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Abstract

Erythrosine B (EB) is a dye widely used in the food and textile industries. Despite many studies that have been proposed
in the literature about the electrochemical oxidation of dyes, few studies considered such recalcitrant xanthene compound,
although it has been recognized as a threat to health and the environment. Then, this study investigates the oxidation of EB
by a homogeneous electro-Fenton process using iron (II) sulfate heptahydrate as a catalyst, carbon felt cathode, and Ti/RuO,
anode. The treated synthetic wastewater contains 100 mg L™! of EB and has a pH=3. The effects of three independent vari-
ables have been considered for process optimization, such as applied current intensity (0.1-0.5 A), iron concentration (1-10
mM), and stirring rate (100-1000 rpm). Their interactions were investigated considering response surface methodology
(RSM) based on Doehlert design as optimization method. EB removal efficiency and energy consumption were considered
as model responses after 30 min of electrolysis. Analysis of variance (ANOVA) revealed that the quadratic model was
adequately fitted to the experimental data with R* (0.9819), adj-R? (0.9276), and low Fisher probability (<0.0181) for the EB
removal model, and R? (0.9968), adj-R* (0.9872) and low Fisher probability (<0.0014) relative to the energy consumption
model, suggesting a robust statistical significance. The energy consumption model significantly depends on current density,
as expected. The foregoing results obtained by RSM led to the following optimal conditions for EB degradation: current
intensity of 0.2 A, iron concentration of 9.397 mM, and stirring rate of 500 rpm, which gave a maximum decolorization
rate of 98.15% with a minimum energy consumption of 0.74 kWh m™ after 30 min of electrolysis. The competitiveness of
the electro-Fenton process has been confirmed by the literature analysis proposed as well as by the preliminary economic
analysis proposed in the second section of the study.
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1 Introduction

Water is essential for human life and the environment.
In recent years, many pollutants containing dyes from
wastewater have posed a significant threat to environ-
mental safety. This is the case for some synthetic dyes,
especially those belonging to the xanthene class [1]. A
wide range of applications have stimulated interest in
xanthene, but some are toxic, either during direct use or
as a compound dissolved in aqueous matrices [2]. Eryth-
rosine B (Acid Red 51) is a water-soluble xanthene class
of dye and organoiodine compound, specifically a deriva-
tive of fluorone defined by a conjugated z system, which
leads to strong absorption and leads to the appearance of
a characteristic cherry pink color [3]. It is widely used
in practical applications for preparations for dyeing in
the food, wool, silk nylon, cosmetic, and pharmaceutical
industries [4]. Its overuse leads to various medical prob-
lems, including the nature of xenoestrogens in humans and
animals, thyroid activities, neurotoxicity, carcinogenesis,
and DNA damage behavior [5]. For the safety assessment,
the acceptable daily intake (ADI) of Erythrosine B (EB)
is 0.1 mg/kg body weight (BW)/day [3]. Therefore, rapid
and prudent strategies are necessary to remove these dyes
[3—-6]. Moreover, the acidic water-soluble reactants are
the most problematic contaminants because they tend to
pass unaffected by conventional treatment systems. Treat-
ment of colored wastewater is difficult and complicated
due to the presence of stable and non-degradable aromatic
compounds in the structure of dyes. Advanced oxidation
processes (AOPs) have been extensively considered to
overcome the dye problem in aquatic systems. Among
AQOPs, Electrochemical Advanced Oxidation Processes
(EAOPs) perform well in removing toxic food dyes due to
their high efficacy, less demanding activity, environmental
friendliness, and the potential for minimal effort adequacy
[7-10]. As one of EAOPs, electro-Fenton (EF) technology
is an emerging and highly effective alternative for waste
minimization and conservation [11-16]. Electro-Fenton
is a technique whereby H,O, is generated in situ at the
surface of the cathode by an oxygen reduction reaction
and directly used for the desired process. This approach
not only reduces the cost of transport and storage of H,0O,
and the chemical risks associated with this compound, but
it also theoretically reduces the potential for the immediate
decomposition of H,0,, facilitating the effective utiliza-
tion (Eq. 1). In the next step, the resulting H,O, could
react with ferrous ions which acts as catalyst to generate
homogeneous “OH by Fenton’s reaction (Eq. 2). In the
last stage, Fe?* can be continuously regenerated due to
the reduction of Fe?* at cathode surface (Eq. 3), drasti-
cally decreasing the formation of iron sludge [17, 18]. The
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described catalytic cycle accelerates the entire mineraliza-
tion process. Since the optimum pH is around 3, trivalent
iron ions and divalent iron ions are present in the solution.
After this, hydroxyl radicals (*OH) can react with organic
pollutants (R) until it is eventually oxidized to water and
carbon dioxide (Eq. 4) [17].

0, +2H* +2¢~ — H,0, (1
Fe’™ + H,0, — Fe’™ + OH™ + HO' )
Fe’* +e™ — Fe’* (3)
R+HO - CO, + H,0 + mineral ions 4)

The generation of hydroxyl radicals is extremely effective
for the removal of organic compounds, such as dyes, due
to the strong oxidant power of ‘OH, which are able to react
also with recalcitrant compounds. Another relevant aspect
of electro-Fenton process relates to the electrode material
used in the mechanism for the hydroxyl radical production.
Indeed, these reactive species are usually produced by water
discharge at anode surface using anodes with a high over-
potential for oxygen evolution reaction [19]. Among them,
boron-doped diamond (BDD) is one of the best performing
materials due to its high overpotential (2.30 V) [19]. Never-
theless, the high cost (> 10* $ m™?) limits its utilization. In
the electro-Fenton process, the hydroxyl radical production
is based on reaction (2) between H,0, and Fe** which are
continuously generated at cathode usually made of carbo-
naceous materials which is drastically cheaper than BDD.

In general, the production of H,O, has a significant effect
on the degradation of pollutants in the reaction of electro-
Fenton [20]. Hence, it is crucial to search for an effective
cathode to achieve high H,0O, production and thus the selec-
tion of cathode materials attracted much attention [21-26].
Various cathode materials used in the experimental and lab-
oratory range include carbon/graphite felt [12, 27], carbon
fiber [28], reticulated vitreous carbon [29], carbon black [30,
31], activated carbon fiber, and walled-carbon nanotubes
[32] are reported to offer low-cost, stable, high conductiv-
ity, facile preparation, and effective cathode materials for
in situ H,O, electro-generation [33, 34].

Nevertheless, the overall efficiency of an electro-Fenton
process depends on many process parameters. The conven-
tional practice is to improve one factor by maintaining other
factors fixed, which does not depict the combined effect of all
the factors involved. This method requires a high number of
experiments to determine the optimum levels, which leads to
high costs (longer time and higher materials consumption for
doing research) of study and does not consider the interactions
between the selected parameters [35]. The disadvantages of
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the single-factor improvement process can be eliminated by
optimizing all the influencing parameters together by statisti-
cal experimental design. Furthermore, parameters might have
synergistic effects, and the combined effects must be evaluated.
Response Surface Methodology (RSM) is a set of statistical and
mathematical methods useful for experiment design and model
development by considering parameter interactions and pro-
cess optimization. It features high accuracy, low experimental
cost, and excellent prediction performance. RSM can be used to
improve chemical processes, which a second-order polynomial
equation can describe. It consists of three stages: experiment
design, response surface modeling, and optimization [36-38].
More in detail, the three phases are as follows: (1) experimental
design for determination of process factor’s values based on
experiments are conducted and data are collected; (2) experi-
mental modeling of the approximation of the relationship (i.e.,
the response surface) between responses and factors; and (3)
optimization to obtain the best response value based on the
experimental model [39]. Types of symmetrical experimental
designs include three-level factorial design, central composite
design (CCD), Doehlert matrix, and Box—Behnken.

Despite all the health and environmental concerns intro-
duced above about EB, its resistance to conventional waste-
water treatment [40], the Erythrosine B oxidation with EAOPs
is not deeply investigated. To the best of authors knowledge,
most of the studies consider photocatalytic process for the deg-
radation of such xanthene dye [41—43], and only two works
applied electrochemical processes [7, 44]. More in detail,
in the first work, the degradation of EB has been performed
using Ti-PbO, anode [7]. The second one [44] used an electro-
Fenton process, but it analyzed the coupling with irradiation
source for a photoelectron-Fenton process, and a deeper com-
prehension of the electro-Fenton performances is still missing.

With this background, the work proposed here aims to eval-
uate EB dye removal by an electro-Fenton process with Ti/
RuO, (DSA®) as an anode and carbon felt as a cathode. The
influence of the primary process parameters (applied current,
iron concentration, and stirring rate) and the search of optimal
degradation conditions have been investigated with the experi-
mental design methodology through Doehlert design, which
helps the pursuit of optimal operating conditions, limiting the
number of experiments. In the second part of the study, the
optimized results are compared with the performance reported
in the literature for dye removal using EAOPs and a prelimi-
nary economic analysis is proposed.

2 Experimental
2.1 Chemicals

The dyestuff solution was prepared by dissolving Erythros-
ine B (C,,H4l,Na,O5 dye content 90%, Sigma-Aldrich), used

without further purification, to a concentration of 100 mg L™,
Sodium sulfate decahydrate (Na,SO,-10H,0, Sigma-Aldrich)
is added as supporting electrolyte. Iron (II) sulfate heptahy-
drate (FeSO,-7H,0, 99%, Sigma-Aldrich) is used as an iron
source. All the solutions have been prepared in bi-distilled
water. Analytical-grade NaOH and H,SO, were used to adjust
the initial pH of the solution. The initial pH of the solution,
measured with a pH glass electrode (HANNA Instruments®)
calibrated with standard buffers at pH 4, 7, and 10.1, was
adjusted to 3 by sulfuric acid (H,SO, 95-97% -Fluka Ana-
lytical®) 1 M.

2.2 Electrolysis system

Electro-Fenton treatments were conducted in an open, undi-
vided, cylindrical glass cell containing 300 mL of solution,
(100 mg L! EB), for 30 min under galvanostatic conditions,
applying a constant current using an AMEL 2055 potentio-
stat/galvanostat. The solution was stirred with a mechanical
motor to avoid concentration gradients. All the experiments
were carried out at room temperature. Carbon felt (Carbone
Loraine) was used as a cathode (10 X 7 cm with a thickness of
0.5 cm) placed in the center of the cell. The anode was a Ti/
RuO, net (150 x 60 mm), which covered the inner wall of the
cell. Before starting the electrolysis, compressed air was bub-
bled for 10 min through the solution (max flow rate 3 L min™"
at 0.014 MPa) to saturate the aqueous solution; the air flow has
been also kept constant during the working time.

The applied current, the iron concentration, and the stirring
rate were chosen as factors for the Doehlert design, as shown
in the next section.

The concentration removal of EB is followed by UV—-vis
spectroscopy using a Jasco V-630 spectrophotometer and cells
with a 1 cm path length at the characteristic wavelength of
526 nm. Therefore, the specific energy consumption (Ec, kWh
m) is calculated by Eq. (5):

Uy 1.t
~3600.V’ ®)
where U, is the average cell voltage (V), I is the current
(A), tis the electrolysis time (s), and V is the volume of the
treated solution (I).

2.3 Experimental response surface methodology:
Doehlert design

A Doehlert design was used to find the optimum conditions
for electro-Fenton degradation of Erythrosine B. The num-
ber of experiments “N” is given by Eq. (6):

N=n>+n+c, 6)
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where 7 is the number of variables and c is the number of
central points. In this work, we studied the influences of
3 independent variables: X,: applied current (A); X,: iron
concentration (mM); and Xj5: stirring rate (rpm). For n=3,
the matrix comprised 13 experiments which were uniformly
distributed within the space of the coded variables (X;). The
number of replicates in the central point of the design was
fixed at 3 (experiments 13—15) to obtain an estimation of the
experimental error.

Each operating variable X; was studied at different levels of
detail as imposed by the Doehlert method: the applied current
was studied at five levels (0.5, 0.1, 0.4, 0.2, and 0.3 A), the
iron concentration at seven levels (5.5, 9.397, 1.603, 6.7915,
4.2085, 8.0965, and 2.9035 mM), and the stirring rate at three
levels (174, 500, 827 rpm). The low and high levels of each
variable were designated as —1 and +1, respectively, corre-
sponding to the minimum and maximum values of the experi-
mental range of each independent variable (Table 1). Each
independent variable was coded as X; and determined by the
following equation:

Table 1 Coded factors and experimental range for each experimental
variable used for the application of Doehlert matrix

Variables Coded factor Experimental
domains
-1 +1
Current intensity [A] X, 0.1 0.5
Iron concentration [mM] X, 1 10
Stirring rate [rpm] X, 100 1000

X = Xi — Xo
T TAx, @)

where X; is a dimensionless code value of the independent

variable, x; is the uncoded value of the independent vari-
able, x, is the central point, and Ax; is the step change value
between low level (—1) and high level (+1) [45]. Table 2
reports Doehlert matrix in coded units and the correspond-
ing operating values for each experiment.

The selected dependent variables or response functions (Y)
were EB removal efficiencies at 30 min (Ygg removaiz) and the
associated energy consumption (Y%, ). The EB removal effi-
ciency has been calculated as follows:

[EB], — [EBlxg

EB(%) = T2
0

x 100, 6]
where [EB] is the starting concentration and [EB]5, is the
final concentration after 30 min of treatment.

The experimental response associated with a Doehlert
matrix (for three variables) is represented by a quadratic poly-
nomial model:

Y=by+ D) bX;+ ) bXX;+ Y bX, )

where Y is the response of the system, b is the constant of
the model, b, represents the main effect of the factor i, b;;
is the estimation of the second-order effect, and bl_-,- is the
estimation of the interaction between the factors i—j [45].
The experimental data were fitted using MATLAB® to
derive the coefficients of the polynomial interpolation. The
significance of each coefficient is examined using its p-value,
and the stepwise technique is applied to maintain only the
significant predictors. This technique consists of removing

Table 2 Doechlert matrix for experimental design with three variables and the corresponding experimental conditions for each

EXP Codes factors Experimental variables Response function
X, X, X3 Current A [Fe>*] mM Stirring rate  y, %
rpm
1 1 0 0 0.5 5.5 500 96.31 2.43
2 -1 0 0 0.1 5.5 500 91.57 0.31
3 0.5 0.866 0 0.4 9.397 500 96.42 1.83
4 -05 —0.866 0 0.2 1.603 500 95.71 0.83
5 0.5 —0.866 0 0.4 1.603 500 88.27 1.94
6 -05 0.866 0 0.2 9.397 500 98.15 0.74
7 0.5 0.287 0.816 0.4 6.7915 826.4 96.07 2
8 -05 —0.287 - 0.816 0.2 4.2085 173.6 97.94 0.8
9 0.5 —0.287 —-0.816 0.4 4.2085 173.6 76.72 1.89
10 0 0.577 —0.816 0.3 8.0985 173.6 97.87 1.24
11 -05 0.287 0.816 0.2 6.7915 826.4 96.23 0.74
12 0 -0.577 0.816 0.3 2.9035 826.4 98.53 1.2
13 0 0 0 0.3 5.5 500 98.23 1.24
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(or adding in other cases) the predictors one by one, starting
with those having the highest p-values and re-examining if
there are still insignificant predictors after each step.

3 Results and discussion
3.1 Degradation kinetic

For each experiment, the removal of EB and the effective-
ness of EF process have been evaluated using UV-Vis spec-
trophotometry. The absorption spectra of EB at room tem-
perature present an absorption band at about 526 nm, which
is directly related to the characteristic bond of the dye and
color solution. Figure 1 shows the decay of EB concentra-
tion during the electro-Fenton on a solution with 100 mg L~
of pollutant, an applied current of 0.5 A, a stirring rate of
500 rpm, and an iron concentration of 5.5 mM.

During the electrolysis the EB concentration decreases
continuously until it is almost fully removed after 30 min,
thanks to the production of a large amounts of *OH radicals
electrogenerated (Egs. 1, 2, 3, 4) [45]. This result confirm
the high activity of hydroxyl radicals in the disruption of
chromophore bonds [46].

The EB concentration profile allows assessing the kinetic
behavior of this reaction. In these experiments, reaction
kinetics were studied, and regression coefficients were cal-
culated for the pseudo-first and second-order reactions.

The kinetics related to the removal rate of EB in aqueous
solutions during the electrolysis can be expressed by the
following equation:

_d [EB]

dt oba [EB]a (10)

[EB]/mg L1

0 t } t t : 1
0 5 10 15 20 25 30
Time/min

Fig.1 Evolution of EB concentration as a function of time dur-
ing electrolysis of EB. Conditions: [EB]=100 mg L™!; I=0.5 A;
[Fe?*]=5.5 mM; supporting electrolyte [Na,SO,]=50 mM; stirring
rate =500 rpm; pH=3

where k, is the observed degradation rate constant.
The integrated rate equation describing the first-order

kinetics («=1) is given below:

L (EBLY
n<[EB]0> = —Kopst (11)

where [EB], is the concentration of EB at time t and [EB],
is the concentration at time 0.

A second-order kinetic (@ =2) can be expressed using the
integrated rate equation:

1 1
- = kobs
[EB], [EB],

! 12)

The first- and second-order kinetics evolution of EB con-
centration with time during the treatment are reported in
Fig. 2 and b, respectively.

Based on the square regression coefficient R?, the adjust-
ment regression coefficients R?, R% relatives to pseudo-first
order and second order are 0.4746 and 0.9911, respectively.
The hlghler regression coefficient R? value of the plot of

—[EBL ~ 8 function of time confirms the pseudo-sec-

ond-order kinetics in agreement with several studies
[47-50].

3.2 Doehlert design analysis

Doehlert matrix design under RSM was employed to study
the optimum values of the selected variables. The effects of
operational parameters on the two responses, EB Removal
(YEB removal®, %) @nd the energy consumption (Y., kWh m~)
after 30 min, were analyzed by response surface contour
plots and quadratic model. The experiments are performed
using MATLAB® code and their results are shown in
Table 2. The relationships between independent variables
(current intensity, iron concentration, and stirring rate) and
the responses have been expressed as shown in Egs. (13)
and (14).

Yepremovalz = 98.23 + 8.3X, + 8.96X, + 4.82X;

— 11.71X} — 8.47X; — 2.73X; (13)
—10.31X,X, — 4.44X,X; — 9.98X,X;

YEc(kWhm'3) = 1.24 + 1.1X, — 0.034X, + 0.02X;

+0.13X7 + 0.0833X; + 0.0545X;
—0.0115X, X, + 0.1082X, X5 + 0.1785X,X;
(14)

Coefficients b, = 98.23 (for EB removal %) and b, = 1.24
(for energy consumptions) give the responses in the central
point of the domain (all X; = 0, experiment n°13), while
bi(A, B, C), b;(A*, B*, C?), and b;(AB,AC, BC) coefficients

@ Springer
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Significant
0.9819
0.9276
12.2644

In(C,/C)

1.0 + Y
051
0.0 &

0 5 10 15 20 25 30
Time/min

| | | I |
T T T T 1

N>
&
p-value
0.0182
0.0071
0.0057
0.0313
0.0381
0.2654
0.0549
0.0320
0.0658
0.4298

y =0.0093x
0.4 T+

R2=0.970

1 .« o -

(1/C-1/Cy)/L mg™!

0.1 + K

0.0 ....O :
0 5 10 15 20 25 30
Time/min

Adjusted R?

F-value
18.07
43.55
50.66
14.68
12.60
1.87
9.38
14.45
8.05
0.8286
RZ

Fig.2 a The first-order kinetics model for EB concentration decay
with time. b The second-order kinetics model for EB concentration
decay with time. Conditions: [EB]=100 mg L™! EB; 1=0.5&nbsp;A
current intensity; [Fe’*]=5.5 mM; supporting electrolyte
[Na,SO,] =50 mM,; stirring rate =500 rpm; pH=3

Mean square

320.76

114.42
275.73
92.93
79.74
11.81
59.40
91.49
50.94

5.25
6.33

provide information about the influences of these three vari-
ables in the process.

Tables 3 and 4 show the analysis of variance (ANOVA)
for EB Removal % and energy consumption, respectively. To
check the significance and adequacy of the models, regression
coefficient (R?) and Fisher’s distribution test (F test) were per-
formed. As a result, the calculated F-values obtained (18.07
for Yeg removaiz, @nd 104.16 for Yy,) confirm that recorded
responses are well fitted by the models. In addition, the p-val-
ues for Yeg removargs, 4 and Y, were 0.0182 and 0.0014, respec-
tively, lower than 0.05 (limit of significant), which explained
the stability and significance of the model [51]. The signifi-
cance of each coefficient was checked by p-value, which, in
turn, is necessary to understand the pattern of the mutual inter-
actions between the test variables. The larger the F-value and
smaller the p-value, the more significant the corresponding
coefficient [52]. Among the test variables, I (X;) and [Fe*t]
(X,) have high F-value and low p-value, producing the most
significant effects on degradation efficiency. These findings
can be interpreted as a result of an appropriate relationship

Df

O\ o e e e e = = = o0

Sum of squares
1029.74
275.73
320.76
92.93
79.74
11.81
59.40
91.49
50.94
5.25
18.99
52
91.10

Table3 Analysis of variance (ANOVA) and statistics for EB removal % (Ygg removal%. % )

Source
Model
A-Current
B-Iron
C-Stirring
AB

AC

BC

A2

BZ

C2
Residual
Std. Dev.
Mean
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between the variables and degradation efficiency. In addition,
the results showed that the coupled effects were generally
lower than the main factors, and only the interactions of A-B
(current and iron concentration) were significant. On the other
hand, it was observed that the quadratic terms representing the
interaction of / and stirring rate (X, - X;), Fe*" concentrations
and stirring rate (X, - X3), and the stirring rate squared term
(Xg) are not significant for EB Removal %. Consequently, it
shows a minor effect on the degradation efficiency. Conversely,
on Y. only current intensity X is significant, having the great-
est impact on the target value, with highest F-value (927.83)
and lowest p-value (< 0.0001).

The description of the relation between the variables
(X;) and the responses (Ygp removai%s, YEc)» and the goodness
of the model fitting was checked by the determination of
coefficient (R?). The model is acceptable if not less than
95% of the data fit into the model [53]. In this study, the
value of determination coefficient R? for Removal % and
EC is 0.9819 and 0.9986, respectively, indicating that only
1.81% (Removal %) and 0.14% (Ec) of the total variations
were not explained by the regression model. It means that
the mathematical model was adequate to cover more than
98.19% (Removal %) and 99.86% (Ec) of the total variations.
A high R? coefficient ensures a satisfactory adjustment of
the quadratic model to the experimental data. In addition,
the adjusted coefficient of determination value also explains
the goodness of the model and the adjusted — R? values were
0.9276 (Removal %) and 0.9872 (Ec). The ratio of R? and
adjusted — R? was close to 1, which meant that the relation-
ship between the independent variables (X) and the response
(Y) could be well explained by the regression model [54].

Figure 3a and b shows the relationship between the actual
and predicted values of EB Removal % and energy consump-
tion, respectively. The points were distributed relatively
close to the straight line, indicating that the results predicted
by the model were broadly consistent with the experimental
results.

Adequate Precision (AP) is defined as a measure of the
range in predicted response related to its associated error; in
other words, a signal-to-noise ratio that has a desired value
equal to 4 or higher [55, 56]. Since, all AP values were
higher than 4 (12.2644 and 34.7302 for color removal and
energy consumption, respectively), we can conclude that its
performance is satisfactory.

significant

p-value
0.0014
<0.0001
0.4159
0.9593
0.8985
0.3293
0.1519
0.2376
0.4152
0.5711
0,9968
0.9872
34.7302

F-value
104.16
927.83
0.8864
0.0031
0.0192
1.35
3.65
2.16
0.8895
0.4020
Adjusted R?
Adeq preci-
sion

R2

Mean Square

0.5421
4.83

0.0046
0.0000
0.0001
0.0070
0.0190
0.0113
0.0046
0.0021
0.0052

Df
9
1
1
1
1
1
1
1
1
1
3

3.3 Response surface and contour plots:
optimization discussion

Sum of Squares

8
0.0046
0.0000
0.0001
0.0070
0.0190
0.0113
0.0046
0.0021
0.0156
0.0721
1.32

4.
4

The effects due to factor interactions (current intensity, iron
concentration, and stirring rate) on the response (Removal %
and energy consumption) were studied. Figures 4 and 5 rep-
resent the 3D (surface) and 2D (contour) plots from the cross-
factor interactions on Ygg removaiz, and the Yg., respectively.

Table 4 Analysis of variance (ANOVA) and statistics for energy consumption Y,

Source
Model
A-Current
B-Iron
C-Stirring
AB

AC

BC

A

BZ

CZ
Residual
Std. Dev.
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Fig.3 Plot of predicted vs. experimental values obtained in the RSM: a EB removal % and b energy consumption

The first considered couple was the applied current-iron
concentration as shown in Figs. 4a and b and 5 a and b.

The best performances were obtained close to the cen-
tral point, while the trend near the boundaries of the domain
changes related to the coupling of variables considered. In
particular, poor efficiencies were obtained for low iron con-

centration (X, = —1) and low current (X, = —1;X, = —1).
For example, for the test at (X; = +0.5;X, = —0.866) and at
(X; = —1;X, = 0), their removal rate is the lowest and reached

88.27% and 91.57%, respectively, suggesting that the process
is strongly affected by these two parameters and their interac-
tion, as confirmed by their p-value < 0.05. Indeed, when the
iron concentration is fixed in the center of its range (X, = 0),
the applied current greatly affects the removal of EB, and the
maximum is observed in the intermediate currents. In fact, a
rise of applied current from 0.1 A (X; =—-1)t0 0.3 A (X;=0)
can enhance the EB removal and due to the acceleration of the
rate of H,O, production according to Eq. (1) and also to the
faster regeneration of Fe’* from Eq. (3), which leads to the
generation of a higher amount of hydroxyl radicals (Eq. 2).
However, a further increase of the applied current to 0.5 A
(X, =+ 1) reduce the removal efficiency due to the promotion
of parasite reactions of water formation from oxygen reduction
(Eq. 15), hydrogen evolution (Eq. 16), or hydrogen peroxide
reduction (Eq. 17) [42]:

2H* +2¢~ — H, (15)
O, +4H" +4e” - 2H,0 (16)
H,0, + 2H* + 2¢” — 2H,0 17)

@ Springer

On the contrary, the corresponding energy consumption
(Fig. 5a, b) is strongly influenced by the applied current and
its p-value (<0.0001) is very small, with a high F-value of
927.83. An increase in current leads to a significant increase
in energy consumption due to the change in the cell voltage,
which goes from 1.6 V (at 0.1 A) to 3.1 V when operating
at high current.

For a large production of *OH radicals from Fenton’s
reaction (Eq. 2), it is necessary that H,O, and Fe** are
close to the stoichiometric ratio. The amount of H,0, is
directly related to the applied current (Eq. 1), while the iron
concentration depends mainly on the initial content and the
regeneration rate (Eq. 3). On the other hand, when fixing
the applied current at X; =+ 0.5 and changing the initial
iron concentration, the EB removal increases with increas-
ing iron concentration. Nevertheless, at high Fe>* content
and extreme current values (X, ==+ 1), the decolorization
efficiency decreases to 90%. At low current (X; = — 1), this
behavior can be explained by a lower iron regeneration and
H,0, production, while at high current (X; =+ 1) the follow-
ing reaction can occur:

Fe*t + OH — Fe** + OH™ (18)

The activation of reaction 18 is detrimental because such
recombination between iron (II) and hydroxyl radicals penal-
ized both reactions (2) and (4).

Concerning energy consumption, the concentration of
iron has a slighter effect with a lower reduction in the term
of 0.1 kWh m~ when the concentration increases.

Figures 4c and d and 5c and d exhibit the dependence of
the EB removal and energy consumption, respectively, as a
function of applied current (X;) and stirring rate (X5). This
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pair of parameters is very pertinent because it strongly influ-
ences limiting processes, such as charge transfer and mass
transport. The plot of Fig. 5c and d is extremely useful to
confirm that both the current and mass transport conditions
affect EB removal and their p-value below 0.05. As can be
seen, the point defined by (X; = — 1, X5 = — 1) provides the
lowest performance of all datasets and the highest removal
was obtained at high current X; = [0,+ 1] and high stirring
rate X, = [0, + 1]. When the current ranges from —0.5 to 0,
the increase in stirring rate enhances the removal efficiency,
which suggests that the process is under mass transport con-
trol in these operating conditions. It becomes under charge
transfer when the current X; moved to [0, 4+ 1] because, in
this range, the EB decomposition was almost unaffected by
the stirring rate. On the other side, Fig. 5¢ and d shows that
the energy consumption is more dependent on the applied
current than the stirring rate, and the energy consumption is
approximately constant along with the X; domain when the
current is constant.

Finally, Figs. 4e and f and 5 e and f show the dependence
of the EB removal and energy consumption, respectively, as
a function of iron concentration (X,) and stirring rate (X;).
Regarding EB removal, poor performances are obtained for
low iron concentration and low stirring rate (X, = — 1 and
X5 =—1). On the other hand, upon fixing X;, the removal is
enhanced by increasing iron concentration, and the removal
rate reaches the maximum when X, ranges in this interval
[0,4+1], and the maximum removal rate surface (< 100%) is
significant when X; >40.5, while the removal has a decrease
at (X,=+1 and X;=+1). Concerning energy consumption,
the parameters have a negligible effect on it. Indeed, when X;
= [— 1, — 0.5], the energy consumption has a slight decrease
of 0.3 kWh m~ with increasing iron concentration. On the
other hand, it can reach the optimal value upon X, >+0.5
and then grows with the increase of iron concentration for
X;=[0,+1].

Doehlert matrix has been performed to determine the
optimum parameters to maximize EB removal and mini-
mize EC. The optimum has been selected balancing removal
performance and energy consumption. Maximum removal
efficiency of 98.15% with minimum energy consumption
of 0.74 kWh m~3 is achieved with test number 6, which

has been carried out at X; = — 0.5, X,=0.866, and X;=0
corresponding to /=0.2 A, stirring rate =500 rpm, and
[Fe*1=9.397 mM.

RSM is usually adopted to find process optimum, but
Eqgs. (13) and (14) can be used also to predict the system
performance in an experimental random point belonging to
the domain. Then, the accuracy of the model to estimate EB
removal and energy consumption has been evaluated through
three different electro-Fenton tests carried out in the con-
ditions summarized in Table 5. These working conditions
are inside the experimental domain reported in Table 1 but
are different from the conditions defined by Doehlert matrix
(Table 2). The comparison between the experimental data
and the values estimated by the model confirms the model’s
reliability in predicting system performance.

4 Comparison with other EAOPs for dyes
degradation

As shown in Table 6, many electrochemical advanced oxida-
tion processes have been proposed for dye removal.
Panizza’s group [55, 57-59] studied the removal of some
dyes from low conductive solutions and at natural pH using
solid polymer electrolyte systems under different experimen-
tal conditions. The system consisted of a sandwich with a
BDD anode/Nafion®324 membrane/RuO, cathode. The
experimental results showed that this method could elimi-
nate the dyes but with higher energy consumption (ranging
from 36.3 to 60 kWh m~ regardless of the types of dyes).
Over the last decades, combining anodic oxidation
(AO) with ultrasound has been identified as a promising
method for degrading dyes. The elimination of Alizarin
Red S (ARS) dye using a sono-electrochemical process
was investigated by Zhu et al. 2018 [60]. Almost 100%
color removal and 27.5 kWh m™ of energy consumption
were achieved for 100-mg L' ARS concentration with
a 0.05-M Na,SO, electrolyte, at 30 °C and pH of 4.97
after 3 h, at a frequency of 20 kHz using a boron-doped
diamond (BDD) anode. More recently, Sabrine et al. [7]
obtained a complete elimination of Allura Red AC (AR)
and EB in 60 and 90 minutes of reaction time, respectively,

Table 5 Coded factors and
corresponding experimental

Test Coded factors

variables for the three X, X, X5
tests carried out to check
the reliability of RSM to

1 [Fe >*] rpm

estimate system performance
(EB removal and energy A 0.2 —-05
consumption) B -0.38 0.1

C 0.6 -0.9

-04

Experimental variables EB removal % Ec kWhm™
IA [Fe**mM  rpm  Exp.  Est Exp.  Est.
034 325 865 98.2 98.76 1.52 1.49
0.14 595 595 85.3 86.44 049 0.43
0.42 1.45 370 83.9 84.74  2.15 2.09

EB removal and energy consumption columns report the experimental values (Exp.) and value estimated

with the model (Est.)
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Table 6 Comparison of studies concerning the treatment of dyes by EAOP

Dyes Technology Removal efficiency (%) Ec (kWh m™) Reaction time  References
(min)

EB EF 98.15 0.74 30 This study

EB Sono-electrochemical 100 ~?20 90 [7]

EB EF >90 >20 120 [44]
Solar-EF 100 (COD removal) >20 20.9 90 [7]
UVA-EF 187.9 90

Allura Red AC Sono-electrochemical 100 ~17 60

Mordant Orange AO 100 49.5 180 [55]

Safranin T AO 100 40 60 [58]

Bismarck Brown Y AO 100 36.3 60 [45]

Crystal violet AO 100 60 70 [59]

Textile wastewater EF 89 16 30 [61]

Direct Red 23 EF 100 2.41 (kWh g~! TOC) 60 [62]

Sunset yellow AO 99.2 0.34 48.42 [63]

Alizarin Red S Sono-electrochemical 100 27.5 180 [60]

Procion Red MX-5B AO-UV AO-Ultrasound 100 >75 180 [64]

at a frequency of 40 kHz by sono-electrochemical pro-
cess using a Ti/PbO, anode. Energy consumptions of
about 17 and 20 kWh m~ for AR and EB, respectively,
were obtained operating at 0.75 A, 800 rpm, and 0.05-M
Na,SO, at natural pH.

Among electrochemical treatments, electro-Fenton has
been reported to consume less energy per mole of contami-
nants degraded, which can be attributed to a lower required
potential (— 0.4 V vs. SHE) for hydroxyl radical production.

Kuleyin et al. [61] studied the advanced treatment of
biologically treated textile wastewater using EF technol-
ogy as a polishing step for complete decomposition using
graphite plate anode and cathode in batch and continuous
operations. After 30 min of reaction time, 89% color removal
was obtained at pH 3.0, 2 mM concentration of Fe2*, and
applying a current intensity of 0.55 A, when a batch system
was used. In a continuous system, 89% color, 93% COD
and 58% TOC removal efficiencies were attained at pH 3,
current intensity 1.65 A, Fe?* of 2 mM, and flow rate 25 mL
min ~!. The corresponding average energy consumption and
electrical energy efficiency were estimated as 16 kWh m™
and 17 kWh m~order™". Titchou et al. [62] showed success-
ful degradation of 60 mg L=! of Direct Red 23 through EF
process using BDD and DSA anodes and carbon graphite
(CG) cathode at pH 3. The BDD electrode provided a better
mineralization rate than DSA, and after 6 h of electroly-
sis a TOC removal of 93% and an energy consumption and
operating cost of 2.01 kWh g~! TOC and 3.36 US $ m~,
respectively, were reached with BDD/CG cell in the medium
made of 75% Na,SO,+25% NaCl at pH 3 and 5-mA cm™
current density.

@ Springer

A direct comparison between electro-Fenton, solar photo-
electro-Fenton, and UVA photo-electro-Fenton processes
has been presented by Clematis et al. [44] for the treatment
of EB using BDD anode and carbon felt cathode at pH=3.
Results highlighted that both UVA photo-electro-Fenton and
solar photo-electro-Fenton can eliminate COD in 90 min,
while a conventional electro-Fenton does not reach 90%
COD removal after 2 h. Photo-electro-Fenton with a UVA-
100 W lamp has one of the best removal performances, but
it is not suitable for application due to high energy demand,
up to 515.6 kWh m>. UVA-25 W lamp maintains a high-
performance removal with a lower Ec about 187.9 kWh
m~. Nevertheless, the lowest and most competitive energy
demands were obtained with a solar photo-electro-Fenton
system, where energy consumption is only related to the
electrochemical process (20.9 kWh m>) and removal is
complete.

Table 6 summarizes the comparison between the opti-
mized results obtained in this work and the studies described
above. The analysis of the table shows how the optimization
proposed here for the electro-Fenton makes such a process
highly competitive both in terms of removal efficiency and
energy consumption.

Then, such a comparison of the mentioned methods
with the results of this paper indicated that EF degradation
optimized with Doehlert matrix is an enhanced process for
removing EB from aqueous solutions, especially in terms of
Ec (0.74 kWh m™?) and reaction time. In fact, these results
agree with the literature; for example, Hussain et al. [63]
studied the electrochemical degradation of sunset yellow
using response surface methodology RSM and at optimal
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conditions, the dye was removed after 48.42 min of elec-
trolysis time with a lower Ec about 0.34 kWh m~>.

It can be seen that EF with RSM has a lower energy
demand than most of the other technologies. These exam-
ples highlight the outstanding performance of the EF process
using RSM in removing dye molecules from water.

5 Economic analysis under optimized
conditions

A preliminary cost analysis has been performed for the
optimized conditions identified by RSM. The initial capi-
tal expenditure (CAPEX) can be estimated considering that
the most relevant cost is associated with electrode materials
[65, 66]. In this study, the system uses a carbon felt cathode
(20-50 € m~2) and a DSA® anode (1-5x 10° € m™2) [65].
The experiments of this study have been carried out in batch
conditions, and to preserve the kinetic in a process scale-up
it is important to maintain constant the ratio between the
area electrode and treated volume in each process run. Based
on these assumptions, the specific cost (C,g,,-3) for each
electrode can be calculated as follows:

A

2 Cgm2s (19)

exp

Cel,$nr3 =

where A, is the experimental electrode area in m?, Vesp
is the experimental solution volume in m~, and Corgm— 18
the specific cost of the electrode in $ m~2. Then, taking into
account the price ranges previously reported, the CAPEX
associated with electrodes is included between 0.47 1.2 k€
m~2 and 30 =150 k€ m™3 for carbon felt and DSA®, respec-
tively. Then, most of the initial costs are related to the DSA
electrode which can impact from 94.2% up to more than
99% of the overall initial investment for the cell materials.
The fact that the system can efficiently operate with these
two electrode materials represents a significant reduction
in CAPEX. Indeed, it can provide good performance also
without the usage of boron-doped diamond anode, which
currently has a cost one order of magnitude higher than DSA
(2.5+3.5x10* € m™>).

The main operating costs are associated with energy
consumption and the iron addition when the effluent does
not contain the catalyst required by the electro-Fenton.
The energy costs are highly affected by the geographical
position of the plant. In 2023, the average price of energy
for non-household consumers in the European Union (EU)
was 0.188 € kWh™! [67]. The iron sulfate used as a source
of electrocatalyst is available in a range of 0.2-1.5 € kg™
Then, considering the required process consumptions
defined with the experimental campaign, the lowest spe-
cific cost for energy and chemical consumption (FeSO, 7

H,0)is 0.139 € m~? and 0.522 € m~3, respectively, for an
overall cost of 0.661 € m~>. On the other hand, operating
in an unfavorable market price, the costs grow up over 4
€m™.

6 Conclusion

The electrochemical oxidation of Erythrosine B was investi-
gated employing the electro-Fenton method coupled with a
response surface methodology and an experimental design.
The preliminary experiments showed the suitability of elec-
tro-Fenton to remove the persistence dye using an undivided
cylindrical glass cell containing 100 mg L™! of Erythrosine
B, which follows a pseudo-second-order kinetic. The influ-
ence of applied current, iron concentration, and the stirring
rate has been evaluated in the operating range of 0.1-0.5 A,
1-10 mM, and 100-1000 rpm, respectively. Response sur-
face methodology has been applied coupled with Doehlert
matrix for three factors to optimize the operating conditions.
EB removal and energy consumption have been selected as
model responses. A significant relationship between pre-
dicted and experimental values was shown by ANOVA
with R? = 0.9819 and p-value < 0.0182 for ¥ zgr,movare and R
= (0.9874 and p-value < 0.0014 for Y. In addition, ANOVA
and a proposed quadratic model suggested that current den-
sity is the most critical parameter, whether considered as
a single effect or coupled with iron concentration, on the
efficiency of the electro-Fenton process for both responses.

Doehlert matrix was performed to determine the optimum
parameters to maximize EB removal and minimize EC. The
optimum has been selected balancing removal performance
and energy consumptions. Maximum removal efficiency of
98.15% with minimum energy consumption of 0.74 kWh
m~3 was achieved at optimum conditions (I=0.2 A, stir-
ring rate =500 rpm, and [Fe?™1=9.397 mM). Moreover,
the model has also been positively tested for the prediction
of system performance in conditions different from those
defined by Doehlert matrix, and the preliminary economic
analysis reported in the last part of the manuscript highlights
the competitiveness of such a process.

Author contributions SBK contributed to experimental investigation,
and writing of the original draft. DC contributed to study conceptual-
ization, methodology, investigation, and writing of the original draft.
CE contributed to writing of the original draft and data analysis. MP
contributed to writing of the original draft and supervision. All authors
revised the manuscript.

Funding Open access funding provided by Universita degli Studi di
Genova within the CRUI-CARE Agreement.

@ Springer



Journal of Applied Electrochemistry

Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

Carmen Apostol L, Ghinea C, Alves M, Gavrilescu M (2016)
Removal of erythrosine B dye from water effluents using crop
waste pumpkin seed hulls as adsorbent. Desalination Water Treat
57:22585-22608. https://doi.org/10.1080/19443994.2015.11324
77

Apostol LC, Pereira L, Pereira R, Gavrilescu M, Alves MM (2012)
Biological decolorization of xanthene dyes by anaerobic granu-
lar biomass. Biodegradation 23:725-737. https://doi.org/10.1007/
$10532-012-9548-7

Zaouak A, Noomen A, Jelassi H (2019) Gamma radiolysis of
erythrosine dye in aqueous solutions. J Radioanal Nucl Chem
321:965-971. https://doi.org/10.1007/s10967-019-06671-x
Farmani MR, Peyman H, Roshanfekr H (2020) Blue luminescent
graphene quantum dot conjugated cysteamine functionalized-gold
nanoparticles (GQD-AuNPs) for sensing hazardous dye eryth-
rosine B. Spectrochim Acta Part A: Mole Biomole Spectrosc
229:117960. https://doi.org/10.1016/j.saa.2019.117960
Zinatloo-Ajabshir S, Morassaei MS, Salavati-Niasari M (2019)
Eco-friendly synthesis of Nd2Sn207-based nanostructure materi-
als using grape juice as green fuel as photocatalyst for the degra-
dation of erythrosine. Compos Part B: Eng 167:643-653. https://
doi.org/10.1016/j.compositesb.2019.03.045

Khan A, Shah SJ, Mehmood K, Awais N, Ali H, Khan (2019) Syn-
thesis of potent chitosan beads a suitable alternative for textile dye
reduction in sunlight. J] Mater Sci: Mater Electron 30:406-414.
https://doi.org/10.1007/s10854-018-0305-5

Kacem SB, Elaoud SC, Asensio AM, Panizza M, Clematis D
(2021) Electrochemical and sonoelectrochemical degradation of
allura red and erythrosine B dyes with Ti-PbO2 anode. J Electroa-
nal Chem 889:115212. https://doi.org/10.1016/j.jelechem.2021.
115212

Thiam A, Sirés I, Centellas F, Cabot PL, Brillas E (2015) Decol-
orization and mineralization of allura Red AC azo dye by solar
photoelectro-fenton: identification of intermediates. Chemosphere
136:1-8. https://doi.org/10.1016/j.chemosphere.2015.03.047
Fekadu S, Alemayehu E, Dewil R, Van der Bruggen B (2021)
Electrochemical degradation of antivirus drug lamivudine for-
mulation: photoelectrocoagulation, peroxi-electrocoagulation, and
peroxi-photoelectrocoagulation processes. J Appl Electrochem
51:607-618. https://doi.org/10.1007/s10800-020-01521-1

Zhao R, Wang YM, Li J, Meng W, Yang C, Sun C, Lan X
(2022) Metal modified (Ni, Ce, Ta) Ti/SnO2-Sb205-Ru02
electrodes for enhanced electrochemical degradation of orange
G. J Appl Electrochem 52:573-581. https://doi.org/10.1007/
s10800-021-01645-y

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Barhoumi N, Olvera-Vargas H, Oturan N, Huguenot D, Gadri A,
Ammar S, Brillas E, Oturan MA (2017) Kinetics of oxidative deg-
radation/mineralization pathways of the antibiotic tetracycline by
the novel heterogeneous electro-Fenton process with solid catalyst
chalcopyrite. Appl Catal B: Environ 209:637-647. https://doi.org/
10.1016/j.apcatb.2017.03.034

Oturan N, Ganiyu SO, Rafty S, Oturan MA (2017) Sub-stoichio-
metric titanium oxide as a new anode material for electro-fenton
process: application to electrocatalytic destruction of antibiotic
amoxicillin. Appl Catal B 217:214-223. https://doi.org/10.1016/j.
apcatb.2017.05.062

Ouiriemmi I, Karrab A, Oturan N, Pazos M, Rozales E, Gadri
A, Sanroman MA, Ammar S, Oturan MA (2017) Heterogene-
ous electro-fenton using natural pyrite as solid catalyst for oxida-
tive degradation of vanillic acid. J Electroanal Chem 797:69-77.
https://doi.org/10.1016/j.jelechem.2017.05.028

Rabiei M, Farhadian M, Solaimany Nazar AR, Tangestaninejad
S (2023) Integrated electro-photo-fenton process and visible
light-driven TiO2/rGO/Fe203 photocatalyst based on graphite
cathode in the presence of iron anode for metronidazole degra-
dation. J Appl Electrochem 53:65-83. https://doi.org/10.1007/
$10800-022-01760-4

Bafiuelos JA, Garcia-Rodriguez O, Rodriguez-Valadez FJ, Man-
riquez J, Bustos E, Rodriguez A, Godinez LA (2015) Cathodic
polarization effect on the electro-Fenton regeneration of activated
carbon. J Appl Electrochem 45:523-531. https://doi.org/10.1007/
s10800-015-0815-2

Kadji H, Yahiaoui I, Akkouche F, Boudrahem F, Ramdani S, Said-
ane A, Manseri A, Amrane A, Aissani-Benissad F (2022) Hetero-
geneous degradation of amoxicillin in the presence of synthesized
alginate-Fe beads catalyst by the electro-Fenton process using a
graphite cathode recovered from used batteries. Water Sci Technol
85:1840-1854. https://doi.org/10.2166/wst.2022.078

Brillas E, Sirés I, Oturan MA (2009) Electro-fenton process and
related electrochemical technologies based on fenton’s reaction
chemistry. Chem Rev 109:6570-6631. https://doi.org/10.1021/
cr900136g

Wang Y, Liu Y, Liu T, Song S, Gui X, Liu H, Tsiakaras P (2014)
Dimethyl phthalate degradation at novel and efficient electro-
fenton cathode. Appl Catal B. https://doi.org/10.1016/j.apcatb.
2014.02.041

Panizza M, Cerisola G (2009) Direct and mediated anodic oxida-
tion of organic pollutants. Chem Rev 109:6541-6569. https://doi.
org/10.1021/cr9001319

Yu F, Zhou M, Yu X (2015) Cost-effective electro-fenton using
modified graphite felt that dramatically enhanced on H202
electro-generation without external aeration. Electrochim Acta
163:182-189. https://doi.org/10.1016/j.electacta.2015.02.166
Barhoumi N, Labiadh L, Oturan MA, Oturan N, Gadri A, Ammar
S, Brillas E (2015) Electrochemical mineralization of the antibi-
otic levofloxacin by electro-fenton-pyrite process. Chemosphere
141:250-257. https://doi.org/10.1016/j.chemosphere.2015.08.003
Barhoumi N, Oturan N, Olvera-Vargas H, Brillas E, Gadri A,
Ammar S, Oturan MA (2016) Pyrite as a sustainable catalyst in
electro-fenton process for improving oxidation of sulfamethazine.
Kinet Mech Toxic Assess Water Res 94:52—61. https://doi.org/
10.1016/j.watres.2016.02.042

Lin H, Oturan N, Wu J, Sharma VK, Zhang H, Oturan MA (2017)
Removal of artificial sweetener aspartame from aqueous media
by electrochemical advanced oxidation processes. Chemosphere
167:220-227. https://doi.org/10.1016/j.chemosphere.2016.09.143
Mousset E, Frunzo L, Esposito G, Hullebusch EDv, Oturan N,
Oturan MA (2016) A complete phenol oxidation pathway obtained
during electro-fenton treatment and validated by a kinetic model
study. Appl Catal B 180:189-198. https://doi.org/10.1016/j.
apcatb.2015.06.014


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/19443994.2015.1132477
https://doi.org/10.1080/19443994.2015.1132477
https://doi.org/10.1007/s10532-012-9548-7
https://doi.org/10.1007/s10532-012-9548-7
https://doi.org/10.1007/s10967-019-06671-x
https://doi.org/10.1016/j.saa.2019.117960
https://doi.org/10.1016/j.compositesb.2019.03.045
https://doi.org/10.1016/j.compositesb.2019.03.045
https://doi.org/10.1007/s10854-018-0305-5
https://doi.org/10.1016/j.jelechem.2021.115212
https://doi.org/10.1016/j.jelechem.2021.115212
https://doi.org/10.1016/j.chemosphere.2015.03.047
https://doi.org/10.1007/s10800-020-01521-1
https://doi.org/10.1007/s10800-021-01645-y
https://doi.org/10.1007/s10800-021-01645-y
https://doi.org/10.1016/j.apcatb.2017.03.034
https://doi.org/10.1016/j.apcatb.2017.03.034
https://doi.org/10.1016/j.apcatb.2017.05.062
https://doi.org/10.1016/j.apcatb.2017.05.062
https://doi.org/10.1016/j.jelechem.2017.05.028
https://doi.org/10.1007/s10800-022-01760-4
https://doi.org/10.1007/s10800-022-01760-4
https://doi.org/10.1007/s10800-015-0815-2
https://doi.org/10.1007/s10800-015-0815-2
https://doi.org/10.2166/wst.2022.078
https://doi.org/10.1021/cr900136g
https://doi.org/10.1021/cr900136g
https://doi.org/10.1016/j.apcatb.2014.02.041
https://doi.org/10.1016/j.apcatb.2014.02.041
https://doi.org/10.1021/cr9001319
https://doi.org/10.1021/cr9001319
https://doi.org/10.1016/j.electacta.2015.02.166
https://doi.org/10.1016/j.chemosphere.2015.08.003
https://doi.org/10.1016/j.watres.2016.02.042
https://doi.org/10.1016/j.watres.2016.02.042
https://doi.org/10.1016/j.chemosphere.2016.09.143
https://doi.org/10.1016/j.apcatb.2015.06.014
https://doi.org/10.1016/j.apcatb.2015.06.014

Journal of Applied Electrochemistry

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mousset E, Oturan N, Oturan MA (2018) An unprecedented route
of OH radical reactivity evidenced by an electrocatalytical pro-
cess: Ipso-substitution with perhalogenocarbon compounds. Appl
Catal B 226:135-146. https://doi.org/10.1016/j.apcatb.2017.12.
028

Nidheesh PV, Zhou M, Oturan MA (2018) An overview on the
removal of synthetic dyes from water by electrochemical advanced
oxidation processes. Chemosphere 197:210-227. https://doi.org/
10.1016/j.chemosphere.2017.12.195

Ren G, Zhou M, Liu M, Ma L, Yang H (2016) A novel vertical-
flow electro-fenton reactor for organic wastewater treatment.
Chem Eng J 298:55-67. https://doi.org/10.1016/j.cej.2016.04.011
Yu X, Zhou M, Ren G, Ma L (2015) A novel dual gas diffu-
sion electrodes system for efficient hydrogen peroxide generation
used in electro-fenton. Chem Eng J 263:92-100. https://doi.org/
10.1016/j.cej.2014.11.053

Nidheesh PV, Gandhimathi R (2012) Trends in electro-fenton
process for water and wastewater treatment: an overview. Desali-
nation 299:1-15. https://doi.org/10.1016/j.desal.2012.05.011
Luo H, Li C, Wu C, Dong X (2015) In situ electrosynthesis of
hydrogen peroxide with an improved gas diffusion cathode by
rolling carbon black and PTFE. RSC Adv 5:65227-65235. https://
doi.org/10.1039/C5RA09636G

Sheng Y, Zhao Y, Wang X, Wang R, Tang T (2014) Electrogen-
eration of H202 on a composite acetylene black—PTFE cathode
consisting of a sheet active core and a dampproof coating. Electro-
chim Acta 133:414-421. https://doi.org/10.1016/j.electacta.2014.
04.071

Gao G, Zhang Q, Hao Z, Vecitis CD (2015) Carbon Nanotube
membrane stack for flow-through sequential regenerative electro-
fenton. Environ Sci Technol 49:2375-2383. https://doi.org/10.
1021/es505679¢

Khataee AR, Safarpour M, Zarei M, Aber S (2012) Combined
heterogeneous and homogeneous photodegradation of a dye using
immobilized TiO2 nanophotocatalyst and modified graphite elec-
trode with carbon nanotubes. J] Mol Catal A: Chem. https://doi.
org/10.1016/j.molcata.2012.05.016

Oturan N, Wu J, Zhang H, Sharma VK, Oturan MA (2013) Elec-
trocatalytic destruction of the antibiotic tetracycline in aqueous
medium by electrochemical advanced oxidation processes. Effect
Elect Mater Appl Catal B: Environ. https://doi.org/10.1016/].
apcatb.2013.03.035 i

Benyahia N, Belkhouche N, Jonsson JA (2014) A comparative
study of experimental optimization and response surface method-
ology of Bi(IIl) extraction by emulsion organophosphorus liquid
membrane. J Environ Chem Eng 2:1756-1766. https://doi.org/10.
1016/j.jece.2014.07.003

Danmaliki GI, Saleh TA, Shamsuddeen AA (2017) Response sur-
face methodology optimization of adsorptive desulfurization on
nickel/activated carbon. Chem Eng J 313:993-1003. https://doi.
org/10.1016/j.cej.2016.10.141

Yahiaoui I, Belattaf A, Aissani-Benissad F, Cherif LY (2011)
Full factorial design applied to a biosorption of lead(II) ions
from aqueous solution using brewer’s yeast (Saccharomyces cer-
evisiae). ] Chem Eng Data 56:3999—4005. https://doi.org/10.1021/
j€200267b

Yahiaoui I, Aissani-Benissad F, Ait-Amar H (2010) Optimization
of silver cementation yield in fixed bed reactor using factorial
design and central composite design, the Canadian. J] Chem Eng
88:1099-1106. https://doi.org/10.1002/cjce.20348

Jacqueline George S, Gandhimathi R, Nidheesh PV, Ramesh ST
(2016) Optimization of salicylic acid removal by electro fenton
process in a continuous stirred tank reactor using response surface
methodology. Desalination Water Treat 57:4234-4244. https://doi.
org/10.1080/19443994.2014.992970

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Pereira L, Pereira R, Oliveira CS, Apostol L, Gavrilescu M, Pons
M-N, Zahraa O, Madalena Alves M (2013) UV/TiO2 photocata-
lytic degradation of xanthene dyes. Photochem Photobiol 89:33—
39. https://doi.org/10.1111/.1751-1097.2012.01208.x

Milad Tabatabaeinejad S, Ghanbari M, Mohsen Najm Z, Abdul-
Fattah MN, Hameed NM, Salavati-Niasari M (2022) Facile sono-
chemical preparation of La2Cu205 nanostructures, characteriza-
tion, the evaluation of performance, mechanism, and kinetics of
photocatalytic reactions for the removal of toxic pollutants. ] Mol
Liq 362:119718. https://doi.org/10.1016/j.molliq.2022.119718
Lohar S, Vijay A, Bhardwaj S (2023) Visible light driven degrada-
tion of xanthene dyes using novel synthesised quaternary nano-
material ZrCdPbO4. Int J Environ Anal Chem 103:4876-4889.
https://doi.org/10.1080/03067319.2021.1931858

Mahdavi K, Zinatloo-Ajabshir S, Yousif QA, Salavati-Niasari M
(2022) Enhanced photocatalytic degradation of toxic contaminants
using Dy203-SiO2 ceramic nanostructured materials fabricated
by a new, simple and rapid sonochemical approach,. Ultrason
Sonochem 82:105892. https://doi.org/10.1016/j.ultsonch.2021.
105892

Clematis D, Panizza M (2021) Electro-fenton, solar photoelectro-
fenton and UVA photoelectro-fenton: degradation of erythrosine B
dye solution. Chemosphere 270:129480. https://doi.org/10.1016/j.
chemosphere.2020.129480

Ellouze S, Kessemtini S, Clematis D, Cerisola G, Panizza M,
Elaoud SC (2017) Application of doehlert design to the elec-
tro-fenton treatment of bismarck brown Y. J Electroanal Chem
799:34-39. https://doi.org/10.1016/j.jelechem.2017.05.042
Teymori M, Khorsandi H, Aghapour AA, Jafari SJ, Maleki R
(2019) Electro-Fenton method for the removal of malachite green:
effect of operational parameters. Appl Water Sci 10:39. https://
doi.org/10.1007/s13201-019-1123-5

Alavi N, Dehvari M, Alekhamis G, Goudarzi G, Neisi A, Babaei
AA (2019) Application of electro-fenton process for treatment of
composting plant leachate: kinetics, operational parameters and
modeling. J Environ Health Sci Eng 17:417-431. https://doi.org/
10.1007/s40201-019-00361-2

Bouasla C, Samar ME-H, Bendjama H (2014) Kinetics study and
neural network modeling of degradation of naphtol blue black by
electro-fenton process: effects of anions, metal ions, and organic
compound. Desalination Water Treat 52:6733—-6744. https://doi.
org/10.1080/19443994.2013.821033

Kadji H, Yahiaoui I, Garti Z, Amrane A, Aissani-Benissad F
(2021) Kinetic degradation of Amoxicillin by using the electro-
fenton process in the presence of a graphite rods from used bat-
teries,. Chin J Chem Eng 32:183-190. https://doi.org/10.1016/j.
cjche.2020.08.032

Xiaochao G, Xuebin L, Jin T, Xiaoyun L, Bin Z, Xujing Z, Jin
X (2018) Degradation of folic acid wastewater by electro-Fenton
with three-dimensional electrode and its kinetic study. Royal Soc
Open Sci 5:170926. https://doi.org/10.1098/rs0s.170926

Xian J, Liu M, Chen W, Zhang C, Fu D (2018) Chemometric
study on the electrochemical incineration of diethylenetriamine-
pentaacetic acid using boron-doped diamond anode. Chemosphere
198:257-265. https://doi.org/10.1016/j.chemosphere.2018.01.147
Salarian A-A, Hami Z, Mirzaei N, Mohseni SM, Asadi A, Bah-
rami H, Vosoughi M, Alinejad A, Zare M-R (2016) N-doped
TiO2 nanosheets for photocatalytic degradation and mineraliza-
tion of diazinon under simulated solar irradiation: optimization
and modeling using a response surface methodology. J Mol Liq
220:183-191. https://doi.org/10.1016/j.molliq.2016.04.060
Bouzayani B, Rosales E, Pazos M, Elaoud SC, Sanroman MA
(2019) Homogeneous and heterogeneous peroxymonosulfate acti-
vation by transition metals for the degradation of industrial leather
dye. J Clean Prod 228:222-230. https://doi.org/10.1016/j.jclepro.
2019.04.217

@ Springer


https://doi.org/10.1016/j.apcatb.2017.12.028
https://doi.org/10.1016/j.apcatb.2017.12.028
https://doi.org/10.1016/j.chemosphere.2017.12.195
https://doi.org/10.1016/j.chemosphere.2017.12.195
https://doi.org/10.1016/j.cej.2016.04.011
https://doi.org/10.1016/j.cej.2014.11.053
https://doi.org/10.1016/j.cej.2014.11.053
https://doi.org/10.1016/j.desal.2012.05.011
https://doi.org/10.1039/C5RA09636G
https://doi.org/10.1039/C5RA09636G
https://doi.org/10.1016/j.electacta.2014.04.071
https://doi.org/10.1016/j.electacta.2014.04.071
https://doi.org/10.1021/es505679e
https://doi.org/10.1021/es505679e
https://doi.org/10.1016/j.molcata.2012.05.016
https://doi.org/10.1016/j.molcata.2012.05.016
https://doi.org/10.1016/j.apcatb.2013.03.035
https://doi.org/10.1016/j.apcatb.2013.03.035
https://doi.org/10.1016/j.jece.2014.07.003
https://doi.org/10.1016/j.jece.2014.07.003
https://doi.org/10.1016/j.cej.2016.10.141
https://doi.org/10.1016/j.cej.2016.10.141
https://doi.org/10.1021/je200267b
https://doi.org/10.1021/je200267b
https://doi.org/10.1002/cjce.20348
https://doi.org/10.1080/19443994.2014.992970
https://doi.org/10.1080/19443994.2014.992970
https://doi.org/10.1111/j.1751-1097.2012.01208.x
https://doi.org/10.1016/j.molliq.2022.119718
https://doi.org/10.1080/03067319.2021.1931858
https://doi.org/10.1016/j.ultsonch.2021.105892
https://doi.org/10.1016/j.ultsonch.2021.105892
https://doi.org/10.1016/j.chemosphere.2020.129480
https://doi.org/10.1016/j.chemosphere.2020.129480
https://doi.org/10.1016/j.jelechem.2017.05.042
https://doi.org/10.1007/s13201-019-1123-5
https://doi.org/10.1007/s13201-019-1123-5
https://doi.org/10.1007/s40201-019-00361-2
https://doi.org/10.1007/s40201-019-00361-2
https://doi.org/10.1080/19443994.2013.821033
https://doi.org/10.1080/19443994.2013.821033
https://doi.org/10.1016/j.cjche.2020.08.032
https://doi.org/10.1016/j.cjche.2020.08.032
https://doi.org/10.1098/rsos.170926
https://doi.org/10.1016/j.chemosphere.2018.01.147
https://doi.org/10.1016/j.molliq.2016.04.060
https://doi.org/10.1016/j.jclepro.2019.04.217
https://doi.org/10.1016/j.jclepro.2019.04.217

Journal of Applied Electrochemistry

54.

55.

56.

57.

58.

59.

60.

61.

Hu J, Bian X, Xia Y, Weng M, Zhou W, Dai Q (2020) Application
of response surface methodology in electrochemical degradation
of amoxicillin with Cu-PbO2 electrode: optimization and mecha-
nism. Sep Purif Technol 250:117109. https://doi.org/10.1016/j.
seppur.2020.117109

Kacem SB, Clematis D, Elaoud SC, Barbucci A, Panizza M
(2022) A flexible electrochemical cell setup for pollutant oxida-
tion in a wide electrical conductivity range and its integration
with ultrasound. J Water Process Eng 46:102564. https://doi.org/
10.1016/j.jwpe.2022.102564

Salari M, Rakhshandehroo GR, Nikoo MR (2018) Degradation
of ciprofloxacin antibiotic by homogeneous fenton oxidation:
hybrid AHP-PROMETHEE method, optimization, biodegradabil-
ity improvement and identification of oxidized by-products. Che-
mosphere 206:157-167. https://doi.org/10.1016/j.chemosphere.
2018.04.086

Clematis D, Abidi J, Cerisola G, Panizza M (2019) Coupling a
boron doped diamond anode with a solid polymer electrolyte to
avoid the addition of supporting electrolyte in electrochemical
advanced oxidation processes. ChemElectroChem 6:1794-1799.
https://doi.org/10.1002/celc.201801700

Clematis D, Cerisola G, Panizza M (2017) Electrochemical oxida-
tion of a synthetic dye using a BDD anode with a solid polymer
electrolyte. Electrochem Commun 75:21-24. https://doi.org/10.
1016/j.elecom.2016.12.008

Klidi N, Clematis D, Carpanese MP, Gadri A, Ammar S, Panizza
M (2019) Electrochemical oxidation of crystal violet using a
BDD anode with a solid polymer electrolyte. Sep Purif Technol
208:178-183. https://doi.org/10.1016/j.seppur.2018.03.042

Zhu C, Jiang C, Chen S, Mei R, Wang X, Cao J, Ma L, Zhou B,
Wei Q, Ouyang G, Yu Z, Zhou K (2018) Ultrasound enhanced
electrochemical oxidation of alizarin red S on boron doped
diamond(BDD) anode: effect of degradation process parameters.
Chemosphere 209:685-695. https://doi.org/10.1016/j.chemo
sphere.2018.06.137

Kuleyin A, Gok A, Akbal F (2021) Treatment of textile industry
wastewater by electro-fenton process using graphite electrodes.

Authors and Affiliations

62.

63.

64.

65.

66.

67.

Batch Con Mode J Environ Chem Eng 9:104782. https://doi.org/
10.1016/j.jece.2020.104782

Titchou FE, Zazou H, Afanga H, Gaayda JE, Ait Akbour R, Ham-
dani M, Oturan MA (2021) Electro-fenton process for the removal
of direct red 23 using BDD anode in chloride and sulfate media.
J Electroanal Chem 897:115560. https://doi.org/10.1016/j.jelec
hem.2021.115560

Hussain S, Khan H, Khan N, Gul S, Wahab F, Khan KI, Zeb S,
Khan S, Baddouh A, Mehdi S, Maldonado AF, Campos M (2021)
Process modeling toward higher degradation and minimum energy
consumption of an electrochemical decontamination of food dye
wastewater. Environ Technol Innov 22:101509. https://doi.org/10.
1016/j.eti.2021.101509

Cotillas S, Clematis D, Caiiizares P, Carpanese MP, Rodrigo MA,
Panizza M (2018) Degradation of dye procion red MX-5B by
electrolytic and electro-irradiated technologies using diamond
electrodes. Chemosphere 199:445-452. https://doi.org/10.1016/j.
chemosphere.2018.02.001

Wenderich K, Nieuweweme BAM, Mul G, Mei BT (2021) Selec-
tive electrochemical oxidation of H20 to H202 using boron-
doped diamond: an experimental and techno-economic evaluation.
ACS Sustain Chem Eng 9:7803-7812. https://doi.org/10.1021/
acssuschemeng.1c01244

Stirling R, Walker WS, Westerhoff P, Garcia-Segura S (2020)
Techno-economic analysis to identify key innovations required
for electrochemical oxidation as point-of-use treatment systems.
Electrochim Acta 338:135874. https://doi.org/10.1016/j.electacta.
2020.135874

Commision E (2023) Electricity price statistics. https://ec.europa.
eu/eurostat/statistics-explained/index.php?title=Electricity_price_
statistics

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Sabrine Ben Kacem' - Davide Clematis? - Sourour Chaabane Elaoud’ - Marco Panizza?

< Davide Clematis

davide.clematis@unige.it

Laboratory Physico-Chemistry of the Solid State,
Department of Chemistry, Faculty of Sciences of Sfax,
B.P. 1171 3000 Sfax, Tunisia

@ Springer

2

Department of Civil, Chemical and Environmental
Engineering, University of Genova, Via all’Opera Pia 15,
16145 Genoa, Italy


https://doi.org/10.1016/j.seppur.2020.117109
https://doi.org/10.1016/j.seppur.2020.117109
https://doi.org/10.1016/j.jwpe.2022.102564
https://doi.org/10.1016/j.jwpe.2022.102564
https://doi.org/10.1016/j.chemosphere.2018.04.086
https://doi.org/10.1016/j.chemosphere.2018.04.086
https://doi.org/10.1002/celc.201801700
https://doi.org/10.1016/j.elecom.2016.12.008
https://doi.org/10.1016/j.elecom.2016.12.008
https://doi.org/10.1016/j.seppur.2018.03.042
https://doi.org/10.1016/j.chemosphere.2018.06.137
https://doi.org/10.1016/j.chemosphere.2018.06.137
https://doi.org/10.1016/j.jece.2020.104782
https://doi.org/10.1016/j.jece.2020.104782
https://doi.org/10.1016/j.jelechem.2021.115560
https://doi.org/10.1016/j.jelechem.2021.115560
https://doi.org/10.1016/j.eti.2021.101509
https://doi.org/10.1016/j.eti.2021.101509
https://doi.org/10.1016/j.chemosphere.2018.02.001
https://doi.org/10.1016/j.chemosphere.2018.02.001
https://doi.org/10.1021/acssuschemeng.1c01244
https://doi.org/10.1021/acssuschemeng.1c01244
https://doi.org/10.1016/j.electacta.2020.135874
https://doi.org/10.1016/j.electacta.2020.135874
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_price_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_price_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_price_statistics

	Response surface methodology for low-energy consumption electro-Fenton process for xanthene dye electrochemical degradation
	Abstract
	Graphical abstract

	1 Introduction
	2 Experimental
	2.1 Chemicals
	2.2 Electrolysis system
	2.3 Experimental response surface methodology: Doehlert design

	3 Results and discussion
	3.1 Degradation kinetic
	3.2 Doehlert design analysis
	3.3 Response surface and contour plots: optimization discussion

	4 Comparison with other EAOPs for dyes degradation
	5 Economic analysis under optimized conditions
	6 Conclusion
	References


