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Atenolol (ATN) is a drug that is widely used to treat some heart diseases, and since it cannot be completely decomposed in the
human body, some amounts of it are found in surface water. These amounts may bring risks to the environment and humans, and
for this reason, its removal is a must. In the present study, the combined sono-electro-persulfate method was used for ATN
removal. Based on the design of the experiment conducted by response surface methodology (RSM), the effects of 5 main factors
(pH, time, PS concentration, current intensity, and initial ATN concentration) have been investigated at 5 levels. After passing the
test steps in different conditions, the remaining amount of ATN has been measured by high-performance liquid chromatography
(HPLC). Finally, an adaptive neuro-fuzzy inference system (ANFIS) with 99.63% accuracy and a genetic algorithm (GA) were
used to analyze and interpret data and predict optimal conditions. The obtained results indicate the possibility of a maximum
efficiency of 99.8% in the mentioned conditions (Ph of 7.4, time of 18 min, PS concentration of 2000 mg/L, current intensity of 3.35
A, and initial ATN concentration of 11.2mg/L). According to the obtained results, the initial concentration of ATN can be
considered as the most effective factor in this process, and the best Ph range for this experiment was the neutral range. The sono-
electro persulfate process can be mentioned as a new and effective method for removing ATN from water sources.

1. Introduction

In recent decades, the use of pharmaceutical and personal
care products (PPCPs) has greatly expanded [1, 2]. Although
these products help to improve the quality of life, their
existence in the environment and water resources can have
very harmful effects [1].

Drug contamination of water sources can be caused in
several ways. The most important of which include do-
mestic, hospital, and veterinary waste waters [2]. Since the
human body does not have the ability to fully metabolize
beta-blocker drugs, some amounts of these drugs enter
surface water and finally drinking water sources [3].

Consumption of this polluted water may have risks for
human health, such as disturbance in testosterone levels,
reduction of fertility, and behavioral disorders due to its
consumption by aquatic animals [4]. Atenolol (4-(2-hy-
droxy-isopropylaminopropoxy)-phenylacetamide) [5] is
widely used to treat disorders such as high blood pressure,
chest pain, heart disease [6], and for the treatment or
prevention of heart attacks [5]. In some cases, beta-blockers
(ATN) may have adverse effects on nontarget tissues, such
as affecting the endocrine glands and thus disrupting
testosterone levels in men [7]. Therefore, the removal of
ATN from aqueous solutions is very important due to its
potential danger [6].
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Methods of removing PPCPs from water sources include
simple to advanced treatment processes, such as membrane
processes, adsorption, coagulation, activated sludge, ad-
vanced oxidation, etc. [8].

Among the common water and wastewater treatment
processes, advanced oxidation processes (AOPs) have re-
ceived much attention due to the conversion of toxic pol-
lutants into less toxic substances. Moreover, this remarkable
performance in the removal of organic pollutants has
attracted enormous interest [9, 10].

AQPs are the methods in which organic matter is oxi-
dized or converted to minerals by producing free radicals
such as hydroxyl [11]. The evolution of information in 2000
led to the promotion of the AOPs method based on sulfate
radicals [10]. To produce sulfate radicals, suitable oxidants
such as peroxymonosulfate (PMS) and persulfate (PS) must
first be activated [10].

There are several ways to activate these oxidants and
produce radicals such as ultraviolet (UV), ultrasonic (US),
microwave, visible light, electrolysis, heat, or a combination
of them [9, 10].

The advanced oxidation process with electrolysis (E-
AOP) is one of the newest nonthermal methods for water
and wastewater treatment [12], which seems to have received
much attention due to its high efficiency in the conversion of
organic compounds [13]. The advantages of this method
include low operating costs, simple equipment, relatively
low capital, flexibility [14], high efficiency, low toxicity of
reactants [15], and the result of very low environmental
pollution [14].

The use of ultrasonic waves for purification causes the
decomposition of pollutants and the creation of sound holes
in water (in the form of small bubbles) [15], which, when
energy is concentrated in these holes, creates free radicals
[13]. Ultrasonic waves are very useful for many applications,
such as cellular disorders, emulsions, nanotechnology,
wastewater treatment, etc. Its main advantages are high
safety, high water penetration, high decomposition effi-
ciency, and low energy requirements [16].

If the advanced electrochemical oxidation process and
ultrasonic waves are used in combination to generate free
radicals, we will see positive effects such as [15] an increase in
electrochemical efficiency and overall process efficiency,
prevention of electrode deposition [17], an increase in re-
action speed [13], and more compatibility with the envi-
ronment. One of the most important methods of forecasting
and optimization using statistical and mathematical algo-
rithms is the response surface method (RSM), artificial
neural network (ANN), and genetic algorithm (GA) [18].

ANTFIS is a modern and effective approach to modeling
input-output relationships in complex systems [19]. In this
method, it is possible to learn from training data as an ANN
and then solve problems on a fuzzy inference system (FIS).
Finally, the hidden layers are identified exactly by an FIS in
the ANFIS network. This method eliminates the important
challenge of determining and predicting the hidden layers in
the ANN model. This can be a strong reason for using the
ANFIS method while this approach does not have a complex
mathematical model and is a fast and flexible method for

International Journal of Chemical Engineering

developing predictive models of chemical treatment pro-
cesses [20].

GA is a research method to obtain accurate or ap-
proximate solutions to optimization problems [20]. GAs are
optimization techniques that are controlled based on the
principles of evolution and natural genetics [21]. One of the
advantages of this method is the ability to create clear models
for complex and difficult systems. As a result, we can use this
method for problems that for various reasons, such as
discontinuous, random, and nonlinear functions, are not
suitable for standard optimization patterns [20].

Considering the negative effects of ATN remaining in
surface water and the ineffectiveness of simple and basic
water purification methods in removing this substance, in
this study we aimed to achieve the main goal of removing or
reducing it effectively. The aim of this study was to use the
sono-electro-persulfate, which is a new and environmentally
friendly method, to investigate the efficiency of the process
for degradation of ATN from aqueous solutions by the
response surface method. Moreover, for the prediction and
optimization of experimental data, ANFIS and GA algo-
rithms were used, respectively. Also, in order to investigate
the trend of changes in the concentration of ATN over time,
the kinetics of the reaction were investigated.

2. Materials and Methods

2.1. Materials. Atenolol, known by its chemical name as 2-
(4-(2-hydroxy-3-(propan-2-ylamino) propoxy) phenyl)
acetamide, with reported purities of >98% was obtained
from Raha Pharmaceutical Factory (Isfahan, Iran). Also,
ammonium persulfate (5,0sNH,), hydrochloric acid (HCL,
0.1M), sodium hydroxide (NaOH, 0.1 M), potassium
dihydrogen phosphate (PDP), humic acids (HA), HPLC-
grade acetonitrile, and methanol (for rinsing injection
needles) were purchased from Merck & Co., Germany.

To prepare an ATN stock solution, 1 g of ATN powder
was added to 1L of deionized water and mixed well with a
magnetic stirrer. An HA stock solution was prepared by
adding 0.3 g of dry HA powder to 1 L of deionized water and
stirring continuously for one night. The pH of the solutions
was adjusted with 0.1 M HCI for pH < 6 and buffered with
0.1M NaOH for 6<pH <12. A digital ultrasonic bath
(BANDELIN-DT255H) and a DC power supply (DAZHEN-
PS 305D) were also used.

2.2. Reactor Setup and Experimental Procedure. In this study,
a sono-chemical reaction chamber was used with a volume
of 500 mL equipped with ultrasonic waves generated by an
ultrasonic homogenizer and two iron electrodes (anode) and
two copper electrodes (cathode). The active anode area was
36 cm” with a distance of 1cm. The electrodes were in the
form of floating inside the electric cell and connected to the
direct current generator (Figure 1).

In this research study, five independent variables, in-
cluding pH, reaction time, initial concentration of ATN,
persulfate concentration, and electric current intensity, at
five coded levels (-2, -1, 0, 1, and 2) were studied.
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F1GURE 1: Schematic diagram of the reactor used in this study: (1)
ultrasonic bath; (2) laboratory scale reactor; (3) iron electrode; (4)
copper electrode; and (5) DC power supply.

After making the ATN stock solution (1 g/L), different
concentrations of the drug based on the test design (1, 5, 10,
15, 20 mg/L) were used to examine the effect of the other
parameters.

PS concentrations of 100, 250, 500, 1000, and 2000 mg/L
were added to the solution. It was exposed to ultrasonic
waves (35 kHz) and the intensity of variable electric currents
(1.5,2, 2.5, 3,and 3.5mA). HCI and NaOH 0.1 M were used
to apply different pH values (3, 5, 7, 9, and 11).

2.3. Design of Experiments. RSM is a method that, with the
help of mathematical science and statistics, determines the
optimal conditions for an experiment (VERY). RSM is an
experimental statistical modeling method for multiple re-
gression analysis using quantitative data [22].

In this study, for design of the experiments, the central
composite design (CCD) method was used. An experimental
design was performed in Design Expert 11.0 software. In this
method, 5 levels were considered for each variable. The
variables and their levels can be seen in Table 1.

2.4. Analysis Methods. High-performance liquid chroma-
tography (HPLC-Jasco PU2080) with a UV detector (UV-
2075) at 231 nm and a Waters-spheri-sorb-ODS2 column
was used to achieve the residual ATN concentration in the
experiment. Acetonitrile/potassium dihydrogen ortho-
phosphate with a ratio of 70-30 was used as the mobile
phase.

The ATN removal efficiency was calculated using
equation (1)

_Cy—Ce

0

R® x 100. (1)

In equation (1), Cy and C, represent the initial con-
centration and the equilibrium concentration, respectively.

2.5. ANFIS Model. The ANFIS model is based on the Sugeno
structure with a fuzzy neural designer created in MATLAB
2017 software. The ANFIS architecture is a combination of
both artificial neural networks and fuzzy logic, and the
mapping relationship between input and output data defines
the optimal distribution of membership functions.

3
TaBLE 1: The variables and that levels in this study.
Factor Name Unit Min Max Levels
A ATN mg/L 1.0 20.0 1, 5, 10, 15, 20
B pH — 3.0 11.0 3,57,9, 11
C Time Min 5.0 60.0 5, 10, 20, 40, 60
D Current 4 15 35 152,253 35
density
100, 250, 500, 1000,
E PS mg/L 100.0 2000.0 2000

Basically, the five main layers of ANFIS model formation
are as follows: (1) fuzzy layer, (2) product layer, (3) nor-
malized layer, (4) non-fuzzy layer, and (5) total output layer.

In this study, several different membership functions
such as triangular membership function (trimf), trapezoidal
membership function (trapmf), generalized bell member-
ship function (gbellmf), Gaussian curve membership
function (gaussmf), and Gaussian hybrid membership
function (gauss2mf) have been studied. P-shape member-
ship function (pimf), difference between two sigmoid
membership functions (dsigmf), and product of two sig-
moid membership functions (psigmf) are all examples of
membership functions.

In this study, to identify the most appropriate mem-
bership function, the data set obtained (32 samples) from
AOP (sono-electro-persulfate process) was randomly
divided into two categories: 80% training and 20% testing.
In order to increase the convergence rate, a hybrid
learning algorithm was used in this research. This algo-
rithm was used to integrate the two methods of least
squares and gradients with the aim of updating the in-
troduced parameters. The least squares method was used
to optimize the next parameters. After determining the
optimal subsequent parameters, the descent gradient
method was used to better adjust the default parameters.
The ANFIS output was determined by the following pa-
rameters [23].

The accuracy and adequacy of the models presented by
ANFIS were determined by the determination coefficient
(R?) and root mean square error (RMSE) (equations (2) and
3)).

R2 _ i Z(Yprd,i - Yprd,m)(Yexp,i - Yexp,m) (2)
N Uprdaexp ’

(yprd,i - yexp ,i)z' (3)

z[ =
M=z
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1

2.6. GA Optimization. The GA was implemented in the
MATLAB software R2017a version. GA was used to obtain
the optimal conditions for ATN removal using the ANFIS
model developed in this study as fitness function as follows:

Fitness function=Max (Removal rate from ANFIS
simulation).



Other settings intended for genetic algorithms were
number of generations 250, the rank scaling function, the
selection function of Stochastic uniform, the number of elite
2, the crossover fraction equal to 0.8, and the mutation
function of constraint dependent and combination of
scattered functions [20, 24].

2.7. Scavengers. 'The effect of confounders, including chlo-
rine, nitrate, and humic acid, on the removal reaction of
ATN, at the optimal test conditions, was investigated using
values of 0, 10, 100, and 500 mmol for each of the
confounders.

The interference effect of organic matters was examined
using humic acid. The stock solution of humic acids was
made by mixing 0.3 g of dry humic acid powder with 1 liter
of distilled water. It was stirred overnight at 100 rpm. The
solution was then filtered through a 0.7 ym fiberglass filter.
The UV absorption at 254nm (UV-254) was used for
analysis of the humic acid content. Chloride and nitrate
concentrations were also measured [25].

2.8. Kinetics of the Model. In this study, after finding the
highest efficiency, among the examined steps, four param-
eters (ATN, pH, current density, and PS) were kept constant,
and only the variable of time was changed as 4, 8, 12, 16, and
20 min.

3. Results and Discussion

3.1. Modeling with ANFIS. The ANFIS structure and net-
work model were used for this work to predict ATN re-
moval. The results are shown in Figures 2(a) and 2(b).

The systems of Sugeno type FIS and membership
function were used to do the training process. In this work,
the FIS considers the 5 inputs of ATN initial concentration,
pH, time, current density, and PS. In order to generate the
modified rules for a certain data set, the network partitioning
technique was used. 80% of the data set (26 samples) was
used to train the ANFIS model and the remaining 20% of the
dataset (6 samples) was used to test the predictive profi-
ciency of the relevant model.

The ANFIS model first performs the training process for
the training data set and then tests the results with the test
data. In addition, in the ANFIS model training process, the
input data set is drawn several times to prevent any possible
errors. The required number of iterations in order to map is
stated as epochs. It should be noted that the 20 epochs (i.e.,
iterations) are essential to accomplishing the training pro-
cess on 26 data sets. Also, to measure the validity and ef-
ficiency of the model after the training process, this model
was tested on 6 datasets.

In the next step, the results obtained from the training
and testing processes of the ANFIS model were analyzed by
using different types of membership functions. According to
the obtained results, it can be said that the Gaussian
membership function (gaussmf) has a lower prediction error
than other functions. In fact, the RMSE is 2.509E-5 for
training and 1.607 for testing. As a result, it can be said that
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the ANFIS structure with optimal 2 2 2 2 2 membership
performance is the best for this process. Figure 3(a) rep-
resents the training error curve for the experimental values
of ATN removal. Figures 3(b) and 3(c) demonstrate the
experimental results of ATN removal under similar pro-
cessing conditions using the ANFIS model to compare
training and experimental datasets. Moreover, R* in this
study was about 99.63% and 99.24% for the training and
testing data sets, respectively, which indicates the accuracy
and adequacy of the model.

3.2. Optimization with GA. In the present study, the genetic
algorithm was used to optimize the input parameters and
finally to achieve the highest removal efficiency. The designed
ANFIS model was introduced as a fitness function for GA. In
Figure 4(a), the diagram of the best and average of fitness
values in each generation is presented. Figure 4(b) also
represents the best fitness values in the final generation.
Therefore, the optimal values of the input parameters, which
are ATN, pH, time, current density, and PS, were equal to
11.2mg/L, 7.4, 18.0 min, 3.35 A, and 2000 mg/L, respectively,
which led to the highest ATN removal efficiency of 99.80%.

3.3. Factors Affecting the Removal of ATN in the Sono-Electro-
Persulfate System. Using the ANFIS model designed, the
following diagrams were drawn in MATLAB software. The
parameters shown inside each graph were considered var-
iables, and the other parameters for each graph were fixed
and equal to their optimal value (obtained from the genetic
algorithm) (Figure 5).

3.3.1. Effect of Initial pH. pH is an important and deter-
mining factor in sono-electrolysis processes and it has a
significant effect on energy consumption factors [13].
According to Figure 5(a), the pH has a nonlinear rela-
tionship with the removal efficiency. Rising the pH up to
about 7 increases the removal efficiency but then decreases
with increasing pH. These conditions have been observed in
all studied concentrations. As can be seen, the highest re-
moval efficiency was at pH = 7 and the lowest was at pH = 3

When the water is acidic, the amount of dissolved ox-
ygen in the water decreases, resulting in a decrease in the
production of sulfate (SO3”) ions. Given that sulfate ions are
the main cause of oxidation. Reduction of sulfate ions re-
duces oxidation and thus reduces the removal efficiency of
ATN from the aqueous medium. By changing the pH of the
water and approaching the neutral state, the dissolution of
oxygen in the water increases and consequently, the effi-
ciency increases [9]. Due to the fact that an excessive in-
crease in concentration has a negative effect on removal
efficiency as expected, a decrease in efficiency at pH higher
than 7 can be justified [26].

3.3.2. Effect of Initial ATN Concentration. Figure 5(a) shows
that in this study, the removal efficiency increases with rising
the concentration of ATN to 10mg/L. Low removal
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FIGURE 3: (a) Training error curve of the ANFIS model for ATN removal. (b) Comparison of experimental and predicted values in training.

(c) Testing processes.

efficiencies at very low concentrations may be due to in-
sufficient contact surface between atenolol molecules and
ultrasonic waves.

At ATN concentrations above 10 mg/L, the efficiency
decreases with rising concentration. This decreasing trend
may be due to the lack of a sufficient number of free radicals
to react with the ATN molecules.

On the other hand, increasing the amount of intermediate
products during oxidation reactions increases their competition
with ATN for free radicals and thus reduces the efficiency [27].

3.3.3. Effect of Time. Figure 5(b) shows the variable of time
versus the initial atenolol concentration and efficiency. With
rising contact time, initially, the removal efficiency has in-
creased with a steep slope, but after reaching the optimal
time, which is about 20 minutes, the increase in efficiency
has decreased with increasing time, and after that, the ef-
ficiency has remained constant. This may be due to the
increased rate of consumption of sulfate ions in solution,
followed by an increase in efficiency until the optimal time is
reached [9].
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highest removal efficiency.

3.3.4. Effect of Persulfate Concentration. In Figure 5(c), the
persulfate variable had an almost nonlinear relationship with
the removal efficiency, but its effect on the removal efficiency
was less than the initial concentration. In any case, in-
creasing the sulfate has improved the removal efficiency.

Since PS is the only source of SO~ production in this
oxidation system, increasing PS concentration increases the
concentration of sulfate ions, which increases the efficiency
of the system. It should be noted that some adverse reactions
at high concentrations of sulfate reduce the removal effi-
ciency (equations (4)-(7)) [28].

SO, + S0, — S,0%" (4)
$,0;” +S0, — S,0; +SO; (5)
S,0f + OH — S,05 + OH™ (6)

1
SO, + OH — HSO, +-0, (7)

3.3.5. Effect of Intensity of Electric Current. Figure 5(d)
shows that the current density parameter has a linear re-
lationship with the removal efficiency and its increase has led
to an increase in the removal efficiency.

Current intensity is one of the parameters that is very
effective in sono-electro-coagulation [13]. When the current
intensity is low, the electrodes do not have enough power to
oxidize [27].

According to Faraday’s law, the intensity of the current is
directly related to the solubility of the electrode and the
charge created in the solution. Rising the current intensity
increases the oxidation of the anode surface and the pro-
duction of iron oxide (Fe(OH);). The presence of these
oxides facilitates the deposition of contaminants and thus
increases the removal efficiency [13].

Also, increasing the intensity of the current causes the
bubbles to thicken and their size to decrease, which in-
creases the level of absorption of pollutants [29]. In Table 2,
the results of the current study are compared with some
similar studies in terms of effectiveness in optimal
conditions.

3.4. Sensitivity Analysis. A sensitivity analysis is performed
to evaluate the significance of the effect of each parameter on
the output variable [32]. This shows the extent to which each
input factor affects the accuracy of the predicted model, and
finally, it is a good way to design more applications [33].
In this study, sensitivity analysis was performed by the
Pearson correlation method. Based on the following dia-
gram, the effect of the input parameters was in the order of
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FiGure 5: 3D graphs of ANFIS prediction showing the interaction effects of input variables on the ATN degradation rate.

TaBLE 2: Comparative evaluation of the results for this study with previous studies.

Optimum condition

Degradation Efficienc
Pollutant ri ethod Initial concentration of PS Time Current (%) V' References
the pollutant (mg/L)  concentration (min) intensity (A)
Cefixime Sonf‘"ele““" 3.07 10.4 81.5 97.50 (15]
enton
Petrochemical Sonoelectro-
activated 3 20 (mM/L) 120 91.20 [9]
wastewater
persulfate
ATN Oxidative 10 30 94 (30]
treatments
By poly
ATN (AAM_MA) 6 120 94.20 [31]
hydrogel
ATN Sono-electro-

persulfate process 7.4 11.2 200 (mg/L) 18 3.35 99.80  This study
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TaBLE 3: Kinetic equations for ATN removal.

Integrated form Equation number

Kinetic type Kinetic equation

Zero-order Re = de/dt = -k, C.—Cy =Kt 9)
First-order Rc = dc/dt = —k,¢ In (C,/Cy) = -K;t (10)
Second-order Rc = dc/dt = —k,c? (1/C,) - (1/Cy) = Kyt @11)

the initial concentration of ATN, pH, PS, time, and intensity
of electric current. The impact factor of each parameter is
visible in Figure 6.

3.5. Effect of Confounders. In this study, we used humic acid
(HA), chlorine ions, and nitrate ions to determine the rel-
ative effect of the presence of interfering factors on the
removal efficiency of atenolol. The results can be seen in
Figure 7.

In the presence of Cl ions in solution, according to
equation (8), it acts as a free radical and consumes SOif ions.
Therefore, following the decrease in the concentration of
SOZ™ ions, the rate of oxidation in the system and finally the
removal efficiency of ATN is greatly reduced [34].

. B} 1
SO, +Cl” — SO; + Cl’k = 3.1 x 10°—. (8)

ms

Also, the presence of nitrate free radicals has a similar
effect on the oxidation and final efficiency of the process, but
its effect is much less than chlorine [34].

The presence of HA in the ATN removal system by the
sono-electro persulfate process led to a relative reduction in
the efficiency of this process.

This phenomenon may be due to the tendency of HA to
react with free radicals, which reduces the power of SO~
ions as the most important free radical affecting the removal
process and reduces the process efficiency [35].

3.6. Kinetics of the Model. 'The removal of ATN from water
by a sono-electro-persulfate system has been analyzed by
the reaction time function in zero-, first-, and second-
order kinetic models, and the results are summarized in
Table 3.
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TaBLE 4: Constant coefficients of ATN removal reaction kinetics.

Kinetic Kinetic constant Amount
Zero-order I; 9 —%24;13
First-order I}i 1 061,2?
Second-order I}g 2 000(9)35

According to Figure 8 and the results shown in Table 4,
we found that the second-order model presented is better for
the removal of ATN than the other two models.

4. Conclusion

The study contains useful and acceptable information for the
practical application of the use of the US/PS/Electricity
combination in the removal of ATN. The results show that
ATN concentration and contact time are significantly ef-
fective in this process and also that neutral pH is the best case
for removal of the contaminant by this process. Also, in the
optimal conditions, including pH of 7.4, time of 18 min, PS
concentration of 2000 mg/L, current intensity of 3.35 A, and
an initial ATN concentration of 11.2mg/L, the removal
efficiency of ATN was up to 99.8%.

Based on the results, the method can be considered as a
suitable, new, and available way to remove ATN from
aqueous solutions.
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