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Abstract
The purpose of this study was to determine the removal efficiency of ciprofloxacin (CIP) by the combined electrochemi-
cal–persulfate (EC–PS) process using iron electrodes. The effects of contact time, initial CIP concentration, persulfate (PS) 
concentration, pH and current density in CIP removal were investigated. To measure the CIP removal mechanisms in the 
EC–PS process, radical scavenger analysis, EDS and FTIR were performed on the EC–PS process and produced sludge, 
respectively. Based on the results obtained, the EC process after 160 min can remove 38% of CIP, while the PS process had 
no effect on CIP removal. In contrast, the EC–PS process under the optimum conditions: current density of 1.45 mA/cm2, 
PS concentration of 0.42 mM, pH of 5, CIP of 10 mg/L and contact time of 75 min, could reduce the antibiotic by more 
than 94%. Based on radical scavenger results, radical hydroxyl radicals play a major role in the EC–PS process. Also, by 
analyzing the results of radical scavenger, FTIR and EDS, it is suggested that the oxidation process was probably dominant 
in the early stages of the EC–PS process, and then, the electrocoagulation process played a basic role in CIP removal. The 
results of this study showed that the EC–PS process with a very good efficiency can be used to remove CIP antibiotics from 
aqueous solutions.
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Introduction

The use of drugs, especially antibiotics, has increased dra-
matically owing to the prevalence and spread of various dis-
eases and the subsequent development of pharmaceutical 
industries. These drugs are used in various categories in 
the market for the treatment of various diseases. Fluoro-
quinolones are one of the largest groups of antibiotics, and, 
in turn, effluents discharged from pharmaceutical factories 
and hospital usually contain high concentrations of these 
compounds. It should be noted that conventional wastewater 

treatment processes are not able to remove this type of pol-
lutants. Also, the incomplete metabolism of antibiotics in 
the human and animal bodies and the inadequate disposal 
of expired antibiotics increase the concentration of these 
pollutants in wastewater (Ji et al. 2014; Movasaghi et al. 
2019; Xiaodong et al. 2017). Ciprofloxacin (CIP) is an anti-
bacterial agent and is a second-generation fluoroquinolone, 
which is widely used in human and veterinary medicine. 
It is also responsible for the destruction of both gram-neg-
ative and gram-positive bacteria through DNA inhibition 
(Duan et al. 2018; Tran et al. 2019; Xiaodong et al. 2017). 
Most antibiotics, such as CIP, are recalcitrant and resistant 
to biodegradation and releasing them into the environment 
can cause many adverse ecological effects including cereal 
reproduction interactions, food destruction and nitrification 
process disruption and so on. It is also toxic to algae and 
enhances the growth of antibiotic-resistant bacteria (Flaherty 
and Dodson 2005; Matzek and Carter 2017; Wu et al. 2013). 
Different methods have been used to treat wastewaters con-
taining antibiotics. However, due to the process complexity 
and low biodegradability, conventional biological and physi-
cal processes are less efficient. Therefore, researchers have 
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recently tested new methods for antibiotic removal from 
aqueous solutions. Advanced oxidation processes (AOPs) 
are one of the most important techniques in which highly 
potent oxidizing agents such as hydroxyl and sulfate radicals 
are mainly generated. The produced agents can completely 
degrade a wide range of organic pollutants from industrial 
wastewater (Lei et al. 2015; Xiaodong et al. 2017). Today, 
the most AOPs are hydroxyl radical ( ⋅OH)-base methods, 
which can quickly and non-selectively remove different 
organic compounds; therefore, their application is limited 
due to instability. Recently, another type of AOPs has been 
developed that is based on radical sulfate ( SO⋅−

4
 ) with a half-

life longer than ⋅OH (Lei et al. 2015; Matzek and Carter 
2016). Sodium persulfate (Na2S2O8) is a potent oxidizing 
agent commonly used in sulfate radical-based AOPs, with 
some prominent advantages like high stability at room tem-
perature, relatively low cost and less hazardous products 
(Liu et al. 2018; Romero et al. 2010). The main way to pro-
duce SO⋅−

4
 radicals is to activate persulfate with different 

methods including heat, light, UV, metal ions, microwave 
and natural mineral materials (Matzek and Carter 2016). 
Recently, the electrochemical process has been used for per-
sulfate activation in several studies because of its benefits in 
producing less sludge, thereby reducing both reactor volume 
and investment costs (Matzek and Carter 2016, 2017). In 
the electro-persulfate process, the sulfate radical is gener-
ated according to Eq. (1). In addition, the persulfate can be 
regenerated in the anode according to Eq. (2).

Equation  1 occurs in the cathode and is called the 
cathodic activation, which leads to the creation of a con-
tinuous source of sulfate radicals. Therefore, the combina-
tion of electrochemical method and active persulfate can 
result in continuous production of strong oxidants including 
S
2
O

2−

8
 and SO−⋅

4
 , and, consequently, the decomposition of 

the contaminants becomes faster and more efficiently (Chen 
et al. 2014; Lin et al. 2013; Matzek and Carter 2016, 2017). 
Hence, the aim of this study was to remove CIP from aque-
ous solutions using the electro-persulfate process.

Materials and method

Materials

All chemicals were of analytical grade and purchased from 
the Merck (Germany). The CIP antibiotic (purity ≥ 98%) 
was obtained from an Iranian pharmaceutical company. 
Various concentrations of the antibiotic and other chemical 
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solutions were prepared with deionized water. The chemical 
properties of the antibiotic are shown in Table 1.

Pilot characteristics

Figure 1 shows the pilot used in this study. The 800-mL 
reactor contained 600  mL the CIP solution. Inside the 
reactor, four iron electrodes were used with dimensions of 
30 mm × 180 mm × 1 mm. The electrodes were immersed 
in the solution at a distance of 20 mm and were operated in 
monopolar parallel mode. In order to rotate the solution dur-
ing the reaction, a magnetic stirrer was used underneath the 
reactor chamber. A DC power supply was used to provide 
different current densities.

Experimental unit

The experiments were performed in a glass batch reactor. 
The performance of each process alone and the combined 
EC–PS process in CIP removal was tested. The important 
parameters in the EC–PS process were pH, current density, 
initial CIP concentration, contact time and PS concentration.

Table 1   Chemical properties of CIP

Product name Ciprofloxacin

Chemical formula C17H18FN3O3

Molecular weight 331.347 g/mol
Solubility 25 mg/mL in 0.1N HCl
Chemical structure

Fig. 1   A schematic diagram of the experimental setup
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Effect of the PS, EC and EC–PS processes

The solution containing 20 mg/L of CIP was prepared, and 
the pH solution was adjusted to 5 using sulfuric acid (H2SO4, 
0.01 M) or sodium hydroxide (NaOH, 0.1 M). The effect of 
EC, PS and combined EC–PS processes on CIP removal was 
investigated using the prepared solutions. The reactor was 
initially operated by EC process with the current density of 
1.45 mA/cm2. In the next step, 1.26 mM of PS was added 
to the solution to test the effect of the PS process alone. In 
the final stage, the EC–PS process was excreted at the PS 
concentration of 1.26 mM and current density of 1.45 mA/
cm2. Sampling was carried out every 10 min in all processes 
and filtered with Whatman paper, and finally, the remaining 
CIP concentration was determined.

Effect of the studied parameters on the EC–PS 
process

The effect of important parameters: pH, current density, 
initial CIP concentration, contact time and PS concentra-
tion, was studied in the combined EC–PS process. To evalu-
ate the effect of pH in the EC–PS process, solutions with 
CIP concentration of 20 mg/L were prepared and their pH 
adjusted to 3, 5, 7 and 9. Then, other parameters including 
pH, current density, initial CIP concentration and PS con-
centration effective in the EC–PS process were fixed. And, 
so as to investigate the effect of initial PS concentration, all 
parameters were fixed and PS concentrations were varied 
(0.42, 0.84 and 1.26 Mm). Also, 0.75, 1.45 and 2.3 mA/cm2 
of current density were applied to study the changes in pro-
cess performance. Finally, in order to investigate the effect 
of initial CIP concentration, different concentrations (10, 20 
and 40 mg/L) were prepared and the other parameters were 
fixed. The sampling was performed like the previous section.

Determine of the radical scavengers

To determine the role of different radicals in the EC–PS pro-
cess, tert-butanol (TBA) was used as the ⋅OH radical scav-
enger and methanol was used as both ⋅OH and so−⋅

4
 radical 

scavengers. In EC–PS process, under the optimized condi-
tions, 200 Mm of TBA was added to the solution to investi-
gate the quenching effect of ⋅OH . Next, under the optimum 
conditions, 200 Mm of methanol was added to determine the 
quenching effect of both ⋅OH and sulfate radicals.

Determine of sludge characterization

In order to determine the characteristics of the produced 
sludge in the EC–PS process, the EDS (MIRA3TESCAN-
XMU) and Fourier transform infrared spectroscopy (FTIR) 
analyses were performed.

Analysis

First, the samples first filtered with Whatman paper, and 
then, the remaining CIP contents were determined using a 
UV–Vis spectrophotometer (Shimadzu UV-1800, Japan) 
at λmax = 276 nm. The residual CIP (RE) was calculated by 
Eq. (3).

where CIP0 and CIP are the initial and final concentrations 
of CIP as mg/L, respectively.

Results and discussion

Effect of EC, PS and EC–PS on CIP removal

The results of the PS, EC and the EC–PS process for CIP 
removal from aqueous solutions are shown in Fig. 2. As can 
be seen, the efficiency of PS in CIP removal was zero. Related 
studies in which PS alone was used to remove other pollut-
ants have stated similar observations (Liu et al. 2018; Shu 
et al. 2016). The reason for this phenomenon is that, at very 
acidic conditions, PS becomes water-oxidized to H2O2 based 
on Eqs. 4–6. However, organic pollutants are degraded some-
what due to the fact that hydrogen peroxide is produced at the 
acidic pH. But, neutral and alkaline conditions similar to the 
present study, persulfates, convert to SO4

2− and O2 according 
to Eq. 7; thus, it was not expected that they were efficient in 
pollutant removal (Bruton and Sedlak 2018; Yang et al. 2018). 
Another reason why PS alone does not have an effect on the 
CIP removal is probably the more resistant structure of this 
antibiotic. Moreover, there is no activator for activating persul-
fate, which does not affect in CIP removal (Matzek and Carter 
2016; Shu et al. 2016; Yang et al. 2018).
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Fig. 2   Effect of PS, EC and EC–PS processes on CIP removal (CIP: 
30 mg/L, PS: 1.2.6 mM, current density: 1.45 mA/cm2 and pH: 5)
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The removal efficiency of the EC process reached 
after 30 min, and over the next 50 min it remained nearly 
unchanged (Fig. 2). One reason for this phenomenon is the 
production of hydrogen peroxide via cathodic reduction of 
oxygen. In the EC process alone, CIP is removed for two 
reasons: first, direct electrical oxidation on the surface of 
iron electrodes in the anode and, second, indirect oxidation 
via hydroxyl radicals formed due to the anodic electrolysis 
of water (Eq. 8) (Chen et al. 2014; Govindan et al. 2014; Liu 
et al. 2018; Zhao et al. 2010).

Based on Fig. 2, the combined EC–PS process was capa-
ble of removing effectively CIP from aqueous solutions. 
Interestingly, 87.5% of CIP was removed just in 10 min, 
and then, the removal rate decreased slightly. The efficiency 
peaked at 96% within 75 min and then leveled out. It should 
be noted that PS has a low oxidation kinetic rate with organic 
compounds in the absence of an activator and, in turn, oxi-
dizes low amount of pollutants. However, by adding an acti-
vator such as electrocoagulation, PS is activated and sulfate 
radicals are produced in the cathode; of course, PS is regen-
erated on the anode surface. This leads to the formation of a 
permanent source of sulfate radicals based on Eqs. 1 and 2. 
Thus, the EC–PS process is continuous sources of oxidants, 
which decomposes contaminants more quickly; it has been 
reported that 87.5% of CIP was removed in 10 min through 
the EC–PS process (Farhat et al. 2015; Frontistis et al. 2018; 
Liu et al. 2018).

Calculation of synergistic effect

In this study, Eq. 9 was used to evaluate the synergistic 
effects of the EC, PS and combined EC–PS processes.

where SE shows the synergistic effect and R is the removal 
efficiency of each process. The SE value was calculated 
according to Eq. 9, which was equal to 1.72 for 10 min 
for the combined EC–PS process compared to the EC pro-
cess, because the PS efficiency in CIP removal was zero. 
As time elapsed, the value for the SE with a slight slope 
had a decreasing trend and reduced to 1.46 in 75 min and 
then fixed. The SE of 1.72 for the combined EC–PS process 
indicates that this process is 1.72 times more efficient than 
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the EC process in CIP removal. As described in the previous 
section, the production of sulfate and hydroxyl radicals due 
to activation of the PS by the electrochemical process is the 
cause of this increase. The results of this study are consist-
ent with other findings documented in studies in which the 
EC–PS process was utilized to remove other pollutants (Lin 
et al. 2013; Liu et al. 2018; Matzek and Carter 2016; Shu 
et al. 2016).

Effect of pH on EC–PS and pH change over time

In this part of the study, the effect of initial pH on the CIP 
removal from aqueous solutions in the EC–PS process at 
pH 3, 5, 7 and 9 was studied. Other effective variables were 
fixed, which included PS = 1.26 mM, CIP = 30 mg/L and 
current density = 1.45 mA/cm2. It is worth noting that pH 
plays a very important role in the EC–PS process. Figure 3 
presents the results of using different pHs: 3–9 in the EC–PS 
process. As can be seen, higher removal efficiencies were 
attained in acidic pHs of 3 and 5 and have more than neutral 
and alkaline pHs. The removal efficiency rate at the contact 
time of 75 min and pH values of 3, 5, 7 and 9 was 95, 95.85, 
87 and 87%, respectively. Therefore, the pH of 5 was found 
to be the optimum value. The findings of the related stud-
ies have shown that the EC–PS process has a better perfor-
mance in acidic pH in pollutant degradation and the removal 
efficiency improves with decreasing pH. The reason these 
phenomena is that the sulfate radicals react with water at all 
pHs, based on Eq. 10, and produce hydroxyl radicals, which 
are active and primary species in the EC–PS process under 
alkaline conditions (Eq. 11). On the other hand, in acidic 
pHs, sulfate radicals that have a higher oxidation potential 
are dominant (Li et al. 2013; Matzek and Carter 2016). 
Another reason for increasing the efficiency of the EC–PS 
process with decreasing pH may be attributed to a decrease 
in oxygen gas solubility in wastewater, because at low pH 
the oxygen gas solubility decreases. And, with decreasing 
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Fig. 3   Effect of pH changes on CIP removal in EC–PS process (CIP: 
30 mg/L, current density: 1.45 mA/cm2, PS: 1.26 mM and pH: 3–9)
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the dissolved oxygen, the adsorption of persulfate anions 
in the cathode increases, and, consequently, the formation 
of sulfate radicals is facilitated because oxygen is compet-
ing for the adsorption at the cathode surface with persulfate 
anions (Chen and Huang 2015; Matzek and Carter 2016).

pH changes over time on the EC–PS process

During the EC–PS process, the changes in the initial values 
of pH were recorded every 5 min (Fig. 4). As shown in the 
figure, after 5 min, all the pHs tested in the current research 
declined to 3. Then, all the values increased further and 
reached about 7.5 after 30 min and remained stable until the 
end of the experiment. The pH reduction in the solution at 
the beginning of the reaction is due to the production of H+ 
based on Eqs. 12–14. Another reason is OH− reduction in 
the solution based on Eq. (15), which results in a decrease 
in pH, thereby acidifying the environment (Liu et al. 2018).

In fact, pH affects iron type, in terms of oxidation states, 
in the solution, as well as the persulfate reactions with the 
pollutants. At the initial contact time and acidic pH, the 
sulfide and hydroxyl radicals are formed based on the above 
explanations, which cause the CIP oxidation in the EC–PS 
process; therefore, it should be noted that oxidation plays 
a major role in this process. The mechanism for the CIP 
oxidation in the EC–PS process is based on this fact that 
iron electrodes produce Fe2+ via chemical reactions in the 
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anodes (Eq. 16). As a result, the produced Fe2+ activates 
PS (Eq. 17). On the other hand, PS is regenerated in the 
cathode (Eq. 18) and it creates a radical sulfate production 
cycle (Masomboon et al. 2010; Romero et al. 2010; Xu and 
Li 2010; Zhao et al. 2010).

But after the initial time due to increasing pH in the 
EC–PS process, Fe2+ solubility decreases and it is con-
verted to Fe3+, which is in the form of colloid. In the pre-
sent research, the process efficiency decreased after 10 min, 
because only Fe2+ is able to activate PS. In the next step, pH 
started to increase, which is probably due to the hydrogen 
evolution in the cathode according to Eq. 19 (Mouedhen 
et al. 2008).

As the pH increases, ferric oxyhydroxides such as 
FeOH3+, Fe(OH)4

− and Fe(OH)3 were produced. Therefore, 
the coagulation replaces the oxidation process and plays a 
major role in the CIP removal, and the efficiency increases 
again (Masomboon et al. 2010; Romero et al. 2010).

Effect of PS concentration on EC–PS

Figure 5 shows the results of the PS concentration in the 
EC–PS process for the CIP removal from aqueous solu-
tions. Other effective parameters in this process were fixed, 
and different PS concentrations including 0.42, 0.84 and 
1.26 mM were tested. An increase in PS concentration 
enhanced the CIP removal efficiency, but the efficiencies 
obtained from different concentrations were very close. 
At the optimum contact time of 75 min, the CIP removal 
efficiency for concentrations of 0.42, 0.84 and 1.26 mM 

(16)Fe
0
→ Fe

2+
+ e

−

(17)S
2
O

2−

8
+M

n+
→ M

n+1
+ SO

2−

4

(18)Fe
3+

+ e
−
→ Fe

2+

(19)2H
2
O + 2e

−
→ H

2
+ 2OH

−

2

3

4

5

6

7

8

9

10

0 5 10 15 20 30 40 50

pH

Time (min)

Initial pH:3 Initial pH:5 Initial pH:7.5 Initial pH:10
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and pH: 3–9)
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was 89.15, 91.75 and 96%, respectively. The optimum PS 
concentration should be selected based on economic issues 
as well as the residual sulfate concentration in the effluent; 
therefore, the PS concentration of 0.42 mM, with a good 
efficiency about 90%, was selected as the optimum content. 
Further, many researchers have claimed that increasing PS 
concentration causes the removal efficiency of pollutants to 
improve (Ghanbari and Moradi 2017; Wang and Wang 2018; 
Zhang et al. 2015). This phenomenon may be explained by 
a significant increase in the number of sulfate radicals, due 
to an increase in PS concentration, and consequently, the 
hydroxyl radicals are formed through the EC–PS process; 
thus, the CIP removal efficiency increases (Chen et  al. 
2014; Chen and Huang 2015). In similar studies that used 
the EC–PS process for the removal of various pollutants, PS 
concentration between 5 and 62.5 mM was reported (Wu 
et al. 2012; Yuan et al. 2014; Zhang et al. 2014). In com-
parison with other studies, the PS concentration used in this 
study was much lower.

Effect of current density on EC–PS

Figure 6 shows the results of current density in the EC–PS 
process for the CIP removal from aqueous solutions. And, 
other parameters effective in this method were fixed. Dif-
ferent current densities of 0.75, 1.45 and 2.3  mA/cm2 
were investigated in this study. As shown in Fig. 6, the 
CIP removal efficiency increased with increasing current 
density up to 1.45 mA/cm2, but with a further increase to 
2.3 mA/cm2, the efficiency decreased. Therefore, the cur-
rent density, equivalent to 1.45 mA/cm2, was selected as the 
optimum value. Current density has always been accepted 
as an influential variable in electrochemical processes. The 
bottom line is that at high current densities more sulfate and 
hydroxyl radical are generated leading to in enhancement in 
removal efficiency. Also, increasing current density results 

in the faster generation of sulfate radical, hydroxyl radical 
and hydrogen peroxide (Chen et al. 2014; Chen and Huang 
2015; Frontistis et al. 2018; Liu et al. 2018). However, in 
this study with a further increase in current density to 2 mA/
cm2, the CIP removal efficiency declined. The cause of this 
phenomenon may be interpreted by side reactions due to 
high current density, which leads to the cathodic evolution 
of hydrogen gas through Eq. 20 (Cai et al. 2014; Liu et al. 
2018).

Effect of initial CIP concentration on EC–PS

Figure 7 shows the results of the initial CIP concentration 
in the EC–PS process for the CIP removal from aqueous 
solutions. Hence, different initial CIP concentrations: 10, 20 
and 40 mg/L, were investigated when other variables were 
fixed. As can be seen, an increase in CIP concentration in the 
EC–PS process caused the removal efficiency to go up. The 
removal efficiency decreased from 94 to 86% when the CIP 
concentration increased between 10 and 40 mg/L at the con-
tact time of 75 min. This decline is because of the fact that 
the amount of sulfate and hydroxyl radicals produced in the 
EC–PS process is constant, while the amount of CIP mol-
ecules increases; thus, the efficiency decreases. The results 
of this study accord with the observations of similar studies 
which used this process for the removal of other pollutants 
(Cai et al. 2014; Chen et al. 2014; Chen and Huang 2015; 
Lin et al. 2013; Liu et al. 2018).

Determination of Radical scavengers

Regarding the presence of both sulfate and hydroxyl radi-
cals in the EC–PS process, a radical scavenger was used to 
determine the oxidation reaction mechanism and the effect 
of each of these radicals. In order to determine the role of 
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different radicals in the EC–PS process, tert-butanol (TBA) 
was used as ⋅OH radical quencher and methanol (MA) as 
⋅OH and sulfate radical quencher. According to Eqs. 21 and 
22, the rate constant of TBA for ⋅OH radicals is 418–900 
times greater than the rate constant for SO−⋅

4
 radical. Equa-

tions 23 and 24 illustrate that the rate constant of MA for 
⋅OH radical is about 300 times greater than rate that for SO−⋅

4
 

radical (Li et al. 2013; Nasseri et al. 2017).

The results of the radical scavenger studies are shown in 
Fig. 8; as can be seen, when TBA and MA were added to 
the EC–PS reactor, the process efficiency decreased from 
72 to 55% and 52%, respectively. Based on the results, a 
decline in the removal efficiency by adding the TBA and 
MA radical scavengers is approximately alike. In the EC–PS 
process, MA could be able to degrade CIP only 3% more 
than TBA. The reason for the proximity of the both radical 
scavengers of TBA and MA is probably associated with the 
potential role of hydroxyl radical in the anodic formation 
of sulfate radical, which can disrupt the sulfate radical for-
mation. Therefore, contrary to our imagination, hydroxyl 
radical plays a major role in the EC–PS process, and sul-
fate radicals are converted to hydroxyl radical according to 
Eq. 25. It should be pointed out that the findings obtained in 
this study are consistent with those reported in the research 
by Farhat et al. (2015).

Also, based on the general results of the radical scaven-
ger analysis, the use of MA only reduced about 20% of the 

(21)t-BuOH +
⋅

OH ∼ 3.8 − 7.6 × 10
8
M

−1
S
−1

(22)t-BuOH + SO
−⋅

4
∼ 4 − 9.1 × 10

5
M

−1
S
−1

(23)MA +
⋅

OH ∼ 9.7 × 10
8
M

−1
S
−1

(24)MA + SO
−⋅

4
∼ 3.2 × 10

6
M

−1
S
−1

(25)SO
⋅−

4
+ H

2
O → SO

2−

4
+ H

+
+

⋅

OH

removal efficiency in the EC–PS process (in the absence of a 
scavengers). The interpretation that can be drawn from these 
results is that the oxidation process during the initial time 
plays a major role in the CIP removal, but, over time, the 
electrocoagulation process becomes the dominant process.

Characterization of chemical structure of the sludge 
generated by the EC–PS process using the FTIR 
analysis

The KBr disk FTIR spectra of the produced sludge from 
the EC–PS process at 500–4000 cm−1 are shown in Fig. 9. 
According to the FTIR spectrum of the sludge, the wide 
peak observed at 3373 cm−1 is due to the overlapped 
OH and NH stretching modes with aliphatic C–H, C–H 
stretching at > 3000 cm−1, C=O stretching at 1633 cm−1, 
multiple bands at 1517 cm−1 for C=C stretching of aro-
matic ring, and a sharp peak at 2347 cm−1 is attributed 
to –OH acidic functional groups stretching and C–N 
stretching at 1122 cm−1. The absorption peak around 
574 cm−1 in FTIR spectra is related to the metal–oxygen 
bond (Fe–O) (Pavia et al. 2008). The FTIR results show 
that the produced sludge contained compounds derived 
from the CIP degradation. Also, the wide peak observed 
at 3373 cm−1 is due to OH in combination of Fe(OH)3 
produced from the oxidation of the iron electrodes and 
sludge produced from the EC–PS process.

Characterization of chemical structure of the sludge 
generated by the EC–PS process using the EDS 
analysis

According to the results of the EDS analysis, as shown in 
Fig. 10, the amounts of carbon, nitrogen, oxygen, fluo-
rine, sodium, sulfur and iron elements in the sludge from 
the EC–PS process were 3.12, 0.67, 23.68, 0.00, 0.06, 
0.88 and 71.59 (wt%), respectively. This indicates the 
presence of chemical elements resulted from the destruc-
tion of the CIP antibiotic, as well as the presence of 
hydroxide and metal oxides produced from the EC–PS 
process in the sludge. High concentrations of iron and 
oxygen also confirm the formation of the iron hydroxide 
flocs. The CIP antibiotic also binds to these flocs and 
separates from the solution. Finally, by analyzing the rad-
ical scavenger as well as the FTIR results, it is suggested 
that the oxidation is dominant in the early stages of the 
EC–PS process, and the subsequent electrocoagulation 
plays a major role in the CIP removal.
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Fig. 8   Effect of radical scavengers on the EC–PS process (cur-
rent density: 1.45 mA/cm2, PS concentration: 0.42 mM, pH: 5, CIP: 
20 mg/L, MA and TBA concentration: 200 mM and time: 20 min)
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Energy consumption calculation

Industries usually use processes that have high efficiency and 
are simultaneously cost-effective. Therefore, the calculation 
of energy consumption in wastewater treatment processes 
is of great importance. The main operating cost associated 
with the EC–PS process is the electrical energy consumption 
during the process. Electric power consumption is calculated 
according to Eq. 26.

(26)E =

UIt
EC

V

where E is the electrical energy (Wh), U is the voltage (V), 
I is the current density (A), tEC is the time of the process 
(h) and V is the reactor volume (L). Based on the results 
obtained in this study, under the optimum conditions, the 
minimum energy consumption is 0.0045 Wh per mg of CIP 
removed from the wastewater.

Conclusions

The widespread use of antibiotics has caused contamina-
tion of surface and underground water resources. Antibiot-
ics are not removed by conventional water and wastewater 

Fig. 9   FTIR spectra of the 
sludge produced from the EC–
PS process
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Fig. 10   EDS pattern of the sludge produced from the EC–PS process for CIP removal
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treatment methods, and the development of new methods 
to remove them is indispensable. The purpose of this study 
was to determine the removal efficiency of CIP by the com-
bined EC–PS process using iron electrodes. In this study, the 
removal efficiency was similar at different pHs and the dif-
ference in removal efficiency between alkaline and acid pH 
was about 10%, with the highest removal efficiency observed 
in acid pH of 5. As the PS concentration increased, the CIP 
removal rate increased, and with increasing initial CIP con-
centration, the removal efficiency decreased. Increasing the 
current density up to 45 mA/cm2 resulted in increased pro-
cess efficiency, but a further increase reduced the process 
efficiency. When radical TBA and MA scanners were added 
to the EC–PS reactor, the process efficiency decreased from 
72% to values of 55% and 52%, respectively. The EC–PS 
process using iron electrodes is one of the AOPs that, under 
the optimum conditions: current density: 1.45 mA/cm2, 
PS concentration: 0.42 mM, pH: 5, CIP concentration: 
10 mg/L and time: 75 min, could remove more than 94% 
of CIP. Finally, the result of radical scavengers as well as 
FTIR analysis suggests that the oxidation was predominant 
in the early stages of the EC–PS process, and the subsequent 
electrocoagulation process played a major role.
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