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Electrochemical advanced oxidation processes such as electrooxidation (EO), electrooxidation with
hydrogen peroxide generation (EO-H2O2) and electro-Fenton process (EF) have been investigated as
alternative treatment techniques for complete removal of anionic surfactants and organic matters from
real carwash wastewater. The electrochemical processes were performed with acidiﬁed real carwash
wastewater using boron doped anode and carbon felt cathode. In all cases, the chemical oxygen demand
(COD) removal efﬁciency was always increased with rise in applied current and complete organic matter
decay was achieved at applied current of 500 mA or above after 6 h of electrolysis. Faster and higher COD
decay was observed with EF compared to either EO or EO-H2O2 treatment, at all currents and electrolysis
time. Besides, complete degradation of anionic surfactants e the major organic content of the wastewater could be achieved at all applied currents studied irrespective of the process used, indicating the
efﬁcacy of processes for total remediation of real carwash wastewater. The short-chain carboxylic acids
formed as the ﬁnal organic byproducts were identiﬁed and quantiﬁed by ion-exclusion chromatography.
More so, lower energy consumption and higher current efﬁciency were achieved with EF compared to
EO-H2O2. Electrochemical treatment was found to be a powerful technology for the complete abatement
of organic matter in carwash wastewater for possible reuse.
© 2018 Published by Elsevier Ltd.
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1. Introduction
Electrochemical advanced oxidation processes (EAOPs) such as
electrooxidation (EO) and electro-Fenton (EF) process have been
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widely studied for the remediation of persistent organic pollutants
(POPs) from wastewater and soil (Brillas et al., 2009; Panizza and
Cerisola, 2009; Rodrigo et al., 2014; Ganiyu et al., 2015; MartínezHuitle et al., 2015). These processes are highly efﬁcient and versatile, requiring lowest amounts of chemicals or sometimes none, for
producing oxidants, which make them safe and environmental
friendly technologies. Oxidation of organics in EO and EF is mainly
by hydroxyl radicals (OH) mediation, which is the second strongest
oxidant known after ﬂuorine, with a standard reduction potential
of e 2.8 V against SHE and can react non-selectively with organic
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molecules, leading to their oxidation until reaching a high mineralization degree (Martínez-Huitle and Ferro, 2006; Salazar et al.,
2008; Oturan and Aaron, 2014; Oturan et al., 2017; MartínezHuitle and Panizza, 2018). The OH is electrochemically generated
either directly by means of water oxidation at the surface of a
suitable anode (EO) (Eq. (1)) or indirectly by total or partial in-situ
production of Fenton's reagents (Fe2þ þ H2O2) (Eq. (2)) (PeraltaHern
andez et al., 2006; Brillas et al., 2009; Panizza and Cerisola,
2009; Chaplin, 2014). With suitable cathode electrode (carbonaceous materials), H2O2 as a weak oxidant can be electrogenerated
from two electron reduction of dissolved oxygen in EO (Eq. (3)),
^go et al., 2014;
which has led to the so called EO-H2O2 (Fernades Re
Oturan and Aaron, 2014; Ganiyu et al., 2016). Besides, the use of
such cathode material in EF ensures that only catalytic quantities of
Fe2þ are added to the wastewater because this species is continuously regenerated (Eq. (4)) at the cathode from the Fe3þ formed in
s and Brillas, 2012; Solano et al.,
Fenton's reaction (Eq. (2)) (Sire
~ uelos et al., 2016; Lin et al., 2017; Ganiyu et al., 2018).
2015; Ban

MðsÞ þ H2 O/Mð· OHÞ þ Hþ þ e

(1)

Fe2þ þ H2 O2 þ Hþ /Fe3þ þ · OH þ H2 O

(2)

O2 þ 2Hþ þ 2e /H2 O2

(3)

Fe3þ þ e /Fe2þ

(4)

Among the anode materials currently in existence, boron doped
diamond (BDD) thin ﬁlm electrodes are the best anode materials
known for electrochemical wastewater treatment because of its
ability to generate large quantities of weakly adsorbed BDD (OH).
As a “non-active” anode, BDD can achieve complete destruction of
organic pollutants (electrochemical combustion) (Panizza and
~ uelos et al.,
Cerisola, 2009; Ruiz et al., 2011; Chaplin, 2014; Ban
2016; Morales et al., 2018). In contrast, when “active” anodes
such as Pt, IrO2 or RuO2 are used, the produced M(OH) are further
oxidized to chemisorbed oxygen or superoxide species, which are
weak oxidants that could only achieve degradation (electrochemical conversion) with rare mineralization of the organic pol~ izares et al., 2002; Cavalcanti et al., 2013; Sopaj et al.,
lutants (Can
n et al., 2018). Additionally, BDD anodes has distin2015; Dura
guished technological important properties such as inert surface
with low adsorption properties, excellent corrosion and mechanical
stability as well as extremely high O2-evolution overpotential,
which enhance the reactivity of the organic at the anode surface
(Panizza and Cerisola, 2009; Chaplin, 2014).
Nowadays, large volume of wastewater produced by carwash
plants and clean-garages has been of serious concern from environmental protection and resources conservation/effective utilization point of view. Besides, the exponential growth in number of car
washing plants/garages and in turn volume of water consumption
due to increased number of vehicle owners, most carwash wastewater efﬂuents are directly discharge into the environment/surface
water bodies without prior treatment (Hamada and Miyazaki,
2004). Unfortunately, this wastewater contains many potential
hazardous pollutants, such as detergents and surfactants, which
can be poisonous to aquatic life, oil, grease, solvent-based solutions
and chemicals, heavy metals from car paints and sometimes
microplastics from wearing of the washing brush as well as tires of
us, 1996). In most developed countries, the
the vehicle (Paxe
wastewater end up in municipal treatment plants, which in many
cases employed conventional treatment techniques that are not
efﬁcient for complete removal of persistent organic pollutants
s and Brillas, 2012). Recently, many European countries have
(Sire
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enshrined legislation for water recycling in carwash workshops in
order to reduce the volume of water consumed as well as pollutants
released to the municipal treatment systems. For instance, Germany and Austria has imposed a recycling percentage higher than
80%, whereas Netherlands and Scandinavian countries has legalized a maximum fresh water consumption of 60e70 L per car
(Boussu et al., 2007; Panizza and Cerisola, 2010a). However, no
restriction or regulations concerning carwash wastewater has been
established in most developing countries like Brazil; as such the
wastewater is released directly into the sewage system or surface
water. Therefore, efﬁcient approaches are needed to treat the
wastewaters in order to remove the hazardous contents, and also
for possible reuse of these efﬂuents after treatment. Some treatment techniques such as electro/chemical coagulation (Rodriguez
€nder et al., 2017; Mohammadi et al.,
Boluarte et al., 2016; Go
2017), physicochemical processes (membrane ﬁltration and
ﬂocculation-adsorption) (Hamada and Miyazaki, 2004; Al-Odwani
et al., 2007; Boussu et al., 2007; Pinto et al., 2017), chemical
oxidation (Bhatti et al., 2011) and electrooxidation (Panizza and
Cerisola, 2010a, 2010b) have been applied for the reclamation of
carwash
wastewater
but
only
combined
electrocoagulationeelectrooxidation treatment achieved complete
COD removal as well as attaining greater reuse efﬁciency. However,
no studies on comparing the performances of electrochemical
treatments, in particular by using EF process, for reclamation of
carwash efﬂuent have been reported in literature. Some of the
recent studies on reclamation of carwash wastewater are summarized in Table SM-1.
In this paper, the feasibility of applying EAOPs such as EO, EOH2O2 and EF techniques for carwash wastewater depollution has
been investigated. The inﬂuence of the type of electrochemical
technology was evaluated on the elimination of the organic matter
and anionic surfactants contained in a real carwash efﬂuent obtained from one of the largest auto-wash companies in Natal
(Brazil). Besides, operation parameters such as applied current
density and Fe2þ dosage and source were also studied to determine
the reuse viability. The data obtained were used to estimate the
current efﬁciency and energy consumption for each of the electrochemical treatments.
2. Experimental
2.1. Chemicals
The real carwash wastewater used in this study was obtained
from central auto-wash company, Natal (Brazil). Sodium sulfate
(Na2SO4) used as supporting electrolyte during the electrolysis was
supplied by Andriol chemical, Brazil. Iron II sulfate heptahydrate
(FeSO4$7H2O), a hydrous iron (III) oxide (Fe2O3, iron (III) nitrate
nonahydrate (Fe(NO3)3$9H2O) and ammoniacal iron (II) sulfate
(NH4Fe(SO4)2 employed as iron source dosage were reagent grade
obtained from Sigma Aldrich. Analytical grade of sulfuric acid and
sodium hydroxide were obtained from Andriol chemical, Brazil. All
solutions were prepared with ultra-pure water obtained from
Millipore milli-Q water system with resistivity >18 mU cm at room
temperature.
2.2. Electrolytic system
Bulk electrolyses of the real wastewater were performed in
small, open undivided cylindrical glass reactor of 6 cm diameter
and 250 mL capacity with constant stirring by a magnetic bar to
enhance mass transport towards the electrodes. The anode was
16 cm2 thin ﬁlm BDD deposited on single crystal p-type Si substrate
supplied by Adamant Technologies (Neuchatel, Switzerland) and
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synthesized by hot ﬁlament chemical vapor deposition technique
(HF CVD) and a carbon-felt (4 cm  4 cm  1.27 cm) from Alfa Aesar
was used as cathode. In all trials, the anode and the cathode were
placed parallel to each other at the center of the reactor at
approximately 2 cm inter-electrode distance. In the case of EOH2O2 and EF treatments, air was continuously bubbled at about
1 mL min1 into the solution, starting from 10 min prior to electrolysis to maintain constant O2 concentration level in the solution.
H2O2 was continuously electrogenerated from two electron
reduction of dissolved O2 in the solution.
Real wastewater from carwash-company was ﬁltered to removal
solid particles prior to the electrolysis. Electrolysis were carried out
with 230 mL of the wastewater containing 0.05 M Na2SO4 at pH 3
and room temperature by applying a constant current ranging from
250 to 1500 mA. In the EF trials, a predetermined amount of iron
dosage was added to the real wastewater prior to electrolysis, in
form of FeSO4$7H2O, Fe(NO3)$9H2O, Fe2O3 or NH4Fe(SO4)2. The
physicochemical properties of the as-received real carwash efﬂuent
are given in Table 1.
2.3. Analytical procedures
Electrolyses were performed under galvanostatic condition with
constant current supplied by MIMIPA MPL-3305 M triple power DC
generator. Solution pH and conductivity were measured with a HI
221 pH meter and mCA 150 conductivimeter; both from HANNA
Instrument (ROMANIA). The elimination of organic matter in the
wastewater was assessed from the decay of the chemical oxygen
demand (COD), which was measured using pre-dosage HANNA®vials with 2 mL of sample. Samples were digested in a thermal
reactor (HANNA instrument) at 200  C for 150 min, cooled to room
temperature and then, analyzed on spectrophotometer (Hanna HI
table 83099). Three measurements were made and the average
value with the standard deviation less than 2% was recorded. From
the data obtained, the current efﬁciency (% CE) and electric energy
consumption per g COD removed (E1
c (g COD)) were estimated, according to Eqs. (5) and (6).

CE ¼

DCODexp FVs
8It

Ec ðg CODÞ1

 100

(5)

Ecell It
¼
ðDCODÞt Vs

(6)

where DCODexp is the experimental COD decay, F is the Faraday
constant (96487 C mol1), 8 is the equivalent mass of oxygen (g
eq1), Vs is the volume (L), I is the current (A) and t is time (s).
The decay of the anionic surfactants concentration, as the main
organic constituent of the carwash wastewater, was determined
during the electrochemical treatment by using a simpliﬁed spectrophotometric method based on the formation of ionic pair,
anionic surfactant e methylene blue (AS-MB), following the procedure reported by Jurado et al. (2006). Brieﬂy, 5 mL of electrolyzed
sample was placed in a 10 mL glass test tube and alkalized by
adding 200 mL of 50 mM sodium tetraborate solution at pH 10.5.
Two drops of phenolphthalein was added to change the color of the

Table 1
Characteristic of the as-received carwash wastewater.
Parameter

Value

COD
pH
Anionic surfactants
conductivity

625 ± 5 mg L1
7.31
119.2 ± 2.5 mg L1
125 mm s1

solution, followed by addition of 100 mL of stabilized methylene
blue (3.13 mM) and 4 mL of chloroform. The mixture was vigorously
agitated for about 30 s, and allowed to repose/settle in the test tube
for 5 min. The absorbance of the chloroform containing the AS-MB
pair was measured without ﬁltering at 650 nm. The evolution of the
short-chain carboxylic acids, as the ﬁnal organic by-products of the
degradation of organic matters, was followed by ultra-high performance liquid chromatography (u-HPLC e Dionex ultimate 3000)
equipped with a L-2130 pump ﬁtted with a C8 Acclaim OA,
4 mm  25 cm (i.d.) column at 40  C, and coupled with a L-2400 UV
detector selected at wavelength of 210 nm, using 1% H2SO4as mobile phase at 0.2 mL min1 ﬂow rate.
3. Results and discussion
3.1. Effect of iron quantity and source on COD decay during EF
The effect of the quantity of iron (0.2, 0.5 and 1 mM Fe2þ) and
the nature of the iron source (Fe2þ, Fe3þ or solid FeIII), as a function
of COD decay, during EF treatment of the real carwash wastewater,
is reported in Fig. 1. As depicted in Fig. 1a, even when no signiﬁcant
efﬁciency differences are observed between the iron amounts used,
the optimum concentration of Fe2þ was found to be 0.5 mM, which
favors the complete COD removal in 4 h of electrolysis. Meanwhile,
a lower concentration of 0.2 mM Fe2þ showed inferior COD removal
compared to 0.5 mM Fe2þ at all electrolysis time during the EF,
indicating that not enough quantity of Fe2þ (limiting reagent) was
used to promote the maximum catalytic decomposition of the large
volume of electrogenerated H2O2 to OH by Fenton's reaction (Eq.
(2)). Then, lower concentration of OH was generated by using
0.2 mM Fe2þ, which resulted in a lower COD decay (96% COD
removal). Conversely, at higher Fe2þ concentration (1 mM), slightly
lower COD decay was observed compared to 0.5 mM Fe2þ,
achieving approximately 98% COD removal efﬁciency (inset panel
of Fig. 1a) after 4 h of electrolysis. This behavior is related to the
enhancement of the parasitic reaction between the Fe2þ ions and
the generated OH (Eq. (7)) as well as the recombination of the OH
(Eq. (8)), which consumed the oxidant without contributing to the
organic matter decay (Brillas et al., 2009; Oturan and Aaron, 2014).
Fe2þ þ OH / Fe3þ þ OH

(7)

2OH / H2O2

(8)

Since OH is a non-selective oxidant, it reacts with dissolved
organic matter in the wastewater as well as the excess Fe2þ ions
present in the treated solution. This implies that, it is always
imperative to optimize the quantity of iron used in order to achieve
the maximum COD removal. The effect of the iron sources on the
COD decay during the EF treatment of the carwash wastewater is
shown in Fig. 1b. The efﬁciency of EF treatment catalyzed by two
different soluble Fe3þ ions (Fe(NO3)$9H2O and NH4Fe(SO4)2) and
solid Fe2O3 sources for the removal of organic matters in the carwash wastewater was studied at constant concentration (0.5 mM
for Fe(NO3)$9H2O and NH4Fe(SO4)2 and 0.25 mM for Fe2O3
(equivalent of 0.5 mM of Fe2þ in FeSO4$7H2O)) under the same
experimental conditions (i.e. pH 3 and 500 mA of applied current).
As can be seen in Fig. 1b, similar COD decay was achieved by EF
approach with the two soluble iron sources (Fe2þ or Fe3þ), which is
relatively better than solid FeIII catalyzed process. The behavior
achieved with soluble iron sources was expected because Fe2þ ions
are easily and continuously regenerated at the large-surface area
carbon-felt cathode (Eq. (4)). Indeed, previous studies have shown
that the efﬁciency of Fe2þ and Fe3þ is almost the same when
carbonaceous cathode materials such as carbon-felt and graphite
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Fig. 1. (a) effect of Fe2þ concentration: (C) 0.2 mM, ( ) 0.5 mM and ( ) 1.0 mM, and (b) 0.5 mM of: (C) FeSO4$7H2O, ( ) Fe(NO3)3$9H2O, ( ) NH4Fe(SO4)2 and ( ) Fe2O3 iron source,
as a function of normalized COD decay vs electrolysis time during the treatment of real carwash wastewater by EF approach at pH 3 and 500 mA.

felt are used in EF treatment because almost all the Fe3þ ions are
s
rapidly and completely reduced to Fe2þ (Qiang et al., 2003; Sire
et al., 2007; Brillas et al., 2009). Conversely, other cathode materials (carbon-PTFE GDEs) are inefﬁcient for regenerating Fe2þ from
Fe3þ, which means that Fe2þ is the ideal catalyst for GDE electrodes
to accelerate the production of OH at the early stages of the EF
s et al., 2007). In the meantime, the
process (Brillas et al., 2004; Sire
use of solid FeIII as catalyst (i.e. Fe2O3) promoted a lower COD decay
efﬁciency because Fe2O3 is slightly soluble at pH 3, releasing a
limited amount of Fe2þ ions in the solution to activate H2O2. Based

on the these results, further EF experiments reported in this work
were performed by adding 0.5 mM Fe2þ in form of FeSO4$7H2O.

3.2. Comparative organic matter degradation by EO, EO-H2O2 and
EF
The decay of organic matter in the real carwash wastewater
during its treatment by different EAOPs (i.e. EO, EO-H2O2 and EF) by
applying different currents (ranging from 250 to 1500 mA) at pH 3
is shown in Fig. 2. Faster and excellent COD decay was observed in

Fig. 2. Normalized COD decay vs electrolysis time obtained during the: (a) EO, (b) EO-H2O2 and (c) EF approaches to treat a real carwash wastewater by using 0.5 mM Fe2þ and pH 3,
at applied currents of: (C) 250 mA, ( ) 500 mA, ( ) 1000 mA and ( ) 1500 mA.
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all the EAOPs studied, mainly when a higher current was applied.
For example, up to 96% of COD elimination was achieved at 250 mA
after 6 h of electrolysis in all the EAOPs studied, whereas complete
COD removal was observed at 500 mA or higher currents, at similar
electrolysis time. This behavior is associated to the concomitant
production of large quantities of BDD (OH) from water oxidation
reaction at BDD surface (EO, EO-H2O2) in parallel with the OH
produced from Fenton's reaction (EF), as applied current increases
(Martínez-Huitle et al., 2004, 2012; Urzúa et al., 2013; Ganiyu et al.,
2017). It is worth noting that, in all cases the enhancement obtained
when increasing applied current from 1000 to 1500 mA is not as
signiﬁcant as that produced when increasing from 500 to 1000 mA,
which in turn is less when compared to that achieved when raising
the current from 250 to 500 mA (Fig. 2). This implies that at high
applied current, the oxidation rate becomes mainly determined by
the transport of substance (i.e. oxygen, iron ions and organic matters) towards the electrode and a reduction in the oxidation ability
is attained due to consumption of the produced hydroxyl radicals in
parasitic reactions that have limited contribution to the efﬁciency
s et al., 2010; Panizza et al., 2014). Moreover, the
of the process (Sire
COD removal efﬁciency follows EO < EO-H2O2 < EF sequence at all
current studied because the dissolved organic matter is mineralized by both heterogeneous and homogeneous hydroxyl radicals
(BDD (OH)/OH) produced by EF process; whereas BDD (OH)
generated at the surface of the anode is the major oxidants in EO
and EO-H2O2. The OH produced in the bulk of the solution from
Fenton's reaction (eq. (1)) by EF approach allow easier interaction
with organic matter compared to the reaction attained with BDD

(OH), which are formed and conﬁned to the anode region (GarciaSegura et al., 2016; Ganiyu et al., 2017).
The corresponding CE obtained for the trials of Fig. 2 is shown in
Fig. 3. Similar proﬁles were obtained in all cases as a function of
electrolysis time. The decrease in CE with rise in applied current is
attributed to the enhancement on the parasitic reactions (recombination of the BDD (OH)/OH since they are produced in larger
quantities), which consumed the generated hydroxyl radicals. Thus,
the higher CE values obtained at lower current mean that the
current was effectively employed to produce hydroxyl radicals,
s et al., 2010).
which judiciously oxidize the organic molecules (Sire
Meanwhile, the exponential decrease of CE with electrolysis time
implies a gradual loss in the oxidation ability of the electrolytic
system due to the transport limitations as well as the formation of
by-products such as short-chain aliphatic carboxylic acids which
are less easily oxidized. Also, these conditions favor parallel wasting
reactions like oxygen evolution (Eq. (9) and (10)) (Panizza et al.,
2014; Oturan et al., 2017).
2BDD (OH) / 2BDD þ H2O2
2BDD (OH) / 2BDD þ O(g) þ 2Hþ þ 2e

(9)
(10)

Additionally, less than 100% CE was obtained at all applied
current studied regardless of the EAOPs applied (Fig. 3), which was
due to the fact that hydroxyl radicals are not directly generated in
the medium by the application of the current but requires the mass
s et al.,
transport of the reactants, thus affecting the efﬁciency (Sire

Fig. 3. Current efﬁciency (CE), as a function of time, obtained during the: (a) EO, (b) EO-H2O2 and (c) EF approaches to treat a real carwash wastewater by using 0.5 mM Fe2þ and pH
3, at applied currents of: (C) 250 mA, ( ) 500 mA, ( ) 1000 mA and ( ) 1500 mA.
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2010). The CE follows the sequence EO < EO-H2O2< EF, at all currents and electrolysis time studies, which agrees with the higher
oxidation efﬁciency of EF (Fig. 3c) compared to other processes. For
instance, CE values of about 96%, 79%, 39% and 26% were achieved
with EF by applying 250, 500, 1000 and 1500 mA, respectively,
while modest CE values were accomplished with EO-H2O2 (65%,
57%, 32% and 23%) and EO (57%, 45%, 25% and 22%) approaches,
under similar conditions.

higher energy consumption at high applied current was slightly
compensated by the excellent mineralization efﬁciency.
The energy cost per unit volume of the treated efﬂuent at
different applied current after 4 h of electrolysis is summarized in
Table SM-2.

3.3. Energy consumption analysis

Anionic surfactants are the main constituent of most of commercial detergent and soaps used in auto-wash garages, and these
are transfer into the wastewater during the washing process. The
decay of the surfactant during the electrochemical treatment is
shown in Fig. 5. As depicted in Fig. 5a, a signiﬁcant degradation of
the anionic surfactant was observed with increased current in EO.
For instance, 83% and 96% of degradation efﬁciency were achieved
after 4 h of electrolysis at 250 and 500 mA, respectively; whereas a
complete degradation of the surfactant was obtained after 2 and 1 h
when 1000 mA and 1500 mA were applied, respectively, demonstrating the effectiveness of the process at higher currents. As
explained in section 3.2, higher current promotes faster and large
production of BDD (OH) in EO process, which can quickly oxidize
the surfactant molecules in the solution (Panizza and Cerisola,
2010a, 2010b). At the same time, in some cases, surfactants can
contribute with ionic species (e.g. release of sulfate ions from sodium dodecyl sulfate) that are electrochemically transformed in
oxidants (Trellu et al., 2017; Araújo et al., 2018). Comparative
studies with EO-H2O2 and EF at 500 mA (Fig. 4b) showed faster
decay of the anionic surfactant concentration compared to EO. A

The electrical energy consumption related to the COD removal
during the treatment of the wastewater was estimated by using
relationship in eq. (6) (Fig. 4). This parameter can constitute an
interesting data in determining the economic feasibility and scaleup of the electrochemical treatment processes for industrial
application. As shown in Fig. 4, the energy consumption per g COD
removal increased with rise in applied current and electrolysis time
as expected owing to the increase in the total charge supplied to the
treated solution. For instance, electrical energy of 0.066, 0.142,
0.441 and 0.792 kWh were consumption per g COD after 6 h of
treatment by EO process at 250, 500, 1000 and 1500 mA current
respectively, while 0.069, 0.195, 0.489 and 0.943 kWh and 0.080,
0.149, 0.432 and 0.769 kWh of electrical energy were consumed, at
similar applied current and treatment time for EO-H2O2 and EF
processes, respectively. In essence, quite similar energy consumption was observed in all the three electrochemical processes studied, which was expected since the same electrochemical cell (i.e.
electrodes) was used throughout the treatment. Moreover, the

3.4. Decay of anionic surfactant during the electrochemical
treatment

Fig. 4. Evolution of energy consumption per g COD vs electrolysis time obtained during the: (a) EO, (b) EO-H2O2 and (c) EF approaches to treat a real carwash wastewater by using
0.5 mM Fe2þ and pH 3, at applied currents of: (C) 250 mA, ( ) 500 mA, ( ) 1000 mA and ( ) 1500 mA.
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complete degradation of the anion surfactant in the solution was
achieved within 4 and 2 h by EO-H2O2 and EF, respectively, whereas
EO degraded about 96% of the surfactant in 4 h, under similar
conditions. The enhanced surfactant decay rate in EO-H2O2
compared to EO can be attributed to the production of H2O2 as a
week oxidants, in addition to BDD (OH). The electrogenerated
H2O2 can oxidize the surfactant (organic matter) either directly as
week oxidant or indirectly as hydroperoxyl radicals (HO2) formed
from its reaction with produced BDD (OH), according to Eq. (11))
(Thiam et al., 2015; Ganiyu et al., 2016).
(11)
Previous studies (Ganiyu et al., 2016; Thiam et al., 2015) have
demonstrated that electrogenerated H2O2 can signiﬁcantly
contribute to the degradation of easily oxidize organic pollutants,
but rarely has impact on the mineralization efﬁciency due to its
lower oxidation power and reactivity. Similarly, the higher decay
rate of anionic surfactant observed during treatment with EF can be
explained by the generation of large quantities of homogeneous
OH in the bulk via Fenton's reaction (Eq. (2)), which can oxidize
more rapidly the surfactants. It is important to indicate that, the
elimination of the surfactant was also rapidly attained at 1000 and
1500 mA by EO-H2O2 and EF (Fig. 5b and 5c respectively) in respect
to EO approach. The characteristics of the ﬁnal efﬂuent after
treatment at 500 mA using the three electrochemical processes are
summarized in Table SM-3.

3.5. Evolution of short-chain carboxylic acids
The mineralization of organic pollutants in contaminated
wastewater generally proceeds via formation of different cyclic
organic intermediates, which are later degraded to short-chain
aliphatic carboxylic acids as the ﬁnal oxidation by-products of the
process (Oturan et al., 2008; Garcia-Segura and Brillas, 2011). The
presence of short-chain carboxylic acids in the treated solution
were determined by ion-exclusion HPLC. The chromatograms of the
electrolyzed solutions under the conditions of Fig. 2 at 500 mA
clearly exhibited ﬁve well-deﬁned peaks corresponding to oxalic,
malonic, formic, glycoxylic and acetic acids at retention time (tR) of
8.4, 9.6, 12.2, 13.7, and 15.2 min respectively. These ﬁgures were
conﬁrmed by injecting standard solutions of these acids into ionexclusion reversed phase HPLC. As depicted in Fig. 6, the concentration proﬁle of all generated acids follows accumulationdestruction cycles with high formation rate at the early stage of
the treatment, thanks to the quick oxidation of the organic matter
and its intermediates by the hydroxyl radicals. As showed in Fig. 6,
carboxylic acids are accumulated more with EO (Fig. 6a) and EOH2O2 (Fig. 6b) treatments when compared to EF approach (Fig. 6c).
In the latter case, a rapid decay of organic matter (in terms of COD)
was achieved (Fig. 2), conﬁrming the elimination of carboxylic
acids. As expected, oxalic acid was the most accumulated in all
cases because it is the ﬁnal oxidation byproduct of both cyclic and
non-cyclic compounds (Martínez-Huitle et al., 2005; Garcia-Segura
and Brillas, 2011).

Fig. 5. Decay of normalized concentration of anionic surfactants vs electrolysis time: (a) EO (b) EO-H2O2 and (c) EF using 0.5 mM Fe2þ obtained during treatment of a real carwash
wastewater at applied current of (C) 250 mA, ( ) 500 mA, ( ) 1000 mA and ( ) 1500 mA.

S.O. Ganiyu et al. / Chemosphere 211 (2018) 998e1006

1005

Fig. 6. Evolution of the concentration of carboxylic acids vs electrolysis time (C) oxalic, ( ) malonic, ( ) glycoxylic, ( ) acetic and ( ) formic during the (a) EO, (b) EO-H2O2 and (c)
EF treatment of the real carwash wastewater at 500 mA and pH 3.

4. Conclusions

Appendix A. Supplementary data

The treatments of acidiﬁed real carwash wastewater by different
electrochemical technologies, such as EO, EO-H2O2 and EF, have
been investigated. Complete degradation of the anionic surfactants
and excellent removal of organic matter were observed, at all current studied, independent of the process used. An amount of
0.5 mM of Fe2þ was found as optimum condition for EF process,
which was independent of soluble iron source. Higher COD and
surfactants removals as well as higher current efﬁciency and lower
energy consumption were always achieved by EF compared to EO
or EO-H2O2 approaches. Short-chain carboxylic acids, such as
oxalic, malonic, formic, glycoxylic and acetic were identiﬁed, as the
ﬁnal oxidation intermediates in the treated solution, but these
byproducts were also eliminated at the end of the treatments.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.chemosphere.2018.08.044.
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