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a b s t r a c t
Current work aimed to optimize the electrocoagulation (EC) process for the efficient and eco-
nomic removal of ciprofloxacin (CIP) and levofloxacin (LVX) from aqueous solution via response 
surface methodology. Four main parameters were selected for the optimisation process, including 
the initial pH of the solution, initial concentration of antibiotics, operation time, and current den-
sity. Subsequently, kinetic and isotherm modelling was performed to characterise the performance 
behaviour of the EC process at optimum conditions. Based on the results, the EC process achieved 
a removal efficiency of 92% and 84% for CIP and LVX, respectively, under optimum experimental 
conditions. The experimental results were consistent with the Langmuir isotherm model for the 
adsorption of both antibiotics on the iron hydroxide (Fe(OH)3) flocs based on the predicted maxi-
mum adsorption capacity of 142 and 185 mg/g, respectively. In addition, the experimental results 
best fitted the second-order kinetic model with a coefficient of determination (R2) value of 0.986 and 
0.992 for CIP and LVX, respectively, implying the chemisorption mechanism controlling the adsorp-
tion process. The regression analysis also showed that the experimental results best fitted with the 
second-order polynomial model with a predicted correlation coefficient (Pred. R2), adjusted cor-
relation coefficient (Adj. R2), and R2 of 0.834, 0.941, and 0.967 for CIP; 0.723, 0.908, and 0.952 for 
LVX, respectively. In short, a comprehensive economic evaluation was performed and the total 
operational cost over a single run under optimized EC conditions was estimated at $0.490 US/m3. 
Under optimized EC conditions, the electrical energy consumption and electrode consumption were 
3 kWh/m3 and 0.167 kg/m3, respectively, during a single run.

Keywords:  Electrocoagulation; Central composite design; Ciprofloxacin; Levofloxacin; Total 
operational cost; Wastewater treatment
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1. Introduction

Over the past several decades, the increased consump-
tion of pharmaceutical products and veterinary medicine has 
led to the overwhelming discharge of effluents into water 
bodies containing harmful wastes and by-products from 
these compounds, particularly antibiotics and their metab-
olites. The growing concern over such practices has thus 
been considered a major environmental and public health 
issue [1,2]. Several classes of antibiotics, such as ciprofloxa-
cin and levofloxacin, are among the most frequently detected 
pharmaceutical compounds in numerous aquatic environ-
ments, including surface water, groundwater, and in a few 
cases drinking water. Pharmaceutical compounds, especially 
antibiotics and growth hormones, can cause detrimental 
environmental effects as they affect the quality of soil, sur-
face water, and groundwater [3,4]. Moreover, the presence 
of pharmaceutical residues in sewage treatment plant (STP) 
effluents presents a huge drawback for biological treatment 
technologies given the severe toxic properties of antibiotics 
against microbial populations that are essential in wastewa-
ter treatment processes [5,6]. The harmful effect of antibiotics 
on biological wastewater approaches would allow antibiot-
ics to seep through STP systems and infiltrate surface water, 
drinking water, groundwater, and soil, leading to the emer-
gence of antibiotic-resistant microbial pathogens [7,8].

Fluoroquinolones (FQs) are one of the largest antibiotic 
groups that exhibit high chemical stability and are unable 
to be completely digested in the human body. Humans and 
animals eliminate undigested FQs through urinary excre-
tion, where they flow into conventional wastewater treat-
ment plants (CWWTPs) [9,10]. Since FQs pose harmful toxic 
effects to microbial activities, they commonly undergo lim-
ited degradation in biological treatment systems and are 
discharged back into the environment. In the long run, FQs 
may adversely affect the health of humans and other organ-
isms even at trace concentrations. Their ubiquitous presence 
in ecosystems is therefore identified as hazardous emerging 
pollutants. In this regard, it is essentially crucial to design 
a suitable and cost-effective treatment technique to remove 
these adverse compounds [11,12].

Ciprofloxacin (CIP) is a synthetic second-generation FQs 
that has been extensively applied to treat various infectious 
bacterial diseases in humans and animals. Apart from the 
partial metabolic breakdown in humans and improper dis-
posal of unused or obsolete CIPs, the lack of appropriate 
facilities in conventional WWTPs to treat discharge contain-
ing CIP residues from drug manufacturers and hospitals has 
resulted in the rising contamination of CIP in surface water 
in the recent decade [13]. It was proclaimed that the daily 
consumption of drinking water containing traces of CIP may 
cause nausea, nervousness, headaches, vomiting, tremors, 
and diarrhoea. Conversely, a higher concentration of CIP 
in contaminated drinking water may lead to severe adverse 
effects, such as leucopenia, eosinophilia, acute renal failure, 
thrombocytopenia, and elevated expression of liver enzymes. 
According to a recent statistic published by the health com-
munity, the allowed concentration of CIP in surface and 
underground water should be less than 1 µg/L. Nevertheless, 
the amount of CIP in wastewater from drug manufactur-
ers and hospitals was found to exceed the safety limit by 

up to 50 mg/L and 150 µg/L, respectively, which is severely 
detrimental to human health [14].

Levofloxacin (LVX) is a third-generation antibiotic 
belonging to FQs and is an active optical isomer of ofloxa-
cin with susceptible anti-bacterial activities against a wide 
spectrum of microbial species and Streptococcus than the pre-
vious groups. LVX has been broadly utilised to treat multi-
ple infectious diseases, including pneumonia and abdominal 
infections. Similar to CIP, LVX exhibits exceptional resilience 
to degradation and typically seeps through conventional 
STP systems. In addition, the absence of specific treatment 
processes that target LVX contributes to its widespread dis-
charge in the aquatic environment. LVX has been observed 
in various water sources at dissimilar concentration levels, 
which may reach up to 87.4 ng/L [4,15]. The consistent dis-
charge of LVX in water bodies would consequently lead to 
the increased bioaccumulation of LVX in the aquatic envi-
ronment and therefore trigger severe toxicity to marine life 
and humans [16]. Releasing this antibiotics into the envi-
ronment increases the levels of antibiotic resistant bacte-
ria, which makes the treatment process more challenging. 
Conventional wastewater treatment systems can be inef-
fective in removing prescription antibiotics. As a result, 
there is a rising need to develop more effective solutions to 
treat these pollutants [17,18].

Recent literature studies have shown a rising interest 
in the development of efficient and economical methods 
for the removal of antibiotic contaminants from wastewa-
ter and drinking water supply before being safely released 
into the environment. Several promising approaches to 
treat antibiotic-contaminated wastewater have been pro-
posed, such as adsorption, and advanced oxidation pro-
cess. Remarkably, the electrocoagulation (EC) approach 
has received the most attention over its extensive practical 
application for the treatment of different wastewaters with 
satisfactory outcomes [19,20]. The primary reaction in a 
typical EC process is the simultaneous metal electrode dis-
solution in the anodic part and the generation of hydroxyl 
ions in the cathodic part. Ultimately, the dissolved charged 
metal hydroxides eliminate the available soluble inorganic 
pollutants. In view of this, EC has been employed as an effi-
cient and economical method to treat numerous wastewa-
ter sources, such as paper-making and laundry processes, 
reactive dyes, heavy metals and antibiotics. EC can also be 
used to remove pharmaceutical residues through adsorp-
tion and charge neutralization [21,22].

Meanwhile, the central composite design (CCD) is a 
compelling analytical tool to improve the efficiency of con-
taminant removal by optimising the operating conditions 
based on the response surface methodology (RSM). RSM 
comprise a set of statistical and mathematical methods that 
optimize the process factors and formulate quadratic mod-
els to provide a valuable statistical relationship between the 
studied variables. The main goal of RSM is to evaluate the 
optimum operational conditions of a system or to estimate a 
region that satisfies the operating conditions [23,24]. Recent 
studies have also used RSM to optimize the treatment of azo 
dye, heavy metals, industrial effluent, and pharmaceutical 
wastewater [25,26].

Realising the need to seek an alternative method to treat 
antibiotics-containing wastewater, this study was performed 
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to optimize the experimental conditions of the EC process 
with stainless steel electrodes for the removal of CIP and LVX 
from an aqueous solution via the CCD-based RSM approach. 
The main operating parameters that influence the removal 
efficiency of the EC process were assessed, including the 
initial antibiotic concentration, pH value, current density, 
and operating time. Following the optimization process, 
kinetic and isotherm modelling was carried out to charac-
terise the removal performance behaviour under optimized 
EC conditions. Finally, a thorough economic evaluation was 
conducted to estimate the total operating cost of the pro-
posed EC process. Overall, the EC process employed in this 
study would offer an effective and economical technique for 
antibiotic removal from aqueous solutions.

2. Materials and methods

2.1. Chemicals

Ciprofloxacin (C17H18FN3O3·HCl·H2O; purity ≥ 98%; 
molecular weight, 385.6 g/mol; water solubility, 36 mg/mL at 
25°C; λmax = 272 nm) was acquired from Tabuk Pharmaceuticals 
Manufacturing Company, Kingdom of Saudi Arabia, while 
levofloxacin (C18H20FN3O4·½H2O; purity ≥ 98.0%; molec-
ular weight, 370.38 g/mol; water solubility, 272 mg/mL 
at 25°C; λmax = 293 nm) was purchased from Julphar Gulf 
Pharmaceutical Industries, United Arab Emirates.

Sodium hydroxide (NaOH) and hydrochloric acid (HCl) 
were obtained from Merck and used to adjust the pH buf-
fers. Meanwhile, sodium chloride (NaCl) (purity ≥ 99.9%; 
Merck) was used to adjust the initial conductivity of the 
solution. The metal electrodes were composed of highly 
purified stainless steel (SS 304, India). All chemical reagents 
that were used in this work were of analytical reagent grade 
with the highest available purity. Distilled water was used 
to prepare all analytical-grade chemical solutions.

2.2. Experimental setup and analytical methods

A simple EC reactor was configured, which consists 
of a 1 L beaker as the electrolytic cell and a pair of stain-
less-steel electrode plates (anode and cathode) with a diam-
eter and thickness of 8.5 cm and 2 mm, respectively, and 
placed horizontally in the reactor. The electrodes were set 
apart at 1.5 cm and connected to an external power supply 
(0–30 ± 0.1 V, 0–5 ± 0.1 A) (DC model: PS.305D). As a result 
of the oxidation reaction, carcass electrodes dissolve in the 
watercourse and should be frequently restored. Hence, stain-
less steel electrodes were utilised in the reactor due to their 
ability to extend the longevity of the treatment system and 
minimise the need for maintenance. Prior to each experi-
ment, 0.2 M HCl was used to wash the electrodes for 2 min, 
followed by rinsing with distilled water and drying.

The EC experiments were performed using 1,000 mL 
of samples. The pH of the sample solution was measured 
using a laboratory pH meter (ISOLAB, Germany) and 
adjusted using 0.01 N NaOH or HCl, while the conductiv-
ity of the sample solution was increased using 500 mg/L of 
NaCl. The sample was then stirred using a magnetic stirrer 
(ISOLAB, Germany) at a fixed stirring speed of 120 rpm 
during the operating time. All experiments were performed 
in batch mode. At the end of the operating time, samples 

were collected from the EC reactor and the suspensions were 
left to stabilise for 30 min. Then, a membrane filter with a 
pore size of 0.45 µm (Whatman, Germany) was used to fil-
ter the samples before being analysed using a UV-Visible 
Spectrophotometer (UV-1800 Shimadzu, Japan). The method 
for the removal of pollutants resembles the conventional 
adsorption technique except that the EC process generates 
coagulants or flocs. Generally, the electrochemically gener-
ated flocs adsorb pollutants onto their surface following two 
successive processes: (i) the generation of iron hydroxide 
(Fe(OH)3) flocs through an electrochemical process and (ii) 
the adsorption of pollutants on the surface of the flocs via 
the physico-chemical process [27]. Besides, the electrode con-
sumption (ELC) was evaluated according to Faraday’s law 
and the amount of flocs generated was determined through 
stoichiometric calculation. The developed iron hydroxide 
flocs trap the available pollutants in the solution via adsorp-
tion. In addition, the amount of ELC in the EC process 
was estimated according to Faraday’s law [Eq. (1)] [28,29].

ELC =
ItM
zF

 (1)

where ELC is the amount of electrode consumed (g), 
I denotes the applied current (A), t is the operation time 
(sec), M refers to the molecular weight of iron (g/mol), z rep-
resents the number of electrons, and F refers to Faraday 
constant (96,485°C/mol). Furthermore, the electrical energy 
consumption (EEC)of the EC process (kWh/m3) was mea-
sured according to Eq. (2) [30,31]:

EEC =
UIt
V

 (2)

where U refers to the applied voltage (V), I is the applied 
current (A), t denotes the operation time (h), and V is the 
volume of the sample (L).

2.3. Economic evaluation

Cost analysis is a vital element in the development of 
cost-effective wastewater treatment technology. The cost of 
the EC process includes the cost of electrode dissolution, 
the cost of energy consumption, and the cost of additional 
chemicals, such as NaOH and HCl to modify the pH val-
ues of the solution or NaCl to boost the conductivity of the 
solution. The working cost was estimated in the EC process 
based on Eq. (3) [32]:

Operating cost ELC EEC CC� � �a b c  (3)

where a represents the price of the electrode material ($US/
kg), ELC is the quantity of electrode consumed (kg/m3), 
b denotes the price of electrical energy ($US/kWh), EEC is 
the amount of electrical energy consumed (kWh/m3), c refers 
to the price of the additional chemicals used ($US/kg), and 
CC describes the amount of chemical consumption (kg/m3).

2.4. Process variables and experimental design for the CCD 
approach

In the present study, the CCD technique was applied to 
assess the effect of several parameters on the contaminant 
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removal efficiency based on the optimization of the oper-
ating variables of the EC method using RSM. The optimi-
zation process involves the three main steps: (i) statistical 
design of the experiment, (ii) applying a mathematical model 
to estimate the coefficient values, and (iii) predicting the 
response and verifying the suitability of the applied model.

Four parameters that affect the removal of the antibi-
otic were selected (A: initial concentration of antibiotics, 
B: pH value, C: current density, D: operation time) and each 
parameter was optimized under specific ranges to achieve 
optimal conditions for the EC process. Table 1 shows the 
selected parameters and their operating ranges.

The design of the experimental parameters and statis-
tical analysis of the EC process was conducted using the 
Design-Expert software version 12.0.2.0. In addition, the ver-
ification of the accuracy value of the model’s adequacy was 
determined using analysis of variance (ANOVA).

Furthermore, experimental data from the CCD for the 
antibiotic removal efficiency was examined and fitted to an 
overall function to indicate the reaction between the inde-
pendent and dependent operating variables through the 
second-order polynomial equation, as follows [33]:
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where Y denotes the expected response to remove the con-
taminant, β0 refers to the intercept parameter, βi is the lin-
ear coefficients, βii describes the quadratic coefficients, βij 
implies the interaction coefficients, and Xi and Xj represent 
the coded values of the independent factors.

2.5. Adsorption kinetics study

A thorough insight into the reaction pathway and the 
corresponding sorption mechanism, which relies on the 
physico-chemical characteristics of the adsorbent as well as 
the mass-transfer process, can be explored by conducting 
the adsorption kinetics study. The adsorption kinetic stud-
ies of the CIP and LVX removal at different concentrations 
were performed under optimized EC conditions. Following 
the sample collection at 8, 12, 16, 20, 30, and 48 min, the 
kinetic parameters were computed, and the removal mecha-
nism was described using three models, namely, first-order, 
second-order, and pseudo-first-order.

2.6. Isotherm modelling

The development of the isotherm modelling with an 
appropriate correlation for the equilibrium curve offers 

essential input on the adsorption mechanism. Hence, the 
adsorption of antibiotics on the surface of the generated iron 
hydroxide flocs was assessed via two general adsorption 
isotherms, which consist of the Freundlich and Langmuir 
models. The isotherm modelling was performed under opti-
mized EC conditions with varying CIP and LVX concen-
trations of 6, 12, 24, 36, and 48 mg/L.

3. Results and discussion

3.1. Statistical design and analysis

The CCD-based RSM was used to optimize the CIP 
and LVX removal efficiency from aqueous solutions. Four 
experimental parameters were selected, namely the initial 
antibiotics concentration, the pH value of the solution, cur-
rent density, and operating time. The values of the operat-
ing variables were subjected to the Design of Expert (DOE) 
to determine the best removal efficiency. Table 2 describes 
the summary of the experimental parameters together 
with the findings from 30 trials according to the RSM.

3.2. ANOVA results

The data were built-in into the quadratic model to 
determine the mathematical relationship between the 
applied factors and the observed response.

3.2.1. Final equation in terms of the coded factors

The coded equation is instrumental to compare the fac-
tor coefficients and determine the relative impact of the fac-
tors. The final equation in terms of the coded factors was 
applied to predict the response of each factor for the given 
levels. By default, low-level factors are coded as –1 while 
high-level factors are coded as +1. The obtained equations 
from the RSM model are expressed as the following:

Removal of CIP % . . . .
. . .

� � � � � � �

� � �

73 29 1 98 7 35 3 32
6 13 1 09 0

A B C
D AB 88350

0 6925 0 9625
0 8150 0 7487
1 97 0 40152

AC
AD BC
BD CD

A B

� �
� �

� �

. .

. .

. . 22 20 9397� . C  (5)

Removal of LVX % . . .
. . .

� � � � � �

� � �

67 01 08536 9 60 1 17
3 88 1 74 2

A B C
D AB 447

0 1119 0 9256
0 8044 1 08 2 98
2 00 0 30

2

2

AC
AD BC
BD CD A

B

� �

� � �

� �

. .

. . .

. . 220 0 97922 2C D� .  (6)

Table 1
Actual and coded values of the numeric factors for each parameter

Coded variables (Xi) Factors Experimental field

–a –1 level 0 +1 level +a

X1 A: Initial concentration (mg/L) 5.00 24.87 52.50 80.13 100.00
X2 B: pH of solution 3.00 3.84 5.00 6.16 7.00
X3 C: Current density (mA/cm2) 5.00 8.14 12.50 16.86 20.00
X4 D: Time of electrolysis (min) 5.00 16.50 32.50 48.50 60.00
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3.2.2. Final equation in terms of the actual factors

The final equation in terms of the actual factors was uti-
lised to predict the response of each factor for the given levels. 
In contrast to the final equation in terms of the coded factors, 
the equation should not be applied to measure the relative 
impact of each factor since the coefficients were defined to 
accommodate the original unit of each factor and the inter-
cept is not at the centre of the design space. The obtained 
equations of the RSM model are expressed as follows:

Removal of CIP Co pH% . . .
. .

� � � � �

� � �

119 881 0 108 12 003
2 134 0 386CD t 00 034
0 007 0 002
0 190 0 044
0 011

.
. .
. .
.

Co pH
Co Co
pH pH

�
� � � �
� � � �

�

D t
CD t

CCD t
CD

� �

� �

0 003
0 297 0 049

2

2 2

.
. .

Co
pH  (7)

Removal of LVX Co pH% . . .
. .
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105 765 0 914 21 024
0 468 0 527CD t 00 054
0 021 0 0003
0 182 0 043
0 0

.
. .
. .
.
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Co Co
pH pH

�
� � � �
� � � �

�

CD t
CD t

115 0 004
1 474 0 016 0 004

2

2 2 2

CD t
CD t

� �

� � �

.
. . .

Co
pH  (8)

3.2.3. ANOVA evaluation

The suitability of the developed model was verified 
and summarised based on the experimental results, as pre-
sented in Table 3.

The F-values of 36.38 and 21.32 for CIP and LVX, respec-
tively, implied the significance of the model. In other words, 
there is only a 0.01% probability that the result could occur 
due to noise. The p-values of less than 0.0500 for CIP (A, B, 

Table 2
Experimental conditions of the four selected parameters in the CCD matrix and the respective CIP and LVX removal with predicted 
response values vs. actual response values based on the proposed RSM model

Run 
order

Actual values CIP LVX

Factor 1
A: Co (mg/L)

Factor 2
B: pH

Factor 3
C: CD (mA/cm2)

Factor 4
D: t (min)

R (%) (Actual 
value)

R (%) (Predicted 
value)

R (%) (Actual 
value)

R (%) (Predicted 
value)

1 52.50 5.00 12.50 5.00 61.00 62.75 53.00 57.44
2 80.13 6.16 16.86 16.50 63.00 62.78 51.00 48.73
3 24.87 6.16 8.14 16.50 56.00 58.89 50.00 51.67
4 24.87 3.84 8.14 48.50 85.96 87.07 71.85 75.07
5 52.50 5.00 12.50 32.50 73.50 73.29 66.00 67.01
6 24.87 6.16 8.14 48.50 69.13 66.65 53.75 55.89
7 52.50 5.00 20.00 32.50 78.18 81.77 69.6 69.91
8 80.13 3.84 8.14 48.50 81.00 80.64 80.00 81.57
9 80.13 6.16 8.14 48.50 63.00 64.57 57.37 55.42
10 80.13 3.84 8.14 16.50 68.00 66.86 73.82 74.58
11 52.50 5.00 12.50 60.00 82.57 83.83 75.80 70.80
12 80.13 6.16 8.14 16.50 55.00 54.05 52.85 51.65
13 24.87 3.84 16.86 48.50 93.73 91.61 82.00 82.67
14 52.50 5.00 12.50 32.50 73.86 73.29 67.00 67.01
15 52.50 5.00 12.50 32.50 74.00 73.29 67.49 67.01
16 24.87 6.16 16.86 48.50 73.00 75.03 67.00 67.19
17 24.87 3.84 16.86 16.50 78.28 77.60 68.00 70.90
18 80.13 3.84 16.86 48.50 90.52 88.52 80.00 79.28
19 52.50 5.00 5.00 32.50 71.00 70.37 66.77 65.90
20 52.50 5.00 12.50 32.50 72.79 73.29 67.50 67.01
21 5.00 5.00 12.50 32.50 70.00 70.89 62.00 59.69
22 52.50 5.00 12.50 32.50 75.35 73.29 66.50 67.01
23 80.13 6.16 16.86 48.50 78.00 76.30 53.00 56.83
24 52.50 3.00 12.50 32.50 84.00 87.10 90.00 89.41
25 24.87 3.84 8.14 16.50 77.43 76.05 72.00 67.63
26 52.50 5.00 12.50 32.50 73.40 73.29 67.00 67.01
27 52.50 7.00 12.50 32.50 62.00 61.85 56.38 56.40
28 80.13 3.84 16.86 16.50 72.33 71.74 70.64 67.96
29 24.87 6.16 16.86 16.50 67.00 64.28 60.75 58.64
30 100.00 5.00 12.50 32.50 62.00 64.07 55.00 56.75
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C, D, and A2) indicate that the model terms were signifi-
cant. Similarly, the p-values of less than 0.0500 for LVX (B, 
D, AB, AC, A2, and B2) indicate the significance of the model 
terms. In contrast, p-values greater than 0.1000 indicate 
insignificant model terms [33,34]. A model reduction could 
be applied to enhance the model in the case of excessive 
insignificant model terms (excluding those required to sup-
port hierarchy). Furthermore, the Lack-of-Fit of the F-value 
of 9.86 and 41.39 for CIP and LVX, respectively, implied 
the significance of the Lack-of-Fit. In other words, there is 
only a 1.02% and 0.04% probability for CIP and LVX that 
the result could occur due to noise. For the model to fit, 
a significant Lack-of-Fit should be avoided [34].

3.2.4. Fit statistics

According to the regression analysis, the experimen-
tal data were better fitted to the second-order polynomial 
model with a pred. R2, Adj. R2, and R2 of 0.834, 0.941, and 
0.967 for CIP and 0.723, 0.908, and 0.952 for LVX, respec-
tively. The difference between Pred. R2 and Adj. R2 was less 
than 0.2 for both CIP and LVX, demonstrating that the pre-
dicted models and experimental results were in good agree-
ment. Additionally, the AP value denotes the signal-to-noise 
ratio with a favourable ratio of greater than 4. Based on the 
results, the CIP and LVX recorded an AP of 23.954 and 18.691, 
respectively, indicating an adequate signal. Therefore, the 
model agrees with the results from past studies [14,35,36] 
and was employed to navigate the design space.

3.3. Predicted vs. actual model

A significant part of the analytical process is the ade-
quacy checks of the suggested models. Fig. 1a and b illus-
trate the comparison between the experimental response 
values and expected response values from the developed 
model. It was noted that the predicted model matched the 
actual values and that the data points were located near the 
diagonal line for both CIP and LVX. In addition, the ANOVA 
of the regression model for both quadratic equations was 
significant (p-value < 0.0001). The analysis also revealed 
that the second-order polynomial equations adequately 
predict the efficiency of CIP and LVX removal in the EC 
process. The adequacy of the models was further verified 
using the R2. As calculated, the R2 values of the quadratic 

equations for CIP and LVX were 0.967 and 0.952, respectively, 
which signifies that the models fitted well with the data.

3.4. Normal probability

The data were analysed to verify the normality of the 
residuals, which indicates the extent to which the devel-
oped model satisfies the ANOVA assumptions, while the 
internally studentised residuals measure the standard devi-
ation that distinguishes the predicted and actual values. 
Besides, a normal probability plot implies that the residual 
points form a straight line and follow a normal distribution. 
Nevertheless, scattered data are also expected even with 
normalised data. Fig. 1c and d show the studentised resid-
uals and the normal probability plots for the removal of CIP 
and LVX, respectively. Based on the figures, the data were 
considered normally distributed.

3.5. Box–Cox transformation for the estimation of the best 
λ-values

In this study, the Box–Cox transformation technique 
was applied to enhance the statistical analysis. The tech-
nique provides a useful guideline to select the appropriate 
power transformation. The lowest point on the Box–Cox plot 
denotes the λ-value with the least residual sum of squares 
(residual SS). Apart from the minimum λ-values (green 
line), the plot also shows the λ-values in the 95% confidence 
interval (CI) range (red lines). Conversely, the best λ-value 
of the power transformation (blue line) is recommended 
in the absence of a standard transformation within the CI. 
Although this technique facilitates the transformation of 
the dependent or independent variables, the computation 
and interpretation process was preferably simplified by 
transforming the dependent variables.

Due to the reduced residuals, the goal was to signifi-
cantly enhance the capability of the models. Thus, the range 
of the λ-values from −3 and +3 was individually tested for 
each dependent variable to determine the most favourable 
transformation. Subsequently, the corresponding residuals 
in the natural logarithm were plotted against the λ-values 
for each response, notably for the removal of CIP and LVX. 
Fig. 1e and f present the required λ-values that were deter-
mined by examining all residuals, which correspond to the 
minimum residuals. Finally, the λ-values were applied to 

Table 3
ANOVA results of the response surface of the quadratic model

Response Source Sum of squares Degree freedom Mean square F-value p-value Significance

Removal of 
CIP (%)

Model 2,491.60 13 191.66 36.38 <0.0001 Significant
Residual 84.29 16 5.27 – – –
Lack of fit 80.57 11 7.32 9.86 0.0102 Significant
Pure error 3.71 5 0.7429 – – –

Removal of 
LVX (%)

Model 2,828.47 14 202.03 21.32 <0.0001 Significant
Residual 142.15 15 9.48 – – –
Lack of fit 140.45 10 14.05 41.39 0.0004 Significant
Pure error 1.70 5 0.3393 – – –
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transform the models. Based on the results, the λ-values for 
the removal of CIP and LVX were both 1.00. As depicted 
in Fig. 1e and f, the standard model transformation for the 
removal of CIP and LVX with all variables and responses 
was almost identical to the best λ-value within the CI.

3.6. Factors affecting the EC process

The analysis of the main parameters is primarily essen-
tial in each optimization study since their adjustment directly 
impacts the economic costs, particularly the amount of 
power consumption in the overall process. In this study, the 
influence of four parameters, including the initial antibiotic 
concentration, the pH value, current density, and operation 
time, on the efficiency of removing CIP and LVX antibiotics 
from an aqueous solution using the EC process were assessed.

3.6.1. Effect of initial concentration of antibiotics

The results revealed that the increased initial concen-
tration and pH value reduced the efficiency of removing 
CIP and LVX antibiotics. As presented in Fig. 2a and b, the 
removal efficiency increased from 65% to 80% and 55% to 
75% for CIP and LVX, respectively, by decreasing the initial 
concentration from 80.1 to 52.5 mg/L at the centre point of 
the significant operational parameters, including the current 

density at 12.5 of mA/cm2 and operation time of 32.5 min. 
This could be due to the insufficient generation of iron 
hydroxide flocs to adsorb the higher initial concentrations 
of CIP and LVX.

The initial concentration induces a vital driving force to 
suppress the mass transfer resistance of the solutes between 
the solid and aqueous phases. Based on the findings, the 
removal efficiency decreased with the increased initial con-
centration of CIP and LVX. Based on the Faraday’s law, the 
generation of iron hydroxide flocs at a constant current 
density within a certain period remains constant at various 
concentrations of CIP and LVX. Therefore, at higher CIP and 
LVX concentrations, the generation of iron hydroxide flocs 
becomes a limiting factor to remove the excess CIP and LVX. 
Consequently, the removal efficiency was reduced by a cer-
tain percentage due to the reduced conductivity between 
the limited generation of iron hydroxide flocs and CIP or 
LVX. These results agreed with the results obtained by 
Yoosefian et al. [36].

3.6.2. Effect of initial pH values

One of the most significant factors affecting the elec-
trochemical processes is the pH value, especially in the EC 
process, as they affect the conductivity of the solution, elec-
trode performance, and hydroxide speciation. Numerous 

             

            

(e) 

(a) (b) (c) 

(d) (f) 

Fig. 1. Predicted model vs. actual model for (a) CIP and (b) LVX. The relationship between the external studentised residuals 
and normal probability for the removal of (c) CIP and (d) LVX. Box–Cox plot for the power transformation for the removal of 
(e) CIP and (f) LVX.
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iron hydroxide species are generated in the solution at vary-
ing pH values. For instance, [Fe(OH)2]+ and Fe(OH)3 are the 
leading type of hydrolysis reactions. Specifically, the electri-
cally generated Fe3+ at the anode can be transferred via the 
hydrolysis process to create a chain of activating ions that 
destabilise contaminant molecules that exist in the waste-
water [21,37]. The destabilised molecules then coagulate to 
form flocs. To examine the effect of pH on the EC process, 
both CIP and LVX solutions were adjusted to the desired 
pH using NaOH or HCl solution.

Following the EC process, the removal percentages of 
the two antibiotics from aqueous solutions at varying ini-
tial pH values were analysed, as illustrated in Fig. 2a and b. 
When the pH value was reduced from 6.2 to 3.8, the removal 
efficiency for CIP and LVX increased from 65% to 80% and 
55% to 75%, respectively. The phenomenon was associ-
ated with the chemical properties of CIP at pH lower than 
5.5, which existed almost 99% in the form of CIP+ (cationic) 
due to the protonation of the amine group in the piperazine 
moiety. Interestingly, the generation of Fe(OH)2+, Fe(OH)2

+, 
and Fe2(OH)2

4+ is advantageous for the precipitation of anti-
biotics. According to the reaction, the scavenging activity 
of •OH by H+ increased significantly at extremely low pH 
ranges, where the protons in the solution were reduced to 
H2 at the cathode. Note that the production of hydroxyl and 
perhydroxyl radicals may have been suppressed by H+. In 

contrast, over 95% of CIP molecules exist as CIP– (anionic) 
at a pH higher than 7.7 because of the loss of protons from 
the carboxylic group. Meanwhile, CIP exists as CIP0 (zwitter-
ion) at a specific pH range 5.5–7.7 due to the balanced charge 
between the two groups [16,30]. LVX molecules also exist 
in three forms, primarily as cationic (H2LVX+, protonated 
piper-azinyl group) at pH below 5.0, anionic (LVX–, depro-
tonated carboxyl group) at pH above 8.5, and zwitterion 
(HLVX0, neutral) at a pH range of 5.0–8 [38]. These results 
agreed with results obtained by Barışçı and Turkay [23].

3.6.3. Effect of current density

Current density is also among the most crucial parame-
ters in electrochemical processes, which controls the reaction 
rate within the EC reactor. The amount of current density 
determines the coagulant production rate as well as control 
the rate and size of the bubble production, which influence 
the development of the flocs. The strong impact of current 
density was observed on the kinetics of removal and short-
ening treatment time of the EC process. A high current den-
sity induces a greater generation of iron dissolution in the 
anode, which provides more precipitate for the removal 
of pollutants. Moreover, the increased current density 
enhanced the rate of bubble generation, eventually facilitat-
ing a high pollutant removal via H2 flotation [39,40].

 

         

 

(a) (b) 

(d) 

(c) 

(e) (f) 

Fig. 2. Effect of the initial concentration and initial pH on the removal efficiency of (a) CIP and (b) LVX. Effect of initial concentra-
tion and current density on the removal efficiency of (c) CIP and (d) LVX. Effect of initial concentration and operation time on the 
removal efficiency of (e) CIP and (f) LVX.
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In this study, the EC process was performed at various 
current densities to evaluate the impact of current den-
sity on the efficiency of removing CIP and LVX antibiotics. 
The results revealed that the increased current density led 
to an improved removal efficiency of both antibiotics. As 
observed in Fig. 2c and d, the removal efficiency increased 
from 68% to 76% and 62% to 68% for CIP and LVX, respec-
tively, when the current density increased from 8.1 to 
16.9 mA/cm2 at the centre point of the significant opera-
tional parameters at an initial pH of 5 and operation time 
of 32.5 min. An increased current density corresponds to 
the increased ion generation at the anode and cathode, 
thus, enhancing the removal efficiency. These results agreed 
with the results obtained by Mohammed et al. [16].

3.6.4. Effect of operation time

The operation time, which refers to the electrolysis time 
(t), impacts the removal efficiency in the electrochemical pro-
cess as it controls the rate of production of Fe2+ or Fe3+ from 
the iron electrodes. In fact, the removal efficiency directly 
relies on the concentration of hydroxyl and metal ions that 
are generated on the electrodes. In short, a greater genera-
tion of metal ions provides a sufficient amount of hydroxyl 
ions to react with the contaminants, hence, increasing the 
removal efficiency. In this regard, the operation time is a 
crucial parameter that controls the formation of a suffi-
cient amount of metal ions from the electrodes. Although 
various studies have reported that the pollutants removal 
efficiency is enhanced with increased operation time, the 
operation time becomes the limiting factor and the removal 
efficiency becomes constant beyond the optimum operation 
time. Moreover, the removal of any contaminants exhib-
its specific optimal and ideal reaction times that determine 
the economic boundaries of the EC process [39,41].

In this study, the operation time was adjusted at a range 
from 5 to 60 min to assess the impact of operating time on the 
efficiency of CIP and LVX removal. As illustrated in Fig. 2e 
and f, the increased operation time from 16.5 to 48.5 min 
enhanced the efficiency of removing CIP and LVX antibiotics 
from 65% to 79% and 60% to 68%, respectively, at the centre 
point of the significant operational parameters at a current 
density of 12.5 mA/cm2 and initial pH of 5. The result was 
assumed to be related to the formation of iron hydroxides 
from the anode dissolution. At a fixed current density, the 
generation of iron hydroxide flocs increased with a longer 
operation time, resulting in improved removal efficiency.

3.6.5. Optimal conditions

The optimal conditions of the four main parameters 
were applied in the EC process for enhanced efficiency of 
CIP and LVX removal from the aqueous solution. The results 
were improved using the regression equation of RSM with 
CCD. Fig. 3a and b show the maximum removal efficiency 
of CIP and LVX under optimized EC conditions based on 
the DOE software analysis.

3.7. Kinetic modelling

The kinetic parameters of the developed models are 
summarised in Table 4. The adsorption of CIP and LVX on 

the surface of the Fe(OH)3 and [Fe(OH)2]+, which act as the 
main species from the Fe3+ hydrolysis, showed the efficient 
EC process for the efficiency of removing CIP and LVX anti-
biotics at an equilibrium time of 48 min. Given that the sec-
ond-order kinetics model best fitted the experimental data 
with an R2 of 0.986 for CIP and 0.992 for LVX, it was deduced 
that the adsorption of both antibiotics on the surface of 
the formed absorbents occurred via the sweep floccula-
tion mechanism. The results also indicate that the removal 
of the CIP and LVX was regulated through the chemisorp-
tion mechanism. According to past literature related to 
the EC process on wastewater treatment, the removal of 
CIP and LVX from wastewater was determined by the 
generation of high-adsorption metal hydroxides, which 
aggregate to form suspended flocs.

3.8. Isotherm modelling

3.8.1. Freundlich isotherm

This study utilised the Freundlich adsorption isotherm 
since it provides suitability for experimental data based on 
the calculated theoretical data over a broad range of con-
centrations. The influence of several parameters, including 
the energies of the active sites and their exponential dis-
tribution as well as the surface heterogeneity, were taken 
into consideration during the experimental modelling. In 
general, the Freundlich is a reversible process and is not 
limited to the development of a monolayer. The non-linear 
model of the Freundlich is expressed as follows [34]:

q K Ce f e
n= 1/  (9)

where Kf and n are Freundlich constants (calculated from 
the slope) and the intercept of the Freundlich plots, respec-
tively. An n value between 1 and 10 represents a good 
adsorption potential of the adsorbent. Furthermore, the 
slope and intercept denote the capacity of adsorption and 
adsorption intensity, respectively. The correlation coefficient 
of the plot qe vs. Ce for CIP and LVX were 0.929 and 0.897, 
respectively. In addition, the calculated n value from the 
slope within the range of 1–10 indicates favourable sorption. 
Therefore, the Freundlich plot suitably fits with the find-
ings. Table 4 lists the Kf and n values.

3.8.2. Langmuir isotherm

The Langmuir isotherm is convenient to represent the 
deposition of pollutants on the homogenous surface of 
adsorbents via monolayer adsorption. Eq. (10) describes the 
Langmuir isotherm model [42]:

q
q bC
bCe

m l e

l e

�
�1

 (10)

where qe denotes the adsorption capacity at equilibrium 
(mg/g), qm represents the maximum adsorption capacity 
(mg/g) based on the Langmuir equilibrium constant, bl is 
the quantitative convergence between the flocs and pollut-
ants (L/mg), and Ce refers to the concentration of pollut-
ants at equilibrium (mg/L). Besides, RL is a dimensionless 
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separation factor that indicates the affinity between the 
antibiotics and coagulants, as defined in Eq. (11) [33,42]:

R
bCL

o

�
�

1
1

 (11)

where b is the Langmuir isotherm constant (L/mg) and Co 
refers to the initial concentration of antibiotics (mg/L). The 
RL value of the isotherm can be characterised as follows: 
linear (RL = 1), irreversible (RL = 0), favourable (0 < RL < 1), 
and unfavourable (RL > 1).

Table 4 shows the value of the parameters of the iso-
therm models with their respective correlation coefficients 
(R2). As depicted in Supplementary 5, the Langmuir iso-
therm model recorded a greater R2 of 0.958 and 0.927 for CIP 
and LVX, respectively, compared to those of the Freundlich 
model, implying a more precise description of the EC process 

using the Langmuir model. Furthermore, the EC process 
was categorised as a favourable adsorption process, as indi-
cated by the RL values between 0 and 1. Overall, the find-
ings of this study suggest the monolayer adsorption of both 
antibiotics (CIP and LVX) on the adsorbent (flocs of iron 
hydroxide) surface based on the Langmuirian behaviour, 
as described by Yoosefian et al. and Mohammed et al.

3.9. Economic evaluation

The operation cost of the EC process was estimated using 
Eq. (3), where a refers to the price of the electrode mate-
rial ($2.850 US/kg of 304 stainless steel sheet, IndiaMART), 
ELC is the quantity of electrode consumed (0.167 kg/m3), b 
is the price of the electrical energy ($0.00650 US/kWh) [16], 
EEC denotes the electrical energy consumed (3.0 kWh/m3), 
c represents the price of chemicals used ($0.500 US/kg), and 

 

 

Fig. 3. Maximum efficiency of removing (a) CIP and (b) LVX antibiotics under optimized EC condition.



S.J. Mohammed et al. / Desalination and Water Treatment 307 (2023) 50–6260

CC describes the amount of NaCl consumed (0.00050 kg/m3). 
Under optimized EC conditions, the operational cost over 
a single run was estimated at $0.490 US/m3. On the other 
hand, according to Eq. (1), the amount of stainless-steel elec-
trode lost over a single run under optimized EC conditions 
was 0.167 g (molecular weight of iron = 55.845 g/mol; cur-
rent = 0.3 A; operation time = 48 min; electron number = 3; 
Faraday’s constant = 96,485 C/mol). Moreover, according to 
Eq. (2), the amount of EEC over a single run under optimized 
EC conditions was 3 kWh/m3 (applied voltage = 12.5 V; oper-
ation time = 48 min; current = 0.3 A; sample volume = 1 L).

3.10. Management of EC waste sludges

The EC process is widely known to generate compact 
waste sludge that does not seep into the environment. The 
amount of waste sludge generated in the EC process relies 
on various operating parameters, including the pH value, 
operation time, concentration of contaminant, and current 
density [43]. It is highly recommended for future stud-
ies to consider the management of sludge in the EC pro-
cess through numerous methods, such as the removal of 
sludge contaminants via electrolysis using Ti/RuO2 plates 
and sludge de-watering using the microwave technique. 
Treated sludge can then be used for other applications, 
such as removing dyes and COD removal [44,45]. Unused 
treated sludge can also be collected, dried, and disposed of 
in controlled sanitary landfill sites.

3.11. Comparison of EC with other techniques

The removal efficiencies obtained were compared to 
previous studies as shown Table 5. Although the removal 
efficiency of adsorption and advanced oxidation meth-
ods is higher than that of electrocoagulation, now the 

electrocoagulation process is considered a promising process 
because the equipment of EC is easy and simple for operation. 
In addition, the problems during the operation of the process 
can be handled easily. Low operating costs and requiring 
less maintenance. The sludge created by means of EC pro-
cess inclines to settle rapidly and easily to be dewatered, 
mainly consists of metal oxides/hydroxides. Furthermore, 
sludge production is low. Flocs created by the EC process 
for similar chemical flocs but, flocs of EC larger, less water 
contains, it is resistant to acid and more stable, faster sepa-
ration by filtration. The EC process can be employed in rural 
areas in which power is not available, as solar panels alone 
may be enough to achieve accomplish the operation [46–48].

4. Conclusion

This study successfully employed the CCD-based RSM 
to optimize the EC process and achieve effective and cost- 
effective antibiotics removal from aqueous solutions. The 
optimization process showed that the pH value, operation 
time, and current density strongly affected the removal 
of both antibiotics from aqueous solutions. Although CIP 
and LVX exhibited similar behaviour since both antibiotics 
belong to the same FQ family, the removal efficiency of CIP 
was higher than that of LVX due to the lower solubility of 
CIP in aqueous solutions. The results showed that the sec-
ond-order model better suited the experimental results with 
an R2 value of 0.986 and 0.992 for CIP and LVX, respectively, 
and suggested that the adsorption of both antibiotics is con-
trolled by the chemisorption mechanism. In addition, the 
Langmuir model provided a more precise description of 
the EC process, while the RL values between 0 and 1 indi-
cate a favourable adsorption process. Furthermore, the 
results suggest the single-layer adsorption of antibiotics on 
the surface of the iron hydroxide flocs, which was regulated 
via the sweep flocculation mechanism. Overall, the experi-
mental results indicated that the CCD-based RSM signifi-
cantly improve the operating conditions of the EC process to 
effectively remove antibiotics. In conclusion, the optimized 
EC process provided an effective, accurate, and economical 
technique for antibiotic removal from aqueous solutions.
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