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a b s t r a c t
In this study, the efficiency of photo-oxidation (P) and electro-oxidation (E) processes were examined, 
combined and separately, in amoxicillin (AMX) removal in a modified reactor in which a granu-
lar activated carbon bed was used as an electrode in the E process. Moreover, the effects of time, 
electrolyte concentration, and current density on AMX removal efficiency were investigated using 
Design-Expert software and Box–Behnken design to determine optimum conditions for removing 
the contaminant. Then, the effect of concentration and pH variables on the removal efficiency was 
investigated. After determining the optimal conditions for all variables, chemical oxygen demand 
(COD) removal efficiency and finally the toxicity of the effluent from the combined photoelectron 
oxidation reactor (PE) were also investigated. The results showed that in order to achieve the effi-
ciency of about 98%, the optimum conditions for electrolyte concentration, time, and current density 
variables were 950 mg/L, 10 min, and 40 mA/cm2, respectively. Furthermore, the removal efficiency of 
AMX increased by decreasing pH and contaminant concentration. The analysis of the effluent from 
the reactor in terms of toxicity showed that the toxicity reduced. Using granular activated carbon as a 
porous electrode increases the efficiency of the PE process, which, by removal of 98% AMX and 64% 
COD, provides good performance in reducing the toxicity properties of effluent.

Keywords:  Amoxicillin removal; Box–Behnken design; Modeling; Photo electro oxidation; Porous 
electrode; Toxicity evaluation
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1. Introduction

Water pollution is one of the most important human 
concerns due to the development of industries, population 
growth, and expansion of cities. Therefore, many meth-
ods have been developed for wastewater treatment. Using 
electrochemical advanced oxidation processes (EAOPs) 
has been more paid attention due to their ability to remove 
contaminants resistant to biological and toxic decomposi-
tion [1,2]. Medications are among the emerging pollutants 
entered the environment through human resources [3]. 
Regarding the biological effects of medications, increasing 
their disposal in the environment increases the environmen-
tal and human health risks. Concerns about this group of 
micro-pollutants have increased due to the amount of dis-
posal and the resulting risks [4]. Among medications, anti-
biotics have been more found in the environment, including 
rivers, lakes, underground waters, drinking water, coastal 
waters, urban sewage and treatment plants due to their 
wide usage in preventing human and animal diseases [5,6]. 
Many studies have reported the presence of antibiotics in 
the range of several ng/L to 100 mg/L in surface waters, 
groundwater, and wastewater treatment plants [7]. Despite 
the low level of antibiotics in the environment, antibiotics 
are known as “pseudo persistent” contaminants due to their 
environmental sustainability and their continuous release 
[8,9]. Amoxicillin (AMX) is among beta-lactam antibiotics 
which have a major contribution to medical science and 
disease prevention since the end of World War II [10]. AMX 
is one of the most commonly used antibiotics to prevent 
human and animal diseases worldwide. Eighty percent of 
consumed AMX is disposed of unchanged through urine 
and feces [11], and conventional treatment is not able to 
effectively remove this contaminant from wastewater [5]. 
Failure to remove AMX in the wastewater treatment pro-
cess results in the presence of the substance in water and 
drinking water resources. AMX is an emerging pollutant 
which its effect on human health is not well defined [12]. 
The most concern is related to long-term exposure to this 
pollutant, which can cause chronic effects and resistant 
genes [13]. Many efforts have been made to develop new 
treatment processes that can overcome the sustainability of 
antibiotics against biological treatment [12,14,15]. Removing 
pollutants using electrochemical processes has many advan-
tages, including low cost, high energy efficiency, easy and 
safe management through simple equipment, which has 
led them to be used in removing a wide range of pollut-
ants [16–18]. Electrocoagulation (EC) process is one of the 
most widely used electro-oxidation (EO) processes in the 
treatment of wastewater containing resistant organic com-
pounds. In the EC process, the metal oxide is formed using 
a non-resistive electrode, which is able to remove pollutants 
from the solution by coagulation and flocculation. Although 
the EC process is efficient in removing toxic and resistant 
organic compounds, the production of high volumes of 
sludge and electrode degradation which increases the cost is 
one of the main limitations of this process [19,20]. Currently, 
the electrochemical oxidation (EO) is a process widely used 
in wastewater treatment by producing free radicals that 
have the ability to mineralize organic compounds [21–23]. 
Electrolysis is one of the advanced oxidation processes 

with the ability to remove organic compounds, which has 
recently been widely considered [24,25]. The most import-
ant advantages of the EO are: (1) No sludge production. (2) 
Minimum need to add chemical additive compounds. (3) 
Ability to be used for removing different organic pollutants. 
(4) Easy management and the need for simple equipment. 
(5) The possibility of starting and ending the reaction by 
only disconnecting electrical current [26]. EO processes can 
decompose and remove organic compounds in two ways: 
direct oxidation on the anode surface, and indirect oxidation 
by the products on anode surface [27]. Anodic oxidation is 
one of EAOPs that has the potential for effective oxidation of 
organic compounds in aquatic environments. This process is 
performed by the hydroxyl radicals produced at the surface 
of the M anode and the water oxidation according to Eq. (1) 
[28,29]. Surface hydroxyl radicals M (OH•) are non-selective 
high-oxidizing agents that are capable to decompose and 
completely mineralize organic pollutants [30].

M H O M OH H e+ → ( ) + +• + −
2  (1)

Using porous electrodes in the role of anode electrode 
due to increased electrode contact with the solution has led 
to a significant increase in pollutants removal efficiency in 
recent studies. Meanwhile, using porous carbon electrodes, 
such as graphite and carbon felts [31], carbon sponge [32], 
activated carbon fibers [33] and carbon nanotubes [34] due 
to the proper current transferability, sustainability, and 
affordability have been more noticeable. The present study 
aimed to investigate the effectiveness of electrooxidation 
processes in a novel reactor with granular activated carbon 
porous electrode from and photodegradation of AMX anti-
biotic from aquatic environments in combination and sepa-
rately. Moreover, the toxicity and bioavailability of the final 
products were investigated.

2. Materials and methods

2.1. Used reactor

In this study, the photo electro-oxidation (PE) reactor 
was used to remove AMX. The PE process is an electrode- 
resistant process in which organic compounds are oxidized 
by direct oxidation at the electrode surface or indirect oxi-
dation using the resultant oxidants. In this reactor, sludge 
is not formed due to the use of a sludge-resistant electrode. 
Moreover, because of the use of the porous electrode, the 
surface is expanded and the oxidation process is performed 
more quickly and efficiently. The continuous reactor used in 
this study consisted of a three-chamber tank, in which the 
boxes are interconnected through the apertures in two lat-
tices separating walls spaced two centimeters apart. Two 
chambers (primary and ending chambers) were filled by 
Jacobi Carbons Lanka (Pvt.) Ltd., Sri Lanka, JacobiCarbon, as 
a porous electrode. A 5-W 45-V UVC lamp with a wavelength 
of 254 nm and a length of 10 cm was placed in the space 
between the chambers (the box in the center between the two 
lattice walls). The current was controlled by a power supply 
(DAZHENG PS-305D, China). Due to continuous hydrau-
lic flow, there was no need to use a stirrer. Fig. 1 shows the 
continuous flow reactor used in this study.
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2.2. Chemicals and reagents

Synthetic wastewater was prepared using 97% purity 
AMX from Sigma-Aldrich Company (St. Louis, MO, USA). 
To supply the electrolyte, the NaCl of Merck Germany 
Company was used. Normal HCl and NaOH were used 
to adjust the synthetic wastewater pH during the process. 
The toxicity and bioavailability of the final effluent from the 
reactors were evaluated by the yeast Saccharomyces cerevisiae 
PTCC5052 and Staphylococcus aureus PTCC1112 bacteria, 
prepared from the collection center of industrial micro-
organisms in Iran.

2.3. Analytical methods

The concentration of AMX was measured by HPLC 
(YL9100-Technolab system©, South Korea). The model 
of the pump and detector used in the HPLC was YL9110 
Quaternary and YL9160PDA, respectively. The concentra-
tion of AMX was determined at 235 nm and a flow rate of 
1 mL/min. The mobile phase used to determine AMX con-
centration was methanol prepared from Merck Company 
and Sigma Aldrich HPLC distilled water, injected into 
the HPLC with a ratio of 75 to 25. The column used in the 
HPLC to determine AMX concentration in the solution 
was Brisa LC2 C18 Analytical Column, 4.6 × 250 mm, 5 um 
(© TeknokromaAnlítica, SA).

2.4. Experiments design

In this study, Box–Behnken design (Design-Expert soft-
ware, version10) was used to determine the number of 

experiments and optimal conditions for the three variables, 
including retention time, electrolyte concentration, and cur-
rent density. By specifying the range for each variable, three 
levels were considered, and a total of 17 runs with three repe-
titions were performed and the mean was reported (Table 1). 
At this stage, pH was in the neutral range and AMX concen-
tration was fixed and equal to 50 mg/L. The response surface 
regression was used to analyze the experimental results and 
the optimal conditions for AMX removal by the polynomial 
second-order model were presented based on Eq. (2) [35].
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In this equation, Y is removed AMX efficiency (%), β0 is 
the model fixed coefficient, Xi and Xj are the coded variables, 
βi, βii, and βij are linear, quadratic, and interaction coeffi-
cients, respectively. In the second stage, the effect of AMX 
and pH concentration variables on AMX removal efficiency 
was evaluated. Therefore, in the obtained optimal conditions 
for the three variables, including time, current density, and 
electrolyte concentration, first AMX at four concentrations, 
including 10, 30, 70, and 100 mg/L with fixed pH and 3 times 
repetitions were entered to the reactor and the other time, 
the current with AMX fixed concentration and four pH, 
including 2, 4, 8, and 12 were entered to the reactor with 3 
times repetition.

2.5. Chemical oxygen demand (COD) measurement

The Closed Reflux Colorimetric method was used to 
measure the chemical oxygen demand (COD) value in a PE 
combined reactor according to the 5220D standard method 
[36]. The COD removal efficiency at optimal conditions for 
electrolyte concentration and current density at neutral pH 
and the time range of 0–15 min was investigated. Then, it 
was compared with the removal efficiency of AMX in the PE 
reactor as well as the P and E reactors, separately. The COD 
removal percentage was calculated using Eq. (3).

η =
−( )










×

COD COD
COD

0

0

100  (3)

In this equation, η equals to the removal percentage 
of COD; COD0 and COD are chemical oxygen demand, 
respectively, before and after the reaction in mg/L.

2.6. Toxicity property

Toxicity or antimicrobial property evaluation was done 
using Staphylococcus aureus PTCC1112 bacteria [37] and the 
inhibition zone method [38].

2.7. Investigating energy consumption

To treat every cubic meter of wastewater, the consumed 
energy was calculated using Eq. (4).

E
V
UIt

=
( )

 (4)

Fig. 1. Schematic of the continuous reactor used in the study 
(1. Power supply, 2. Cables and transducers of current transfer to 
the electrode, 3. Graphite electrode, 4. Wastewater inlet, 5. Inlet 
control valve, 6. Reactor chamber, 7. Granular activated carbon 
in the first chamber, 8. Lattice wall, 9. Small chamber filled with 
coarse sand, 10. Central chamber and location of UVC lamp, 
11. Granular activated carbon in the third chamber, 12. Waste-
water outlet, 13. Outlet control valve).
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In this equation, E is the consumed electrical energy 
(kWh/m3), U is the voltage (V), I is the current intensity (A), 
t is the reaction time (h) and V is the volume of solution (L).

3. Results and discussion

3.1. Effects of current density, time, and electrolyte concentration

In the first stage of the experiment, the effect of vari-
ables, including time, electrolyte concentration, and cur-
rent density on AMX removal efficiency was investigated. 
Table 2 shows the results of AMX removal efficiency for 
the three variables based on Design-Expert software.

The amount of removal efficiency based on the current 
density and the detention time is shown in Fig. 2. The opti-
mal current density calculated in this experiment is 40 mA/
cm2. Current density determines the oxidation factors of 
organic compounds in the process. Therefore, the value of 
M (OH•) in Eq. (1), which is the direct oxidation factor and 
the active chlorine species which are the indirect oxidation 
factor of AMX according to Eqs. (5) and (6) in this process, 
are determined by current density [19]. Increased current 
density increases the direct and indirect oxidizing species, 
as well as the efficiency of removing pollutants [39].

2 22Cl Cl e− −→ +  (5)

Cl H O HCLO Cl H2 2+ ↔ + +− +  (6)

Another factor affecting AMX removal efficiency is the 
type and amount of electrolytes. In electrochemical processes, 
NaCl and Na2SO4 are usually used as electrolytes. According 
to the results of previous studies, such as the study by Thiam 
et al. [40] as well as the study by Orescanin et al., using NaCl 
causes the process of mineralization of organic compounds 
to be performed more quickly than using Na2SO4. Active 
chlorine oxidizing species are indirect oxidation factors pro-
duced in the presence of NaCl and increase the oxidation 
speed [41]. The other reason to select NaCl instead of Na2SO4 

Table 1
Variables and levels considered based on Box–Behnken design

Variable Level

–1 0 1

Electrolyte concentration (mg/ L) 100 550 1,000
Current (mA/cm2) 10 30 50
Retention time (min) 1 8 15

Table 2
Removal efficiency based on Box–Behnken design for three variables, including current density, time, and electrolyte concentration

Run  
number

Current density  
(mA/cm2)

Time  
(min)

Electrolyte  
concentration (mg/L)

Removal  
(%)

1 30 15 100 45.00
2 30 8 550 85.00
3 50 8 100 33.50
4 30 1 100 32.00
5 10 1 550 42.50
6 50 15 550 73.50
7 30 15 1,000 98.00
8 30 1 1,000 66.02
9 30 8 550 85.00
10 30 8 550 83.50
11 30 8 550 87.50
12 10 8 100 29.01
13 50 8 1,000 98.50
14 30 8 550 81.00
15 10 8 1,000 52.00
16 10 15 550 65.01
17 50 1 550 58.00

Fig. 2. Removal efficiency based on current density and time.
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is increased destruction of hydroxyl radicals in the presence 
of sulfate [42]. The results of the experiments showed that 
the maximum removal efficiency of the NaCl electrolyte was 
950 mg/L.

Table 3 shows the analysis of variance (ANOVA) test 
for statistical analysis of the data from the experiments. In 
Eq. (7), the removal efficiency and regression coefficients are 
presented.

Removal %( ) = + + × + × + × + ×

× + × ×

79 57 9 38 10 72 20 18 10 50

3 05

. . . . .

.

A B C

A C B CC A B C− × − × − ×15 83 3 65 15 322 2 2. . . (7)

Due to the positive coefficients of current density (A), 
time (B) and electrolyte concentration (C), the effect of all 
three variables on AMX removal efficiency is positive. In the 
experiment, the p-value is significant for all three variables 
(Figs. 3 and 4). Among the studied variables, the electrolyte 
concentration has the greatest effect due to the products pro-
duced by the electrochemical process generated from the 
electrolysis of salt and is involved in AMX anodic indirect 
oxidation. The major products of the active species are chlo-
rine and H2O2 [27]. By producing chlorine through anodic 
oxidation, H2O2 is produced by the reduction process in the 
cathode [43]. Chlorine (Cl2) is produced in the direct oxida-
tion of chloride ions in anode according to Eq. (5) and then, 
according to Eq. (6), produces hydrochloric acid (HClO) 
[44]. Table 4 shows the optimal predicted conditions by the 

model for AMX removal efficiency of 100% in the first stage. 
Table 4 also shows the actual removal efficiency in optimal 
conditions.

3.2. Effect of antibiotic concentration

The second stage of the study was to investigate the effect 
of AMX concentration on removal efficiency. At this stage, in 
the optimal conditions, the removal efficiency was investi-
gated in the range of 10 to 100 mg/L of AMX, the result of 
which is shown in Fig. 5.

As shown in Fig. 5, increasing AMX concentration 
reduces the removal efficiency. In similar studies conducted 
to remove pollutants by EAOPs, consistent results have 
been found, and by increasing the pollutant concentration, 
the removal efficiency has decreased [45]. However, with 
increasing pollutant concentration, the amount of pollutant 
removal in a unit of time has increased [46,47].

3.3. pH effect

To investigate the pH effect, AMX removal efficiency in 
pH ranges of 2 to 12 were evaluated in optimal conditions 
for electrolyte concentration, time, current density, and con-
centration of 50 mg/L for AMX. The results showed that the 
removal efficiency increased by decreasing pH, and the high-
est removal value was obtained in acidic pH range and at pH 
less than 4 (Fig. 6).

Table 3
ANOVA for response surface reduced quadratic model

p-valueF ValueMean squaredfSum of squaresSource

<0.000164.631,069.0488,552.29Model
0.000242.51703.121703.12A-current density

<0.000168.321,129.9911,129.99B-Time
<0.0001156.912,595.3312,595.33C-electrolyte conc 
0.000926.66441.001441.00AC
0.04775.4690.25190.25BC

<0.000163.751,054.4411,054.44A2

0.002119.83327.921327.92B2

<0.000159.78988.871988.87C2

16.548132.32Residual
0.07824.8327.414109.62Lack of fit

5.67422.70Pure error
168,684.62Cor. total

0.9889R-Squared
0.9695Adj R-Squared

Table 4
Optimal conditions for three variables, including current density, time, and electrolyte

Removal (%)Electrolyte  
concentration (mg/L)

Time  
(min)

Current density 
(mA/cm2)

Parameter

ExperimentalPredicted

98.21009501040Optimum condition
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pH affects indirect oxidation, which is the dominant 
chlorine species in the process, therefore, at pH 3 and below, 
chlorine species (E° = 1.36 V/SHE) is Cl2, between the neutral 
pH and 3, dominant species is HClO (E° = 1.49 V/SHE), and 
at pH higher than 8, dominant species (E° = 0.89 V/SHE) is 
ClO–. Due to the higher redox potential of products produced 
at acidic pH, oxidation of organic compounds is performed 
more rapidly in acidic conditions [24]. Similar studies, such 
as the study by Abdessalem et al. [48] and Buxton et al., 
have reported the same results in increasing the efficiency 
of removing organic pollutants at pH below 3 in AO and 
AO-H2O2 processes. Reducing the process efficiency at high 
pH is due to the degradation effects of carbonate and bicar-
bonate species on radical hydroxyl [49]. Moreira et al. [43] 
have also reported that at a pH higher than 5, spontaneous 
H2O2 degradation occurs more rapidly. pH solution also 
affected the amount of voltage required to supply the cur-
rent density of 40 mA/cm2. The required voltage at neutral 
pH was about 23 V, while by decreasing and increasing pH, 
the voltage required to supply the current density decreased. 
The minimum voltage at pH = 2 was equal to 15 V and at 

pH = 12, equal to 7.5 V. Therefore, by changing the pH, the 
amount of energy required to supply the current density, and 
the AMX removal reduced.

3.4. Effect of AMX adsorption on the activated carbon bed

Given the fact that the granular activated carbon bed was 
used as an electrode in this study, and the possibility of remov-
ing AMX by adsorption on the granular activated carbon, a 
second similar reactor (without the PE process) containing 
the same amount of granular activated carbon was used to 
determine the amount of AMX adsorption on the activated 
carbon. Therefore, the solution containing 50 mg/L AMX was 
contacted with the granular activated carbon in the second 
reactor in 15 min. It was observed that a maximum of 8% of 
AMX in the solution at 15 min is absorbed on the granular 
activated carbon presented in the second reactor. Previous 
studies have reported that among antibiotics, including 
AMX, cefalexin, tetracycline, and penicillin, AMX has had the 
lowest removal rate by adsorption on the activated carbon 
[50]. The percentage of AMX removal by absorption on the 
granular activated carbon has been determined to be 26.31% 

Fig. 3. Removal efficiency based on current density and electro-
lyte concentration.

 

Fig. 5. AMX removal efficiency at different concentrations of 
AMX (current density 40 mA/cm2, time 10 min, electrolyte 
concentration 950 mg/L, pH 7).

Fig. 6. AMX removal efficiency at different pH (current density 
40 mA/cm2, time 10 min, electrolyte concentration 950 mg/L, and 
AMX concentration of 50 mg/L).

 

Fig. 4. Removal efficiency based on time and electrolyte 
concentration.
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in a 24 h contact period. By increasing pH to 12, the removal 
efficiency decreases by less than 10% due to the absorption 
of AMX on the activated carbon [50]. As AMX concentration 
increases in the environment, the removal rate reduces by 
absorption on the activated carbon [51].

3.5. Performance evaluation of the used processes

In order to investigate and compare the efficiency of the 
processes used in the reactor, AMX removal efficiency in 
the PE combined reactor and separately in the reactor con-
taining P and E processes were studied. The COD removal 
efficiency was also investigated in optimal conditions in the 
PE combined reactor (Fig. 7).

By examining AMX removal efficiency in these reactors, 
it is concluded that the best removal efficiency is related to 
the PE combined reactor and the lowest removal efficiency 
is related to the P process alone, with an average removal 
efficiency of 2%. By adding the P process with the E process, 
which alone has a removal efficiency of 92.58% in optimal 
conditions, the removal efficiency can be improved in the PE 
combined reactor by about 6% and increased to 98%. These 
results show the synergistic effect of the two processes com-
bination in the combined process. Increasing AMX removal 
efficiency in the combined process of free radicals produc-
tion is due to the effect of UVC radiation on the products 
from the electrooxidation process [52,53], which can act 
as an indirect oxidation agent and degrade organic com-
pounds [10]. Eqs. (8)–(10) show the major products under 
UV exposure [54].

H O OHhv
2 2 2 → •  (8)

H O O OH Ohv
2 2 3 22 3

2
+ + → •  (9)

ClO Cl Ohv− • − •
 → ( ) + ( )  (10)

3.6. Kinetic studies

Kinetic studies for treatment processes play an import-
ant role in determining the hydraulic retention time in all 
systems to achieve the expected removal efficiency [55]. 
Knowing the reaction rates is essential to design wastewater 
treatment units. The reaction rate shows the rate of changes 
in the concentration of reactants per unit time. The results 
showed that AMX removal from first-order kinetic with a 
correlation coefficient > 0.98 follows Eq. (11).

ln C
C

kt
0

= −  (11)

In this equation, C0 is AMX concentration before the 
reaction (mg/L), C is AMX concentration after the reaction 
(mg/L), t is the reaction time (min), and k is the reaction rate 
constant (min–1). The reaction rate constant was determined 
from the plot of ln C/C0 against t (Fig. 8). According to Fig. 8, 
the reaction rate constant was 0.35 min–1.

3.7. Economic analysis

Operating costs during wastewater treatment processes 
include electricity, chemicals, sludge disposal, labor, main-
tenance, and equipment costs. In electrochemical processes, 
the most important parameters that can affect the operating 
costs are the cost of the used electrode and electrical energy 
[55]. The major cost in the reactor used in this study was elec-
tricity due to the stability of the electrode, which was cal-
culated according to Eq. (4) in kWh/m3. The average cost of 
electricity is 0.0847 US$ /kWh. The effect of current density 
on energy consumption is shown in Fig. 9. The results show 
that the cost of treating a cubic meter of wastewater contain-
ing AMX in optimal conditions with a current density of 
40 mA/cm2, is 0.0417 US$ to remove 98% of AMX in 10 min. 
However, in the maximum current density of 50 mA/cm2 in 
similar conditions, it increases to 0.065 US$.

3.8. Toxicity evaluation

Microbiological tests are used to determine the amount 
of activity of the effluent from the reactor [56]. Therefore, 
Staphylococcus aureus bacteria and the inhibition zone test 
was used to determine the final effluent toxicity. Fig. 10 

Fig. 7. AMX removal efficiency in the PE, E, and P reactors and 
COD removal efficiency in the PE reactor at different times (cur-
rent density 40 mA/cm2, electrolyte concentration 950 mg/L, 
AMX concentration 50 mg/L, and pH 7).

Fig. 8. First-order reaction chart.
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shows the results of the toxicity test of the final effluent from 
the reactor. Fig. 10 shows the diameter ratio of the inhibition 
zone in different AMX removal percentages on the diame-
ter ratio of the inhibition zone of S.aureus bacteria in contact 
with a solution containing AMX of 50 mg/L. Investigating 
toxicity showed that by increasing the AMX removal rate, 
the AA/AA0 ratio decreased, and also toxicity or antibacte-
rial properties of the products in the effluent significantly 
reduced.

3.9. Comparison with other previous studies

The result of the current study was compared with other 
similar published works. Recently, various studies have 
been carried out on the use of EO and EC processes, some 

 

Fig. 9. Amount of energy consumed in different current densities.

Table 5
Comparison of the studies on the use of EO and EC processes in the removal of AMX from aqueous media

Pollutant Process type Results References

Amoxicillin Electro-catalytic 
oxidation using Ti/RuO2

Optimum current density and initial pH were found to be 
5.88 mA cm−2 and 7.0 which 60% AMX removal efficiency and 48% 
total organic carbon removal efficiency were achieved in 60 and 
240 min of electrolysis.

[1]

Diclofenac, 
Carbamazepine, 
and amoxicillin

Electrocoagulation with 
aluminium and stainless 
steel as anode and 
cathode

Effects of current density (0.3, 0.5, 1.15 and 1.8 mA cm−2), initial 
pharmaceutical concentration (0.01, 4 and 10 mg/L) and electrolysis 
duration (3, 6 and 19 h) in pharmaceutical removal efficiencies were 
evaluated. The high pharmaceutical abatement was recorded at an 
elevated current density and prolonged electrolysis duration due 
to additional electro-generated coagulant species in solution. High 
sludge production was observed in this process.

[57]

Amoxicillin Photo-Electro oxidation 
process with graphite 
electrodes

Optimal conditions for variables, including current density, reaction 
time, and electrolyte concentration for removal efficiency of 62.4%, 
were 94 mA/cm2, 95 min, and 997 mg/L, respectively. Investigating 
the amoxicillin and pH variables showed that by reducing the 
contaminant concentration and pH, the antibiotic removal efficiency 
increased.

[58]

Amoxicillin Electrochemical 
degradation

Electro-oxidation of amoxicillin is achieved on a reticulated vitreous 
carbon anode applying a 1.25 V potential. The amoxicillin elimination 
amount was more than 80%.

[59]

Amoxicillin Electro-Fenton with a 
boron-doped diamond 
(BDD) anode

AMX decay always followed pseudo-first-order kinetics using either 
Pt or BDD. The absolute rate constant between hydroxyl radical 
and AMX determined by the competition kinetics method using 
p-hydroxybenzoic acid as the reference compound was found to be 
(2.02 ± 0.01) × 109 M−1 s−1.

[60]

Amoxicillin Contact glow discharge 
electrolysis (CGDE)

Addition of Fe2+ or Fe3+ efficiently accelerated the degradation of AMX. 
Stainless steel wire was also used as the anode in CGDE to enhance 
the degradation of AMX. High sludge production was observed in this 
process. The energy efficiency increased with the increasing anode’s 
diameter.

[61]

Amoxicillin Photo-Electro oxidation 
process with granular 
activated carbon bed 
was used as an electrode

Results showed that in order to achieve an efficiency of about 98%, 
the optimum condition for electrolyte concentration, time, and current 
density variables was 950 mg/L, 10 min, and 40 mA/cm2, respectively. 
Furthermore, the removal efficiency of AMX increased by decreasing 
pH and contaminant concentration.

This work
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of which have been listed in Table 5. As shown in Table 5, 
most studies based on the EO process [1,57,58,59], where 
conventional resistive electrodes are used, have lower 
removal rate efficiency. Moreover, sludge production and 
also the increased cost due to corrosion of the electrode 
in studies based on EC process [60,61], limit the efficiency 
and also the application of the EC process. In the current 
work, the EO process, based on the porous electrode, was 
used. Based on the obtained findings, increasing the con-
tact surface between water, pollutant and electrode surface 
increases the reaction rate and efficiency, and also no sludge 
is formed. Another study indicates that a combination of 
chemical coagulation and electrocoagulation process could 
have a better result [62].

4. Conclusion

In the present study, the effect of the PE process on 
AMX removal separately and combined in separate P and 
E reactors was investigated. In the E reactor, granular acti-
vated carbon was used as a porous electrode that increased 
the contact surface of the electrode with the pollutant in the 
aquatic environment. The results of this study showed that 
at the optimal current density of 40 mA/cm2, electrolyte con-
centration of 950 mg/L, time of 10 min, and pH 7, the value 
of AMX removal efficiency was 98.2%. Increasing AMX con-
centration reduces the removal efficiency. Reducing pH and 
acidifying the environment increase the chlorine species in 
the environment, which by increasing indirect oxidation; 
increases the efficiency of AMX removal. The results of the 
comparison of the combined PE reactor and the reactor con-
taining each of the P and E processes separately showed that 
the combined reactor had the maximum removal efficiency. 
Based on the findings, it can be concluded that the PE mod-
ified reactor with a granular activated carbon bed, which 
plays the role of a porous electrode, can completely degrade 
AMX in the aquatic environment by increasing the contact 
surface of the electrode with the pollutant. The reactor is 
also capable of removing COD by 64%. The final effluent 
has the least toxicity and antimicrobial properties and can 
be treated by biological processes to remove the remaining 
organic compounds.

Acknowledgements

We appreciate the Environmental Science and Technology 
research center at Shahid Sadoughi University of Medical 
Sciences in Yazd, Iran for the technical supports and funding 
(IR.SSU.SPH.REC.1397.058).

References
[1] R. Kaur, J.P. Kushwaha, N. Singh, Amoxicillin electro-catalytic 

oxidation using Ti/RuO2 anode: mechanism, oxidation products, 
and degradation pathway, Electrochim. Acta, 296 (2019) 
856–866.

[2] O. Ganzenko, D. Huguenot, E.D. Van Hullebusch, G. Esposito, 
M.A. Oturan, Electrochemical advanced oxidation and bio-
logical processes for wastewater treatment: a review of the 
combined approaches, Environ. Sci. Pollut. Res., 21 (2014) 
8493–8524.

[3] F.O. Agunbiade, B. Moodley, Pharmaceuticals as emerging 
organic contaminants in Umgeni River water system, KwaZulu-
Natal, South Africa, Environ. Monit. Assess., 186 (2014) 
7273–7291.

[4] M. Llorca, M. Farré, E. Eljarrat, S. Díaz-Cruz, S. Rodríguez-
Mozaz, D. Wunderlin, D. Barcelo, Review of emerging contami-
nants in aquatic biota from Latin America: 2002–2016, Environ. 
Toxicol. Chem., 36 (2017) 1716–1727.

[5] Y. Zhong, Z.-F. Chen, X. Dai, S-S. Liu, G. Zheng, X. Zhu, S. Liu, 
Y. Yin, G. Liu, Z. Cai, Investigation of the interaction between 
the fate of antibiotics in aquafarms and their level in the 
environment, J. Environ. Manage., 207 (2018) 219–229.

[6] C. Song, C. Zhang, L. Fan, L. Qiu, W. Wu, S. Meng, G. Hu, 
B. Kamira, J. Chen, Occurrence of antibiotics and their impacts 
to primary productivity in fishponds around Tai Lake, China, 
Chemosphere, 161 (2016) 127–135.

[7] B. Petrie, R. Barden, B. Kasprzyk-Hordern, A review on 
emerging contaminants in wastewaters and the environment: 
current knowledge, understudied areas, and recommendations 
for future monitoring, Water Res., 72 (2015) 3–27.

[8] M. Pan, L. Chu, Occurrence of antibiotics and antibiotic 
resistance genes in soils from wastewater irrigation areas in the 
Pearl River Delta region, southern China, Sci. Total Environ., 
624 (2018) 145–152.

[9] A. Javid, A. Mesdaghinia, S. Nasseri, A.H. Mahvi, M. Alimo-
hammadi, H. Gharibi, Assessment of tetracycline contamination 
in surface and groundwater resources proximal to animal 
farming houses in Tehran, Iran, J. Environ. Health Sci. Eng., 
14 (2016) 4.

[10] F. Silva, C. Sáez, M. Lanza, P. Cañizares, M. Rodrigo, The role 
of mediated oxidation on the electro-irradiated treatment of 
amoxicillin and ampicillin polluted wastewater, Catalysts, 9 
(2019) 9.

[11] C. Carballeira, M. De Orte, I. Viana, T. DelValls, A. Carballeira, 
Assessing the toxicity of chemical compounds associated with 
land-based marine fish farms: the sea urchin embryo bioassay 
with Paracentrotus lividus and Arbacia lixula, Arch. Environ. 
Contam. Toxicol., 63 (2012) 249–261.

[12] L.B. Brito, L.F. Garcia, M.P. Caetano, G.S. Lobón, M.T. de 
Oliveira, R. de Oliveira, I.M.S. Torres, A. Yepez, B.G. Vaz, R. 
Luque, Electrochemical remediation of amoxicillin: detoxification 
and reduction of antimicrobial activity, Chem.-Biol. Interact., 
291 (2018) 162–170.

[13] M.A.F. Locatelli, F.F. Sodré, W.F. Jardim, Determination of 
antibiotics in brazilian surface waters using liquid chroma-
tography–electrospray tandem mass spectrometry, Arch. 
Environ. Contam. Toxicol., 60 (2011) 385–393.

[14] M. Taghi Ghaneian, A. Ebrahimi, J. Salimi, R. Khosravi, 
R.A. Fallahzadeh, M. Amrollahi, M. Taghavi, Photocatalytic 
degradation of 2, 4-dichlorophenoxyacetic acid from aqueous 
solutions using In2O3 nanoparticles, J. Mazandaran Univ. Med. 
Sci., 26 (2016) 159–170.

[15] A. Javid, S. Nasseri, A. Mesdaghinia, A. hossein Mahvi, 
M. Alimohammadi, R.M. Aghdam, N. Rastkari, Performance of 

Fig. 10. Toxicity test by S. aureus bacteria on the effluent from the 
PE process (current density 40 mA/cm2, electrolyte concentration 
950 mg/L, AMX concentration 50 mg/L, and pH 7).



 R.A. Fallahzadeh et al. / Desalination and Water Treatment 185 (2020) 185–195194

photocatalytic oxidation of tetracycline in aqueous solution by 
TiO2 nanofibers, J. Environ. Health Sci. Eng., 11 (2013) 24.

[16] I. Sirés, E. Brillas, Remediation of water pollution caused by 
pharmaceutical residues based on electrochemical separation 
and degradation technologies: a review, Environ. Int., 40 (2012) 
212–229.

[17] G. Safari, M. Hoseini, M. Seyedsalehi, H. Kamani, J. Jaafari, 
A. Mahvi, Photocatalytic degradation of tetracycline using 
nanosized titanium dioxide in aqueous solution, Int. J. Environ. 
Sci. Technol., 12 (2015) 603–616.

[18] A. Nikoonahad, B. Djahed, S. Norzaee, H. Eslami, Z. Dera-
khshan, M. Miri, Y. Fakhri, E. Hoseinzadeh, S.M. Ghasemi, 
D. Balarak, An overview report on the application of 
heteropoly acids on supporting materials in the photocatalytic 
degradation of organic pollutants from aqueous solutions, Peer 
J., 6 (2018) e5501.

[19] F. Ozyonar, S. Aksoy, Removal of salicylic acid from aqueous 
solutions using various electrodes and different connection 
modes by electrocoagulation, Int. J. Electrochem. Sci., 11 (2016) 
3680–3696.

[20] E. Bazrafshan, L. Mohammadi, A. Ansari Moghadam, A.H. 
Mahvi, Heavy metals removal from aqueous environments by 
electrocoagulation process– a systematic review, J. Environ. 
Health Sci. Eng., 13 (2015), Article number: 74.

[21] E. Bazrafshan, M.R. Alipour, A.H. Mahvi, Textile wastewater 
treatment by application of combined chemical coagulation, 
electrocoagulation, and adsorption processes, Desal. Water Treat., 
57 (2016) 9203–9215.

[22] A.H. Mahvi, S.J.A.-d. Ebrahimi, A. Mesdaghinia, H. Gharibi, 
M.H. Sowlat, Performance evaluation of a continuous bipolar 
electrocoagulation/electrooxidation–electroflotation (ECEO–EF) 
reactor designed for simultaneous removal of ammonia and 
phosphate from wastewater effluent, J. Hazard. Mater., 192 
(2011) 1267–1274.

[23] E. Bazrafshan, A. Mahvi, S. Nasseri, M. Shaieghi, Performance 
evaluation of electrocoagulation process for diazinon removal 
from aqueous environments by using iron electrodes, J. Environ. 
Health Sci. Eng., 4 (2007) 127–132.

[24] C.A. Martínez-Huitle, E. Brillas, Decontamination of wastewaters 
containing synthetic organic dyes by electrochemical methods: 
a general review, Appl. Catal., B, 87 (2009) 105–145.

[25] E. Bazrafshan, K.A. Ownagh, A.H. Mahvi, Application of 
electrocoagulation process using iron and aluminum electrodes 
for fluoride removal from aqueous environment, J. Chem., 
9 (2012) 2297–2308.

[26] A. Anglada, A. Urtiaga, I. Ortiz, Contributions of electrochemical 
oxidation to waste-water treatment: fundamentals and review of 
applications, J. Chem. Technol. Biotechnol., 84 (2009) 1747–1755.

[27] M. Panizza, G. Cerisola, Direct and mediated anodic oxidation 
of organic pollutants, Chem. Rev., 109 (2009) 6541–6569.

[28] I. Sirés, E. Brillas, M.A. Oturan, M.A. Rodrigo, M. Panizza, 
Electrochemical advanced oxidation processes: today and 
tomorrow, a review, Environ. Sci. Pollut. Res., 21 (2014) 
8336–8367.

[29] J. Nouri, A. Mahvi, E. Bazrafshan, Application of electro-
coagulation process in removal of zinc and copper from 
aqueous solutions by aluminum electrodes, Int. J. Environ. Res., 
4 (2010) 201–208.

[30] M.A. Oturan, J.-J. Aaron, Advanced oxidation processes in 
water/wastewater treatment: principles and applications, 
A review, Crit. Rev. Env. Sci. Technol., 44 (2014) 2577–2641.

[31] M. Zhou, Q. Tan, Q. Wang, Y. Jiao, N. Oturan, M.A. Oturan, 
Degradation of organics in reverse osmosis concentrate by an 
electro-Fenton process, J. Hazard. Mater., 215 (2012) 287–293.

[32] A. Özcan, Y. Şahin, A.S. Koparal, M.A. Oturan, A comparative 
study on the efficiency of electro-Fenton process in the removal 
of propham from water, Appl. Catal., B, 89 (2009) 620–626.

[33] A. Wang, Y.-Y. Li, A.L. Estrada, Mineralization of antibiotic 
sulfamethoxazole by photoelectro-Fenton treatment using 
activated carbon fiber cathode and under UVA irradiation, 
Appl. Catal., B, 102 (2011) 378–386.

[34] A.R. Khataee, M. Zarei, A.R. Khataee, Electrochemical treatment 
of dye solution by oxalate catalyzed photoelectro-fenton process 

using a carbon nanotube-PTFE cathode: optimization by central 
composite design, Clean-Soil Air Water, 39 (2011) 482–490.

[35] A. Dalvand, M. Khoobi, R. Nabizadeh, M.R. Ganjali, E. Gho-
libegloo, A.H. Mahvi, Reactive dye adsorption from aqueous 
solution on HPEI-modified Fe3O4 nanoparticle as a super 
adsorbent: characterization, modeling, and optimization, J. Polym. 
Environ., 26 (2018) 3470–3483.

[36] A.E. Greenberg, L.S. Clesceri, A.D. Eaton, Standard Methods 
for the Examination of Water and Wastewater, American Public 
Health Association, 1015 (2005) 49–51.

[37] L. Szabó, T. Tóth, T. Engelhardt, G. Rácz, C. Mohácsi-Farkas, 
E. Takács, L. Wojnárovits, Change in hydrophilicity of penicillins 
during advanced oxidation by radiolytically generated OH 
compromises the elimination of selective pressure on bacterial 
strains, Sci. Total Environ., 551 (2016) 393–403.

[38] E.A. Serna-Galvis, K.E. Berrio-Perlaza, R.A. Torres-Palma, 
Electrochemical treatment of penicillin, cephalosporin, and 
fluoroquinolone antibiotics via active chlorine: evaluation of 
antimicrobial activity, toxicity, matrix, and their correlation 
with the degradation pathways, Environ. Sci. Pollut. Res., 
24 (2017) 23771–23782.

[39] V.S. Antonin, S. Garcia-Segura, M.C. Santos, E. Brillas, Degra-
dation of Evans Blue diazo dye by electrochemical processes 
based on Fenton’s reaction chemistry, J. Electroanal. Chem., 
747 (2015) 1–11.

[40] A. Thiam, M. Zhou, E. Brillas, I. Sirés, Two-step mineralization 
of Tartrazine solutions: study of parameters and by-products 
during the coupling of electrocoagulation with electrochemical 
advanced oxidation processes, Appl. Catal., B, 150 (2014) 
116–125.

[41] V. Orescanin, R. Kollar, K. Nad, I.L. Mikelic, S.F. Gustek, 
Treatment of winery wastewater by electrochemical methods 
and advanced oxidation processes, J. Environ. Sci. Health. Part 
A Toxic/Hazard. Subst. Environ. Eng., 48 (2013) 1543–1547.

[42] A. Thiam, I. Sirés, J.A. Garrido, R.M. Rodríguez, E. Brillas, 
Decolorization and mineralization of Allura Red AC aqueous 
solutions by electrochemical advanced oxidation processes, 
J. Hazard. Mater., 290 (2015) 34–42.

[43] F.C. Moreira, J. Soler, A. Fonseca, I. Saraiva, R.A. Boaventura, 
E. Brillas, V.J. Vilar, Electrochemical advanced oxidation pro-
cesses for sanitary landfill leachate remediation: evaluation of 
operational variables, Appl. Catal., B, 182 (2016) 161–171.

[44] A. Sánchez-Carretero, C. Sáez, P. Cañizares, M. Rodrigo, 
Electrochemical production of perchlorates using conductive 
diamond electrolyses, Chem. Eng. J, 166 (2011) 710–714.

[45] A. Khataee, H. Marandizadeh, M. Zarei, S. Aber, B. Vahid, 
Y. Hanifehpour, S.W. Joo, Treatment of an Azo dye by citrate 
catalyzed photoelectro-Fenton process under visible light 
using carbon nanotube-polytetrafluoroethylene cathode, Curr. 
Nanosci., 9 (2013) 387–393.

[46] H.T. Madsen, E.G. Søgaard, J. Muff, Reduction in energy 
consumption of electrochemical pesticide degradation through 
combination with membrane filtration, Chem. Eng. J, 276 
(2015) 358–364.

[47] L.M. Da Silva, I.C. Gonçalves, J.J. Teles, D.V. Franco, Application 
of oxide fine-mesh electrodes composed of Sb-SnO2 for the 
electrochemical oxidation of Cibacron Marine FG using an SPE 
filter-press reactor, Electrochim. Acta, 146 (2014) 714–732.

[48] A.K. Abdessalem, M.A. Oturan, N. Oturan, N. Bellakhal, 
M. Dachraoui, Treatment of an aqueous pesticides mixture 
solution by direct and indirect electrochemical advanced 
oxidation processes, Int. J. Environ. Anal. Chem., 90 (2010) 
468–477.

[49] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, Critical 
review of rate constants for reactions of hydrated electrons, 
hydrogen atoms and hydroxyl radicals (•OH/•O− in aqueous 
solution, J. Phys. Chem. Ref. Data, 17 (1988) 513–886.

[50] H. Pouretedal, N. Sadegh, Effective removal of amoxicillin, 
cephalexin, tetracycline and penicillin G from aqueous solutions 
using activated carbon nanoparticles prepared from vine wood, 
J. Water Process Eng., 1 (2014) 64–73.

[51] G. Moussavi, A. Alahabadi, K. Yaghmaeian, M. Eskandari, 
Preparation, characterization and adsorption potential of the 



195 R.A. Fallahzadeh et al. / Desalination and Water Treatment 185 (2020) 185–195

NH4Cl-induced activated carbon for the removal of amoxicillin 
antibiotic from water, Chem. Eng. J, 217 (2013) 119–128.

[52] A.M. de Freitas, C. Sirtori, P. Peralta-Zamora, Photoelectro-
catalytic degradation of camphor on TiO2/RuO2 electrodes, 
Environ. Chem. Lett., 9 (2011) 97–102.

[53] A. Socha, E. Sochocka, R. Podsiadły, J. Sokołowska, Electro-
chemical and photoelectrochemical treatment of CI Acid Violet 
1, Dyes Pigm., 73 (2007) 390–393.

[54] S. Cotillas, J. Llanos, O.G. Miranda, G.C. Díaz-Trujillo, 
P. Cañizares, M.A. Rodrigo, Coupling UV irradiation and 
electrocoagulation for reclamation of urban wastewater, 
Electrochim. Acta, 140 (2014) 396–403.

[55] A. Dalvand, M. Gholami, A. Joneidi, N.M. Mahmoodi, 
Dye removal, energy consumption and operating cost of 
electrocoagulation of textile wastewater as a clean process, 
Clean-Soil Air Water, 39 (2011) 665–672.

[56] M.T. Ghaneian, M. Tabatabaee, M.H. Ehrampoush, A. Jebali, 
S. Hekmatimoghaddam, H. Fallahzadeh, R.A. Fallahzadeh, 
Synthesis of Ag (I) and Cu (I) complexes with 4-amino-5- 
methyl-2h-1, 2, 4-triazole-3 (4h)-thione ligand as thiocar-
bohydrazide derivatives and their antimicrobial activity, Pharm. 
Chem. J., 49 (2015) 210–212.

[57] R.A. Fallahzadeh, A.H. Mahvi, M.N. Meybodi, M.T. Ghaneian, 
A. Dalvand, M.H. Salmani, H. Fallahzadeh, M.H. Ehrampoush, 
Application of photo-electro oxidation process for amoxicillin 
removal from aqueous solution: modeling and toxicity 
evaluation, Korean J. Chem. Eng., 36 (2019) 713–721.

[58] B. Padilla-Robles, A. Alonso, S. Martínez-Delgadillo, M. González- 
Brambila, U. Jaúregui-Haza, J. Ramírez-Muñoz, Electrochemical 
degradation of amoxicillin in aqueous media, Chem. Eng. 
Process. Process Intensif., 94 (2015) 93–98.

[59] X. Jin, X. Wang, Y. Wang, H. Ren, Oxidative degradation of 
amoxicillin in aqueous solution with contact glow discharge 
electrolysis, Ind. Eng. Chem. Res., 52 (2013) 9726–9730.

[60] B.M.B. Ensano, L. Borea, V. Naddeo, V. Belgiorno, M.D.G. 
de Luna, M. Balakrishnan, F.C. Ballesteros Jr., Applicability 
of the electrocoagulation process in treating real municipal 
wastewater containing pharmaceutical active compounds, 
J. Hazard. Mater., 361 (2019) 367–373.

[61] M. Panizza, A. Dirany, I. Sirés, M. Haidar, N. Oturan, 
M.A. Oturan, Complete mineralization of the antibiotic 
amoxicillin by electro-Fenton with a BDD anode, J. Appl. 
Electrochem., 44 (2014) 1327–1335.

[62] E. Bazrafshan, F.K. Mostafapour, M. Farzadkia, K. Ownagh, 
A.H. Mahvi, Slaughterhouse Wastewater Treatment by Com-
bined Chemical Coagulation and Electrocoagulation Process, 
PLoS One, (2012), https://doi.org/10.1371/journal.pone.0040108.


	OLE_LINK1
	OLE_LINK2
	OLE_LINK3
	OLE_LINK4
	OLE_LINK5
	OLE_LINK6
	OLE_LINK7
	OLE_LINK8
	OLE_LINK9
	OLE_LINK10
	_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_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54

