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ABSTRACT

The present study investigates the electrochemical oxidation (EO) of real leather dyeing wastewater
coming from a local modern tannery in Fez (Morocco). Experiments were performed in an electro-
chemical reactor using Ti/Pt anode. Response surface methodology and full factorial central compos-
ite design were used to investigate the combined effect of three independent operating parameters
considered for the optimization of the EO process: electrolysis time (t), current density (j) and tem-
perature (T). Chemical oxygen demand (COD) removal (Y,) and specific energy consumption (SEC)
in kWh/kg of COD removed (Y,) were used as responses to examine the degradation of wastewater.
The obtained quadratic model was statistically tested using analysis of variance. The correlation
coefficients for the model (R*) were 0.9986 and 0.9830 for COD removal and SEC, respectively. The
best conditions for maximum COD removal and minimum specific energy consumption in the pres-
ent study were t =2.11h, j=18.70 mA/cm? and T =286.18 K. Under these optimum conditions, 81.2%
of COD removal was observed with energy consumption of 93.85 kWh/kg of COD removal. Fourier
transformed infrared spectroscopy analysis was used for the characterization of effluent. Evolution
of inorganic ions concentration and changes of turbidity, pH and conductivity of wastewater during

the EO process were also followed.

Keywords: Electrochemical oxidation; COD removal; Specific energy consumption; Response surface

methodology; Leather dyeing wastewater

1. Introduction

The leather industry daily produces large amounts of
wastewater highly polluted with toxic chemicals [1]. These
effluents are deeply colored and contain high levels of
refractory organic compounds and hazardous pollutants
[2]. Therefore, the improper discharge of untreated tannery
wastewater can cause severe environmental problems [3].
The dyeing step is carried out during the wet finishing pro-
cess of leather production, and it requires a huge amount
of water resources and chemicals [4], which highly increase
the chemical oxygen demand (COD) of wastewater. Thus,
it is necessary to apply effective treatment methods to deal

* Corresponding author.

with these organic pollutants prior to their discharge into
receiving waters. Traditional biological treatment methods
have demonstrated to be ineffective for the removal of these
pollutants. In this context, several methods have been devel-
oped by researchers to improve the treatment efficiency of
dye-containing wastewaters from tanneries [4,5]. Among
the new technologies, electrochemical advanced oxidation
processes (EAOP) such as electrochemical oxidation (EO)
and electro-Fenton (EF) have received great attention for
the degradation of recalcitrant organic compounds in recent
years [6,7].

EO is one of the most promising EAOPs to treat such
complex systems due to its ability to eliminate persistent
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hazardous contaminants efficiently without forming any
kind of sludge. Many researchers have mentioned that EO
can occur directly by direct charge transfer at the anode
and indirectly by electrogenerated reactive oxygen species
("OH) radicals and/or active chlorine species (Cl,, HOCI
and ClO) [8]. The effectiveness of the EO process strongly
depends on the anode material, and the operational condi-
tions [2]. Several research groups have reported the effec-
tiveness of EO using various electrode materials [9]. For
instance, Tu et al. [10] studied the treatment of simulated
berberine wastewater by EO with RuO,/Ti, IrO,/Ti, RulrO,/
Ti and Pt/Ti electrodes. The results showed that Pt/Ti anode
exhibited a higher removal rate of berberine than the other
anodes. Metal oxide anodes have also attracted the atten-
tion of researchers. Rao and Venkatarangaiah [11] compared
in their review paper the effectiveness of four metal oxide-
coated anodes: SnO,, PbO,, IrO, and RuO,, and they con-
cluded that SnO, and PbO, anodes were suitable for the EO
of wastewater treatment on large scale. Meanwhile, da Silva
Duarte et al. [12] investigated the treatment of synthetic
effluent containing rifampicin drug by applying EO with the
combination of Fenton reaction. They compared the effect
of different electrode materials and concluded the following
order with respect to COD removal: BDD >> Ti/Pt > DSA.

For the EO treatment of dyes wastewater, Cotillas et al.
[13] used boron-doped diamond (BDD) electrodes to oxi-
dize Red MX-5B dye in aqueous solutions. After 240 min
of EO, full dye and COD removal were achieved due to the
high production of free-hydroxyl radicals, which attack the
organic matter in the wastewater, promoting significant
mineralization. Labiadh et al. [14] used different anodes
(DSA, PbO, and BDD) to treat aqueous solutions contain-
ing methyl orange azo dye. The results showed that almost
complete degradation was achieved using BDD and PbO,
anodes after 3 h of EO, but BDD exhibited the better perfor-
mance of COD removal, with 96% and 79% of mineraliza-
tion, respectively. Conversely, on DSA electrode, 75% COD
removal with 60% mineralization was obtained under similar
experimental conditions. Isarain-Chavez et al. [15] examined
the oxidation power of five different DSA anodes (Ti/Ir-Pb,
Ti/Ir-Sn, Ti/Ru-Pb, Ti/Pt-Pd and Ti/RuQ,) for EO of methyl
orange azo dye solutions. They reported complete removal
of color in the case of Ti/Ir-Pb, Ti/Ir-Sn and Ti/Ru-Pb anodes,
and lower decolorization in the case of Ti/Pt-Pd and Ti/RuO,
anodes. Higher mineralization was achieved in 240 min
(74%) using Ti/Ir-Pb anode. Kaur et al. [16] treated actual
textile wastewater using RuO, coated Ti electrode (Ti/Ru0O,)
and they reported COD and color removals of 80% and 97%,
respectively.

Despite the frequent use of EO for the degradation of
synthetic or simulated textile dyes wastewaters [17], to our
best knowledge, no studies have been devoted to the EO
of leather dyeing wastewater, which is different from that
of textile industry due to the presence of specific chemical
compounds used in leather production. Furthermore, only
a few papers are available in the literature about the electro-
chemical degradation of real dyeing wastewater [18-22]
which is more complex compared with the synthetic effluent.
Real dyeing wastewater contains mixtures of different types
of dyes, as well as inorganic ions such as chloride, which
can promote or inhibit the process. Therefore, performance

and applicability of the EO process require more study on
real effluents. In this context, the present study aims to
evaluate the performance of the EO process with Ti/Pt elec-
trodes and its applicability for the treatment of real leather
dyeing wastewater. Effects of operating parameters such as
electrolysis time (t), current density (j) and temperature (T)
on COD removal (Y,) and specific energy consumption (Y,)
were investigated. Central composite design (CCD) under
response surface methodology (RSM) was employed in
order to determine the optimal operating conditions that
give high removal efficiency with low energy requirements.
The characterization of leather dyeing wastewater by Fourier
transformed infrared spectroscopy (FTIR) analysis was also
studied. Furthermore, the evolution of inorganic ions con-
centration and changes of turbidity, pH and conductivity of
wastewater during the EO process were also investigated.

2. Experimental
2.1. Tannery wastewater

The leather dyeing effluent (Table 1) used in the exper-
iments was collected from a local modern tannery in Fez
(Morocco). The wastewater was sedimented and filtered
with soft paper prior to treatment. As mentioned in Table 1,
the effluent has a high COD concentration, so dilution of raw
wastewater before treatment becomes important to visualize
better and clearer results. The effluent was diluted 10 times
with distilled water.

2.2. Electrochemical experiments

Electrochemical experiments were performed using a
cylindrical tank reactor of 6 L capacity, equipped with an
external water-jacket to maintain the temperature at the
desired setpoint using a thermostatic bath, ULTRATEMPS
2000 JULABO F30. The process was performed using Ti/Pt
electrodes where the anode was a cylindrical grid with a
large surface area of 600 cm? and the cathode was rod whose
surface was 5% of that of the anode. The current was applied
by a regulated DC power source, EA-7015-050. The solution
was constantly stirred at 400 rpm to ensure homogeneity
using a BIOBLOCK SCIENTIFIC stirrer.

2.3. Analytical methods

Performance of the process was evaluated by analyzing
the COD removal efficiency and the specific energy con-
sumption. The characterization of raw wastewater was done
using FTIR analysis. COD (mg L™ O,) was measured using
the closed-reflux colorimetric method with a Shimadzu/1201
spectrophotometer [23]. The efficiency of COD removal was
calculated as follows (Eq. (1)):

COD, - COD,
COD,

i

COD(%) = x100 (1)

where COD, and COD, are chemical oxygen demands at
times f =0 (initial) and ¢, respectively.

The specific energy consumption (SEC), expressed in
(kWh kg COD) was calculated using Eq. (2).
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Table 1
Characterization of raw and diluted wastewater

Table 2
Levels of the parameters studied in CCD statistical experiment

Parameters Raw Diluted
Color Black Black
pH 3.56 6.15
COD (mg L™) 7,189 623
Turbidity (NTU) 11 26.3
TS (mg L™) 330 -
Conductivity (mS/cm) 13.5 5.297
Nitrate (mg L) 0.742 0.081
Nitrite (mg L) 0.578 0.064
SEC = E_ xIxAt o)
1000 x V x ACOD

where E_ is the applied voltage (V), At is the electrolysis time
(h) and V is the reactor volume (L). The current efficiency
(CE) for the EO of wastewater was calculated using Eq. (3).

CoD,,,, -COD, )FV

8IAt

CE= ( ®)

where COD, and COD,,,, are the COD values in (g O, L™)
at time t and A, respectively, V is the volume of the elec-
trolyte (L), I is the current (A) and F is the Faraday constant
(96,487 C/mol). The inorganic ions (nitrate and nitrite)
released during EO were examined according to the Standard
Methods [24]. The pH and conductivity were detected with
a HACH pH-meter (Model Sension 7) and a HACH conduc-
tivity meter. The turbidity of wastewater was measured
by a TURBIDIRECT turbidimeter.

2.4. Experimental design and statistical analysis

In the present study, three important parameters such as
electrolysis time (X)), current density (X,) and temperature
(X,) were selected to estimate the significance of the effects
of these factors on two responses, that is, % COD removal
and SEC using RSM with three-level CCD. The indepen-
dent factors were coded as -1 (low), 0 (central point) and
+1 (high). Also, ot value of 1.68 was used to allow the prediction
of the response functions outside the cubic domain [25]. Table 2
shows the range of each investigated variable and were
t (min) =[2; 4], j (mA/cm?) =[8.3; 16.6], and T (K) = [293; 313].

The following second-order polynomial response equa-
tion was used to predict and describe the relationships
between the COD removal and operational factors:

Y=b+bX, +b,X,+b,X, +b,X X, +b,X X, +b,, X, X, +

12°71%72 13°71°73 23972773
bHXl2 + bszf + b33X§ 4)
where Y| and Y, are the responses studied, X, and Xj are the
independent variables, b, is constant coefficient, b, b, and b,
are interaction coefficients of linear, quadratic and second-
order terms, respectively. The significance and adequacy
of the developed regression model were evaluated by the

Coded variable
Variable -1.68 -1 0 +1 +1.68
Electrolysis time (h) 132 2 3 4 4.68
Current density (mA/cm?) 5.4 83 125 166 195
Temperature (K) 2869 293 303 313 319.8

application of analysis of variance (ANOVA). The Minitab
software (version 16.0) was used to analyze the experimental
data.

3. Results and discussion
3.1. Characterization of wastewater

Fig. 1 shows the FTIR spectra of the untreated waste-
water. The intensive, broad bands in the range of 2,800-
3,600 cm™ are associated with the stretching vibrations of
—-OH group, which indicates the presence of alcohols and
carboxylic acid [26,27]. The peak at 3,432 cm™ for amide
stretching (-N-H-) suggests the presence of primary and
secondary amino groups (aliphatic or aromatic) [28]. Peaks
at 2,923 and 2,853 cm™ occur due to aliphatic C-H groups
[29,30]. The spectrum shows an obvious band at 1,634 cm™,
which may be related to the stretching vibrations of alkene
(-C=C-) group and bending vibrations of amide (-N-H-)
bond [26,31]. The peak obtained at 1,732 cm™ was assigned to
the carboxyl group (-C=0-) [32]. The stretching frequency
at 1,383 cm™ may be related to the carboxyl-carbonate
structures, stretching vibrations (-5=0O-) of sulfate and the
presence of aliphatic nitro (-NO,) group [26,30]. The peaks
in the range of 1,163; 1,115 and 1,031 cm™ are associated
with the stretching vibrations of C-O ester group [33]. The
peaks at 685.5, 777.1 and 526.8 cm™ indicate the aromaticity
or benzene ring [34].

3.2. Model fitting and statistical analysis

The effects of operating variables of electrolysis time (t),
current density (j) and temperature (T) on COD removal and
SEC that were determined according to CCD and measured
responses from 17 runs are demonstrated in Table 3. The
COD removal and SEC in terms of coded variables have
been expressed by the following quadratic Egs. (5) and (6),
respectively.

Y, = 59.61+8.49X, +15.03X, —4.3X, —0.54X; - 1.41X; —
0.04X2 +1.99X X, —0.31X,X, +0.006X,X, (5)

Y, = 122.38 +17.53X, +21.61X, +5X, —6.14X> ~3.09X> —
0.35X2 +4.84X,X, —0.55X,X, - 0.86X,X, (6)

The statistical significance of the quadratic model was
justified by the ANOVA using the Minitab software (Table 4).
According to the results, the value obtained for the F-value
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Fig. 1. FTIR of untreated wastewater.
Table 3
Central composite design matrix, responses results (% COD removal and SEC)
Run Electrolysis Current density Temperature % COD removal SEC (kWh per kg COD
Number time (h) (mA/cm?) (K) removed)
Actual Predicted Actual Predicted
1 -1(2) -11 (8.3) -1(293) 40.77 37.72 7147 71.60
2 +1 (4) -1(8.3) -1(293) 52.42 54.70 101.49 105.80
3 -1(2) +1 (16.6) -1(293) 65.97 68.84 107.50 112.11
4 +1 (4) +1 (16.6) -1 (293) 86.91 85.82 152.91 146.31
5 -1(2) -1(8.3) +1 (313) 33.17 28.82 82.35 83.88
6 +1 (4) -1(8.3) +1 (313) 44.89 45.80 106.17 118.08
7 -1() +1 (16.6) +1 (313) 59.72 59.94 110.98 124.39
8 +1 (4) +1 (16.6) +1 (313) 78.09 76.92 158.09 158.59
9 -1.68 (1.3) 0(12.5) 0 (303) 42.04 43.04 79.35 86.33
10 +1.68 (4.6) 0(12.5) 0 (303) 73.71 71.60 134.71 143.85
11 0(3) -1.68 (5.4) 0 (303) 29.87 31.14 77.84 81.03
12 0(3) +1.68 (19.5)) 0 (303) 80.94 83.49 153.46 149.15
13 0(3) 0(12.5) -1.68 (286.9) 67.78 64.80 107.72 104.77
14 0(3) 0(12.5) +1.68 (319.8) 50.80 49.83 139.07 125.42
15 0(3) 0(12.5) 0 (303) 60.06 57.32 121.12 115.09
16 0(3) 0(12.5) 0 (303) 59.86 57.32 121.59 115.09
17 0(3) 0(12.5) 0 (303) 58.98 57.32 123.74 115.09

parameter and very low p-value (<0.0001) confirm that the
developed model was highly significant within a 95% confi-
dence interval. Moreover, the fitness of the model was checked
by the determination of coefficient (R?). In the present case,
the R? values for COD removal and SEC were close to 1 which
indicates that the response surface quadratic model is a

good option for predicting the performance of COD removal
and SEC [35]. Furthermore, Fig. 2 shows a good agreement
between the predicted and observed values. This indicated
that the model was satisfactory and accurate [36].

Pareto analysis was also used to facilitate interpreta-
tion of the results. In fact, this analysis displays the effect of
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Table 4
ANOVA results for % COD removal and SEC

Source Df SS MS F-ratio p-value
COD removal (%)
Model 9 4,382.15 486.91 216.45 <0.0001
Residual 15.75 2.25
Lack of fit 5 15.08 3.02 9.11 0.102
Total 16 8,021.64
RSME=1.49 R?>=0.9986 Ridj= 0.9968 R3 _=0.9733
SEC
Model 11,694.6 1,299.4 45.10 <0.0001
Residual 201.7 28.81
Lack of fit 197.8 39.55 0.048
Total 16 11,896.2
RSME=5.36 R*=0.9830 Ridj= 09612 R3 =8721
90+
80+
70+
3 601
4=
]
<
50
69.98
401 0 20 40 60 80 100
Percentage effect of each factor
30 Fig. 3. Pareto graphic analysis.

30 40 50 60 70 80 90
Predicted

Fig. 2. Predicted vs. actual values of COD removal.

each factor on the response and was calculated based on the
following equation [37,38]:

2
P = b

where b represents the related regression coefficient of the
parameter. According to the Pareto chart (Fig. 3), it can be
seen that electrolysis time (22.32%) and temperature (5.72%)
were statically significant whereas current density (69.98%)
had the highest effect on COD removal efficiency by EO
process. However, the quadratic term of current density
(0.61%) and its interaction with electrolysis time (1.22%)
were also considered significant while the other terms do not
affect the process efficiency.

x100 (i#0) )

3.3. Effect of parameters on responses

Based on Egs. (6) and (7), the response surface graphs
were developed and illustrated in Figs. 4a-d. As can be seen,
j is the most important parameter for the removal of COD.
The effect of t is also significant, but to a lower extent, while
T has a low impact on the electrochemical degradation of
tannery wastewater.

The current density is the key parameter for the degrada-
tion of wastewater as it regulates the generation of hydroxyl
radicals (*OH) on the electrode surface [39]. Increasing j
enhances the production of electrons, which facilitates the
generation of physisorbed and chemisorbed radicals on the
surface of the anode [26]. This increase causes the accelera-
tion of the degradation process.

EO of organics begins with the formation of adsorbed
*OH radicals from water discharge reactions at the surface
of the anode (Eq. (8)).

E+H20—>E('0H)+H++ e ®)
Pt Pt
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Reactivity of electrochemically generated hydroxyl rad-
icals depends upon the nature of the electrode materials. Ti/Pt
anode is an active anode and strongly interacts with *OH
radicals to form the higher metal oxides (Ti/Pt (O)) (Eq. (9)).

Ti/. Ti . -
Pt( OH)—)Pt(O)+H +e ©)

In this case, the (Ti/Pt(O)/Ti/Pt(*OH)) redox couple
acts as a mediator during the electrochemical degradation
(Eq. (10)), thus allowing selective oxidation of organics pres-
ent in wastewater. However, a competitive side reaction of
oxygen evolution takes place due to the chemical decompo-
sition of the higher oxide (Eq. (11)) [40].

Ti Ti

ﬁ(o)+R—>ﬁ+Ro (10)
Ti Ti 1
P—t(o) o5t 0, (11)
% COD remowal

F=]

s
w |
SEC
50
48 b
195
400 166
- - E_ .
Electrolysis time i gy Current density

307

From Fig. 4a, it can be seen that current density and elec-
trolysis time affect positively the degradation of wastewater.
Thus, the COD removal rate increases significantly with an
increase of current density from 5.4 to 19.5 mA/cm?. Also, it
increases with increasing electrolysis time from 1.32 to 4.68 h
at all range of j values. However, the removal efficiency was
marginal toward higher j and Fig. 4c shows that the SEC
increases with an increase of both current density and elec-
trolysis time. This fact can be explained by the accumulation
of by-products that are quite stable against further attack at
the Ti/Pt anode during the degradation process of waste-
water [41]. Moreover, the passivation of the anode surface by
the growth of poisoned adherent layer during the electrolysis
reduces its efficiency for further oxidation [8]. In addition,
the concomitant rise in the rate of parasitic anodic oxygen
evolution reaction could also contribute and negatively affect
the degradation efficiency [15].

Temperature also affects the treatment efficiency with EO
process but to a lower extent. Fig. 4b shows that increasing
temperature had a negative influence on the electrochemical
degradation. It is worthy to mention that tannery wastewater
contains a large variety of inorganic ions that can result in

% COD removal

19.5

Current density 54

Fig. 4. Response surface for both removal of COD and specific energy consumption during EO treatment of wastewater, (a) electrol-
ysis time and current density, (b) current density and temperature, (c) electrolysis time and current density, and (d) current density

and temperature.



308 K. Oukili, M. Loukili / Desalination and Water Treatment 167 (2019) 302-312

the production of strong mediated oxidants, such as active
chlorine (in the form of Cl, HOCI or OCI). Also, when
active anodes are used, the CI-mediated oxidation raised the
performance of the electrochemical process. In fact, organic
pollutants can be removed by generating in situ active chlo-
rine species that convert them from hazardous compounds
to less harmful products. Immediately afterward, the dis-
charge of chlorine gas (Eq. (12)), provided anodically by
chloride naturally present or added to the solution, reactions
of hydrolysis (Eq. (13)) and ionization (Eq. (14)) take place.

2C1" - Cl, +2e” (12)
Cl, +H,0 > HOCI +H" +CI" (13)
HOCI - H" + OCI” (14)

The enhancement of effluent degradation efficiency with
a decrease in temperature could be attributed to several
factors. Considering the mediated mechanism, the tem-
perature has an effect on the competition between water
and chloride oxidation. The oxygen evolution rate reduces
while decreasing the temperature of the solution, leading
to a further enhancement in the active chlorine yield [42].
Furthermore, the conversion of a part of CI” in solution to
Cl,(g) at 40°C can negatively affect the indirect oxidation
process [43]. However, as shown in Fig. 4d temperature did
not have a significant influence on the SEC as the value of
SEC changes very slightly with rising T.

Numerical optimization was employed to determine
the optimum values of the process variables for maximum
COD removal efficiency and minimum SEC. Based on RSM
and the desirability functions, optimum conditions for the
treatment of tannery wastewater were found to be t=2.11 h,
j = 18.70 mA/cm? and T = 286.18 K. These results were
predicted based on desirability function of 0.967.

3.4. Evolution of released inorganic ions

Electro-generated *OH and active chlorine species act
as strong oxidants and completely mineralize the organic
contaminants present in wastewater, thus releasing the inor-
ganic ions species and nitrogenated ions, such as nitrate
(NO;) and nitrite (NO;). Fig. 5 presents the evolution of
nitrate and nitrite ions concentrations, accumulated during
the treatment of wastewater by the EO process. As can be
observed, the nitrate concentration increased progres-
sively with treatment time, while the nitrite concentration
increased slightly and then decreased. This demonstrates
that further oxidation reactions by electrogenerated oxidants
lead to more formation of NO; by the oxidation of NO;.

3.5. Changes of turbidity, pH and conductivity with
treatment time

Turbidity and COD measurements were carried out to
follow the degradation of the effluent (Fig. 6a). Both turbid-
ity and COD removal increased with electrolysis. However,
73% of turbidity removal was achieved within 3 h of

electrolysis time while COD removal did not reach more than
54%, meaning the less efficient removal of COD than that of
turbidity. Similar observations were made by Li et al. [44]
for EO of biologically treated citric acid wastewater using a
Ti/RuO,-IrO, anode. They found that the COD removal rate
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Fig. 5. Concentration evolution of inorganic ions formed during
the EO treatment of wastewater.
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changes during the EO process (j = 8.3 mA cm™; T = 303 K).
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(0.009 min™) was lower than that of turbidity (0.017 min™).
The faster removal of turbidity and the partial mineraliza-
tion of COD could be attributed to the degradation of organic
compounds by the destruction of chromophoric groups or
by a break-down of macromolecular chains. The limited
increase of turbidity removal was also related to the presence
of inorganic material suspended in the tannery effluent.
Furthermore, the pH and conductivity variation of tan-
nery wastewater were also recorded with the electrolysis
time, as shown in Fig. 6b. The pH decreased gradually from
an initial value of 6.15 to a value of 3.83 after 160 min of elec-
trolysis. This significant decrease in pH was mainly due to

309

an abundant generation of H* through hypochlorous acid
generation as illustrated in Eq. (14) and other parasitic side
reactions such as oxygen evolution reaction (Eq. (15)) [45,46].
2H,0 50, + 4H' + 4e” (15)

Previous studies in the electrochemical treatment of
wastewater also reported a similar trend [47,48]. Authors
supposed that pH decreases were attributed to the produc-
tion of carboxylic acids as intermediate products. These
assumptions are confirmed with the changes in COD removal
reported in Fig. 6a.
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Fig. 7. Current efficiency and energy consumption as function of (a) current density, (b) temperature and (c) electrolysis time.
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Table 5

Degradation of tannery wastewater by EO using different anode materials

Parameter/initial Electrode material Current density Volume Time Removal EC  SEC References
concentration (mg L) (mA/cm?) (mL) (h) % % kWh/kg

COD 623 Ti/Pt 18.7 5,500 211 812 411 93.85 This study
COD 1,774 Ti/Pt-Ir 30 640 0.5 10.9 206 111 [50]

COD 352 Graphite 12 2,000 2 59.73 40 - [51]

TOC 1,005 Ti/Ir;.15Ru,.155n,.700, 20 50 3 14.3 385 - [52]

COD 2,417 Ti/SnO,/PdO,/RuO, 20 1,030 1 77.3 702 - [2]

COD 1,150 BDD 25 1,200 2 56.3 - - [53]

The conductivity values slightly increased by 40 min
up to 6.05 mS from 5.28 mS, and then fluctuated between
6.08 and 6.16 mS.

3.6. Current efficiency and energy consumptions

Fig. 7 shows the variation of current efficiency and energy
consumption as a function of different operating conditions
(electrolysis time, current density and temperature). As
illustrated in Fig. 7a, the CE value decreased slightly when
increasing current density from 8.3 to 12.5 mA cm™, but
decreased sharply at higher current density (16.6 mA cm™).
In contrast, increases in current density lead to higher
energy consumption. This behavior was observed in previ-
ous studies [6] and is probably due to the undesired side
reactions, for example, rise in oxygen evolution at higher
current densities. The variation of current efficiency and
energy consumption with temperature is presented in Fig. 7b.
As concluded earlier, the temperature had a marginal effect
on current efficiency. CE value increased slightly from
25.8% to 28.7% when the temperature decreased from 40°C
to 30°C, then it increased more slightly at a temperature of
20°C. However, the energy consumption was independent
of the temperature value. Finally, from the results shown in
Fig. 7¢, it is concluded that the electrochemical oxidation at
an extended electrolysis time is disadvantageous. Decrea-
ses in electrolysis time increased the anode efficiency and
decreased energy consumption.

On the basis of these results and at the optimum EO
conditions of leather dyeing wastewater treatment, COD
removal, CE and SEC values were found to be 81,2%, 41,1%
and 93,85 kWh per kg of COD removed, respectively. These
values were compared with relevant results obtained with
the EO process for tannery wastewater treatment reported
in Table 5. As can be observed, the most investigated type
of electrode for tannery wastewater treatment was a DSA
coating titanium anode, due to their excellent electrocata-
lytic properties, especially for chlorine generation. However,
these anodes have low current efficiency, since they favor
side reactions [49]. The BDD electrode exhibited a good
result, but it has a major drawback of high cost. Good per-
formance was also obtained with metal oxide electrode.

4. Conclusion

In the present study, the electrochemical oxidation of real
dyeing leather wastewater was studied using Ti/Pt anode.
Full factorial CCD methodology was used to determine the

optimal condition for effluent treatment in terms of cost-ef-
fectiveness. The influence of the operating condition on
the current efficiency was also assessed. The COD removal
efficiency was mainly affected by applied current density.
Energy consumption was largely affected by electrolysis
time and current density, but a modest influence of the tem-
perature on energy requirements was observed. Under the
optimal condition, it was possible to achieve 81.2% of COD
removal with a significant reduction in the treatment time
and energy consumption (93.85 kWh). The high efficiency
obtained with acceptable energy requirements and short
electrolysis time indicates the feasibility of EO as an alterna-
tive treatment of real leather dyeing wastewater.

These promising results could encourage full-scale imple-
mentation of the EO process using electrocatalytic elec-
trodes as a treatment for actual effluents. However, the
probable formation of toxic chlorinated compounds during
EO especially in presence of high concentrated chlorides
can be considered as a serious drawback of this system
that has to be carefully studied before the introduction of
the process at industrial scale. In addition, as in the case of
all the electrochemical methods, the high operational cost
for electricity represents an obstacle for large-scale applica-
tion. Combining biological treatment with EO and the use
of renewable power would be suitable alternatives to over-
come this drawback and make this process feasible on an
industrial scale.
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