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ABSTRACT

Recently widespread usage of cephalosporin antibiotics in medical and veterinary fields has received
growing attentions as severe contaminants of aquatic ecosystems. Since there is no report on the removal
of cefazolin (CFZ) using electrocoagulation and adsorption (EC/AD) coupling treatment process, the pres-
ent work deals with efficient removal of CFZ from hospital wastewater using EC/AD process. To achieve
the optimal condition, response surface methodology (RSM) was applied successfully with the removal
efficiency of 100% under optimal operating condition of 7.8 pH, 15.5 mA cm™ current density, 60 mg L™
initial CFZ concentration, 1.0 cm inter-electrode distance, 0.7 g L™ chitosan dosage and electrolyte dose
of 0.07 M NaCl within the equilibrium treatment time of 23 min which is in adequate agreement with the
predicted model using analysis of variance. Kinetic and isotherm models were studied to figure out the
exact mechanism of the CFZ removal. Kinetic studies revealed that the second-order model (R* = 0.9715)
best fitted with the experimental results. Langmuir isotherm model (R? = 0.9851) predicted the maximum
adsorption capacity of 1,250 mg g™. The obtained results suggested that charge neutralization of the neg-
atively charged CFZ through binding with cationic hydrolysis products and sweep flocculation as the
determinant mechanisms control the adsorption of CFZ molecules on aluminum hydroxide precipitates.
Under the optimal condition, electrode consumption and electrical energy consumption were found to
be 0.024 g during a single run and 1.251 kWh m®, respectively. The predicted treatment model for the
synthetic wastewater is in satisfactory agreement with removal efficiency of the hospital wastewater.

Keywords: Cefazolin; Hospital wastewater; Electrocoagulation; Adsorption; Chitosan; Response
surface methodology

1. Introduction

Owing to the fact that the extensive use of pharmaceuti-
cal antibiotics for human therapy and farming industry, they
have recognized as severe contaminants of surface water,
groundwater and drinking water around the manufacturing

* Corresponding author.

communities, domestic zones as well as industrial farming
areas [1]. Inappropriate disposal of unused or expired antibi-
otics causes incomplete metabolization in humans and on the
other hand, their partial removal by conventional treatment
technologies resulted in increasing antibiotics contamination
in the last decades [2].
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Among cephalosporin antibiotics, due to the widespread
usage of cefazolin (CFZ) in medical and veterinary fields, its
residue level as a pharmaceutical contaminant in environ-
mental media is relatively high which exhibited some harm-
ful effects such as acute and chronic toxic effects on microbial
activity. Moreover, owing to its poor biodegradable activity
in the biological treatment process, CFZ disrupted the bio-
logical balance of aquatic ecosystems and on the other hand,
resulted in developing the antibiotic resistance in microor-
ganisms [3-5].

Due to the insufficient CFZ removal efficiency in conven-
tional wastewater treatment plants, developing of alternative
techniques for wastewater treatments before releasing them
into the environment are highly desired. Literature survey
revealed that a few studies have been carried out for removal
of CFZ contamination from the aquatic environments includ-
ing Fenton [6], O, and H,0,/O,[7], TiO,/UV [8], coagulation [9]
and adsorption [10]. The reported residual level of CFZ in hos-
pitals wastewater is about 32 ug L™ to 85.35 mg L [6,11,12].

Electrocoagulation (EC) as an advanced economic and
efficient technique among the other electrochemical treatment
methods received an extensive practical application by provid-
ing a satisfactory result for the treatment of different wastewa-
ters [13]. The scientific reports in last few years such as removal
of dyes [14], heavy metal ions [15] and persistent organic com-
pounds [16] revealed that EC technique comparatively guaran-
tees better quality wastewater before its release into the aquatic
environment. Due to the ‘green technology’ characteristics of
EC process, the absence of harmful substances generation, pro-
ducing low amount of TDS, comparatively low cost process
and maintenance compared with the other mentioned tech-
niques, interest in using EC process in industrial applications
has been revived [17]. EC process involves three consecutive
phases including generation of coagulants species in situ by
electrolytic oxidation of the sacrificial metal anode such as alu-
minum, inconstancy of the contaminants where they are trans-
formed into amorphous precipitates of adsorbed forms on
hydroxides such as AI(OH)*, A(OH),", AI(OH), and AF**, sus-
pension of the particulate and breaking of the emulsions and
finally aggregation of the destabilized phases to form flocs.
Besides the current studies in the field of electrochemistry, elec-
trochemical sensors indicated a rapidly growing scientific field
in environmental and biological monitoring investigations for
quantitative determination of contaminants [18-23].

On the other hand, another appropriate alternative
for treatment of wastewater namely adsorption has been
found to be beneficial along with EC technique to achieve
higher removal efficiency in wastewater treatment process.
Throughout the adsorption process, the contaminants physi-
cally or chemically are adsorbed onto the surface of the adsor-
bent molecules. During the last decades, great attempts have
been done to find suitable and affordable adsorbents such
as bagasse, zeolite, fly ash, sawdust and chitosan for waste-
water treatments [24]. Chitosan as a natural polysaccharide
is considered the largest biomaterial after cellulose and used
as an adsorbent in the medical field and food industries [2].
Chitosan generates from chitin which is the structural ele-
ment found in the exoskeleton of crustaceans such as shrimps,
lobsters and crabs. Also, it occurs naturally in some microor-
ganisms such as fungi and yeast. Even though its structure
is similar to cellulose, but also it contains acetylamine or free

amino groups which improve its properties as an adsorbent.

It is important to note the removal of CFZ contaminant
by EC/AD coupling process has not been previously consid-
ered, the current work deals with the feasibility of the CFZ
removal from hospital wastewater using chitosan as adsor-
bent via a combined EC sorption. The effects of various oper-
ating parameters such as electrolyte type and concentration,
inter-electrode distance, initial CFZ concentration, pH, cur-
rent density, reaction time and chitosan dosage were inves-
tigated to achieve the best efficient and economical removal
condition. Moreover, the first- and second-order kinetics
models were studied in the optimum operating condition.
Consequently, two common adsorption isotherms namely
Freundlich and Langmuir were used to checking out the
exact mechanism of CFZ adsorption.

2. Materials and methods
2.1. Chemicals

CEZ (C H,N,O,S,, 454.51 molecular weight) was pur-
chased from Sigma-Aldrich, Kuala Lumpur, Malaysia. The
mobile phase was prepared using HPLC grade acetonitrile
and deionized water. Electrolytes including NaCl, KClI,
KNO,, NH,Cl, Na,SO, and CaCl, were purchased from Merck
Company, Malaysia. Hydrochloric acid and sodium hydrox-
ide from Sigma-Aldrich were used for pH adjustments. All
reagents used are analytical reagent grade with the highest
available purity which used without any further purification
except for vacuum drying over P,O,. All the solutions were
prepared using deionized water.

2.2. Preparation of the chitosan adsorbent

Shrimp wastes (SW) were obtained from local markets of
Kerman city, Iran. The SW was washed to remove loose tissue
and adhered dirt and dried in sunlight for 1-2 d. The dried
SW was fed to a grinder and grounded. The grounded SW
was transferred to demineralization, deproteinization and
deacetylation steps. Demineralization of SW was carried out in
the solution of 1.0 M HCl (1:20 W/V) for 24 h under stirring at
room temperature. To deproteinized the demineralized shells,
they were poured into the solution of 1.0 M NaOH in the ratio
of 1:20 (W/V) and maintained for 24 h under stirring at room
temperature. The obtained product was chitin. Deacetylation
of chitin was carried out using a solution of 50% NaOH with
the ratio of 1:20 (W/V) for 2 h at 100°C. The resulting solid
was filtrated by Whatman filter number 1 and was washed
thoroughly with distilled water to neutralize and dry at room
temperature for 24 h. Consequently, it was dried in an oven
at 60°C for 4 h finally [25,26]. The pH_, value of chitosan was
determined to explain the adsorption behavior. This param-
eter reveals the characteristics of surface active sites depend
on solution pH. The pH  of chitosan was found to be around
6.5, implying that the surface of adsorbent would be positively
charged at lower pH and negatively charged at higher pH.

2.3. Experimental procedure

All experiments were conducted in batch mode by
Plexiglas electrochemical cell with dimensions of 12 x5 x5 cm



162

to hold a sample of 250 mL using two aluminum plate elec-
trodes with immersed dimensions of 3 x 2 x 0.2 cm. The pH
adjustment was carried out by adding small volumes of
0.01 N of HCI or NaOH to the solutions and measured using
Metrohm 827 pH/mv meter. KNAUER Smartline HPLC (C,
column; 250 x 4.6 x 5 mm) with a UV detector was used at
a wavelength of 272 nm for quantitative determination of
residual CFZ. A mixture of H,O and acetonitrile with a ratio
of 78/22 (vol%) was applied as mobile phase with an injection
flow rate of 1 mL min™. Removal efficiency of CFZ was calcu-
lated by the following equation [27]:

%Removal CFZ =2 C 100

@™

0

where C; and C, (mg L) denote the concentration of CFZ
before and after EC/AD process and time f, respectively.

2.4. Statistical design

Central composite design (CCD) was applied to optimize
the experimental conditions under response surface method-
ology (RSM) using Design Expert 7 software. In the present
work, the CCD consists of 2" factorial points, 21 axial points
and moreover a given number of center points, where n is
equal to 5 which is the number of numeric factors including
initial CFZ concentration, solution pH, current density, reac-
tion time and chitosan dosage. The investigated factors and
levels of each factor are presented in Table 1. Experimental
data from the CCD was analyzed and fitted to a second-order
polynomial model expressed as follows:

n n 2 n-1 n
Y= Bo + Zi:lBiXi + Zi:lBiiXi + z,-:1 Zj:inBinin (2)
where Y, B, 3, B, B, X, and X denote the predicted response
of CFZ removal, the intercept parameter, the linear coeffi-
cients, the quadratic coefficients, the interaction coefficients
and the coded values of independent factors, respectively.

2.5. Kinetic and isotherm studies

Since the Freundlich adsorption isotherm could be
applied over a wide range of concentrations and can provide
a satisfactory fitting of the experimental data with calculated
theoretical data, investigated in the current work. The effect
of several parameters such as surface heterogeneity, the expo-
nential distribution of the active sites and their energy are
considered through the experimental model. The Freundlich

Table 1
Coded and actual values of numeric factors
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isotherm, a reversible adsorption, is not restricted to the for-
mation of a monolayer. The linear model of Freundlich iso-
therm is described by the following equation [28-30]:

logg, =logK, +[1j10gCe 3)
n

where K, n and C, based on mg L™ are Freundlich con-
stant related to adsorption capacity, the energy or inten-
sity of adsorption and the equilibrium concentration of the
contaminant.

Langmuir isotherm, an adsorption model, is valid for a
monolayer deposition of adsorbates on the homogeneous
surface of the adsorbents with a finite number of identical
sites. The linear model of Langmuir isotherm is expressed as
follows [24,28]:

C. C 1
—L=—<c 4

— “4)
9, 4. bq,

where g, g , b and C, are the amount of adsorbed contami-
nant, the Langmuir constant representing maximum mono-
layer adsorption capacity, the Langmuir constant related ¢,
the energy of adsorption and equilibrium concentration of
contaminant, respectively. The dimensionless constant of RL
as the important feature of the Langmuir isotherm can be
described as follows [24,31]:

1

L=—r——7- 5)
(1+0bC,)
where RL, b and C, are the equilibrium constants which indi-
cates the type of adsorption, Langmuir constant and various
concentration of contaminant solution, respectively. The RL
values between 0 and 1 indicate the favorable adsorption.
To investigate the kinetics of the removal process the
first- and second-order kinetics models were studied. The
first-order kinetics model can be declared as follows [28]:

log(q, - 4,) =log(q,) ~ ,1/2.303 (6)
where g, and g, based on mg g™ are the adsorption capacity
at equilibrium time and ¢ time (min), respectively. k, (min™) is
the constant of first-order adsorption.

Moreover, the second-order kinetics model can be
expressed as follows:

t 1 t

= + —
q, ka4,

?)

Coded variables (X)) Factors (U, Experimental field

- -1 level 0 +1 level +ou
X, A =initial CFZ concentration (mg L) 20 57.77 85 112.32 150
X, B = solution pH 4 5.73 7 8.26 10
X, C = current density (mA cm™) 5 9.34 125 15.65 20
X, D = reaction time (min) 5 12.24 17.5 22.75 30
X, E = chitosan dosage (g L) 0 0.29 0.5 0.71 1
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where g, and g, based on mg g™ are the adsorption capacity
on aluminum hydroxide at the equilibrium time and ¢ time
(min), respectively. k, (g mg™ min™) is the constant of the sec-
ond-order adsorption.

2.6. Electrical energy and electrode consumption studies

The amount of aluminum electrode consumption during
the EC/AD process under the optimal condition can be
expressed as follows [27]:

ItM] @®)

ELC = [
nF

where I, t, M, n and F denote applied electrical current (A),
reaction time (s), molecular mass (g mol™), the number of
electrons and Faraday constant (96,485 C mol™), respectively.

Moreover, the amount of electrical energy consump-
tion during EC/AD process under optimal condition can be
expressed as follows [27]:

ult
EEC = [V] )

where U, I, t and V denote applied voltage (V), applied elec-
trical current (A), reaction time (h) and volume of sample (L),
respectively.

On the other hand, the current efficiency (¢) of EC/AD
process was expressed by following equation based on the
comparison of weight loss of aluminum electrodes (AM, )
during EC/AD process with theoretical amount of aluminum
electrodes dissolution (AM,, ) [31]:

AM_
Q= P %100

theo

(10)

The specific electrical energy consumption (SEEC) was
described as a function of aluminum electrode weight con-
sumed during EC/AD process in kWh (kg Al)" and can be
expressed by the following equation [27]:

sgpc-_ "FU

- (11)
3.6x1,000Mo

3. Results and discussion
3.1. Preliminary evaluation of electrocoagulation process

The effect of electrolyte type and concentration on CFZ
removal efficiency was investigated. The solutions of 0.07 M
electrolytes were used to investigate the effect of electrolyte
type on the removal efficiency. The maximum removal was
obtained using NaCl as the electrolyte at equilibrium time of
25 min (Fig. 1). Literature surveys revealed that addition of
appropriate electrolyte significantly improved the efficiency
of EC/AD process due to increasing the conductivity of the
wastewater which affects the Faradic yield, cell voltage and
consequently energy consumption of the process.

The presence of NaCl electrolyte plays an important role
to overcome the adverse effects of other anions such as CO,*,

HCO, and SO which may result in precipitation of Ca*
cations as an insulating layer on the surface of the cathode
and increasing the ohmic resistance of the EC/AD cell [27,31].
However, the extra amount of NaCl caused irregular disso-
lution of Al electrode; therefore, the electrolyte doses of the
NaCl (0.01-0.1 M) were optimized and presented in Fig. 2.
The obtained results revealed that the removal efficiency of
CFZ remained almost unchanged in the range of 0.07-0.1 M
of electrolyte dose. Therefore, NaCl electrolyte with the opti-
mized concentration of 0.07 M was used for further studies.
Furthermore, the effect of inter-electrode distance on the
removal efficiency of CFZ was investigated. It is known that
the drop in ohmic potential of the EC cell is proportional to
the inter-electrode spacing and on the other hand the distance
between electrodes affects the electrolysis energy consump-
tion especially when sample conductivity is low. To deter-
mine the effect of the inter-electrode distance the distance
between electrodes was changed in the range of 1.0-3.0 cm.
Current density loading of 125 mA cm¥ initial CFZ
50 mg L™, chitosan dosage 0.5 g L™ and pH 7.5 was kept con-
stant. The obtained results revealed that the lowest residual

100

80 —e— NaCl
- —o— KNO;
<60
N —e— NH,Cl
3
= 40 —e— CaCl,
-
=3
g —e— KCI
&

20 1 —e— Na,S0,

0 r r r r r r

0 5 10 15 20 25 30 35

time (min)

Fig. 1. Effect of electrolyte type; CFZ concentration 100 mg L,
current density 12 mA cm, solution pH at 7.5, inter-electrode
distance 1.0 cm, chitosan dosage 0.5 g L' and concentration of
electrolyte 0.07 M.
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30 ——0.07M
9 ——0.1M
< 60 4
N
=
Q ——0.05M
g 40 -
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Fig. 2. Effect of electrolyte dose; CFZ concentration 100 mg L™,
current density 12 mA cm, solution pH at 7.5, chitosan dosage
0.5 g L' and inter-electrode distance 1.0 cm.
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CFZ concentration was 7.0 mg L™ at the inter-electrode dis-
tance of 1 cm. At the inter-electrode distance of 1.5, 2, 2.5 and
3 cm, residual CFZ concentrations of 11.35, 19.14, 26.5 and
33.5 mg L were obtained, respectively. The obtained results,
in accordance with the other reports, show that by reducing
the inter-electrode distance, the resistance of motion reduced.
The observed behavior can be attributed to the shorter travel
path. Consequently, the electrical energy consumption was
decreased and efficiency of the process improved [27,31].
After optimizing the abovementioned parameters in pre-
liminary evaluation of EC process, in the second step, RSM
design was applied to optimize the other main parameters
through EC/AD process. The experimental conditions along
with the obtained results of 50 runs according to RSM design
are summarized in Table 2. As it can be seen, the removal
efficiency of CFZ changed from 47.15% to 100.00%.

3.2. Fitting of the process model and statistical analysis

To evaluate the effects of independent factors including
initial CFZ concentration, solution pH, current density, reac-
tion time and chitosan dosage on removal efficiency of CFZ,
50 runs were carried out by RSM. To obtain the regression
equation experimental results were fitted to the quadratic
model. The quadratic polynomial model in term of signifi-
cant coded factors (terms with P value < 0.05) is expressed
as follows:

Removal(%) =82.36 - 5.27X, +4.03X, + 541X,
+4.85X, +5.33X, +1.71X,X, —~1.38X, X,
-1.77X,X, -5.02X; -1.90X}

(12)

where X, X,, X,, X, and X, are initial CFZ concentration,
solution pH, current density, reaction time and chitosan dos-
age, respectively. The adequacy of model checked and the
obtained results summarized in Table 3.

According to Table 3, the analysis of variance (ANOVA)
test confirmed that the applied quadratic model was signifi-
cant with 95% confidence level and F value of 49.02. Since the
amount of P value probability was >0.05, no evidence of lack
of fit for the model was observed. Furthermore, the values
of the correlation coefficient (R?), adjusted correlation coef-
ficient (adj. R?*) and predicted correlation coefficient (pred.
R?) were found to be 0.9263, 0.9074 and 0.8526, respectively,
which indicates the experimental and model predicted val-
ues are in good agreement. Moreover, the obtained amount
of 30.20 for adequate precision which is more than 4 indicates
an adequate signal to noise ratio.

3.3. Pareto analysis

Graphical Pareto analysis provides noteworthy informa-
tion about the importance of the operational parameters to
interpret the obtained results. Pareto analysis indicates the
percentage effect of each factor on the CFZ removal effi-
ciency as the response, according to the equation expressed
as follows:

i
f=sp

x100 (i#0) (13)

where b, represents the estimation of the significant effect
of the operational parameters. As it can be seen from Fig. 3,
the contributions of the operational parameters (X, X,, X,,
X, and X,) on the percentage of CFZ removal efficiency are
17.50%, 10.03%, 18.08%, 14.53% and 17.53%, respectively.
Moreover, the contribution of the interaction effect (X,X,,
X, X, and X X.) on the percentage of CFZ removal was found
to be 1.80%, 1.18% and 1.93%, respectively. The contributions

of the quadratic effects of (X2 and X} ) on the CFZ removal
efficiency were found to be 15.53% and 2.22%, respectively.
The obtained results revealed that, among all factors, initial
concentration (X)), current density (X,), chitosan dosage (X)
and quadratic effects of pH ( X2 ) have the highest contribu-
tion to the removal efficiency of CFZ contaminant.

3.4. Electrocoagulation experiments

According to Eq. (3), it can conclude that the average
value for CFZ removal efficiency is 82.36% when all opera-
tional parameters fixed at their center point values. Since the
magnitude of the coefficient in front of each term shows the
importance degree of that term, the most influencing terms
among the significant operational parameters were found to
be current density, followed by chitosan dosage, initial CFZ
concentration, reaction time and pH, respectively. Moreover,
it can be concluded that the removal efficiency of CFZ
increased 10.82% (2 x 5.41) by increasing its current density
from 9.36 (-1 level) to 15.65 mA cm™ (+1 level). However, the
removal efficiency decreased 10.54% (2 x 5.27) when initial
CFZ concentration increased from 57.67 mg L (-1 level) to
112.33 mg L™ (+1 level).

The obtained results revealed that increasing the initial
concentration of the CFZ contaminant resulted in decreases
of removal efficiency of CFZ. As it can be seen from Fig. 4
that at the center point of the mentioned significant opera-
tional parameters including 12.5 mA cm™ current density,
7.0 pH, 17.5 min reaction time and 0.5 g chitosan dosage, the
removal efficiency of CFZ decreases from 87.62% to 77.08%
by increasing its concentration from 57.5 to 112.33 mg L. It
is probably owing to the fact that the number of the formed
metal hydroxide flocs was not sufficient for sedimentation
the greater number of the CFZ molecules.

To investigate the effect of pH on the removal efficiency
of CFZ, the EC processes carried out over the wide pH range
of 4.0-10.0. The combined effects of the solution pH and CFZ
concentration on the removal efficiency was depicted by the
3D surface plot (Fig. 5).

As is illustrated in Fig. 5, CFZ removal efficiency
improved by increasing the pH and the maximum removal
efficiency occurred at pH value of 7.80. Evidently, the effect
of pH on the removal efficiency rate is higher in the range of
5.5-7.8 in comparison with 7.8-8.2. Moreover, at low initial
pH condition, the aluminum hydroxides are soluble and are
not able to absorb the pollutants. The obtained results were
in accordance with other reported works using Al as the sac-
rificed electrode [25,32].

The effect of current density on the removal efficiency
of CFZ contaminant was investigated and presented in
Fig. 6. The removal efficiency of CFZ increased from
76.94% to 87.76% by increasing the current density from
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Experimental results of CFZ removal as a function of coded and actual values of four factors in CCD matrix
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Run Actual values Coded values CFZ removal
A(mgL') B C(mAcm?) D(min) E(gLl) X, X, X, X, X, (%)
1 57.67 8.26 15.65 12.24 0.29 -1 1 1 -1 -1 79.85
2 112.33 5.74 15.65 12.24 0.29 1 -1 1 -1 -1 67.78
3 85.00 7.00 12.50 17.50 0.00 0 0 0 0 238 6144
4 57.67 5.74 15.65 12.24 0.71 -1 -1 1 -1 1 80.35
5 57.67 8.26 15.65 22.76 0.71 -1 1 1 1 1 100.00
6 112.33 8.26 15.65 12.24 0.71 1 1 1 -1 1 74.50
7 20.00 7.00 12.50 17.50 0.50 238 0 0 0 0 100.00
8 85.00 7.00 12.50 17.50 0.50 0 0 0 0 0 83.20
9 112.33 5.74 15.65 22.76 0.29 1 -1 1 1 -1 66.45
10 85.00 7.00 12.50 17.50 0.50 0 0 0 0 0 84.46
11 112.33 8.26 15.65 22.76 0.71 1 1 1 1 1 86.45
12 112.33 5.74 15.65 12.24 0.71 1 -1 1 -1 1 69.54
13 57.67 5.74 15.65 12.24 0.29 -1 -1 1 -1 -1 74.45
14 85.00 7.00 12.50 17.50 0.50 0 0 0 0 0 83.42
15 112.33 5.74 9.35 22.76 0.71 1 -1 -1 1 73.45
16 85.00 7.00 5.00 17.50 0.50 0 0 238 0 0 59.45
17 112.33 8.26 9.35 12.24 0.71 1 1 -1 -1 1 68.50
18 85.00 7.00 12.50 17.50 0.50 0 0 0 0 0 78.00
19 57.67 5.74 15.65 22.76 0.29 -1 -1 1 1 -1 77.37
20 57.67 8.26 15.65 22.76 0.29 -1 1 1 1 -1 98.45
21 112.33 8.26 15.65 22.76 0.29 1 1 1 1 -1 82.50
22 57.67 5.74 9.35 12.24 0.29 -1 -1 -1 -1 -1 63.45
23 85.00 7.00 12.50 17.50 0.50 0 0 0 0 0 79.24
24 85.00 4.00 12.50 17.50 0.50 0 238 0 0 0 47.15
25 57.67 5.74 9.35 22.76 0.29 -1 -1 -1 1 -1 65.58
26 112.33 8.26 9.35 22.76 0.29 1 1 -1 1 -1 72.40
27 57.67 8.26 9.35 22.76 0.29 -1 1 -1 1 -1 82.50
28 112.33 8.26 15.65 12.24 0.29 1 1 1 -1 -1 75.50
29 85.00 7.00 12.50 17.50 0.50 0 0 0 0 0 82.78
30 57.67 8.26 9.35 12.24 0.71 -1 1 -1 -1 1 83.74
31 57.67 5.74 15.65 22.76 0.71 -1 -1 1 1 1 88.42
32 57.67 5.74 9.35 12.24 0.71 -1 -1 -1 -1 1 73.45
33 112.33 5.74 15.65 22.76 0.71 1 -1 1 1 1 84.45
34 85.00 7.00 12.50 17.50 1.00 0 0 0 238 9525
35 57.67 8.26 15.65 12.24 0.71 -1 1 1 -1 1 85.57
36 112.33 5.74 9.35 12.24 0.29 1 -1 -1 -1 -1 50.45
37 85.00 10.00 12.50 17.50 0.50 0 238 0 0 0 56.38
38 85.00 7.00 12.50 17.50 0.50 0 0 0 0 0 82.45
39 85.00 7.00 12.50 17.50 0.50 0 0 0 80.18

(Continued)
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Table 2 (Continued)
Run Actual values Coded values CFZ removal
A(mgL") B C(mAcm? D(min) E(gL?) X, X, X, X, X, (%)
40 57.67 8.26 9.35 22.76 0.71 -1 1 -1 1 1 94.28
41 112.33 8.26 9.35 22.76 0.71 1 1 -1 1 1 81.45
42 112.33 8.26 9.35 12.24 0.29 1 1 -1 -1 -1 61.48
43 85.00 7.00 20.00 17.50 0.50 0 0 238 0 0 97.46
44 85.00 7.00 12.50 5.00 0.50 0 0 0 -2.38 55.84
45 57.67 5.74 9.35 22.76 0.71 -1 -1 -1 1 1 81.21
46 112.33 5.74 9.35 12.24 0.71 1 -1 -1 -1 1 69.45
47 112.33 5.74 9.35 22.76 0.29 1 -1 -1 1 -1 57.44
48 57.67 8.26 9.35 12.24 0.29 -1 1 -1 -1 -1 68.78
49 150.00 7.00 12.50 17.50 0.50 238 0 0 0 0 69.45
50 85.00 7.00 12.50 30.00 0.50 0 0 0 2.38 83.00
Table 3
ANOVA results for response surface of quadratic model
Response Source Analysis of variance
Sum of square Degrees of freedom  Mean square  F value P value Prob > F
CFZremoval (%)  Model 7,256.82 10 725.68 49.02 <0.0001
Residual 577.33 39 14.80 - -
Lack of fit 540.73 32 16.90 3.23 0.0556
Pure error 36.60 7 523 - -
20 One Factor
100 |
15
.E 10 86.75 -
E s
E <
g —
S s z
% 73.3
X L OX X X XX XX XX X X =
= 025
Fig. 3. Graphical Pareto analysis of the significant parameters on
CFZ removal.
47
9.35 to 15.65 mA cm™ at the center point of the significant
operational parameters including 85 mg L™ CFZ concen- 5??5? ?1.|3 . ss.loo QE.I“ 112'.33

tration, 7.0 pH, 0.5 g L7 chitosan dosage and 17.5 min
reaction time.

Current density as a significant operational parameter
can affect the efficiency of the EC/AD process by controlling
the concentration of the generated AI** and OH-, the pro-
duction rate of metal hydroxide as a coagulant, production
rate of bubbles, size and growth of the flocs, for sedimen-
tation of the CFZ contaminants. According to the obtained
results presented in Fig. 7, the reaction time of the EC/AD
process can affect the removal efficiency of CFZ contaminant.

Imitial Concentration CFZ mg.L-!

Fig. 4. Percentage of CFZ removal as a function of initial CFZ
concentration; solution pH 7, current density 12.5 mA cm?,
reaction time 17.5 min and chitosan dosage 0.5 g L.

As it can be seen the removal efficiency of CFZ increased
from 75.6% to 85.31% by increasing the reaction time from
12.24 to 22.76 min in the constant value of 85 mg L' CFZ
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concentration, 7.0 pH, 10 mA cm™ current density and
0.5 g L™ chitosan dosage as the center points of the signifi-
cant operational parameters. The observed curvature in the
plot indicates that there is an optimum range of 20-22.7 min
for reaction time with the maximum value of approximately
22.7 min, however, beyond the optimum electrolysis time the
removal rate decreased as a result of the desorption phenom-
enon. The reaction time of 22.7 min which is required to reach
the equilibrium remains unaltered at different CFZ concen-
tration from 20 to 150 mg L.

80
83.73
o=
£ 785
3]
= 73.23
£
2 63
37.6708
826134 71,3354 o
7.63067 / g
T 85 “d“'ﬁ‘k
B: Sy 6.36933 " §8.6646 I(@@“’
e, 573866 112.328 i
"-‘an ‘\'J"t
R

e

Fig. 5. 3D surface plot of CFZ removal percentage as a func-
tion of initial CFZ concentration and solution pH; current den-
sity 12.5 mA cm™, reaction time 17.5 min and chitosan dosage
05gL™
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et
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14.08
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10.92

8.33
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I f I
71.34 85.00 58.66

Initial CFZ concentration (mg.L-1)

Fig. 6. Percentage of CFZ removal as a function of current density
and initial CFZ concentration; solution pH at 7, chitosan dosage
0.5 g L™ and reaction time 17.5 min.
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The role of chitosan dosage on the process presented in
Fig. 8. There is a direct relationship between the amount of
chitosan dosage added and removal rate of CFZ contami-
nant. As it is demonstrated in Fig. 8, in the constant value of
85 mg L CFZ concentration, 7.0 pH, 12.5 mA cm™ current
density and 17.5 min reaction time which is the center point
of the mentioned parameters, the removal efficiency of CFZ
increased from 76.02% to 87.68% by increasing the chitosan
dosage from 0.29 to 0.71 g L.

It is important to note that the removal efficiency of 98%
achieved for only 1 g L™ of chitosan dosage by applying the
current density of 12.5 mA cm™. The removal efficiency was

CFZ Removal (%)

57.67

Fig. 7. 3D surface plot of CFZ removal percentage as a function
of reaction time and initial CFZ concentration; solution pH at 7,
chitosan dosage 0.5 g L' and current density 12.5 mA cm™
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78.8218

Chitosan dosage (g.L-1)
f]
L
L=
|

0.35

T I T
7134 85.00 58.66

57.67

112.33

Initial CFZ concentration (mg.L-1)

Fig. 8. Percentage of CFZ removal as a function of chitosan dos-
age and initial CFZ concentration; solution pH at 7, reaction time
17.5 min and current density 12.5 mA cm™.
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significantly improved when coupling the two EC/AD pro-
cess demonstrating that CFZ removal could result in fact
from several complex mechanisms such as chemical precipi-
tation and adsorption that simultaneously take place on the
chitosan as well as on the formed flocs under EC [17]. Thus,
it can be stated that the removal of CFZ in the EC/AD pro-
cess resulted from synergistic effects of each individual CFZ
removal process.

3.5. EC/AD process optimal condition

To find the optimum condition the optimization criteria
for the main parameters including initial CFZ concentration,
solution pH, current density, reaction time and chitosan
dosage were adjusted to ‘in range’ level in the software and
the removal efficiency of CFZ as the response was adjusted
to ‘maximize’ level. From the recommended optimum con-
ditions the best one which has the superior desirability of
0.998 and maximum CFZ removal of 100% was selected
as the final optimal condition. The obtained values for the
optimized parameters were pH 7.8, inter-electrode distance
1 cm, reaction time 23 min, current density 15.5 mA cm?,
chitosan dosage 0.7 g L™ and electrolyte dose of 0.07 M
NaCl with the initial CFZ concentration of 60 mg L. The
obtained experimental value for CFZ removal efficiency
and predicted value by the model were 100% and 99.71%,
respectively (Table 4). It can be concluded that there is a sat-
isfactory agreement between the experimental CFZ removal
efficiency and the estimated value by the quadratic model.
Hence, it confirmed the accuracy and precision of the
designed model in the successful prediction of CFZ removal
efficiency.

3.6. Removal mechanism of CFZ through EC/AD process

AI* ions which generated electrochemically from the
sacrificial anode can go through the hydrolysis process at
higher pH condition to produce a series of activated inter-
mediates including AI(OH)* and AI(OH)," that are able to
destabilize the negatively charged CFZ molecules existed
in the wastewater [33]. As it can be seen from the reactions
below the destabilized particles then aggregate to form
flocks:

Table 4
Optimal condition and comparison between actual value and
predicted value

Parameters Optimal value
Type of electrolyte NaCl
Electrolyte dosage (mol L) 0.07
Inter-electrode distance (cm) 1
Initial concentration (mg L) 60
pH 7.8
Current density (mA cm™) 15.5
Reaction time (min) 23
Chitosan dosage (g L™) 0.7
Removal (%) (predicted) 99.71
Removal (%) (experimental) 100

Cathode reaction:

2H,0+2e” — H,(g)+20H" @
Anode reaction:

Al — AP +3e” (1D

In the solution:

Al*(aq) + 3H,0 — Al(OH), + 3H" (aq) (IID)

nAl(OH), — Al (OH),, (Iv)

The generated AI(OH)* as the cationic hydrolysis prod-
uct and formed polymeric cationic species are able to remove
the contaminant by adsorption and neutralization of the neg-
atively charged CFZ. Adsorption of pollutant molecules on
metal hydroxide precipitates, which is known as ‘sweep floc-
culation” mechanism controlled the efficient removal of CFZ
contaminant.

3.7. Kinetic modeling

First- and second-order kinetic models studied in the cur-
rent work in the optimum condition of 60 mg L™ CFZ con-
centration, 15.5 mA cm™ current densities, 7.8 pH solution,
0.7 g L™ chitosan dosage, 0.07 M NaCl as concentration and
type of electrolyte and 1 cm inter-electrode distance. As it can
be seen from Fig. 9 a linear relationship with the correlation
coefficient of 0.7414 observed between log(q, — q,) and t. The
kinetic data fitted to the first-order model equation and the
amount of calculated k, presented in Table 5.

Moreover, the kinetic data fitted to the second-order
model equation. The equilibrium adsorption capacity, g, and
k, were calculated and summarized in Table 5. As it is illus-
trated in Fig. 10, the plot of t/g, vs. t for CFZ adsorption was
found to be linear with satisfactory correlation coefficients of
0.9715. It can be concluded that the obtained experimental

4.5

35

25 A

1.5

log (9-q)

0.5

-0.5

-1.5

0 5 10 15 20 25 30

time (min)

Fig. 9. First-order kinetic plot for CFZ removal in optimized
EC/AD process condition.
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Table 5
Kinetic models parameters for CFZ removal in optimized EC
process condition

Second-order kinetic First-order kinetic

R K,(gminmg") g, (mgg") R’ K, (min™)
09715 4x10° 476.19 0.7414  0.400
0.05
A
0.04
é" 0.03 £
e
£
g 0.02
g a
0.01 £
A
0
0 5 10 15 20 25 30
time (min)

Fig. 10. Second-order kinetic plot for CFZ removal in optimized
EC/AD process condition.

results are in good agreement with the second-order model
in comparison with the first-order model for describing the
kinetics of CFZ adsorption on [Al(OH),J'.

3.8. Isotherm modeling

During the EC process, the metal hydroxides as the
adsorbent were produced. The contaminants adsorption on
the surface of the generated metal hydroxides investigated
using two common adsorption isotherms namely Freundlich
and Langmuir models. The model with the better appropriate
correlation for the equilibrium curve could provide valuable
information on the mechanism of the adsorption process.

To investigate the Freundlich isotherm, the used CFZ
concentrations were 50-150 mg L™ with the current density
of 15.5 mA cm™, an initial pH of 7.8, and the chitosan dosage
of 0.7 g L™ in 25 min reaction time. It can be seen from Fig. 11,
the correlation coefficient of the plot logg, vs. logC, is 0.9116.
However, according to Fig. 12 the correlation coefficient of
the plot C /g, vs. C,is 0.9851. The obtained intercept and slope
denote the adsorption capacity and adsorption intensity,
respectively. The calculated value of n from the slope of the
plot falling in the range of 1-10 indicates favorable sorption.
K.and n values listed in Table 6.

The values of monolayer capacity (7, ), Langmuir constant
(b), equilibrium constant (RL) and the correlation coefficient
values of Langmuir and Freundlich isotherm models pre-
sented in Table 6. As it can be seen, the Langmuir isotherm
model has higher regression coefficient compared with
Freundlich model indicating that the Langmuir model pro-
vides a better description of the process. The obtained results
suggested the monolayer adsorption of CFZ on the surface of
the adsorbent and are in accordance with the Langmuirian
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31
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log q.
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2 -'1 0 1 2
log C.

Fig. 11. Freundlich adsorption isotherm plot for CFZ removal in

optimized EC/AD process condition.
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Fig. 12. Langmuir adsorption isotherm plot for CFZ removal in
optimized EC/AD process condition.

Table 6
Langmuir and Freundlich adsorption isotherm models values
for CFZ removal in optimized EC process condition

Freundlich isotherm
b(Lmg') RL R? K n R?

.
1.75 0.01 09851 723.76 9.17 009116

Langmuir isotherm

q,(mgg™)
1,250

behavior of CFZ adsorption on aluminum hydroxide as
described by previous researchers [28].

3.9. CFZ contaminant removal from hospital wastewater

A volume of 20 mL hospital wastewater was centrifuged at
1,500g for 15 min. The supernatant collected and a volume of
2.00 mL transferred into a 15 mL polypropylene centrifuge tube.
A volume of 7.0 mL acetonitrile added and the mixture shaken
strongly for 2 min. The mixture centrifuged at 1,500¢ for 10 min
and the supernatant evaporated to 2 mL at 45°C-50°C under a
steam of nitrogen [34]. The extract diluted with 20 mL of water
and filtered by 0.22 um polytetrafluoroethylene syringe filter to
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inject into the HPLC system. The initial CFZ antibiotic concen-
tration extracted from hospital wastewater sample were found
to be 4.63 + 0.13 mg L7, where reached to zero after applying
the optimal condition of EC/AD process. However, applying
each of the EC or AD techniques separately on the same sample
resulted in 61% and 17% removal efficiency, respectively.

Moreover, to evaluate the removal efficiency of EC/AD
process in high-concentration real samples, the proposed
process was employed for treatment of 45 and 70 mg L' CFZ
in hospital wastewater samples using standard addition
method. The residual amount of CFZ in the treated sam-
ples was found to be 1.8 + 0.21 and 6.3 + 0.27 mg L7, which
indicated satisfactory removal efficiency of 96% and 91%,
respectively.

3.10. Evaluation of electrical energy and electrode consumption

The amount of aluminum electrode consumption during
EC/AD process under optimal condition was found to be
0.024 g during a single run using Eq. (8). It can be concluded
that, 96 g electrode consumed for treatment of 1 m® hospi-
tal wastewater. On the other hand, the amount of electrical
energy consumption during EC/AD process under optimal
condition was found to be 1.251 kWh m™ using Eq. (9).

The amount of characteristic parameters including cur-
rent efficiency (¢), weight loss of electrodes (AM_ ) during
EC/AD process, the theoretical amount of electrodes disso-
lution (AM,, ) and SEEC were calculated and summarized
in Table 7.

4. Conclusions

In the current work, the effects of experimental param-
eters such as initial CFZ concentration, solution pH, cur-
rent density, reaction time, chitosan dosage, inter-electrode
distance, type and concentration of electrolyte on the CFZ
removal efficiency were investigated using EC/AD cou-
pling process. The obtained results revealed that EC/AD
coupling process was able to eliminate antibiotic CFZ effec-
tively. Increasing current density and chitosan dosage
demonstrated the most positive effect on the CFZ removal,
whereas increasing of initial CFZ concentration can cause
performance falling. Under optimal condition, electrode
consumption and electrical energy consumption were found
to be 0.024 g during a single run and 1.251 kWh m=, respec-
tively. EC/AD coupling process followed both Langmuir
and Freundlich isotherms; however, it was more adapted
with the first one. The process kinetic successfully fitted
to the second-order model. The developed process applied
successfully for CFZ removal from hospital wastewater and
the predicted model for treatment of synthetic wastewater is

Table 7
Electrical energy consumption values for CFZ removal in opti-
mized process condition

M, (mg) 25.83
M, (mg) 24.43
P (%) 105.7
SEEC kWh (kg Al 0.121

in satisfactory agreement with the removal efficiency of real
hospital wastewater treatment.
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