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Pharmaceutical pollutants are one of the most important issues of
modern life, and their negative effects on the environment and human
health are undeniable. In the present work, the effectiveness of the
photocatalytic process was studied by two semiconductors (ZnO and
V,0s) in order to remove the Diclofenac Sodium completely under
solar irradiation. The study examined the impact of parameters such as
the high-level range concentration of pharmaceutical, catalyst dosage,
pH changes, and time on the photodegradation of Diclofenac Sodium
in aqueous solution. All the experiments were carried out under solar
and UV irradiation to compare the two circumstances. The optimum
conditions obtained for photodegradation of Diclofenac Sodium
include a reaction time of 180 min, zinc oxide and vanadium pentoxide
=1gL™ Diclofenac Sodium concentration = 300 mg L™, and pH of 4.
In addition, chemical oxygen demand removal was investigated for all
the conditions, and total degradation was observed by V,Os under
optimum conditions. The study of reaction kinetics was carried out in
optimum conditions, and a pseudo-first-order kinetic model was
approximately in agreement with experimental results in each case.

1. Introduction

From an environmental

point of view,

[2]. Although the amount of drug
concentration in the environment is not

pharmaceuticals have been a new category of notable, organisms are exposed to their

pollutants in the environment in recent years
[1]. Since the impacts of pharmaceutical
contaminants on the health are still not
thoroughly recognized, there are concerns
about their introduction into the environment.
In fact, the main problem of the
pharmaceutical presence in the environment
is the growth of bacteria and microorganisms
resistant to them, even at low concentrations

accumulation and risks over time [3].
Nonsteroidal anti-inflammatory drugs are a
special group of medicines that are often
found as a constant toxic waste and largely
available. A well-known member of this
family that is usually consumed as a pain
reliever, anti-arthritic, and anti-rheumatic is
DS (Diclofenac Sodium). This pollutant
enters the environment from various sources

*Corresponding author: sharif@razi.ac.ir
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such as pharmaceutical manufacturing plants,
direct domestic disposal, and excretion of the
pharmaceutical amount which has not been
metabolized in humans and animals body.
Recent studies on the toxicity of this drug
found its harmful effects, even at a low
concentration [4, 5]. A significant decrease in
the vulture population has been reported in
some parts of the world due to the devastating
environmental effects of DS [6, 7].

Most of the water and wastewater treatment
plants have used conventional techniques to
remove contaminants [8, 9], especially
activated sludge and trickling filter. Although
many of these methods are suitable and
successful  treatment  techniques, they
commonly are very inefficient at eliminating
pharmaceuticals. In this field, Nakada et al.
[10] examined the removal efficiency of 24
different medications by the trickling filter
technique. The results indicated that the
removal of pharmaceutical substances by the
trickling filter occurred at a very low speed,
while pharmaceutical pollutants can be
removed by utilizing the ozonation process,
even by 80 %. Although different treatments
have been utilized to eliminate some
pharmaceuticals such as using activated
carbon adsorption [11], membrane filtration
[12], and advanced oxidation [13, 14], the
complete removal of these pollutants has not
been achieved in recent years. In this context,
Rohricht et al. [15] achieved 65 % of
diclofenac and 10 % of carbamazepine
removing using nanofiltration. Xue et al. [12]
studied membrane bioreactor in order to
investigate the fate of 19 organic
contaminants after passing through an
anaerobic-aerobic reactor. According to the
obtained results, contaminants were removed
by 50 to 100 %, while there was not any
elimination by only biological methods. By

this treatment process, the removal of
Diclofenac was achieved less than 20 %.

Hence, it is obligatory to develop a proper
treatment technique in order to achieve the
total removal of pharmaceutical contaminants
from wastewater [16, 17]. Destruction of DS
using advanced oxidation processes (AOPS)
has been reported by many researchers lately
[5, 18-20]. In this regard, Mendez-Arriaga et
al. [21] studied and compared the destruction
of three non-steroidal anti-inflammatory
drugs (including Ibuprofen, Diclofenac, and
Naproxen) by photocatalytic TiO, in a Xe-
lamp reactor. Although the amount of
Ibuprofen is greatly reduced by the
photocatalytic process, no significant removal
was observed for Diclofenac. Perez-Estrada et
al. [22] also evaluated the oxidation of
Diclofenac and the kinetics of processes in a
pilot plant by photo-Fenton and TiO,. They
found that a significant decomposition rate of
Diclofenac could occur at pH 2.7, and that
this value of pH was incompatible to
Diclofenac solubility.

To the best of our knowledge, attaining the
photocatalysts that can degrade more amount
of this pharmaceutical will be an efficient
endeavor under not only UV irradiation but
also the natural solar light. To achieve this
purpose, two metal oxides were utilized as
photocatalysts under UV and the natural solar
light: Zinc oxide (ZnO) and Vanadium
pentoxide (V20s). In this study, the capability
of ZnO and V,0s5 to remove DS in aqueous
solution was investigated by UV-vis diffuse
reflectance spectroscopy (UV=vis)
measurement and by evaluating chemical
oxygen demand (COD). In addition, metal
oxide characterizations including FT-IR,
SEM, and UV-vis were reported in order to
compare the performances of two
photocatalysts and the effects of UV and solar
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Degradation of Diclofenac Sodium under Solar Light Irradiation by Photocatalytic Performance of ZnO
and V,0s5

irradiation. Irradiation time, catalyst dosage,
initial pharmaceutical concentration, and pH
changes were studied to achieve the optimum
features of maximum degradation. Ultimately,
the kinetic order of the photodegradation
processes was measured.

2. Materials and methods

2.1. Chemicals and pharmaceutical

All chemicals were used without any further
purification. Zinc oxide (ZnO) and Vanadium
pentoxide (V,0s) (the size of the particles
was between the range of 40 to 70
micrometer) powders were purchased from
Merck Co. Sodium hydroxide (NaOH) and
sulfuric acid (H,SO,4) used for pH adjustment
were purchased from Merck Co. Diclofenac
Sodium with - CAS 15307-79-6 (Merck Co)
was used as a pharmaceutical. Double
distilled water, which was produced in the
laboratory, was utilized in order to prepare
synthetic wastewater.

2.2. Analytical methods

In the present study, spectroscopy analysis
was used to monitor the concentration of DS
in aqueous solution, and the absorbance was
measured in the range of 200 to 400 nm by a
spectrophotometer. The maximum absorbance
wavelength was obtained at 275 nm for a
solution containing 3 mg L™ of DS. Different
concentrations of DS were prepared for the
calibration curve. UV-vis diffuse reflectance
spectroscopy (UV-vis) measurements were

performed on a  Hitachi  UV-365
spectrophotometer  equipped  with  an
integrating  sphere  attachment.  Fourier

transform infrared (FT-IR) spectra were
recorded from pressed KBr pellets
(containing ca. 8 mg sample and 150 mg
KBr) using a Nicolet 6700 FT-IR
spectrometer. The surface morphology of two

catalysts was characterized using a scanning
electron microscope (SEM, model HITACHI-
S4160). Chemical oxygen demand (COD)
was investigated based on the available
reports in the literature [23].

2.3. Pharmaceutical aqueous solution

The pharmaceutical aqueous solution was
prepared by dissolving specific amounts of
DS in distilled water. The aqueous solution
features include DS concentration range
between 100-500 mg L, cOD 100-500 mg
L, which is checked by potassium phthalate
namely COD measurement, and pH range
between 4-8. The pharmaceutical solution
was stored at 25-30 C.

2.4. Experimental procedure

A 250 mL diclofenac solution was placed in a
500 mL reactor with the required amount of
ZnO and V,0s and was blended by a
magnetic stirrer during the reaction time. pH
was regulated to the required value by H,SO,
IN or NaOH 1N. Thus, the solution was
exposed to UV and solar irradiations. The
system was illuminated by a 125 W Hg lamp
with a peak light intensity at 280-380 nm in
the case of UV irradiation experiments. All
the experiments under solar irradiation were
performed on the campus of Razi University,
Kermanshah, Iran (latitude 34823.3050
longitude 4786.6950 E) in May 2015,
between 11 AM to 2 PM. In addition, the
range of time was chosen based on the
previous work [24].

3. Results and discussion

3.1. Effect of UV and solar irradiation
Photolysis occurred when solutions were
subjected to light either solar or UV without
the presence of any catalyst in the solution.
The photolysis degradation of DS under UV

Iranian Journal of Chemical Engineering, Vol. 15, No. 4 (Autumn 2018) 5
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and solar irradiation was investigated with the
initial conditions of concentration 300 mg L™
of DS and pH 6. With 5 h of exposure to solar
or UV irradiation, photolysis degradation
rates were 15.5 and 12.5 %, respectively.
According to the results, a peak was clearly
observed at 275 nm wavelength, and weak
disintegration occurred via photolysis.

3.2. Effect of irradiation time

The photodegradation efficiency of DS at
different irradiation times was studied. The
solutions contain 300 mg L™ contaminants, 1
g L™ of the catalysts (V,0s and ZnO), and pH
6, which were exposed to UV and solar
irradiation for 5 h. A high rate of
decomposition is observed in the initial stages
of photodegradation. This is probably due to a
large number of active species generated at
the initial time. In all cases, the destruction
reached equilibrium during the first 180 min;
after that, the rate of DS degradation became
slower. In fact, the passage of time reduces
the concentration of the pollutant. In other
words, significant changes in the DS
decomposition have not been observed after
180 to 300 min. Therefore, the time of 180
min was considered as the optimum time for
photocatalytic degradation of DS in the
following experiments.

3.3. Characterizations of catalysts

FT-IR spectrum is a method superior to
infrared spectroscopy. The FT-IR spectra of
pure V,0s and ZnO particles are shown in
Fig. 1 (a), the band at 3749, 3408, 2017,
1631, 1408, 1018, 812, 532, and 474 cm™ is
clearly visible. The bands observed at 3749
and 3408 cm™ correspond to regular and
irregular tension vibrations of O-H that have
probably been allocated to the water
hydration, respectively. The bands which

exist at 1631 to 1300 cm™ are also related to
the O-H vibration of H,O [25]. The two
regions representative of O-H confirm the
existence of water molecules in the samples
that come with the absorbing environment
moisture or amount that is in the structure of
particles. The peaks in the range of 2000 to
2400 cm™ are dedicated to CO, compounds in
the air that are shown in two graphs [25]. The
bands at 1018 and 812 cm™ have been
allocated to V-O bands in V,0s particles [26].
Regions close to 476 and 1000 cm™ are
representatives of Zn-O bands [27]. UV-vis
analysis was also carried out to introduce a
range of catalyst absorptions between 200-
1000 nm (Fig. 1 (b)). According to UV-vis
spectra of V,05 and ZnO, ZnO has absorbed
both of the visible and UV light. Although
V,0s5 absorption is mostly dedicated to UV
region, ZnO has had an acceptable
photocatalytic performance under not only
UV but also solar light. Moreover, natural
solar light includes both visible and UV
irradiations; therefore, catalyst activation is
predictable under natural solar irradiation.
The SEM images taken by a scanning
electron microscope are demonstrated with
different magnifications in Fig. 2. Based on
the SEM pictures, the shape of the catalyst
surface is well shown. Fig. 2 (a and b)
indicates ZnO particles, and Fig. 2 (c and d)
indicates V.05 particles. According to the
outcome obtained, the surface of V,0s shows
irregular dimensions, leading to defects on the
catalyst surface and a better catalyst
performance in electron trapping. In fact, the
defects would produce active sites for the
adsorption-activation of the reacted molecules
and would be responsible for higher catalytic
activity [28]. Although the surface of ZnO
shows more regular dimensions in
comparison with V,0s surface, it may cause

6 Iranian Journal of Chemical Engineering, Vol. 15, No. 4 (Autumn 2018)
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high contact surface between the catalyst particles lead to easy access to the pollutant
particles and the pollutant. On the other hand, particle; hence, the chance for the contact
highly dispersed and regular dimensions of between catalyst particles is high.
a)
S :
A 812550 —ZNO
P V205
£
I
2
(7]
c
3
= P
P Lol igili0g |
3759 3408 2400 & 151300
3800 3300 2800 2300 1800 1300 800 300
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> —e—7n0
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=
0 500 1000 1500
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Figure 1. (a) FT-IR spectra and (b) UV-vis spectrum of V,0s and ZnO,
a) b)

280.80kV XS5.98K-608rm

Iranian Journal of Chemical Engineering, Vol. 15, No. 4 (Autumn 2018) 7



Baniamer, Almasi, Sharifnia

=

¥ .
SEM HV: 30.0 kv WD: 7.37 mm
View flold: 563 pm Dot SE

WD: 7.38 mm Lovuatoaoal
View fleld: 30.4 pm Det: SE 5 pm

SEM HV: 30.0 kV

Figure 2. SEM images of (a) and (b) ZnO, (c) and (d) V.0,

3.4. Effect of catalyst dosage

The investigation of the effect of catalyst
dosage on the contamination removal in the
wastewater is necessary to determine the
optimum amount of catalyst for the desirable
removal of contamination. Fig. 3 (a and b)
shows the DS removal by both ZnO and V,0s
under UV and solar irradiations with initial
pH 6 and DS concentration of 300 mg L™,
while the catalyst dosage has changed in the
range of 0.5 to 2.0 g L™. As is obvious from
the results, increasing catalyst dosage up to 1
g L leads to an increase in the rate of DS
decomposition by absorbing more photons on
its surface (ZnO appears to remove DS more
efficiently than V,0s). On the other hand, the
content of ZnO and V,0s more than 1 g L™

decomposition. It may be due to the catalyst
accumulation and light scattering. In addition,
Fig. 3 demonstrates the effect of both ZnO
(Fig. 3 (a)) and V,0s5 (Fig. 3 (b)) dosage on
DS degradation after 180 min solar and UV
irradiation in terms of COD removal. The
trend of COD removal is similar to that of DS
removals. It is obvious that photodegradation
of DS not only causes decomposition of
pharmaceuticals, but also has a significant
effect on COD removal. It appears that in a
high amount of catalyst dosage, a decrease in
COD removal occurs due to higher toxicity
obtained by DS degradation.

Based on the experimental data, the
optimum  amount  of  catalyst  for
photodegradation of DS in aqueous solution is

has no significant effect on DS about 1 g L™* in each case.
a)
100 - - 100

;\a - - ~~

< 80 S A 80 S

§ 1 T C— =

s 60 - e - 60 2 *Photodegradation-Solar

;’é} 40 - A ° ) L 40 E a Photodegradation-UV

e [

é % 8 » COD removal-Solar (%)
1 L O

T 20 1;:?‘--" T S . 20 = COD removal-UV (%)

O ‘-? ............. T T 0

0 0.5 1 15 25

Catalyst dosage (g L)
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b)
100 - - 100
g 80 - - 80 -
: <
g 60 1 r 60 S o Photodegradation-Solar
% L 40 § a Photodegradation-UV
é 8 + COD removal-Solar (%)
O
T L 20 = COD removal-UV (%)
0 : : S 0
0 0.5 1 15 2.5

Catalyst dosage (g L)

Figure 3. Effect of catalyst dosage on DS photodegradation and COD removal under UV and solar
irradiation by (a) ZnO and (b) V,Os (initial concentration of DS = 300 mg L™, pH of 6).

3.5. Effect of
concentration

The effect of the initial concentration on the
photodegradation of DS was evaluated (Fig. 4
(@ and b)). DS concentration, utilized for
synthetic wastewater photocatalytic
degradation, ranged from 100 to 500 mg L™.
The investigation of the DS concentration
effect on the photodecomposition experiments
was accomplished using 1 g L™ of ZnO and
V205 exposed to solar and UV irradiation that
was gained from catalyst dosage optimization
mentioned above at pH 6. As can be seen in
Fig. 4 (a and b), the initial concentration of
DS is an effective parameter in the
photodecomposition efficiency. By increasing
the initial concentration of DS up to 300 mg
L, the removal efficiency increases, because
the initial concentration gradient as a driving
force improves substantially and leads to
greater transfer of DS molecules to the
catalyst surface. At a higher DS concentration
more than 300 mg L™, the removal efficiency
did not exert any significant change.
Although increasing DS  concentration
improves the driving force, the accumulation

initial  pharmaceutical

of contaminants on the catalyst surface also
increases. Hence, low light irradiation reaches
the catalyst surface, resulting in a fewer
number of effective holes formed. This factor
produces an unfavorable impact on the
removal efficiency in contrast to the favorable
impact of the initial concentration gradient
enhancement. Considering  that  the
photodecomposition efficiency did not exert
any significant changes in the range of DS
concentration between 300 to 500 mg L™, the
optimum point of DS concentration was set at
300 mg L™.

COD removal investigation was also carried
out as another effective factor in the DS
photodestruction. The results are in
accordance with the presented reports of
initial concentration effects on DS removal
efficiency. Fig. 4 illustrates COD removal
under the optimized conditions (catalyst
concentration of 1 g L™ and pH 6). It is
noteworthy that the higher COD removal of
solutions can Dbe achieved when the
concentration is between 300 and 500 mg L™.

Iranian Journal of Chemical Engineering, Vol. 15, No. 4 (Autumn 2018) 9
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Figure 4. Effects of the initial concentration of DS on DS photodegradation and COD removal under UV
and solar irradiation by (a) ZnO and (b) V,Os (catalyst dosage = 1.0 g L™, pH of 6).

3.6. Effect of pH

Since the holes and hydroxyl radicals
generated are the main pillars of
photocatalytic processes and are affected
strongly by pH, the pH of the solutions plays
an important role in the photodegradation
processes. Therefore, the role of pH in
photocatalytic degradation and COD removal
was investigated in the pH range of 4-8 under
solar and UV light for both catalysts: ZnO
and V,0s. With regard to the zero-point
charge of catalysts and the structure of DS,
the highest amount of pH was selected 8,
because no  noticeable  photocatalyst
performance was observed in pH > 8 (since
the zero-point charge of ZnO is 9.0, the
surface of the catalyst is positive below pH

10

9.0 [29]). On the other hand, corresponding to
the reported literature, the lowest level of pH
is chosen 4, because when pH is under 4, DS
will precipitate [22]. The pH experiments
were carried out in the optimum conditions
under both solar and UV irradiation during
180 min; therefore, the DS concentration was
considered 300 mg L*; in addition, 1 g L™ of
Zn0O and V,0s5 powders were added.

The results of pH effects on the destruction
of DS are shown in Fig. 5 (a and b).
Generally, it is difficult to explain the pH
effects on the photodegradation process due
to three possible reactions that can occur,
leading to the release of hydroxyl radicals,
oxidation of the positive holes, and the
reduction of electrons isolated from the

Iranian Journal of Chemical Engineering, Vol. 15, No. 4 (Autumn 2018)
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conduction band. Photocatalytic
transformations on the surface of these
catalysts also appear to be mainly due to
hydroxyl radicals; thus, direct oxidation by
positive holes seems to be operating [30]. In
the present study, direct oxidation by positive
holes is more likely to overcome other
reactions; hence, the optimum pH for all
conditions was adjusted in acidic and neutral
pHs. According to Fig. 5 (a and b), pH 4 has
been optimized for ZnO under solar and UV
irradiation. The high photodegradation
performance also took place at pH 4 for V,0s.
These results were anticipated based on the
catalyst and pharmaceutical nature. Acidic

ambiance is not only favorable for
photocatalysts but also suitable for DS
degradation. When DS dissolves in water,
sodium separates by hydrolysis in aqueous
solution; therefore, diclofenac is charged
negatively. Hence, the acidic condition is
ameliorative in the photodegradation of DS.

The same procedure for DS removal was
also observed for COD removal of DS, as
shown in Fig. 5 (a and b). The high
decomposition of pharmaceutical occurred in
neutral pH for ZnO and acidic ambiance for
V,0s. In addition, this condition is the best
pH point to optimize the COD removal.

a)
100 - - 100
Aoy R ..
$ 80 A ’ e -80
N—r N O\O
5 g
E 60 1 - 60 g » Photodegradation-Solar (%)
% 40 - L 40 5 a Photodegradation-UV (%)
3 8 + COD removal-Solar (%)
2o &)
a 20 - 20 = COD removal-UV (%)
O T T T T O
3 4 5 6 7 9
pH
b)
100 - P - 100
g 80 - L 80
S

5 b =
k5| 60 1 ey - 60 g » Photodegradation-Solar (%)
;g} 40 - "'f"e:;_::-'f'.':;.,__._' ............. L 40 § a Photodegradation-UV (%)
g O ¢ COD removal-Solar (%)

| a I S
g e 20 = COD removal-UV (%)

O T T T T 0
3 4 5 6 7 9

Figure 5. Effects of pH on DS photodegradation and COD removal under UV and solar irradiation by (a)
ZnO and (b) V,0s (catalyst dosage = 1.0 g L™, initial concentration of DS = 300 mg L™%).
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3.7. Kinetics of photocatalytic degradation

of DS

Reaction kinetics was studied to evaluate the
factors (pH, DS concentration, and catalyst

dosage) that

affect

the

rate

of

the

photocatalytic decomposition process of DS.

Kinetic

investigation

of processes

was

conducted at optimum points (180 min
irradiation time, catalyst dosage 1 g L™, initial
DS concentration 300 mg L™, and pH of 4).

of Ln (C/Cyp) vs. irradiation time under solar
and UV light that most likely follow pseudo-
first-order kinetic model (C(t) = C, = exp(Kt)).
The value of the rate constant (K) and R? can
be observed under UV and solar light by ZnO
and V-,0s in Table 1. According to the higher
amount of calculated rate constant (K) under
UV light, it is clear that catalysts are highly
active under UV irradiation than solar light,
and the higher DS photodegradation is

Fig. 6 ((a) and (b)) can demonstrate the plots

obtained.

a)

w b

e Solar
alUV

N

In(C/CO)

[y

o
1

Time (min)

b)

(&)
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w
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N
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o

150 180
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Figure 6. Kinetic analysis of DS photodegradation by (a) ZnO and (b) V,0s under optimum point (catalyst
dosage = 1.0 g L™, initial concentration of DS = 300 mg L™, and pH = 4).

Table 1
The pseudo-first-order kinetic parameters in the DS photodegradation.

Irradiation source Catalyst K(min™) R?
uv Zn0O 0.0144 0.9191
uv V,0s 0.0196 0.6908
Solar ZnO 0.0044 0.9139
Solar V,0s 0.0141 0.9634
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The mechanism of the DS photocatalytic
degradation is very complex; however, it may
be greatly simplified as that demonstrated in
Fig. 7. It appears that the generation of
electron-hole pairs that migrate to the surface
of the particles is the first step following the
radiation  absorption by the catalyst.
Moreover, they can participate in redox on the
surface of the catalyst. According to the
mechanism of the photocatalytic reaction, the
oxidation of organic species is included in the
trapping reaction of the positive holes with

adsorbed water or with hydroxyl groups to
form OH’ radicals responsible for the initial
oxidant attack in aqueous solutions [31]. In
addition, the values of both catalysts band gap
are reported in Fig. 7. The values of band gap
energy (Eng) will likely show that V,0s
(Eng=2.5 eV) has an acceptable performance
under solar irradiation compared with ZnO
(Eng=3.2 eV). Therefore, different activities of
both catalysts are associated with their
different band gap values.

hv

H,0

‘OH

DS

pollutant

CO; and light
hydrocarbons

Figure 7. The photocatalytic reaction mechanism of ZnO and V,0s.

4. Conclusions

One of the most efficient ways to eliminate
the  pharmaceutical pollutants  from
wastewater is photocatalytic decomposition.
In the current work, the impact of solar
irradiation on the destruction of DS was
evaluated using two photocatalysts with
different band gaps. The maximum extent of
photodestruction was obtained at a catalyst
dosage of 1.0 g L™, the initial concentration
of DS 300 mg L™, and pH 4 for each catalyst
and under both light sources during 180 min
irradiation time. Based on the results
obtained, pH of solutions has a vital role in
DS decomposition. Fortunately, the optimal

photodegradation percentage reached 100 %
not only in removal efficiency but also in
terms of COD removal for V,05 under solar
irradiation. Moreover, photodecomposition
efficiency by ZnO reached 90.7 and 56.5 %
and, also, 61.6 and 42.3 % in terms of COD
removal under UV and solar irradiation,
respectively.
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