can rapidly occupy
the active sites on the surface of the catalyst. Hence, lower
SFSZ molecules can be adsorbed on the catalyst surface. Also,
these adsorbed inorganic ions react with the photogenerated
e/h pairs, OH and superoxide radicals. Hence, photodeg-
radation efficiency was decreased in the presence of such
anions [54-60].

Based on the results in Table 4, the following scavenging
trend was observed.

Cl" >S5S0 > CO;™ > Ascorbic Acid

As mention above, chloride anions have a dual role and
can scavenge both the OH radicals and holes. Comparison of
the effects of chloride and bicarbonate anions confirms that
effect of the photogenerated holes is much significant with
respect to the OH radicals in SFSZ degradation. Generally,
the aforementioned trend confirms the photogenerated e/h
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Table 4

Effect of different scavenging agents on the photodegradation
extent of SFSZ molecules by the Cu,0-CdS composite (catalyst
dose: 0.5 g L, C 10 mg L7, irradiation time: 30 min,
initial pH: 5)

SFSZ*

Scavenger Role Scavengers C (mM) Degradation%
+SD (n=3)
- - - 80 £ 0.0050
10 34 +0.0040
Hole Scavenger Cl- 30 36 +0.0030
50 28 £0.0020
10 74 +0.0028
*OH Scavenger COor 30 67 +0.0026
50 43 +0.0057
10 52 +0.0010
Electron Scavenger SO} 30 45 +0.0020
50 37 £0.0010
10 61 +0.0050
O, Scavenger Asc. acid 30 60 £ 0.0026
50 55 +0.0026

pairs have better role than OH and super-oxide radicals in
SFSZ photodegradation.

When we comprise standard potentials of valence and
conduction bands of the involved semiconductors in the
composite (See Z-scheme in Fig. 5c), it can be concluded
that superoxide radicals can be produced by the photogene-
rated electrons in Cu,0-C, (E" -1.3 V, E° O,/*O,: -0.43 V).
In addition, both the photogenerated holes in the V,-Cu,0
and V,-CdS levels have suitable potentials to oxidize water
molecules or hydroxyl anions to form hydroxyl radicals
(E°: Cu,0 = 0.6 V; CdS = 1.8 V, "OH/OH: 2.38 V). The
oxidation potential of 0.75 V vs. Ag/AgCl reference electrode
(0.98 V vs. SHE) has reported for the oxidation of SFSZ mol-
ecules [61]. These values confirm that both aforementioned
holes can easily oxidize SFSZ molecules. Its oxidation by
superoxide radicals is relatively hard with respect to its
oxidation by the holes. Although, all the aforementioned
reactive species have suitable role in SFSZ degradation,
but the photogenerated holes showed a better role.

4. Conclusion

The boosted activity of the Cu,0-CdS composite with
respect to single Cu,0 and CdS semiconductors confirms
that the matched potentials of C, and V, levels and mole
ratio in a coupled semiconducting system play the vital roles
in charge carriers’ separation and photodegradation activ-
ity. Obeying of the kinetic of the process from Langmuir—
Hinshelwood model confirms mono-layer adsorption of the
pollutant onto the catalyst surface. The degradation extents
of 92%, 82%, 78%, 76% and 36% were, respectively, obtained
for 10, 20, 30, 40 and 50 mg L™ of SFSZ solutions at the end
of photodegradation process. Although, lower concentra-
tions showed higher degradation percentages, but when
these values converted to the degraded moles of SFSZ, the
results showed 230, 410, 585, 760 and 450 nano-moles of

SFSZ molecules were degraded during about 15 min, con-
firming a fast photodegradation process. Also, a 30 mg L™
of SFSZ solution showed the maximum apparent rate con-
stant confirming maximum collision probability is present
for SFSZ molecules and OH/superoxide radicals or catalyst
surface in this concentration. Effects of some scavenging
agents showed better role of the photogenerated holes in the
degradation of SFSZ molecules.
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