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ABSTRACT

The aim of this study was to optimize aspirin removal from aqueous solutions by the UV/
ZnO photocatalytic process. To this end, the RSM software was used to design the test method.
The influence of effective parameters including aspirin initial concentration (10-100 mg/L), pH
solution (3-11), contact time (10-120 min) and ZnO catalyst dose (100-600 mg/L) was investigated
in this process. Based on the results, the highest efficiency of aspirin removal equal to 83.11% was
obtained in optimum conditions including solution pH = 5.05, contact time = 90.50 min, ZnO catalyst
dose =375.16 mg/L, and aspirin initial concentration =33.84 mg/L. Increasing chloride and phosphate
ion concentration in a synthetic solution under optimum conditions caused increased and decreased
UV/ZnO process efficiency, respectively. The kinetic studies showed that the pseudo-first-order
model had the highest correlation with aspirin removal using the UV/ZnO photocatalytic process
(R?=10.99). The UV/ZnO photocatalytic process has a high potential for aspirin removal from aque-
ous solutions and can be used as a convenient option with high performance, low cost and easy
operation on an operational scale.
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1. Introduction

With the spread of diseases, the need for drugs such
as chemical drugs has increased [1]. Currently, drug
compounds have become a serious concern as their con-
centration is increasingly growing due to human consump-
tion and disposal in wastewater [2]. Drug compounds are
not completely removed during the wastewater treatment
process and enter various environments, ultimately lead-
ing to contamination of surface and underground water [3].
Over the past few years, drug contaminants have caused
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disturbances in the ecosystem due to biological imbalances
and bacterial resistance [4]. NSAID, the most commonly
used drug in the treatment of analgesics, ranges from ng/L
to pg/L in potable water [5].

Despite their low concentration in the environment,
drug contaminants can lead to toxicity, resulting in neg-
ative consequences for aquatic and human life [6]. Aspirin
(acetylsalicylic acid: ASA) belongs to the nonsteroidal
anti-inflammatory drug group, which is an anti-fever, anti-
coagulant and anti-rheumatic drug. ASA has an inhibitory
effect on platelets in blood. This antiplatelet effect prevents
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the formation of blood clots in blood vessels, especially in
people with atherosclerosis (blood vessels stenosis) [7,8]. The
increased use of ASA causes increased ASA concentration in
wastewater as well as in surface and underground water and
thus affects aquatic ecosystems [9]. Therefore, it is essential
to remove drugs from aqueous solutions before entering the
environmental cycle [10].

Due to weak biological degradation, various methods
such as advanced oxidation [11], photocatalytic process [12]
and adsorption process [13,14] can be used to purify pol-
lutants. Advanced oxidation processes (AOPs) can remove
resistive pollutants, including emerging pollutants and drug
compounds, in aquatic environment [14]. Advanced photo-
catalytic oxidation technology is recognized as an effective,
environmentally friendly and cost-effective instrument
due to the strong degradation of hydroxyl radicals, and is
especially important in solving environmental problems
[8,15]. ZnO nanoparticles, as one of the most important
photocatalysts, have many advantages such as high opti-
cal sensitivity, non-toxic nature and high efficiency in the
production of hydroxyl radicals [16-18]. ZnO nanoparticles
are widely used to treat wastewater from pharmaceutical
industries, printing industry, dyeing waste and paper
wastewaters [15].

In recent years, various statistical methods have been
reported for optimizing variables, one of which is the
response surface methodology (RSM). RSM is a collection
of mathematical and statistical techniques used to develop,
improve and optimize variables, and can be used to deter-
mine the significance of several factors. This method is used
when the answer to the problem (target) is influenced by
several independent variables (inputs), and is aimed at
optimizing these responses [19]. Central composite design
(CCD) is one of the most commonly used response sur-
face methodologies to analyze the relationship between
several independent variables and one or more dependent
variables. One of the important advantages of this statis-
tical method is the use of response surface conditions to
determine optimal conditions and express the impact of
each independent variable [20]. There have been studies
on the removal of ASA from aqueous solutions [13,21-23].
However, no study has been conducted on optimizing and
evaluating the UV/ZnO photocatalytic process efficiency in
the removal of ASA from aqueous solutions using the CCD
method. Moreover, it has been shown in most studies that
the presence of anions in actual waters can affect photo-
catalytic degradation [24,25]. The aim of this study was to
optimize the ASA photocatalytic degradation from aqueous
solutions through the UV/ZnO process by the CCD method
and also to evaluate the kinetics of the reaction and effects
of anions (chloride and phosphate) on the ASA degradation.

2. Experiments
2.1. Materials

ASA was purchased from a company (Pars Dara Pharma-
ceuticals, Tehran, Iran), with a purity of 99%. ZnO nano-
particles (with a particle size of 60-72 nm and specific surface
area of 15-25 m?/g) were obtained from Sigma-Aldrich, USA,
with a purity of 99.8%. Acetonitrile, acetic acid, methanol

and ethanol were purchased from Sigma-Aldrich. Moreover,
NaOH and HCI were purchased for pH adjustment from
Merck, Germany. Dipolar water was used to prepare all
synthetic solutions.

2.2. Photoreactor

In this study, a rectangular cube reactor was used
according to the shape of a Plexiglass with a length of 25 cm,
width of 10 cm and height of 5 cm. The mixing of the reac-
tor was performed using a peristaltic pump (Cole-Parmer,
Vernon Hills, IL, USA) and a magnetic stirrer at 200 rpm.
Three UV-C (6W) lamps (Phillips, Netherlands) were used as
a UV light source. The whole reactor was covered to prevent
light reflections inside the aluminum foil. The schematic of
the reactor is shown in Fig. 1.

The stock solution was made by dissolving 1 g of pure
ASA powder in a few mL of ethanol to accelerate solubility.
Afterwards, 1,000 mL of distilled deionized water was added
and the solution was placed on the mechanical stirrer for
30 min until completely dissolved to obtain the concentra-
tion of 1,000 mg/L. Other concentrations were prepared from
a stock solution. Then, 300 mL of the desired solution was
removed. The pH of the solution was adjusted by a solution
of sulfuric acid and sodium hydroxide 0.1 N and injected
into the reactor. After the reaction, the specimens were cen-
trifuged at 4,000 rpm for 10 min and filtered with a 0.45 um.
In order to detect the adsorption and desorption between
ASA and the photocatalyst, the ASA solution was placed in
the dark for 30 min before the UV lamp was exposed.

2.3. Analysis

The effects of variables such as the initial concentration
of ASA (10, 32.5, 55, 77.5 and 100 mg/L), dose of ZnO nano-
particles (100, 225, 350, 475 and 600 mg/L), reaction time
(10, 37.5, 65, 92.5 and 120 min) and pH (3, 5, 7, 9 and 11) on
the efficiency of the process were determined, and the opti-
mal value of each of the variables was determined. The ASA
concentrations were detected by HPLC with an ODS-C18
column (4.6 x 150 mm, 5 um particle size) and a UV detec-
tor. The mobile phases were methanol/acetic acid/acetonitrile
(1%) with a ratio of 10/30/60. The flow rate of 1 mL/min and
maximum wavelength of 236 nm was chosen. The standard
curve and sampled chromatograms are shown in Figs. 2a
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Fig. 1. Schematic of the reactor used in the ASA photocatalytic
degradation process.
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Fig. 2. Standard curve and aspirin chromatogram by HPLC.

and b, respectively. A pH meter (HANNA model, Japan)
was used to adjust pH. To measure mineralization, total
organic carbon (TOC) test was analyzed by TOC analyzer
(Shimadzu, Japan).

The ASA removal efficiency was calculated using Eq. (1):

R:(CO_ijxloo
C

0

)

where R (%) is the removal efficiency of ASA, and C, and
C, (mg/L) are the concentrations of ASA in the solution at
zero and t time, respectively.

2.4. Effect of photolysis, ZnO adsorption and photocatalysts on
ASA removal

In order to better understand and improve the UV/
ZnO process, photolysis (UV alone) and surface adsorption
were investigated using ZnO nanoparticles. The experiments
were carried out according to the procedures outlined in the
23rd edition of the Water and Wastewater Standards [26].
Designing experiments, optimizing and analyzing the results
were performed using the Design-Expert 7 software CCD
method.

2.5. Response surface methodology

The experimental design was performed with the CCD
method to determine the effect of independent variables

on the response variable (the process efficiency in ASA
removal) and determine the optimal conditions (Table 1).

In a CCD design study, 30 experiments were conducted
to evaluate the effect of different parameters such as ZnO
(100, 225, 350, 475 and 600 mg/L), pH (3, 5, 7, 9 and 11),
reaction time (10, 37.5, 65, 92.5 and 120 min), and ASA con-
centration (10-100 mg/L). The data were analyzed using
R?, ANOVA and statistical response curves. The results
were compared with two-factor (2F) linear and quadratic
models, at a meaningful level with p-value less than 0.05.

2.6. Effect of anions on ASA degradation

Chloride ion and phosphate, each with the amount of
20 mg/L, were separately added to the optimal synthetic
solution, and the effect of this excess was investigated on
ASA degradation.

Table 1
Independent process variables, range and levels used for CCD
design

Independent Factors -a -1 0 +1 +a
variables

Aspirin (mg/L) A 10 325 55 77.5 100
pH B 3 5 7 9 11
ZnO (mg/L) C 100 225 350 475 600
Time (min) D 10 375 65 925 120
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2.7. Kinetics of the reaction

In order to evaluate the speed of chemical reactions,
the kinetic evaluation of removal is considered essential.
The quasi-first-order synthesizer is a common kinetic tool
in photocatalytic processes for the decomposition of organic
matters. Therefore, after obtaining optimal conditions, the
first-order kinetics was investigated. In Eq. (2), the first-order
linear kinetics was derived:

In [COJ =kt
G )

where C; is the initial concentration of ASA, C, is the
concentration at the time ¢ (min) in terms of (mg/L) and k ,_
is the constant reaction speed (1/min).

3. Results and discussion

3.1. Effect of UV, ZnO and UV/ZnO on ASA removal and miner-
alization study

The results of photolysis, photocatalysts and surface
adsorption by ZnO nanoparticles are shown in Fig. 3a.

It is noteworthy that the removal efficiency of ASA
with ZnO nanoparticles was negligible in darkness, and the
small amount of ASA removed in a constant amount of ZnO
was due to the adsorption of the ASA molecule on the cat-
alyst level [27]. Direct photolysis can only slightly degrade
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Fig. 3. UV, ZnO and UV/ZnO in photocatalytic analysis of aspirin
(a) and TOC (b) at different times (the initial aspirin concentra-
tion of 33.84 mg/L, adsorbent concentration of 375.16 mg/L and
pH of 5.05).

ASA. Lamsal et al. [28] found that ultraviolet radiation alone
did not produce radical hydroxyl (the major contributing
factor in the production of organic pollutants) in the UV
radiation and thus could only eliminate a small amount of
organic matter. These results clearly indicate the need for
an exhaling factor in photocatalytic processes. In the UV/
ZnO combination process, due to photocatalytic reactions
and emergence of free active radicals, a significant increase
was observed in the process efficiency.

Also, the results in Fig. 3b show that adsorption of ZnO
nanoparticle was <1% and UV alone (25%) that have a neg-
ligible effect on TOC removal. In UV/ZnO system, a TOC
removal of 78.1% was obtained. Therefore, confirming a
strong synergistic effect existed in the UV/ZnO system since
ZnO nanoparticles could simultaneously serve as dual roles
of photocatalytic and adsorption in UV/ZnO system [25].

3.2. Design and analysis by the CCD method

Among the various methods provided by the Design-
Expert software for study design, CCD was selected using
RSM. In the present study, RSM was used to determine
the maximum efficiency of ASA removal and also to deter-
mine the optimal amount of the process variables such as
solution pH, reaction time, initial ASA concentration and
adsorbent dose with the aim of minimizing the number of
tests and saving time and cost through RSM [19,29]. The
response (ASA removal rate, %) was obtained by a quadratic
model. The actual and predicted pH of the solution, reaction
time, initial concentration of ASA and adsorbent dose in the
design of the experiment, which had 30 results, are shown
in Table 2.

3.3. Model assessment

In order to analyze the statistical model, analysis of
variance (ANOVA) was used, as shown in Table 3. The
significance level of p-value was considered to be less than
0.05. As observed in Table 3, based on ANOVA, the initial
concentration of ASA (A), solution pH (B), adsorbent dose (C)
and reaction time (D) were significant. Although BC had the
lowest F-value and p-value > 0.05, there was no proprietary
effect on the process [30].

Factors with a p-value < 0.05 remained in the model and
were considered significant. Accordingly, Eq. (3) shows the
proposed model:

Removal % =59.63 — 5.45A — 10.08B + 5.76C + 8.17D + 1.80AB
+ 0.85AC — 4.67AD — 2.27BD - 3.27CD - 4.36A?
+0.099B2 - 3.72C? - 2.50D* (3)

where % Removal is the percentage degradation of ASA (%);
and A, B, C and D are the terms for the coded values of
the initial concentration of ASA (mg/L), solution pH, adsor-
bent dose (mg/L) and reaction time (min), respectively.
Moreover, AB, AC, AD, BD and CD are interactions, in
which AB and AC with confidents of 1.80 and 0.85, respec-
tively, had direct effect on the ASA removal efficiency. On
the other hand, AD, BD and CD with negative coefficients
of 4.67, 2.27 and 3.27, respectively, had inverse effect on the
ASA removal efficiency.
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Table 2
Experimental and predicted values of aspirin photodegradation

Run Aspirin concentration ZnOdose Contact pH Removal Predicted
(mg L) (mg L) time (min) rate (%) rate (%)
1 5 350 65 7 43.27 43.23
2 52.50 350 65 7 36.23 36.36
3 52.50 350 65 7 23.90 23.93
4 28.75 475 37.50 9 24.44 24.28
5 28.75 225 92.50 5 59.60 59.53
6 76.25 475 37.50 5 56.19 56.05
7 52.50 350 65 7 40.56 40.37
8 76.25 225 37.50 5 44.12 44.35
9 76.25 225 37.50 9 80.11 79.98
10 52.50 600 65 7 54.29 54.43
11 52.50 350 65 7 51.51 51.60
12 76.25 475 92.50 9 33.12 33.27
13 28.75 475 92.50 5 83.11 83.22
14 76.25 225 92.50 9 61 61.05
15 52.50 100 65 7 55.02 54.97
16 52.50 350 65 7 40.05 40.03
17 28.75 225 92.50 9 52.96 53.10
18 28.75 475 37.50 5 31.46 31.28
19 28.75 225 37.50 5 80.20 80.19
20 76.25 225 92.50 5 39.89 39.86
21 52.50 350 65 7 33.33 33.23
22 28.75 475 92.50 9 56.23 56.29
23 100 350 65 7 33.15 33.28
24 76.25 475 92.50 5 66.2 65.96
25 52.50 350 10 7 60.12 59.63
26 76.25 475 40 9 59.67 59.63
27 52.50 350 65.50 3 59.67 59.63
28 28.75 225 37.50 9 59.33 59.63
29 52.50 350 65 11 59.67 59.63
30 52.50 350 120 7 59.34 59.63

3.4. Model validation

Table 4 shows the results of correlation and validation
coefficients of the model.

According to the results obtained in Table 4, the values
of R-squared and Adjusted R-squared were 0.9999 and
0.9998, respectively. These high values of R? presented a good
correlation between the experimental results and higher
credibility of the proposed model. The coefficient of varia-
tion (CV %) was 0.44% for the dependent variables, which
indicated the accuracy of the measurements and reliability
of the tests. The low standard deviation and PRESS values
of 0.23 and 2.63, respectively, indicated the suitability of the
selected model for experimental data [31].

In Fig. 4, the values predicted by the model were
compared with the actual values of the test for the aspirin
elimination efficiency.

According to the results of Fig. 4, the points given in
this scheme were relatively close to the straight line and
showed satisfactory correlations.

3.5. Effect of the factors on the removal efficiency

The main effects of A, B, C and D, which included the
factors A (the initial concentration of ASA), B (pH), C (ZnO
dose) and D (contact time), are shown in Fig. 5.

The process of ASA removal was directly related to
the reaction time and amount of nanoparticles of zinc
oxide while according to Eq. (3), the effect of the reac-
tion time was higher than the amount of ZnO nanopar-
ticles on the removal efficiency. However, the initial
concentration of ASA and pH value had inverse relation-
ship with the removal efficiency so that the negative
effect of pH was higher than the initial concentration
of ASA.

3.6. Effect of ASA concentration on the response

The effect of the initial concentration of ASA against
pH and time on the ASA removal efficiency is shown in
Figs. 6a and b, respectively.
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Table 3

ANOVA results of the response surface quadratic model for aspirin photodegradation using UV/ZnO

Source Sum of daf Mean F-value p-value Status
squares square
Model 713.70 14 508.12 987.36 <0.0001 Significant
A-Aspirin Concentration 713.74 1 713.74 13,865.95 <0.0001 Significant
B-pH 2,438.83 1 2,438.83 47,379.46 <0.0001 Significant
C-ZnO dose 797.20 1 797.20 15,487.40 <0.0001 Significant
D-Time 1,589.51 1 1,589.51 30,879.74 <0.0001 Significant
AB 52.08 1 52.08 1,011.86 <0.0001 Significant
AC 11.44 1 11.44 222.25 <0.0001 Significant
AD 344.87 1 344.87 6,699.80 <0.0001 Significant
BC 0.018 1 0.018 0.34 0.5674 Not Significant
BD 81.46 1 81.46 1,582.61 <0.0001 Significant
CD 168.68 1 168.68 3,277.05 <0.0001 Significant
A? 521.11 1 521.11 10,123.60 <0.0001 Significant
B 0.27 1 0.27 5.20 0.0375 Significant
c 378.84 1 378.84 7,359.70 <0.0001 Significant
D? 171.21 1 171.21 3,326.06 <0.0001 Significant
Residual 0.77 15 0.051 - - -
Lack of fit 0.35 10 0.035 0.42 0.8852 Not Significant
Pure Error 0.42 5 0.084 - - -
Core total 7,114.47 29 - - - -
Table 4
Correlation coefficients for the response surface quadratic model i
Parameter Value Parameter Value B
— g 68.75 —| H_'"“"“-ﬁ-__ D
Standard deviation 0.23 R-Squared 0.9999 z A B S o e TR
Mean 51.26  Adjusted R-Squared  0.9998 g e ===
CV% 044  Predicted R-Squared  0.9996 5 M oS,
PRESS 2.63 Adequate precision ~ 369.545 E
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Fig. 5. Changes in the efficiency of aspirin removal as a function
E of the encoded values of the independent variables.
5  53.50—
2
- As shown in Figs. 6a and b, by increasing the initial
concentration of ASA from 28.75 to 76.25 mg/L, the removal
2 efficiency decreased. As with a constant pH of 7, catalyst
value of 350 mg/L and reaction time of 65 min, the ASA
removal efficiency was 76.29% when the initial ASA con-
2200, centration was 28.75 mg/L and 58.19% when the initial ASA

23.90 38.73 83.22

Actual

Fig. 4. Values predicted by the model against the actual values
obtained from the experiment for the aspirin elimination
efficiency.

concentration reached 76.25 mg/L. The decreasing efficiency
was eliminated because of the constant adsorbent content
of active adsorbent sites; however, with increasing concen-
trations of the adsorbent, the number of pollutant moles
in the reaction medium increased and the active sites were
saturated. On the other hand, due to the constant amount
of hydroxyl radicals produced at the ZnO adsorbent level,
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Fig. 6. (a) Effect of the initial aspirin concentration and pH, (b) effect of the initial aspirin concentration and time on aspirin
removal efficiency, (c) simultaneous effect of the concentration of ZnO nanoparticles and pH and (d) relation of ZnO concentration
with initial aspirin concentration on aspirin removal efficiency; (aspirin = 33.84 mg/L, ZnO concentration = 375.16 mg/L and pH =5.05).

ASA molecules were slowly dissolved at high concentrations
and thus the removal efficiency was reduced [32,33]. Sayadi
et al. in a study conducted in 2014 on the removal of tetra-
cycline as well as Jiang et al. in a study of bioavailability of
ciprofloxacin in 2013 concluded that by increasing the initial
concentration of tetracycline and ciprofloxacin, the removal
efficiency decreased, which is similar to the findings in the
present study [34,35].

3.7. Effect of solution pH on the response

One of the important parameters in photocatalytic reac-
tions is pH solubility. In addition to the adsorbent level, pH
changes affect the degree of ionization and separation of
functional groups in active sites and also affect the soluble
chemistry. The pH changes were applied in the range of 3-11
and their effect was measured on the performance. Fig. 6¢c
shows the simultaneous effect of the concentration of ZnO
nanoparticles and pH.

When pH =5 and the amount of ZnO nanoparticles was
225 mg/L, the ASA removal efficiency was 60.36%. At the
same level, the amount of ZnO nanoparticles had a removal
efficiency of 40.19% when pH = 9. When the amount of zinc
oxide nanoparticles was 475 mg/L, the ASA removal rate was
71.81%. Moreover, at the same level as ZnO nanoparticles,
the ASA removal efficiency reached 51.74% when pH = 9.
This indicated that the removal efficiency had an inverse

relationship with increasing pH and was directly related to
the increase in the amount of ZnO nanoparticles, and the
pH,,. of ZnO nanoparticles was 8.60 [36]. When the solution
pH was less than 8.60 or more than pKa (ASA = 3.49), ASA
species, which were anionic, were ZnO adsorbed at a positive
charge, and the removal efficiency increased. Moreover, at
pH values above pH,,, the ZnO level had a negative charge,
eliminating the electro-static ASA from ZnO levels, reducing
adsorption, and ultimately reducing the efficiency [37,38].
In a study by Bhatia et al. [9], it was showed that increasing
the pH value decreased the ASA removal efficiency, which is
similar to the present study.

3.8. Effect of catalyst concentration on the response

The effect of ZnO nanoparticles concentration on the
process efficiency is shown in Fig. 6d. The figure shows
that when ASA and ZnO nanoparticles had the initial con-
centration of 28.75 and 225 mg/L, respectively, the ASA
removal efficiency was 52.12%. At the same level as the initial
concentration of ASA, when the amount of ZnO nanoparti-
cles reached 475 mg/L, the ASA elimination efficiency was
61.95%. As a result, the removal efficiency was directly
related to the amount of ZnO nanoparticles and inversely
related to the initial concentration of ASA. The statistical
analysis showed a strong correlation between the concen-
tration of ZnO nanoparticles and the process efficiency
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(p-value = 0.0001). This can be attributed to the increase in
active sites on the catalyst, followed by increased production
of hydroxyl radicals and with the excessive increase in ZnO
nanoparticles decreased the UV light penetration, increased
the opacity of the solution, reduced the activated activity of
ZnO nanoparticles, and increased the pathway of the pho-
tons, and even negatively affected the amount of the removal
efficiency [39,40]. Eyasu et al. [41] obtained a similar result.
The increase in the amount of nanoparticles up to a certain
degree has a direct correlation with the increase of dye
removal and if it does not exceed a certain amount, it does
not affect the outcome that matches the results.

3.9. Effect of reaction time on the response

The effect of the reaction time on the process efficiency is
shown in Fig. 6b.

As shown in Fig. 6b, with increasing the contact time,
the removal efficiency increased. Statistical analyses showed
a strong relationship between the contact time and removal
efficiency (p-value =< 0.0001).

The results of this parameter measurement showed that
as the time increased, the amount of residual ASA in the
solution decreased and the decomposition rate increased.
In other words, with increasing the contact time, the
probability of collision of ASA molecules increased with
zinc oxide nanoparticles and thus increased the removal
efficiency. The reason for the high removal efficiency at the
initial moments was the number of active adsorbent posi-
tions available for receiving UV photons. However, over
time, these sites were saturated, with the rate of degradation
decaying significantly and eventually reaching equilibrium
conditions [42,43]. In the study of Zhang et al. in 2013 on
removal of methylene blue from wastewater using the pho-
tocatalysts TiO, and ZnO, the highest removal efficiency was
observed at 90 min, which is similar to the present study [44].

3.10. Optimum model conditions

In order to achieve the maximum removal efficiency of
ASA by the UV/ZnO photocatalytic process and optimum
conditions, Derringer’s desirability function was used. In this
function, the process function was determined by a number
between 0 and 1, where 1 indicates the desired performance
and 0 is an undesired performance. In Fig. 7, favourable
conditions for the removal of ASA are presented.

The best prediction conditions for the model were
33.84 mg/L, 375.16 mg/L, 90.64 min and 5.05 for initial
ASA concentration, ZnO concentration, contact time and
pH, respectively. The proposed efficiency of the model and
actual efficiency resulting from the photocatalytic reaction
in optimal conditions were 83.22% and 83.11%, respectively,
indicating a strong correlation between model prediction
and actual conditions.

3.11. Effect of anions on ASA degradation

The results showed that adding 20 mg/L of chloride
ion to a synthetic solution in optimal conditions increased
the ASA degradation rate in the presence of UV/ZnO from
83.11% to 94.7%. Adding the same amount of phosphate
reduced the removal efficiency from 83.11% to 56%.

L L

28.75 76.25 5.00 9.00
aspirin conc = 33.84 mg/L pH =5.05
225.00 475.00 J L
37.50 92.50

Zno dose = 375.16 mg/L Time = 90.64 min

239 83.11 Desirability = 1.000

R1= 8311

Fig. 7. Optimal conditions for aspirin removal.

Interpretation of the effects of anions in water or waste-
water can be complex because of their ability to compete with
organic compounds for oxidative species and be placed on
sites active on the surface of the catalyst and also depending
on the ionic strength that affects the catalytic activity, which
consequently causes photocatalytic degradation. When the
solution pH was less than pH,,., the chloride anions were
adsorbed onto the catalyst surface and consequently, the
photocatalytic degradation increased. However, when the
pH was less than pH,,, the chloride anions were adsorbed
onto the catalyst surface and consequently, the photocat-
alytic degradation increased. When pH was more than a
pH,, catalyst, there was no good adsorption between the
chloride ion and nanoparticle surface, resulting in a reduc-
tion in photocatalytic degradation [45]. The competition of
anion phosphate with the nanoparticles in ASA degradation
for adsorption on the catalyst surface, in turn, deactivated the
active sites and reduced OH radicals both at the catalyst and
in the solution, resulting in a decrease in the photocatalytic
degradation efficiency [46].

3.12. Reaction kinetics

Results of the parameters of the pseudo-first-order model
of ASA removal using the UV/ZnO photocatalytic process are
shown in Table 5.

The constant amount of the reaction speed decreased
from 0.0327 to 0.0233 with increasing ASA concentration. This
is because, similar to other studies, the speed of this photo-
catalytic reaction is the function of the number of free sites on
the catalyst surface and concentration of pollutants [47,48].
At different concentrations, difference was observed in the
reaction speed constants. This is due to various photocata-
lytic degradation mechanisms or the competition between
degradation of the reactant and intermediate products [49].

The linear pseudo-first-order kinetic diagram for various
concentrations of ASA at different times is shown in Fig. 8.
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Fig. 8. Linear chart of the pseudo-first-order kinetic model at different ASA concentrations.

Table 5
Pseudo-first-order kinetic parameters of ASA (33.84 mg/L,
pH=5.05 and ZnO = 375.16 mg/L)

ASA (mg/L) R? k. (1/min) 1/k, . (min)
28.75 0.9932 0.0327 30.58
38.53 0.9922 0.0279 35.84
52.50 0.9985 0.0233 42.19

There was a strong linear relationship between ASA
concentration and exposure time due to the high coefficient
of determination (R?), indicating the desirability of a pseu-
do-first-order model for describing the reaction rate and
amount of ASA removal at different times. Samarghandi
et al. [50] showed pseudo-first-order kinetics for the UV/
ZnO photodegradation process with high correlation coeffi-
cient, which is similar to the present study.

4. Conclusion

In this study, the efficiency of the UV/ZnO photocatalytic
system in ASA removal from aqueous solutions as well as
the effect of different variables was investigated. The CCD
method was used to analyze and optimize the process.
According to ANOVA, a quadratic model (R? =0.9999) with
high predictive power was applied to predict the results of
the study. Among the various variables examined, the most
important parameters affecting the system performance
were pH, time, ZnO concentration and initial concentra-
tion of ASA, respectively. The optimum system conditions
for ASA removal were obtained in ASA = 33.84 mg/L,
ZnO = 375.16 mg/L, time = 90.05 min and pH = 5.05 with
the removal efficiency of 83.11%. The photodegradation
process of ASA in the presence of UV/ZnO followed the
pseudo-first-order kinetic model (R*> 0.99). The effect of
chloride on the ASA degradation resulted in the increased
removal efficiency (83.11% to 94.7%) whereas anion phos-
phate reduced the removal efficiency (from 83.11% to 56%).
Consequently, it can be concluded that the UV/ZnO pho-
tocatalytic process has a relatively high potential for ASA
removal from aqueous solutions and can be used as a
convenient option for easy operation and has low cost for
operational scale use.

Acknowledgements

This study was derived from a Master of Science the-
sis in environmental health engineering conducted at the
Environmental Health Engineering Research Center of
the Kerman University of Medical Sciences and was spon-
sored by the Vice-Chancellor for Research and Technology
of the Kerman University of Medical Sciences. The authors
would like to thank the financial support of the Deputy
Research Center at the Kerman University of Medical
Sciences.

References

[1] M. Hoseini, Gh.H. Safari, H. Kamani, J. Jaafari, A.H. Mahvi,
Survey on removal of tetracycline antibiotic from aqueous
solutions by nano-sonochemical process and evaluation of
the influencing parameters, Iran. J. Health Environ., 8 (2015)
141-152.

D. Loffler, J. Rombke, M. Meller, T.A. Ternes, Environmental
fate of pharmaceuticals in water/sediment systems, Environ.
Sci. Technol., 39 (2005) 5209-5218.

K. Rahmani, A. Rahmani, H. Rahmani, M.R. Zare, Tetracycline
removal from aqueous solution by nano zero valent iron/UV/
H,O, process, J. Environ. Health Eng., 2 (2015) 294-304.

H.T. Teo, W.R. Siah, L. Yuliati, Enhanced adsorption of
acetylsalicylic acid over hydrothermally synthesized iron
oxide-mesoporous silica MCM-41 composites, J. Taiwan Inst.
Chem. Eng., 65 (2016) 591-598.

T. Rodriguez-Alvarez, R. Rodil, ]J.B. Quintana, S. Trifanes,
R. Cela, Oxidation of non-steroidal anti-inflammatory drugs
with aqueous permanganate, Water Res., 47 (2013) 3220-3230.
F.O. Agunbiade, B. Moodley, Occurrence and distribution
pattern of acidic pharmaceuticals in surface water, wastewater,
and sediment of the Msunduzi River, Kwazulu-Natal, South
Africa, Environ. Toxicol. Chem., 35 (2016) 36—46.

N. Ma, X.-W. Liu, Y.-J. Yang, J.-Y. Li, I. Mohamed, G.-R. Liu,
J.-Y. Zhang, Preventive effect of aspirin eugenol ester on
thrombosis in w-carrageenan-induced rat tail thrombosis
model, PLoS One, 10 (2015) 1-14.

D. Li, X. Cheng, X. Yu, Z. Xing, Preparation and characterization
of TiO,-based nanosheets for photocatalytic degradation of
acetylsalicylic acid: Influence of calcination temperature, Chem.
Eng.]., 279 (2015) 994-1003.

V.Bhatia, A. Dhir, S.K. Kansal, Solar light induced photocatalytic
degradation of aspirin using doped TiO, nanoparticles,
J. Nanosci. Nanotechnol., 16 (2016) 7444-7450.

T. An, H. Yang, G. Li, W. Song, W.J. Cooper, X. Nie, Kinetics
and mechanism of advanced oxidation processes (AOPs) in
degradation of ciprofloxacin in water, Appl. Catal., B, 94 (2010)
288-294.

[2]

[10]



(11]

(12]

[13]

(14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

P. Karimi et al. / Desalination and Water Treatment 161 (2019) 354-364

L. Feng, E.D. van Hullebusch, M.A. Rodrigo, G. Esposito,
M.A. Oturan, Removal of residual anti-inflammatory and
analgesic pharmaceuticals from aqueous systems by electro-
chemical advanced oxidation processes. A review, Chem. Eng.
J., 228 (2013) 944-964.

O.K. Dalrymple, D.H. Yeh, M.A. Trotz, Removing pharma-
ceuticals and endocrine-disrupting compounds from waste-
water by photocatalysis, J. Chem. Technol. Biotechnol., 82 (2007)
121-134.

K. Mphahlele, M.S. Onyango, S.D. Mhlanga, Adsorption of
aspirin and paracetamol from aqueous solution using Fe/N-
CNT/B-cyclodextrin nanocomopsites synthesized via a benign
microwave assisted method, J. Environ. Chem. Eng., 3 (2015)
2619-2630.

L.A. Al-Khateeb, S. Almotiry, M.A. Salam, Adsorption of
pharmaceutical pollutants onto graphene nanoplatelets, Chem.
Eng.]., 248 (2014) 191-199.

M. El-Kemary, H. El-Shamy, 1. El-Mehasseb, Photocatalytic
degradation of ciprofloxacin drug in water using ZnO nano-
particles, J. Lumin., 130 (2010) 2327-2331.

R. Darvishi Cheshmeh Soltani, A. Rezaee, R. Rezaee, M. Safari,
H. Hashemi, Photocatalytic degradation of methylene blue
dye over immobilized ZnO nanoparticles: optimization of
calcination conditions, J. Environ. Manage., 3 (2015) 8-14.

M. Malakootian, M. Amiri G, A. Dehdarirad, M. Khatami,
M. Ahmadian, M.R. Heidari, H. Mahdizadeh, ZnO nanoparticles
immobilized on the surface of stones to study the removal
efficiency of 4-nitroaniline by the hybrid advanced oxidation
process (UV/ZnO/O,), J. Mol. Struct., 1176 (2019) 766-776.

P.C. Nagajyothi, T.V.M. Sreekanth, C.O. Tettey, Y.I Jun,
S.H. Mook, Characterization, antibacterial, antioxidant, and
cytotoxic activities of ZnO nanoparticles using Coptidis
Rhizoma, Bioorg. Med. Chem. Lett., 24 (2014) 4298-4303.

M. Malakootian, A. Nasiri, M. Amiri Gharaghani, Photocatalytic
degradation of ciprofloxacin antibiotic by TiO, nanoparticles
immobilized on a glass plate, Chem. Eng. Commun., (2019),
https://doi.org/10.1080/00986445.2019.1573168. (In Press)

G. Torgut, M. Tanyol, F. Biryan, G. Pihtili K. Demirelli,
Application of response surface methodology for optimization
of Remazol Brilliant Blue R removal onto a novel polymeric
adsorbent, J. Taiwan Inst. Chem. Eng., 80 (2017) 406—414.

S.0. Akpotu, B. Moodley, Application of as-synthesised MCM-
41 and MCM-41 wrapped with reduced graphene oxide/
graphene oxide in the remediation of acetaminophen and
aspirin from aqueous system, J. Environ. Manage., 209 (2018)
205-215.

F. Meischl, D. Schemeth, M. Harder, N. Kopfle, R. Tessadri,
M. Rainer, Synthesis and evaluation of a novel molecularly
imprinted polymer for the selective isolation of acetylsalicylic
acid from aqueous solutions, J. Environ. Chem. Eng., 4 (2016)
4083-4090.

V. Raki¢, N. Raji¢, A. Dakovi¢, A. Auroux, The adsorption of
salicylic acid, acetylsalicylic acid and atenolol from aqueous
solutions onto natural zeolites and clays: clinoptilolite,
bentonite and kaolin, Microporous Mesoporous Mater., 166 (2013)
185-194.

M.N. Chong, B. Jin, CW.K. Chow, C. Saint, Recent develop-
ments in photocatalytic water treatment technology: a review,
Water Res., 44 (2010) 2997-3027.

L. Jun, Y. Jianfei, Y. Gang, Z. Yunhong, L. Xiang, B. Lai,
Improving the degradation of atrazine in the three-dimensional
(3D) electrochemical process using CuFe,O, as both particle
electrode and catalyst for persulfate activation, Chem. Eng. J.,
361 (2019) 1317-1332.

R.B.Baird, A.D. Eaton, Standard Methods for the Examination
of Water and Wastewater, 23rd ed., American Water Works
Association (AWWA, WEF and APHA), (2017).

S.K. Bajpai, N. Chand, M. Mahendra, The adsorptive removal
of a cationic drug from aqueous solution using poly
(methacrylic acid) hydrogels, Water SA, 40 (2014) 49-56.

R. Lamsal, M.E. Walsh, G.A. Gagnon, Comparison of advanced
oxidation processes for the removal of natural organic matter,
Water Res., 45 (2011) 3263-3269.

[29]

(30]

(31]

(32]

(33]

[34]

[35]

[36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

363

S. Chatterjee, A. Kumar, S. Basu, S. Dutta, Application of
response surface methodology for methylene blue dye removal
from aqueous solution using low cost adsorbent, Chem. Eng. J.,
181 (2012) 289-299.

D.-H. Zhang, ].-Y. Zhang, W.-C. Che, Y. Wang, A new approach
to synthesis of benzyl cinnamate: optimization by response
surface methodology, Food Chem., 206 (2016) 44—49.

S. Aghel, N. Bahramifar Dr., H. Younesi Dr., Optimizing the
removal of reactive yellow 147 using magnetic photocatalyst
Fe,0,@Si0,@TiO, by response surface methodology in central
composite design, J. Mazandaran Univ. Med. Sci., 27 (2017)
149-180.

G. Moussavi, A. Khavanin, R. Alizadeh, The investigation of
catalytic ozonation and integrated catalytic ozonation/biological
processes for the removal of phenol from saline wastewaters,
J. Hazard. Mater., 171 (2009) 175-181.

B. Kakavandi, M. Jahangiri-rad, M. Rafiee, A.R. Esfahani,
A.A. Babaei, Development of response surface methodology
for optimization of phenol and p-chlorophenol adsorption on
magnetic recoverable carbon, Microporous Mesoporous Mater.,
231 (2016) 192-206.

A. Sayadi, M. Asadpour, Z. Shabani, M. Sayadi, Pharma-
ceutical pollution of the eco-system and its detrimental
effects on public health, J. Rafsanjan Univ. Med. Sci., 11 (2012)
269-284.

W.-T. Jiang, P-H. Chang, Y.-S. Wang, Y. Tsai, ].-S. Jean,
Z. Li, K. Krukowski, Removal of ciprofloxacin from water by
birnessite, . Hazard. Mater., 250 (2013) 362-369.

H. Benhebal, M. Chaib, T. Salmon, J. Geens, A. Leonard,
S.D. Lambert, M. Crine, B. Heinrichs, Photocatalytic degradation
of phenol and benzoic acid using zinc oxide powders prepared
by the sol-gel process, Alexandria Eng. J., 52 (2013) 517-523.

R. Darvishi Cheshmeh Soltani, A. Rezaee, M. Safari, A.R.
Khataee, B. Karimi, Photocatalytic degradation of formaldehyde
in aqueous solution using ZnO nanoparticles immobilized on
glass plates, Desal. Wat. Treat., 53 (2015) 1613-1620.

M. Karaca, M. Kirangan, S. Karaca, A. Khataee, A. Karimi,
Sonocatalytic removal of naproxen by synthesized zinc
oxide nanoparticles on montmorillonite, Ultrason. Sonochem.,
31 (2016) 250-256.

M. Ahmadi moghadam, N. Jaafarzadeh Haghighifard,
S. Mirali, S. Jorfi, F. Dinarvand, N. Alavi, Efficiency study on
nanophotocatalytic degradation and detoxification of C.I.
direct blue 86 from aquatic solution using UVA/TiO, and UVA/
Zn0O, J. Mazandaran Univ. Med. Sci., 26 (2016) 145-159.

M.A. Gharaghani, M. Malakootian, Photocatalytic degradation
of the antibiotic ciprofloxacin by ZnOnanoparticles immobilized
on a glass plate, Desal. Wat. Treat., 89 (2017) 304-314.

A. Eyasu, O.P. Yadav, R K. Bachheti, Photocatalytic degradation
of methyl orange dye using Cr-doped ZnS nanoparticles under
visible radiation, Int. J. Chem. Technol. Res., 5 (2013) 1452-1461.
M. Fu, Y. Li, S. Wu, P. Lu, J. Liu, E. Dong, Sol-gel preparation
and enhanced photocatalytic performance of Cu-doped ZnO
nanoparticles, Appl. Surf. Sci., 258 (2011) 1587-1591.

M.M. Baneshi, S. Jahanbin, A. Mousavizadeh, S.A. Sadat, A.
Rayegan-Shirazi, H. Biglari, Gentamicin removal by photo-
catalytic process from aqueous solution, Pol. J. Environ. Stud.,
27 (2018) 1433-1439.

T. Zhang, T. Oyama, A. Aoshima, H. Hidaka, ]J. Zhao,
N. Serpone, Photooxidative N-demethylation of methylene
blue in aqueous TiO2 dispersions under UV irradiation,
J. Photochem. Photobiol., A, 140 (2001) 163-172.

D. Kanakaraju, C.A. Motti, B.D. Glass, M. Oelgemdller, TiO,
photocatalysis of naproxen: effect of the water matrix, anions
and diclofenac on degradation rates, Chemosphere, 139 (2015)
579-588.

J.H.O.S. Pereira, A.C. Reis, D. Queirés, O.C. Nunes, M.T.
Borges, VJ.P. Vilar, R.A.R. Boaventura, Insights into solar TiO,-
assisted photocatalytic oxidation of two antibiotics employed
in aquatic animal production, oxolinic acid and oxytetracycline,
Sci. Total Environ., 463 (2013) 274-283.

A. Turki, C. Guillard, F. Dappozze, Z. Ksibi, G. Berhault,
H. Kochkar, Phenol photocatalytic degradation over anisotropic



364

[48]

[49]

P. Karimi et al. / Desalination and Water Treatment 161 (2019) 354-364

TiO, nanomaterials: kinetic study, adsorption isotherms and
formal mechanisms, Appl. Catal., B, 163 (2015) 404-414.

L. Saikia, D. Bhuyan, M. Saikia, B. Malakar, D.K. Dutta,
P. Sengupta, Photocatalytic performance of ZnO nanomaterials
for self sensitized degradation of malachite green dye under
solar light, Appl. Catal., A, 490 (2015) 42—49.

M. Massoudinejad, M. Ghaderpoori, A. Shahsavani, M.M. Amini,
Adsorption of fluoride over a metal organic framework Uio-
66 functionalized with amine groups and optimization with
response surface methodology, J. Mol. Liq., 221 (2016) 279-286.

[50] M.R. Samarghandi, M.T. Samadi, J. Mehralipour, R. Harati,

Evaluation of equilibrium and kinetic studies in simultaneous
removal of phenol and divalent cadmium Cd (II) using nano
photocatalytic process UV/ZnO from synthetic effluent,
J. Occup. Environ. Health, 1 (2016) 7-17.



	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	baep-author-id16
	_ENREF_36
	bau035
	bau040
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	bau0035
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50

