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Abstract—This study deals with the performance and modeling of the electro-coagulation process for ciprofloxacin
(CIP) removal by using aluminum electrode as anode in a continuous electrochemical reactor. The initial pH, tempera-
ture, current density, time and flow rate were selected as independent variables in response surface methodology (RSM)
involving a five-level central composite design (CCD), while CIP removal efficiency was considered as the response
function. The result of optimization showed that the maximum amount of CIP removal efficiency (88%) presented at
the optimal condition of pH=5.6, t=100 min, T=25.5 °C, I=5.6 mA/cm’ and V=25.9 mL/min. In addition, the miner-
alization of the CIP was investigated by chemical oxygen demand (COD) and total organic carbon (TOC) measure-

ments that showed 77% COD removal and 49%TOC removal.
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INTRODUCTION

Ciprofloxacin (CIP) is a broad-spectrum fluoroquinolone anti-
microbial that can be used for complicated urinary tract and skin
infections [1,2]. CIP has been found in wastewater treatment plants
typically at concentrations of 11 to 99 ug L™, and up to 0.032 ug
L' in raw drinking water [3-5]. CIP has low biodegradability and
toxic effects on environmental bacteria. Therefore, this pollutant
must be treated from drinking water and pharmaceutical factory
effluent [1].

Many techniques including a pillared iron catalyst [6] ozone and
photo processes [1], photo catalytic by ZnO nano-particles [7], pho-
tochemical method [8], photochemical by UV and UV/H,0, [9],
photolytic degradation [10], ozonation [11], photo Fenton process
[12] have been developed to remove CIP from wastewater. How-
ever, most current technologies need chemical additives, harsh treat-
ment conditions, high-energy consumption, and low mineralization
degree.

Compared to other technologies, electro-coagulation (EC) pro-
cess appears to be one of the most promising for removing recalci-
trant organic pollutants from water because of its simplicity, ambient
operability, reliability; cost-effectiveness, large volume handling abil-
ity, non-consumption of chemicals. In the EC process, the metal
ions are actually generated through oxidation reaction, then the
metal jons react with OH™ species that generated from hydrolysis
reaction on cathode thereby producing M(OH), [13]. In other words,
the pollutants in electrochemical reactor are coagulated and removed
by sedimentation and flotation. The proposed mechanism for the
generation of coagulant agent is presented by the following equa-
tions[14]:
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Anode: Al(s)—>Al"(aq)+3e” 1)
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Our aim was to develop a simple, precise, reliable, and rapid sta-
bility flow method for the removal of CIP from aqueous solution.
Although batch method has been successtully used for pollutants
treatment, a continuous treatment method is worth to be tested.
In this paper, an attempt is made to simulate the industrial design
to a laboratory scale. The effect of concurrent five parameters on
CIP removal process by response surface methodology (RSM) involv-
ing a five-level central composite design (CCD) was investigated.
In many ways for experimental modeling, RSM is an effective tool
for optimizing the process when a combination of several indepen-
dent parameters and their interactions affect the desired responses.

Cathode: 3H,0+3e —3/2H, (g)+30H"
In bulk: A*(aq)+3H,0—>3/2 H, (g)+Al (OH); (s)

EXPERIMENTAL
1. Materials and Instruments
The CIP, C,;H,sFN,Os, (CAS N0.85721-33-1 and M, =331.346
g/mol), was investigated as a model pollutant. The structure and

Table 1. CIP chemical structure and characteristics

Structure (0] 0
F
[ OH
N N
LT
CAS number 85721-33-1
Amax (NM) 274
M, (g/mol) 331.346
pH 56
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Table 2. The central composite design matrix for five independent variables and experiments condition and response

]. B. Parsa et al.

Run pH T (C) Time (min) I (mA/cm?) V (mL/min) R% (exp) R% (pre)
1 8.70 29.00 77.00 6.20 57.00 83.00 81.72
2 5.30 29.00 77.00 6.20 102.00 86.00 84.55
3 8.70 51.00 77.00 3.70 57.00 46.00 46.62
4 5.30 51.00 102.00 3.70 57.00 57.00 58.01
5 8.70 29.00 77.00 3.70 102.00 63.00 62.55
6 5.30 29.00 102.00 3.70 102.00 80.00 79.43
7 7.00 40.00 89.50 4.95 79.50 71.00 72.56
8 5.30 51.00 102.00 3.70 102.00 55.00 55.62
9 5.30 51.00 77.00 3.70 102.00 43.00 44.96

10 5.30 29.00 102.00 6.20 57.00 86.00 87.10
11 5.30 29.00 102.00 3.70 57.00 83.00 82.82
12 7.00 40.00 119.23 4.95 79.50 76.00 75.99
13 8.70 29.00 102.00 6.20 102.00 79.00 77.75
14 7.00 40.00 89.50 4.95 79.50 71.00 72.56
15 7.00 40.00 89.50 4.95 79.50 72.00 72.56
16 5.30 29.00 77.00 3.70 102.00 67.00 68.01
17 8.70 51.00 102.00 3.70 102.00 50.00 49.65
18 7.00 40.00 89.50 4.95 79.50 74.00 72.56
19 7.00 40.00 89.50 4.95 79.50 72.00 72.56
20 5.30 51.00 77.00 3.70 57.00 45.00 45.34
21 8.70 29.00 77.00 6.20 102.00 79.00 79.83
22 7.00 66.16 89.50 4.95 79.50 35.00 33.21
23 7.00 40.00 89.50 4.95 79.50 75.00 72.56
24 7.00 13.83 89.50 4.95 79.50 83.00 84.18
25 7.00 40.00 89.50 7.92 79.50 75.00 75.42
26 7.00 40.00 59.77 4.95 79.50 64.00 63.41
27 8.70 29.00 77.00 3.70 57.00 67.00 67.18
28 8.70 29.00 102.00 6.20 57.00 83.00 81.63
29 7.00 40.00 89.50 4.95 79.50 72.00 72.56
30 5.30 29.00 77.00 3.70 57.00 70.00 69.40
31 8.70 29.00 102.00 3.70 102.00 70.00 69.96
32 5.30 51.00 77.00 6.20 57.00 59.00 60.63
33 7.00 40.00 89.50 4.95 133.01 70.00 70.16
34 8.70 51.00 102.00 3.70 57.00 55.00 55.29
35 7.00 40.00 89.50 4.95 79.50 74.00 72.56
36 11.04 40.00 89.50 4.95 79.50 61.00 62.27
37 8.70 51.00 102.00 6.20 57.00 61.00 61.82
38 7.00 40.00 89.50 4.95 25.98 76.00 75.24
39 5.30 29.00 77.00 6.20 57.00 82.00 83.19
40 8.70 51.00 102.00 6.20 102.00 59.00 58.94
41 2.95 40.00 89.50 4.95 79.50 73.00 71.12
42 5.30 51.00 77.00 6.20 102.00 64.00 62.99
43 5.30 29.00 102.00 6.20 102.00 86.00 86.47
44 8.70 51.00 77.00 3.70 102.00 44.00 42.99
45 7.00 40.00 89.50 4.95 79.50 73.00 72.56
46 8.70 51.00 77.00 6.20 57.00 63.00 62.66
47 5.30 51.00 102.00 6.20 57.00 65.00 63.79
48 8.70 29.00 102.00 3.70 57.00 76.00 76.60
49 8.70 51.00 77.00 6.20 102.00 61.00 61.77
50 7.00 40.00 89.50 4.95 79.50 72.00 72.56
51 5.30 51.00 102.00 6.20 102.00 63.00 64.16
52 7.00 40.00 89.50 1.97 79.50 49.00 47.98
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characteristics of CIP are given in Table 1. De-ionized water was
used for preparing the pollutant solutions. The pH of solutions
was adjusted by using hydrochloric acid and sodium hydroxide,
and sodium chloride was used as the supporting electrolyte. In all
experiments, 2 g/L of sodium chloride was used for increasing con-
ductivity of solutions.

The solution pH was measured by pH meter (Denver, UB-10).
Master flex pump (ISMATEC-404B model) was applied to deter-
mine the flow rate. The CIP degradation was followed by using
UV/Vis spectrophotometer (JASCO. v- 630, Japan). The chemical
oxygen demand (COD) and total organic carbon (TOC) measure-
ments were also carried out to investigate the mineralization of the
solution, using a HACH DR 2800 as spectrophotometer and HACH
DRB 200 as heater) and TOC analyzer (Multi n/c) purchased from
Germany, respectively.

2. Experimental Design

We selected central composite design (CCD) to optimize the
process and to determine the relationship between five operating
variables, including initial pH (X)), temperature (T (C")) (X,), Time
(t (min)) (X3), current density (I (mA/cm’)) (X,), flow rate (V (mL/
min)) (X5). In the experimental design model, the initial pH, tem-
perature, current density, time and flow rate were selected as inde-
pendent variables, while CIP removal efficiency was considered as
the response function. A total of 52 experiments were carried out,
including 2°=32 cube points, 2x5=10 axial points and 10 replica-
tions at the center point [15].

The Minitab software (16% version) was used for regression and
graphical analysis of the data obtained. For statistical calculations,
the levels for the five main variables were coded as x; according to
the following equation [16]:

Xi_XO
X,=—

= @

where x; is coded value of parameter X, X, is value of the param-
eter X; at the center point and 6X represents the step change value
[17,18]. As usual, the experiments were performed in random order
to avoid systematic error. Table 2 presents the central composite
design matrix and comparison between the actual and the predicted
response.
3. Experimental Procedure

All experiments were conducted in a reactor consisting of a dou-
ble-wall cylinder with an internal volume of 500 mL. The outer
layer was designed to regulate and maintain a constant tempera-
ture; this layer had an inlet pipe at the bottom and an outlet pipe
on top the layer. Output water from the thermostat is linked into
the inlet layer. Outlet water by silicon pipes returns to the thermo-
stat again. The inside of the reactor consists of two-cathode elec-
trodes 304 stainless steel with dimensions of 6 cmx2.7 cm and an
aluminum anode with dimensions 6 cmx2.7 cm. In the reactor,
the electrodes are aligned parallel to each other and separated a
distance of 2 cm. The electric current is provided by a DC power
supply (ADAK-PS-450). The flow rate of the influent was adjusted
by a pump (Master flex ISMATEC-404B). The schematic of the
electrochemical cell is shown in Fig. 1. In each experiment, cur-
rent density, initial pH, temperature, time and flow rate values were
adjusted according to Table 2. After a certain time proposed in Table
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Fig. 1. Schematic of electrochemical cell.
1. Circulator pump
2. DC power supply
3. Reactor
4. Anode Al

5. Cathode ss-304
6. Stirrer

7. Thermometer
8. Thermostat
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Fig. 2. Ciprofloxacin UV/Vis spectra ([CIP]=10 mg/L, T=25 °C).

2, 5mL of sample was collected, centrifuged for 5min, and ana-
lyzed by UV-Vis spectrophotometer (JASCO. v- 630, Japan).
4. UV/Vis Spectra

CIP absorption spectrum has a maximum absorption wavelength
at 274nm and it has a weak peak in 321 that relates to electron
transport [19]. The CIP UV/V spectrum is shown in Fig. 2. The CIP
removal efficiency was determined using the following equation.

Ag— A,

X A, ®)

In this equation, A, and A are initial and final CIP absorbance in
the synthetic wastewater.

RESULTS AND DISCUSSION

1. Optimization of EC Treatment of CIP

The general structure of the second-order mathematical model,
used in the response surface analysis, can be explained by the fol-
lowing quadratic equation [15]:

Y=by+Zbx+Ibx +Ibxx; ©6)

where Y is the value of the CIP removal efficiency, b, is a constant,
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b; is the linear coefficient, b; is the quadratic coefficients, b; is the
interaction coefficients, and x; (x;) is the coded experimental levels
of the design variables.

The experimental design matrix together with the observed and
predicted CIP removal efficiencies is given in Table 2. Based on
these results, the second-order polynomial equation for CIP removal
efficiency in terms of coded factors was obtained in the form of
following equation (Eq. (7)):

Y,

e=72.5601— 1.8595%,~ 10.7163%,+2.6445%,+5.7681x,~ 1.0683x;

—1.0366x— 2.4508x5— 0.5063x:— 1.9205x2+0.0241x2

+0.8750x,%,— 1.0000x,x3+0.1875x,%,— 0.8125x,Xs )
—0.1875x,%3+0.3750x,%,+0.2500x,X5— 2.3750X5X,
—0.5000x;x5+0.6875X,X5

The significance and adequacy of the model was evaluated through
ANOVA (analysis of variance) [20,21]. As can be seen from Table
3, the quadratic model has an R’ value of 0.9928, which is very high
and expresses a high correlation between the obtained and pre-

Table 3. ANOVA table for fit of CIP removal efficiency from cen-
tral composite design

Source of ~ Degree of

Adj AdjMS F-
variations freedom Seq 5 dj s 4G MS  E-value
Regression 20 777151 777151 38858 214.11
Residuals 31 56.26 56.26 1.81
Total 51 7827.77

R-sq=0.9928 R-sq(pre)=0.9777 R-sq(adj)=0.9882

Table 4. Estimated regression coefficients and corresponding F and
P values from the data of central composite design experi-

ments
Coefficient Parameters estimate F-value P-value

b, 72.5601 762.31 0.000
b, —1.8595 82.52 0.000
b, -10.7163 2740.84 0.000
b, 2.6445 166.90 0.000
b, 5.7681 794.07 0.000
bs —1.0683 27.24 0.000
b? —1.0366 34.65 0.000

; —2.4508 193.71 0.000
b? —-0.5063 827 0.007
b’ —-1.9205 118.94 0.000
b? 0.0241 0.02 0.892
b,b, 0.8750 13.50 0.001
b,b, —1.0000 17.63 0.000
b,b, 0.1875 0.62 0.437
b,b, -0.8125 11.64 0.002
b,b, -0.1875 0.62 0.437
b,b, 0.3750 248 0.125
b,bs 0.2500 1.10 0.302
bsb, —2.3750 99.46 0.000
b,bs —0.5000 441 0.044
b,bs 0.6875 8.33 0.007
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dicted values. Additionally, the predicted R* (0.9777) was in accept-
able agreement with the adjusted R’ of 0.9882. Therefore, the response
surface model was accurately applied for predicting the behavior
of the process [22].

Estimated regression coefficients and corresponding F and P-
values for CIP are shown in Table 4. The P-values were used to check
the significance of each variables interaction and parameters inter-
action importance. The F-values can be used for adaptability be-
tween actual value and predicted value for each parameter and their
interaction [23]. A P-value more than 0.05 shows the parameter
interaction does not have a significant effect on treatment removal
[24]. Also, value of lack of fit (>0.05) is non-significant, which indi-
cates that the quadratic model is statistically significant for the re-
sponse [15]. According to the correlation coefficient value, the regres-
sion line is perfectly fitted with the experimental points.

The residuals plot is an important diagram for evaluating the
proportionality and adequacy of the developed model. The residu-
als plot for CIP removal efficiency is shown in Fig. 3(a). Based on
this plot, the residuals (difference between the observed and the
predicted response values) change in a random pattern around the
centerline and the response follows the fitted normal distribution.

Fig. 3(b) shows the actual values compared to the predicted val-
ues calculated by using the resulting second-order polynomial equa-
tion (Eq. (7). This plot has correlation coefficient of 0.992. All points
are reasonably close to a straight line and confirm that the actual
values are in good agreement with the predicted values [16,25,26] .

Pareto plot shows the impact of parameters and their interac-
tion as a percentage, on the response. This parameter can be cal-
culated as the following equation [27]:

p- (%j %100 ®)

As can be seen from Fig. 4, the effect variables and interactions are
ordered according to their relative importance, and temperature
(bs=63.8%) and current density (b,=18.50%) are the most signifi-
cant factors on CIP removal efficiency. However, temperature has
negative effect, but current intensity has positive effect.
2. Effect of Operational Parameters

Fig. 5 illustrates the effect of pH and T on CIP removal efficiency
for time, current density, and flow rate of 89.5 min, 4.95 mA/cn’,
and 79.5 mL/min, respectively. This figure shows that the CIP re-
moval efficiency decreased with the increase in pH and tempera-
ture. As shown, CIP removal efficiency decreased with increasing
pH at all temperatures. However, at high temperatures, effect of
increasing pH on CIP removal efficiency was less significant. This
result can be interpreted based on this reason that, in high pH,
Al(OH); has a soluble form (Al(OH),) which cannot be adsorbed
the CIP species [28]. In acidic pH, aluminum complexes have Al
AlO" and AIOH* forms and these forms cannot pollutant be ab-
sorbing. In addition, for pH between 5 and 8, aluminum complex
dissolution decreases and the pollutant adsorption increases [29].
Ouaissa et al. also found similar results for the removal of tetracy-
cline (TC) [34]. As can be seen from Fig. 5, increasing the tem-
perature reduces CIP removal efficiency. In electrochemical pro-
cesses, pollutant removal efficiency depends on the temperature of
the solution and the increasing temperature results in the pollut-
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Fig. 3. (a) Residual plots for CIP removal efficiency, (b) the experimental values (%) plotted against the predicted values (%) derived from
the central composite design resulted equation.
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40 60

ant removal efficiency increases. However, at high temperatures,
an increase in the solubility of the precipitates, leads to the decreas-
ing of the pollutant removal efficiency [30]. In other words, at high
temperatures, the sediment was dissolved and increased the speed
of flotation and reduced the adhesion of coagulant, which could
have occurred because production of larger hydrogen bubbles was
increased. At low temperature, CIP treatment curve trend is de-
scending because at low temperature coagulant agent was not formed
and mass transfer in solution is low [16,31].

Fig. 6 shows the response surface and contour plots of the CIP
removal efficiency as a function of time and pH. As shown in this
figure, suitable range for pH is (5-8). The reason for this observa-
tion was explained in the previous paragraphs. Because of great
interest in applying mild condition of natural pH (pH;p=5.6), there
was no need to add acids or bases into the solution; a pH of 5.6
was preferred as optimum pH. In electro-coagulation process, the
pollutant removal efficiency depends directly on the ion concen-
tration of the solution. In this plot as will be seen, with increasing
the time, the degradation is increased because coagulant concen-
tration is increasing in solution [32]. Varank et al. also found simi-
lar results for treatment of tannery wastewater [33].

Fig. 7 shows the effect of pH and Von CIP removal efficiency.

Korean J. Chem. Eng.(Vol. 33, No. 3)
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Fig. 5. The response surface plot and contour plot of the CIP re-
moval as function of temperature and pH.
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Fig. 6. The response surface plot and contour plot of the CIP re-
moval as function of time and pH.

CIP removal has descending trend with increasing the pH. CIP
removal efficiency increases with decreasing the flow rate because
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Fig. 7. The response surface plot and contour plot of the CIP re-
moval as function of flow rate and pH.

at high flow rate the EC process has a turbulent environment and
this condition leads to unsuitable interaction between coagulant
and pollutant [34]. Actually, the flow rate refers to the residence
time in the reactor, so increasing of residence time is equal to de-
creasing of flow rate, and this action causes an increasing of the
amount of electro-generated AI**. The flow rate determines the con-
tact time between flocs and pollutants. Lu et al. also found similar
results for removal of heavy metal ions with continuous aluminum
electro coagulation; their results showed that the degree of pollut-
ant treatment was dependent on both fluid dynamics and mass
transfer, which it decreases with the increment of flow rate [35,36].

The performance of the EC process depends on the amount of
coagulant produced or applied charge loading [37]. In flow pro-
cess, investigation of current density and residence time influence
was necessary. Current density has a great impact on pollutant re-
moval after temperature. In Fig. 8, the interaction between V and I
and their effect on CIP removal efficiency is shown. As can be seen,
CIP degradation increases with increasing the current density. The
enhancement in CIP removal efficiency with the increase current
density can be associated with a greater production of AI**, which
leads to a greater amount of precipitate for adsorption of CIP spe-
cies [38,39].

This figure represents that the CIP removal efficiency does not
depend to a large extent on flow rate. Therefore, the suitable range
is the slowest flow rate and CIP removal efficiency slightly increases
with the increase of flow rate.

Fig. 9 shows the response surface and contour plots for CIP re-
moval efficiency as a function of flow rate and time at pH, current
density, and temperature of 7, 495 mA/cm’ and 40 C’, respectively.
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Fig. 9. The response surface plot and contour plot of the CIP re-
moval as function of flow rate and time.

As can be seen from Fig. 9, CIP removal efficiency increases with
the increase of the reaction time because of greater production of
coagulant species [40].
3. Determination of Optimal Conditions for Removal of CIP
The main objective of the optimization is to determine the opti-
mum values of variables and to achieve maximum treatment per-
formance. The optimum values are shown in Table 5. Under these
optimum conditions, a specific experiment was carried out; the
results showed the CIP removal efficiency obtained from the experi-
ment and as estimated by quadratic model was satisfactory.
4. Investigation of UV/Vis Spectra, COD, and TOC Removal
in Optimizing Experiment
Under optimized conditions, UV/Vis spectra, COD, and TOC
removal were investigated. Results are shown in Figs. 10, 11 and
12. Comparison between UV/Vis spectra (88% CIP removal effi-
ciency), COD removal (77%), and TOC removal (49%) indicates
that the process was successtul in removing the carbonyl functional
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Fig. 10. CIP removal trend following by UV/Vis spectrum at {{CIP]=
10 mg/L, pH=5.6, T=25.5°C, I=5.6mA/cm’ and V=259
mL/min}.
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Fig. 11. COD removal trend for CIP treatment at {{CIP]=10 mg/L,
pH=5.6, T=25.5°C, I=5.6 mA/cm’ and V=25.9 mL/min}.

Table 5. Optimal condition and comparison between actual value and predicted value

Parameters pH T (°C) Time (min)

I (mA/cm®)

V (mL/min) R% (pre) R% (exp)

Optimal value 5.6 255 100

5.6 259 90.14 88

Korean J. Chem. Eng.(Vol. 33, No. 3)
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Fig. 12. TOC removal trend for CIP treatment at {{CIP]=10 mg/L,
pH=5.6, T=25.5°C, I=5.6 mA/cm’ and V=25.9 mL/min}.

group; however, less organic carbon was removed.
CONCLUSION

The removal of the CIP in aqueous solution was investigated by
using aluminum electrode as anode in a continuous electrochemi-
cal reactor. Central composite design (CCD) was applied to model
process and to evaluate the effect of independent variables (initial
pH, temperature, current density, time and flow rate) on the CIP
removal efficiency. The optimum values of the pH, current density,
flow rate, temperature and reaction time were 5.6, 5.6 mA/cm’, 25.9
mL-min”', 25.5°C and 100 min, respectively. At optimized condi-
tions, 88% CIP removal efficiency, 77% COD removal and 49%
TOC removal efficiency were obtained. Based on analysis of variance
(ANOVA), the coefficient of determination value (R*=0.9928) was
high, showing a satisfactory adjustment of the actual data with the
predicted data
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NOMENCLATURE

EC :electro-coagulation

CIP :ciprofloxacin

RSM : response surface methodology
CCD : central composite design
COD : chemical oxygen demand

TOC : total organic carbon

A, :initial CIP absorbance

A :final absorbance of CIP solution

V  :flow rate [mL/min]

T  :temperature [C]

I : current density [mA/cm’]
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