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INTRODUCTION

The presence of emerging contaminants such 
as “Personal Care Products” (PCPs), “Pharma-
ceutically active Compounds” (PhACs), and oth-
ers, even if they are present in small amounts, ad-
versely affect the ecosystem (Khan et al., 2020). 
Ciprofloxacin (C17H18FN3O3) is an example of an 
antibiotic frequently used to treat respiratory tract 
infections, gastrointestinal infections, and uri-
nary tract infections caused by bacteria (Kraemer, 
Ramachandran, & Perron, 2019). Such antibiot-
ics’ occurrence, alteration, and fate may cause se-
rious environmental risks. The traditional meth-
ods of wastewater treatment before discharging 
into rivers include advanced oxidation treatment 
(Boczkaj & Fernandes, 2017), biological treat-
ment (Huang et al., 2017; Liew, Kassim, Muda, 
Loh, & Affam, 2015), physicochemical treatment 
(Bhuptawat, Folkard, & Chaudhari, 2007; Sher, 
Malik, & Liu, 2013), in addition to developed 

technologies such as membrane filtration (Dick-
hout et al., 2017; Teng et al., 2018) and adsorption 
(Amosa et al., 2016). 

Advanced oxidation methods need intense ox-
idants that make wastewater treatment unsafe and 
expensive. On the other hand, biological treatment 
requires highly regulated conditions with longer 
detention periods, higher footprints, and the pro-
duction of unwanted byproducts. Chemical treat-
ment needs chemical addition, which raises the 
expense of the process, as well as, complicates 
the downstream process, and increases the dan-
ger of secondary pollution. Adsorption and mem-
brane filtration can only treat wastewater suc-
cessfully if they are combined with pre-treatment 
methods (Tahreen et al., 2020). Of all techniques, 
EC technique is the most economical for treat-
ing wastewater due to their uncomplicated setup, 
lower footprint, and capability to treat enormous 
quantities of water without considerable chemical 
treatment (Sahu et al., 2014).
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Other advantages of the EC approach in-
clude inexpensive process and maintenance, no 
release of harmful substances, small amounts of 
TDS and secondary pollutants, and eliminating 
the tiniest size of colloidal particles (Ahmadza-
deh et al., 2017). 

EC technique includes a coagulation process 
when the sacrificial anode disintegrates, produc-
ing in situ coagulant agents (Khandegar & Saroha, 
2013). It is a complex process that involves nu-
merous chemical and physical processes that rely 
on sacrificial electrodes to provide the ions in a 
water stream. The process involves the following 
steps: (1) the creation of coagulants through elec-
trolytic oxidation of the consumable electrode, (2) 
destabilizing of the pollutants, and (3) flocs for-
mation from the aggregation of the destabilized 
phase (Eyvaz, Gürbulak, Kara, & Yüksel, 2014).

EC process is highly influenced by many op-
erational parameters like current density, pH of 
the solution, electrolysis time, applied voltage, 
the gap between the electrodes, etc. EC system 
utilizes a power source (DC/AC) between metal 
electrodes immersed in polluted water (Khande-
gar & Saroha, 2013). The electrical current leads 
disintegration of metal plates that are usually 
made of iron or aluminum into wastewater(Barışçı 
& Turkay, 2016). The metal ions appear at the an-
ode, whereas the hydrogen gas is released from 
the cathode (Parsa, Panah, & Chianeh, 2016). At 
a proper pH, the metal ions produce a variety of 
coagulated kinds and metal hydroxides that de-
stabilized and collect the suspended molecules or 
adsorb and precipitate dissolved contaminants. 
The flocculated particles could also be floated out 
of the water by hydrogen gas (Daneshvar, Kha-
taee, Ghadim, & Rasoulifard, 2007).When a DC 
electric field is applied, the following reactions 

are expected in the vicinity of the aluminium 
electrodes (Eyvaz et al., 2014):

Anode: 	 Al → Al+3 + 3e- 	 (1) 
	 2H2O → O2 (g) + 4H+ + 4e- 	 (2)

Cathode:	 3H2O + 3e- → 3OH- + 3/2H2 (g) 	 (3)
	 Al+3(g) + 3H2O → Al (OH)3 + 3H+ (g) 	 (4)

This paper aims to determine the optimum 
treatment conditions through the study of influ-
encing factors on the removal of ciprofloxacin 
(CIP) and estimate the energy consumption under 
monopolar electrical relation with static alumini-
um electrodes.

MATERIALS AND METHOD 

Chemicals 

Ciprofloxacin with the molecular formula 
(C17H18FN3O3), purity ≥ 98%, solubility in water 
30 mg/ml at 20 0C, molecular weight 331.34 g/
mol, and a wavelength of 272 nm was used as a 
model pollutant in this work. A set of stock solu-
tions containing 750 mg of CIP per 1L is prepared 
by dissolving the CIP powder in the distilled water. 
The structure and characteristics of CIP are listed 
in Table 1. The pH of the solutions is changed by 
using hydrochloric acid (1M HCl) and sodium hy-
droxide (1M NaOH). The electrical conductivity 
of solutions improved by adding a specific amount 
of NaCl into each 1 L of the sample.

Experimental Setup and procedure 

In the proposed approach EC system (Fig-
ure1) consists of a DC power supply (PS-305D), 
an electrochemical reactor made of glass (10 

Figure 1. Real experimental system used in the study
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mm wall thickness), a magnetic stirrer (Daihan-
labtech CO., LTD), and pairs of sacrificial elec-
trodes made of aluminum. The Electrochemical 
reactor is designed with the dimensions of 20 cm 
length × 20 cm height × 15 cm width. The reactor 
has equipped with three pairs of sacrificial elec-
trodes made of aluminum plates. Each plate with 
a size of 10×10×0.3 cm, immersed vertically in a 
batch reactor and arranged in a monopolar paral-
lel mode (MP-P) with an effective surface area of 
167.8 cm2, and act as an anode and cathode. The 
electrodes are connected to a direct power supply 
DC 0–5 A, and 0–30 V. At the beginning and the 
end of each run, the electrodes are washed with 
the water, dipped in 1 M HCl solution for 10 min, 
rinsed again with the tap water, and then dried. A 
stock solution of 750 mg/l is prepared by dissolv-
ing 0.75 gm of CIP powder in 1000 ml of distilled 
water. The concentrations of synthetic wastewa-
ter 25, 50, 100, and 150 mg/l are prepared by di-
lution of a suitable amount of stock solution with 
dribbled water. In all experiments the solution is 
continuously stirred at 100 rpm via a magnetic 
stirrer. After each run, the samples are pipetted 

from the middle of the supernatant portion after 
a detention period of 60 min and then filtrated us-
ing a 0.42 μm pore-sized filter paper (Whatman), 
and finally analyzed laboratory using a UV-Vis 
Spectrophotometer (PD-303UV) at a maximum 
wavelength (λmax =272 nm) of CIP. In all runs, a 
constant temperature (25 ± 2 C°) was maintained. 
The efficiency of antibiotic removal is calculated 
based on Eq. 5 (Mousazadeh et al., 2021):

 	

 

1 

𝑅𝑅(%) = [𝐶𝐶𝑜𝑜 − 𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜

] × 100(%) 
 

𝐸𝐸 = 𝐼𝐼 𝑉𝑉 𝑡𝑡
𝑉𝑉𝑉𝑉𝑉𝑉  

 
 

 	 (5)

where:	R – is moval efficiency, CO – the initial 
contaminant concentration (mg/l), 

	 Ce – represents the final contaminant con-
centration (mg/l). 

The energy consumption was calculated as 
follows (Ghosh, Medhi, & Purkait, 2011):

	

 

1 

𝑅𝑅(%) = [𝐶𝐶𝑜𝑜 − 𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜

] × 100(%) 
 

𝐸𝐸 = 𝐼𝐼 𝑉𝑉 𝑡𝑡
𝑉𝑉𝑉𝑉𝑉𝑉  

 
 

 	 (6)

where:	E – the energy consumption in (kWh/m3), 
I – the current (A), V – the voltage (V), 

	 t – denotes the electrolysis time (h), 
	 Vol – solution volume (m3).

RESULTS AND DISSCUSION

Effect of pH

The pH is one of the important factors that 
significantly affect the EC process performance, 
especially the speciation of coagulating agents 
(Gu et al., 2023). In the proposed approach, a 
series of experiments were conducted using syn-
thetic wastewater with various initial pH values 4, 
5, 7, and 9 to assess the impact of this parameter 
on the EC process and specify the optimal initial 
value that attains the best CIP removal rate. The 

Table 1. The characteristics of CIP
Property Value

Chemical structure

Solubility 30 mg/ml at 20 °C

Molecular formula C17H18FN3O3

Molecular mass (gr/mol) 331.34

Water solubility 30 mg/ml at 20 °C

PKa 5.9, 8.89

Figure 2. The effect of initial pH on removal efficiency of CIP 
(IED = 1 cm, CD= 1.5 mA/cm2, Co = 50 mg/l, and NaCl = 500 mg/l)
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other operating parameters were kept constant. 
Figure 2 depicts the effect of pH on the removal 
efficiency of CIP. Figure 2 shows that the prefer-
able pH value for CIP removal falls in the range 
5–7, and the maximum removal efficiency occurs 
in the acidic condition corresponding to a pH val-
ue of 5. As can be seen, the removal efficiency 
increases with pH increasing from 4 to 5 and then 
decreases as pH increases from 5 to 9. That is 
because some types of wastewater give the high-
est EC efficiency in acidic media (Barrera-Díaz, 
Frontana-Uribe, & Bilyeu, 2014). Conversely, 
some EC processes are more efficient in relative-
ly more alkaline pH environments (Nawarkar & 
Salkar, 2019). Based on this fact, EC is an adapt-
able treatment process that can effectively oper-
ate in a wide range of pH (acidic, base, and neu-
tral). This change in the CIP removal rate can also 
be attributed to the alteration of the amphoteric 
characteristics of aluminium hydroxide since the 
pH value governs the nature of the flocs created, 
which are responsible for pollutant’s adsorption.

Furthermore, the prevalent aluminum hy-
droxide in neutral and little acidic environments 
is Al(OH)3, characterized by high adsorption 
ability. Therefore, maintaining the initial pH in 
the range of 4–8 makes all aluminum cations gen-
erated at the anode form indissoluble coagulants, 
resulting in a more effective treatment (Shafaei, 
Rezayee, Arami, & Nikazar, 2010). On the other 
hand, in alkaline media, the prevailing aluminium 
hydroxide is OH-4, which has limited adsorption 
capacity as compared with Al(OH)3 (Hashim et 
al., 2019). Therefore, the removal efficiency low-
ered as pH increased to 9. 

The figure also demonstrates that the CIP 
removal efficiency increases with the electroly-
sis time increases. A fast increase in removal ef-
ficiency occurred in the first ten minutes; after 

ten minutes, the removal efficiency increased 
gradually with time. Based on Faraday’s law, 
increasing the ET leads to an increase in both 
the concentration of metal ions and hydroxide 
flocs. After 60 min ET, the removal efficiency of 
CIP was found to be 98.48% at pH 5. The same 
results are proved by (Mohammed, M-Ridha, 
Abed, & Elgharbawy, 2021).

EFFECT OF IED

IED is one of the most important factors for 
properly functioning electrocoagulation cell. 
Distance between electrodes represents the gap 
formed between the anode and cathode. The im-
pact of this parameter on removal efficiency was 
examined using different IED values 0.5, 1, 1.5, 
and 2 cm. The other operating conditions were 
kept constant. Figure 3 depicts the impact of IED 
on the removal efficiency.

Note that, the removal efficiency increased 
from 87.49% to 98.48% when the distance be-
tween electrodes changed from 0.5 to 1 cm. This 
result can be explained as follows, the narrow 
path between electrodes results in a high electro-
static attraction causing the breaking of the metal 
hydroxides formed by collision with one another 
(Boinpally et al., 2023). In addition, the time be-
comes inadequate to produce the flocs (interac-
tion of metal ions with hydroxyl group OH-. Fig-
ure 3 also shows that the removal efficiency in-
creased as electrolysis time increased. Following 
this, it was found that after an electrolysis time of 
60 min, the removal efficiency was found to be 
98.48% with a 1cm distance between electrodes.

 From the other side, the Figure shows 
that an increase in the gap length beyond the 
optimal distance (1 cm) reduces the removal 

Figure 3. The effect of inter-electrode (IED) distance on removal efficiency 
(pH = 5, CD = 1.5 mA/cm2, Co = 50 mg/l, and NaCl = 500 mg/l)
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efficiency of CIP since the electrical attrac-
tion drops with the increasing of ions travel-
ling path and, consequently, metal ions take a 
long time to interact with the hydroxyl groups 
(OH-) to create the flocs. The obtained results 
agreed with the other studies (Khandegar & 
Saroha, 2013).

Effect of current density and electrolysis time

The current density is the most crucial param-
eter for controlling the reaction rate. This param-
eter affects the EC process’s performance and the 
electrodes’ lifetime. This work tested different 
current densities of 0.5, 1, 1.5, and 2 mA/cm2. 
The other parameters were kept constant. Figure 
4 illustrates the variation of CIP removal efficien-
cy with the studied current densities.

As shown in the figure, CIP removal effi-
ciency increased noticeably as the current den-
sity increased from 0.5 to 1.5 mA/cm2. The in-
crease in the removal rate is attributed to the in-
crease in the generation rate of metal ions AL+3. 
Moreover, as the current density increase, the 
number of generated Al+ cations increases, too, 
as well as the formation rate of Al(OH)3 (Aoudj 
et al., 2010). From the results, it is clear that the 
increase in removal efficiency occurs within the 
limited range of current density, reaching the 
max or optimal rate. It can also be seen that be-
yond the optimal value of the current density, the 
removal rate starts to decrease from its best val-
ue of 98.48% to 96%. The reason may be that the 
hydrogen gas rate emitted from the cathode in-
creases as current density increases, in addition 
to the increasing amount of aluminium hydrox-
ides in the medium and flocking producing rate. 
As the number of bubbles of hydrogen increases, 

they stick to the coagulant crystals more, result-
ing in the floatation of these crystals on the reac-
tor surface more quickly (floatation effect). This 
impact minimizes the remaining period of flock-
ing matter in the reactor and reduces the potenti-
ality of admixing with pollutants, decreasing the 
efficiency. The figure also shows that the current 
density is directly proportional to the electroly-
sis time since the removal efficiency increased 
from 78.43 to 98.48% as electrolysis time in-
creased from 10 to 60 min. 

Nevertheless, some researchers justified that 
applying higher currents might increase by-prod-
ucts and additional environmental risks. (Bilińska 
et al., 2020; Xu et al., 2020). Using too high 
curent may lead to electrode passivation and ac-
celerate polarization (Fu et al., 2021), increasing 
power consumption. Therefore, the balance be-
tween removal efficiency, electrode consumption, 
and energy consumption is necessary. As a result, 
the CD of 1.5 mA/cm2 was utilized in all experi-
ments. A similar scenario happened in the previ-
ous studies. (Holt et al., 2002). 

In the EC process, the removal efficiency of 
the pollutant is highly dependent on the ion con-
centration of the solution. As seen in the plot, 
as operating time increases, the degradation 
rate of CIP increases, too, due to the additional 
ion concentration in the solutions (Varank et 
al., 2014). Increasing the electrolysis time not 
only leads to an increase in the generation rate 
of aluminium complexes but also raises the hy-
drogen bubbles production through the electro-
dissolution of the anode and reduction in the 
cathode (Alam et al., 2021). According to the 
results illustrated in Figure 4, the electroly-
sis time of 60 min represents the optimal time 
as it gave the maximum removal rate of CIP 

Figure 4. The effect of current density on the efficiency 
(IED = 1 cm, pH = 5, Co = 50 mg/l, and NaCl = 500 mg/l)
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(98.48%). The optimization of electrolysis time 
is essential to avoid the loss of both energy and 
resources. Therefore, in this study, considering 
one hour of reaction time is somewhat enough 
to remove pollutants. The same results were 
obtained by (Almukdad et al., 2021).

Effect of intial CIP concentaration (Co) 

The EC process highly depends on the solu-
tion’s initial pollutant concentration. In this work, 
several experiments were performed with initial 
concentrations of 25, 50, 100, and 150 mg/l to 
evaluate the impact of this parameter on the re-
moval efficiency. The remaining operating con-
ditions were kept constant. Figure 5 presents the 
impact of Co on the removal of CIP.

It can be noticed that the removal efficiency 
of CIP decreased with the increasing of initial 
CIP concentration since the same current den-
sity is utilized; consequently, the quantity of dis-
solved aluminium ions at the anode remains the 
same for all CIP concentrations. Based on this, 
the metal hydroxide complexes (coagulants) pro-
duced at the same CD were insufficient to adsorb 
all antibiotic molecules in the solution, decreas-
ing the removal efficiency. The decrease in re-
moval efficiency may also be attributable to the 
lack of active sites in the metal hydroxide flocs, 
which are responsible for trapping an increasing 
number of CIP molecules (Oulebsir et al., 2020). 
The active surface area for these coagulants be-
comes saturated with the molecules of CIP with 
no more active surface left to capture more mol-
ecules at high initial concentrations (Hashim et 
al., 2017). After 60 minutes and with an initial 
concentration of 50 mg/l, the highest removal ef-
ficiency was found to be 98.48%.

Effect of NaCl addition

The supporting electrolyte is important in EC 
operations because it contributes to the intensi-
fication of solution conductivity, minimizing the 
drop in ohmic characteristics and electricity con-
sumption. (Hakizimana et al., 2017). In this work, 
the electrical energy consumption (EEC) and re-
moval efficiency were investigated using solu-
tions with different values of NaCl concentration 
ranging from 100 to 600 mg/l. The other operat-
ing parameters were kept constant. The effect of 
NaCl on removal efficiency is shown in Figure 6.

Note that after 60 minutes of electrolysis, the 
removal rate increased from 61.25% to 98.48% 
as NaCl concentration increased from 100 to 500 
mg/l. This result can be explained as follow: us-
ing NaCl to increase the conductivity improves 
the removal efficiency since the presence of NaCl 
provides antipassive Cl- ions that can damage the 
passive oxide layer generated on the surface of 
the anode, increasing the metal’s anodic dissolu-
tion rate. In addition, these antipassive ions could 
remarkably reduce the adverse impact of other 
anions existing in the solution, such as HCO-3 and 
SO4-2. The presence of carbonate anion would 
lead to the precipitation of Ca+2 ion. These ions 
can form an insolation layer on the cathode sur-
face, increasing the electrochemical cell’s ohmic 
resistance.(El-Ashtoukhy et al., 2016).

As can be seen in the plot, the removal rate 
decreased to 95% as NaCl became 600 mg/l since 
the excessive addition of NaCl leads to excessive 
Cl−, which can accelerate the oxidation capacity 
of the anode (Serna-Galvis et al., 2017). In ad-
dition, excessive Cl− may increase the corrosion 
pitting rate resulting in excessive consumption of 
Al electrodes (Silva et al., 2022). Therefore, the 

Figure 5. The effect of initial concentration of CIP on removal efficiency 
(IED = 1 cm, pH = 5, CD= 1.5 mA/cm2, and NaCl=500 mg/l)
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Figure 6. The effect of NaCl on removal efficiency 
(IED = 1 cm, pH = 5, CD= 1.5 mA/cm2, and Co = 50 mg/l)

amount of supporting electrolyte to the solution 
should be controlled, and thus it is limited to 500 
mg/l. The same analysis was obtained by (Mo-
hammed et al., 2021).

On the other hand, adding NaCl impacts 
electrical energy consumption (EEC) at con-
stant current density. The reduction in the EEC 
can be attributed to the decrease of solution 
resistance (IR-drop) in the EC cell, which is 
also related to a rise in the conductivity of the 
solution at fixed CD (Daneshvar et al., 2010). 
After 60 min, it is noted that the energy con-
sumption decreased from 0.91335 kWh/m3 to 
0.3322 kWh/m3 as the concentration the NaCl 
increased from 100 to 500 mg/l.

CONCLUSIONS

This paper investigates the suitability of em-
ploying electrocoagulation technique to treat syn-
thetic wastewater with different concentrations of 
Ciprofloxacin antibiotic. The proposed approach 
was experimentally implemented in a batch reac-
tor equipped with three pairs of aluminium elec-
trodes installed vertically in a monopolar parallel 
mode (MP-P) connected externally to a power 
supply DC. Different operating parameters are 
considered in this work, including inter-electrode 
distance, pH of the solution, current density, elec-
trolysis time, initial concentration of CIP, and 
concentration of supporting electrolyte NaCl. 

The study proved that an increase in the value 
of electric current density, electrolytic concentra-
tion (NaCl), and electrolysis time increases the 
removal percentage of CIP. While the removal 
percentage decreased when the initial CIP con-
centration and pH value increased. It is also ob-
served that the solution conductivity significantly 

affected the CIP removal efficiency and the elec-
trical energy consumption.

Through several experiments, the results re-
vealed that EC has successfully applied with the 
high removal efficiency of 98.48% under opti-
mum operating conditions: IED = 1 cm, pH = 5, 
CD = 1.5 mA/cm2, ET = 60 min, Co = 50 mg/l, 
and NaCl = 500 mg/l. The results showed that as 
the conductivity increased, energy consumption 
decreased. It was found that energy consumption 
decreased when NaCl concentration increased.

REFERENCES

1.	 Ahmadzadeh, S., Asadipour, A., Pournamdari, 
M., Behnam, B., Rahimi, H.R., & Dolatabadi, M. 
(2017). Removal of ciprofloxacin from hospital 
wastewater using electrocoagulation technique by 
aluminum electrode: Optimization and modelling 
through response surface methodology. Process 
Safety and Environmental Protection, 109, 538-547. 

2.	 Alam, R., Sheob, M., Saeed, B., Khan, S. U., 
Shirinkar, M., Frontistis, Z., et al.. (2021). Use of 
electrocoagulation for treatment of pharmaceutical 
compounds in water/wastewater: A review exploring 
opportunities and challenges. Water, 13(15), 2105. 

3.	 Almukdad, A., Hawari, A. H., & Hafiz, M. (2021). 
An Enhanced Electrocoagulation Process for the 
Removal of Fe and Mn from Municipal Wastewater 
Using Dielectrophoresis (DEP). Water, 13(4), 485. 

4.	 Amosa, M. K., Jami, M. S., Alkhatib, M. a. F. R., & 
Majozi, T. (2016). Studies on pore blocking mecha-
nism and technical feasibility of a hybrid PAC-MF 
process for reclamation of irrigation water from 
biotreated POME. Separation Science and Technol-
ogy, 51(12), 2047-2061. 

5.	 Aoudj, S., Khelifa, A., Drouiche, N., Hecini, M., & 
Hamitouche, H. (2010). Electrocoagulation process 
applied to wastewater containing dyes from textile 



371

Journal of Ecological Engineering 2023, 24(9), 364–372

industry. Chemical Engineering and Processing: 
Process Intensification, 49(11), 1176-1182. 

6.	 Barışçı, S., & Turkay, O. (2016). Optimization and 
modelling using the response surface methodol-
ogy (RSM) for ciprofloxacin removal by electro-
coagulation. Water Science and Technology, 73(7), 
1673-1679. 

7.	 Barrera-Díaz, C., Frontana-Uribe, B., & Bilyeu, B. 
(2014). Removal of organic pollutants in industrial 
wastewater with an integrated system of copper 
electrocoagulation and electrogenerated H2O2. 
Chemosphere, 105, 160-164. 

8.	 Bhuptawat, H., Folkard, G., & Chaudhari, S. (2007). 
Innovative physico-chemical treatment of wastewa-
ter incorporating Moringa oleifera seed coagulant. 
Journal of Hazardous Materials, 142(1-2), 477-482. 

9.	 Bilińska, L., Blus, K., Foszpańczyk, M., Gmurek, 
M., & Ledakowicz, S. (2020). Catalytic ozonation 
of textile wastewater as a polishing step after in-
dustrial scale electrocoagulation. Journal of envi-
ronmental management, 265, 110502. 

10.	Boczkaj, G., & Fernandes, A. (2017). Wastewater 
treatment by means of advanced oxidation processes 
at basic pH conditions: a review. Chemical engi-
neering journal, 320, 608-633. 

11.	Boinpally, S., Kolla, A., Kainthola, J., Kodali, R., 
& Vemuri, J. (2023). A state-of-the-art review of 
the electrocoagulation technology for wastewater 
treatment. Water Cycle. 

12.	Daneshvar, N., Khataee, A., & Djafarzadeh, N. 
(2006). The use of artificial neural networks (ANN) 
for modeling of decolorization of textile dye solu-
tion containing CI Basic Yellow 28 by electroco-
agulation process. Journal of Hazardous Materials, 
137(3), 1788-1795. 

13.	Daneshvar, N., Khataee, A., Ghadim, A. A., & Ra-
soulifard, M. (2007). Decolorization of CI Acid Yel-
low 23 solution by electrocoagulation process: In-
vestigation of operational parameters and evaluation 
of specific electrical energy consumption (SEEC). 
Journal of Hazardous Materials, 148(3), 566-572. 

14.	Dickhout, J. M., Moreno, J., Biesheuvel, P., Boels, 
L., Lammertink, R., & De Vos, W. (2017). Produced 
water treatment by membranes: A review from a col-
loidal perspective. Journal of colloid and interface 
science, 487, 523-534. 

15.	El-Ashtoukhy, E., Mobarak, A., & Fouad, Y. (2016). 
Decolourization of reactive blue 19 dye effluents by 
electrocoagulation in a batch recycle new electro-
chemical reactor. International journal of electro-
chemical science, 11(3), 1883-1897. 

16.	Eyvaz, M., Gürbulak, E., Kara, S., & Yüksel, E. 
(2014). Preventing of cathode passivation/deposi-
tion in electrochemical treatment methods–a case 
study on winery wastewater with electrocoagulation 
(Vol. 1): IntechOpen London, UK.

17.	Fu, S., Jia, H., Meng, X., Guo, Z., & Wang, J. (2021). 
Fe-C micro-electrolysis-electrocoagulation based 
on BFDA in the pre-treatment of landfill leachate: 
enhanced mechanism and electrode decay monitor-
ing. Science of the Total Environment, 781, 146797. 

18.	Ghosh, D., Medhi, C., & Purkait, M. (2011). Tech-
no-economic analysis for the electrocoagulation of 
fluoride-contaminated drinking water. Toxicologi-
cal & Environmental Chemistry, 93(3), 424-437. 

19.	Gu, X., Li, J., Feng, X., Qu, W., Wang, W., & Wang, 
J. (2023). Efficient removal of norfloxacin from wa-
ter using batch airlift-electrocoagulation reactor: op-
timization and mechanisms analysis. RSC advances, 
13(13), 8944-8954. 

20.	Hakizimana, J. N., Gourich, B., Chafi, M., Stiriba, 
Y., Vial, C., Drogui, P., & Naja, J. (2017). Electro-
coagulation process in water treatment: A review of 
electrocoagulation modeling approaches. Desalina-
tion, 404, 1-21. 

21.	Hashim, K. S., Hussein, A. H., Zubaidi, S. L., Kot, 
P., Kraidi, L., Alkhaddar, R., et al. (2019). Effect of 
initial pH value on the removal of reactive black 
dye from water by electrocoagulation (EC) method. 
Paper presented at the Journal of Physics: Confer-
ence Series.

22.	Hashim, K.S., Shaw, A., Al Khaddar, R., Pedrola, 
M.O., & Phipps, D. (2017). Iron removal, energy 
consumption and operating cost of electrocoagu-
lation of drinking water using a new flow column 
reactor. Journal of Environmental Management, 
189, 98-108. 

23.	Holt, P.K., Barton, G.W., Wark, M., & Mitchell, 
C.A. (2002). A quantitative comparison between 
chemical dosing and electrocoagulation. Colloids 
and Surfaces A: Physicochemical and Engineering 
Aspects, 211(2-3), 233-248. 

24.	Huang, D., Hu, C., Zeng, G., Cheng, M., Xu, P., 
Gong, X., et al. (2017). Combination of Fenton pro-
cesses and biotreatment for wastewater treatment 
and soil remediation. Science of the Total Environ-
ment, 574, 1599-1610. 

25.	Khan, N.A., Khan, S.U., Ahmed, S., Farooqi, I. 
H., Yousefi, M., Mohammadi, A.A., & Changani, 
F. (2020). Recent trends in disposal and treatment 
technologies of emerging-pollutants-A critical re-
view. TrAC Trends in Analytical Chemistry, 122, 
115744. 

26.	Khandegar, V., & Saroha, A.K. (2013). Electrocoag-
ulation for the treatment of textile industry effluent–
a review. Journal of environmental management, 
128, 949-963. 

27.	Kraemer, S.A., Ramachandran, A., & Perron, G.G. 
(2019). Antibiotic pollution in the environment: 
from microbial ecology to public policy. Microor-
ganisms, 7(6), 180. 

28.	Liew, W.L., Kassim, M.A., Muda, K., Loh, S.K., 



372

Journal of Ecological Engineering 2023, 24(9), 364–372

& Affam, A. C. (2015). Conventional methods and 
emerging wastewater polishing technologies for 
palm oil mill effluent treatment: a review. Journal 
of environmental management, 149, 222-235. 

29.	Mohammed, S. J., M-Ridha, M. J., Abed, K. M., & 
Elgharbawy, A. A. (2021). Removal of levofloxacin 
and ciprofloxacin from aqueous solutions and an 
economic evaluation using the electrocoagulation 
process‏. International Journal of Environmental 
Analytical Chemistry, 1-19. 

30.	Mousazadeh, M., Alizadeh, S., Frontistis, Z., 
Kabdaşlı, I., Karamati Niaragh, E., Al Qodah, Z., 
et al. (2021). Electrocoagulation as a promising 
defluoridation technology from water: a review of 
state of the art of removal mechanisms and perfor-
mance trends. Water, 13(5), 656. 

31.	Nawarkar, C., & Salkar, V. (2019). Solar powered 
electrocoagulation system for municipal wastewater 
treatment. Fuel, 237, 222-226. 

32.	Oulebsir, A., Chaabane, T., Tounsi, H., Omine, K., 
Sivasankar, V., Flilissa, A., & Darchen, A. (2020). 
Treatment of artificial pharmaceutical wastewater con-
taining amoxicillin by a sequential electrocoagulation 
with calcium salt followed by nanofiltration. Journal of 
Environmental Chemical Engineering, 8(6), 104597. 

33.	Parsa, J.B., Panah, T.M., & Chianeh, F.N. (2016). 
Removal of ciprofloxacin from aqueous solution by a 
continuous flow electro-coagulation process. Korean 
Journal of Chemical Engineering, 33(3), 893-901. 

34.	Sahu, O., Mazumdar, B., & Chaudhari, P. (2014). 
Treatment of wastewater by electrocoagulation: a 
review. Environmental Science and Pollution Re-
search, 21, 2397-2413. 

35.	Serna-Galvis, E.A., Berrio-Perlaza, K.E., & Torres-
Palma, R.A. (2017). Electrochemical treatment of 

penicillin, cephalosporin, and fluoroquinolone an-
tibiotics via active chlorine: evaluation of antimi-
crobial activity, toxicity, matrix, and their correla-
tion with the degradation pathways. Environmental 
Science and Pollution Research, 24, 23771-23782. 

36.	Shafaei, A., Rezayee, M., Arami, M., & Nikazar, 
M. (2010). Removal of Mn2+ ions from synthetic 
wastewater by electrocoagulation process. Desali-
nation, 260(1-3), 23-28. 

37.	Sher, F., Malik, A., & Liu, H. (2013). Industrial 
polymer effluent treatment by chemical coagulation 
and flocculation. Journal of Environmental Chemi-
cal Engineering, 1(4), 684-689. 

38.	Silva, J. R., Carvalho, F., Vicente, C., Santos, A. 
D., Quinta-Ferreira, R. M., & Castro, L. M. (2022). 
Electrocoagulation treatment of cork boiling waste-
water. Journal of Environmental Chemical Engi-
neering, 10(3), 107750. 

39.	Tahreen, A., Jami, M. S., & Ali, F. (2020). Role 
of electrocoagulation in wastewater treatment: A 
developmental review. Journal of Water Process 
Engineering, 37, 101440. 

40.	Teng, J., Shen, L., He, Y., Liao, B.-Q., Wu, G., & 
Lin, H. (2018). Novel insights into membrane foul-
ing in a membrane bioreactor: elucidating interfacial 
interactions with real membrane surface. Chemo-
sphere, 210, 769-778. 

41.	Varank, G., Erkan, H., Yazycy, S., Demir, A., & 
Engin, G. (2014). Electrocoagulation of tannery 
wastewater using monopolar electrodes: process 
optimization by response surface methodology. 

42.	Xu, B., Iskander, S.M., & He, Z. (2020). Dominant 
formation of unregulated disinfection by-products 
during electrocoagulation treatment of landfill 
leachate. Environmental Research, 182, 109006. 


