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In this work, a synthetic effluent containing methylene blue has been treated by electrochemical
oxidation (EO) process at pre-pilot plant scale using a filter-press electrochemical cell reactor.
Electrochemical experiments were carried out using Ti/Pt and Ti/lrO,-Ta,Os anodic materials in the
presence or absence of chloride ions to study the influence on the decolorization and mineralization of
the different oxidant species electrogenerated in situ. The electrochemical experiences have been
carried out at different applied current densities (j = 20, 40 and 60 mA cm™) to evaluate the effect of
this controlling parameter on the degradation efficiency and the operational energy consumption.
Under optimal treatment conditions of 40 mA cm™ in 0.05 M of Na,SO, at pH 6.0, solutions of 100
mg L™ of methylene blue were completely decolorized obtaining 86.0 % of COD abatement after 360
min of electrolysis. The determination of energy consumption allowed to estimate operational costs
about 13.36 US$ m™. The results obtained provide valuable information regarding the EO process
scaling-up, aiming the application of electrochemical technologies to treat actual effluent at real scale.

Keywords: dyes, dimensional stable anodes (DSA), wastewater treatment, anodic oxidation,
electrochemical advanced oxidation processes (EAOPS),

1. INTRODUCTION

Electrochemical water treatment technologies are promising environmental friendly solutions
to improve water quality for removing persistent hazardous pollutants. Among electrochemical
technologies, the electrochemical advanced oxidant processes (EAOPs) demonstrate high efficiencies
on the mineralization of highly persistent organic pollutants (POPs) by means of the electrogeneration
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in situ of intermediary oxidant species such as reactive oxygen species or active chlorine species [1-4].
The simplest and most popular EAOPs is electrochemical oxidation (EO) where organic pollutants in
solution are oxidized by direct charge transfer at the anode (M), or extensively destroyed by reactive
oxygen species and/or active chlorine species electrogenerated by oxidation reactions onto the anode
surface [1,2]. In the absence of chloride in solution, only reactive oxygen species are electrogenerated,
such as hydroxyl (*OH) radical [1,5,6]. This oxidant species can react with most POPs up to complete
combustion due to the high standard reduction potential (E°("OH/H,0) = 2.80 V/SHE) and its non-
selective attack of organics. In EO the *OH radical is produced as intermediate from water oxidation
on anode materials with high over-potential of O, evolution from reaction (1) [1,2], remaining
adsorbed onto the anode surface.

M + H,O - M('OH) + H" + ¢ (1)

where M(*OH) is the adsorbed hydroxyl radical onto the anode M that afterwards reacts with
the pollutants in solution conducting to their mineralization or electrochemical combustion to CO,.

Meanwhile, in the presence of chloride, active chlorine species can be electrogenerated by CI™
ion oxidation onto the anode releasing Cl, from reaction (2) [4,7,8]. Afterwards, from the
disproportionation of chlorine according reaction (3), HCIO and CI are released into the bulk. Due to
the acid-base equilibrium (4) with pKa = 7.55, CIO™ could remain as predominant species in solution
depending on the effluent pH. Besides, CIO could be directly yielded from chlorine reaction with
M(®*OH) according reaction (5) [4].

Cl” — Clypg) + 26 (2)
Clyag + H20 — HCIO + CI” + H* (3)
HCIO < ClIO” + H* (4)
CI" +M(*OH) - ClIO +H" +¢" (5)

The quasi-ubiquitous presence of chloride ions in water effluents highlights the possible usage
of EO technology [7] in order to promote the generation of active chlorine species by using particular
electrocatalytic anodes, such as dimensional stable anodes (DSA). Also, the correct selection of DSA
anode as well as suitable operating conditions avoid the production of chlorate and perchlorate ions
[9,10].

Water pollution by dyestuff is a concerning environmental issue [11]. The dye release in water
effluents produce water coloration that may reduce sunlight penetration and affect the photosynthetic
activity of algae and the living beings of aquatic ecosystems [12,13]. Besides, several hazardous
effects have been associated to these POPs such as suspicious carcinogenicity, mutagenicity and
toxicity [11-15]. Methylene Blue (MB) is a cationic dye classified as basic dye according to the Color
Index International. The main characteristics of MB are collected and summarized in Table 1. MB has
been extensively used to dyeing paper, wool, silk and cotton [16]. Besides, it is well-known due to its
application in cells/tissue staining and its prescription as antimalaric. However, an excessive exposure
may precipitate serious serotonin toxicity, hypertension, dizziness and severe headache. MB can be
found in some industrial effluents from dyeing process and manufacturing sites being its undesired
side-effects as POP of high concern [16,17].
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Table 1. Chemical structure and characteristics of Methylene Blue
Chemical Structure Chemical Chemical name Common Color Color Amax/ M/ Water
formula chemical Index Index nm gmol?® | solubility
name name number at 20 °C/
gL®
CisH15CINSS 3,7 Methylene Basic 52015 664 | 319.85 40
bis(Dimethylamino)- Blue Blue 9

N
X
| K |
N
X
| | cr

phenothiazin-5-ium

The use of EO has shown promising results on the complete abatement of POPs in synthetic
and real effluents such dyes [11,13,18], drugs [6,19-21], pesticides [22-24] and others [25-31].
However, these experiences have been commonly carried out at bench scale [2]. Hence, MB has been
selected as model target pollutant to test the applicability of the designed flow filter-press cell
electrochemical reactor. In this work we report the EO treatment of MB at pre-pilot plant scale by
using both Ti/Pt and Ti/lrO,-Ta,0Os anodes at different applied current densities. Moreover, the
influence of the supporting electrolyte on the electrocatalytic behavior of the anodic materials has been
assessed by means of the EO performance comparison in presence and absence of chloride ions in the
treatment of solution.

2. EXPERIMENTAL

2.1 Chemicals

Commercial pure MB was purchased from Sigma-Aldrich. Anhydrous potassium sulfate and
sodium chloride used as supporting electrolytes were of analytical grade supplied by Ventech.
Solutions were prepared with high-purity water obtained from a Millipore Milli-Q system with
resistivity >18 MQ cm at 25 °C. All solutions were adjusted to pH 6.0 using either sulfuric acid and
sodium hydroxide of analytical grade purchased from Sigma-Aldrich.

2.2. Electrolytic systems

An undivided filter-press electrochemical cell reactor was used to perform the EO treatment.
The synthetic dye effluent was introduced into the 1 L reservoir and continuously recirculated through
the electrochemical cell at 310 L h™ flow rate. The electrochemical filter-press cell schematized in
Fig.1 presented an interelectrode gap of 1.3 cm between the electrodes of 63.5 cm? of geometric area.
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Active anodic materials of Ti/Pt or Ti/lrO,-Ta,Os acquired from DeNora Electrodes (Italy) were used
as anodes, whilst a Ti plate was used as cathode for all the electrolysis conducted. The experiences
were carried out galvanostatically using a DC- MPL 3305M power supply at different applied current
densities of 20, 40 and 60 mA cm.

Effluent Kt
outlet

Viton
Gasket
a Cathode Electric
\ collector distributor
b

1

Effluent
mlist

Figure 1. Electrochemical filter-press cell scheme (a) expanded cell and (b) attached operational cell.

Linear sweep voltammetry analyses were carried out using a potentiostat/galvanostat Autolab
PGSTAT 302N controlled by NOVA 5.1 software. The experiences were carried out in a
monocompartimental cylindrical electrochemical cell of 50 mL thermostatized at 25 °C. The working
electrodes were either Ti/Pt or Ti/lrO,-Ta,Os anodes, a Pt wire was employed as auxiliary electrode
and all potentials were determined against an Ag/AgCl reference electrode with saturated KCI (E =
0.197 V vs. SHE). The measurements were carried out at a scan rate of 50 mV s and under N,
atmosphere after previous bubbling this gas through the solution for 10 min.

2.3. Apparatus and analytical procedures

The solution pH was measured and adjusted on a Tecnal pH-meter. Chemical oxygen demand
(COD) concentrations were determined using the HANNA COD tube tests (range 0-1500 mg L") and
a HANNA photometer COD-HI 83,099, after digestion procedure. From these values the percentage of

COD abatement was estimated from expression (6) [26]:

% COD = CDE{?{%?“ x 100 6)

where COD, and COD; given in g O, dm™ are the initial chemical oxygen demands of the
effluent and at the time t, respectively. From COD values the overall efficiency has been evaluated
from the Instantaneous Current Efficiency (ICE, in.%) values for EO estimated from equation (7) [4]:
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(CODg-CODy)
SIAt

where the applied current | (A), F the Faraday constant (96,487 C mol™ ), 8 is the oxygen
equivalent mass (g eq.™) and At is the electrolysis time in s.

The absorbance was determined at the maximum absorptivity of MB (Anax.= 664 nm) using an
UV-vis spectrophotometer Analytikjena SPECORD 210 PLUS, being the percentage of color removal
of the solution estimated from equation (8) [12,13]:

% Color Removal = “";—‘;"“x 100 ®)

where Ay is the initial absorbance and A; the absorbance at the treatment time t.

% ICE=FV

100 (N

3. RESULTS AND DISCUSSION

3.1. Electrochemical measurements

Preliminary experiments have been carried out by polarization curves to obtain information on
the electroactivity of supporting electrolyte at electrodes, like Ti/Pt and Ti/lrO,-Ta,0Os, prior to anodic
oxygen evolution. Fig. 2 shows linear polarization curves of a Ti/Pt and Ti/lrO,-Ta,Os electrodes
obtained in absence (0.05 mol L™ of Na,SO,) or in presence of chloride (0.02 mol L™ Na,SO, and
0.017 mol L™ of NaCl) in solution with a scan rate of 50 mV s™*. The curves are very different and
show that oxygen evolution potential increases from 1.44 V to 1.71 V versus SHE for Ti/lrO,-Ta;0s
and Ti/Pt [1,31,32], respectively. This means that Ti/lrO,-Ta,Os has low oxygen evolution
overpotential and consequently is good electrocatalysts for the oxygen evolution reaction, while that
Ti/Pt, even when potential is not very positive as showed by non-active electrodes, such as diamond
films [2,4], it has high oxygen evolution overpotential than Ti/lIrO,-Ta,Os, and consequently, it is a
partial poor electrocatalyst for the oxygen evolution reaction. Later conditions indicate that, Ti/Pt
anode promotes the production of hydroxyl radicals. Another important feature that can be indicated is
that, Ti/Pt can promote the electrogeneration of other oxidant species from sulfate oxidation such as
persulfate [2,33,34] following reaction (9), that could contribute to the decolorization of MB:

2 S04 — S,08" +2e” (9)

The results obtained in the presence of chloride ions, at both anode materials, are also shown in
Fig. 2. In the case of the Pt/Ti anode, polarization curve is shifted to less positive potentials at the
chloride concentration used (Fig. 2a). This behavior is mainly due to the increase of the importance of
the reaction of Cl, evolution [2,4,27,34] and decreasing consequently its decolorization efficiency
when it is used for electrochemical treatment [26]. Conversely, polarization curve is shifted to more
positive potentials (Fig. 2b) at Ti/lrO,-Ta,0s, favoring the coexistence of reactive hydroxyl radicals,
adsorbed at the anode surface and/or confined in a reaction cage around the electrode itself, as well as
the oxychloro-radicals, often assumed as intermediates also in the chlorine evolution reaction. Mixture
of oxidant species can further ease the electrochemical mineralization processes.
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Figure 2. Polarization curves of (a) Ti/Pt and (b) Ti/lrO,-Ta,Os anodes as working electrodes at pH
6.0 and 25 °C with different sup}iaorting electrolytes: (®) 0.05 mol L™ of Na;SO, or (m) 0.02
mol L™ Na,SO, and 0.017 mol L™ of NaCl.

3.2. Supporting electrolyte effect on decolorization kinetics as a function of the anodic material

Figure 3 depicts the decolorization removal as a function of the electrocatalytic material (Ti/Pt
or Ti/lrO,-Ta,0s) and supporting electrolyte (0.05 mol L™ of Na,SO,4 or 0.02 mol L™ of Na,SO,4 with
0.017 mol L™ of NaCl) used to treat solutions of 100 mg L™ of MB at pH 6.0 by means of EO at 60
mA cm during 360 min. When the MB solution is treated with Ti/Pt anode using solely Na,SO, as
supporting electrolyte, higher decolorization performances were achieved (98%) in comparison with
Ti/lrO2-Ta,0s which only reached 18.6 % of color removal after 360 min of treatment.
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Figure 3. Removal color efficiency vs electrolysis time on the EO treatment of 1 L of 100 mg L™ MB
at pH 6.0 and 25 °C at 60 mA cm™ using (e) Ti/Pt or (m) Ti/lrO,-Ta,0s anodes using (a) 0.05

mol L of NaySO, or (b) 0.02 mol L™ Na;SO4 and 0.017 mol L™ of NaCl as supporting
electrolytes.

Conversely, when a low concentration of NaCl was added to the solution; a complete
decolorization of solution was attained at both electrocatalytic materials. However, the elimination rate
of the color depends on the anode material because at Ti/lrO,-Ta,Os anode, complete decolorization is
attained at 60 min while that, Ti/Pt anode completed decolorization after 180 min of electrolysis. This
trend is an indicative that the presence of chloride ion in solution plays a key role on the
electrogeneration of different oxidant species [2,4,26]. In sulfate medium, the oxidation of water is the
predominant reaction that yields reactive oxygen species such the adsorbed *OH according to reaction
(1) [26]. However, when chloride is present in solution, active chlorine species are electrochemically
produced and after, these are released into the bulk [27-29]. Later conditions strongly depend on the
pH conditions, and consequently, under experimental conditions used here, Cl,, HCIO and CIO may
be formed [7,30]. Thus, the homogeneous character of active chlorine species favors a rapid
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elimination of color from solution at Ti/lrO,-Ta,Os anode because these species attack the
chromophore group of dye while the *OH radicals remain adsorbed onto the Ti/Pt surface, limiting the
Kinetic rate due to the dependence of the mass transfer of pollutants from solution towards the
electrode [7,31]. Also, Clyg-electrogeneration is preferentially favored at Ti/Pt, reducing the
concentration of chlorine active species in solution, and consequently, decreasing its decolorization
efficiency respect to Ti/lIrO,-Ta,Os anode under similar experimental conditions. These figures are in
agreement with the potentiodynamic measurements reported in Fig. 2.

3.2. Influence of the current density on decolorization

The applied current density (j) is one of the major parameters of control of electrochemical
processes that affects the electrokinetics and the extent of the reactions. Then, j controls the generation
of M("OH) by reaction (1) and the oxidation of CI~ and SO, yielding the active chlorine species and
persulfate by reactions (2-5) and (9), respectively in major or minor extent. As can be observed in
Figure 4, an increase on the j using Na SO, as supporting electrolyte accelerates the decolorization rate
for both anodic materials. In the case of Ti/Pt, more than 88% of color removal is achieved at all j
values after 300 min of electrolysis. Meanwhile, for Ti/lrO,-Ta,Os anode, no more than 20% of color
removal was achieved. This trend evidences that, hydroxyl radicals are consumed when an increase on
the j is attained, diminishing the overall decolorization efficiency and consequently, rising the energy
consumption. These parasitic reactions involve primordially the oxidation of M(*OH) to O, at the
anode by reaction (10), although it is also feasible its dimerization generating the less oxidant H,O, by
reaction (11) or the direct O, evolution from water according to the oxygen evolution reaction (12) [3,
13].

2 M("OH) — 2M + O, +2H" +2¢” (10)
2 M("OH) — 2M + H,0, (11)
2H,0—> 0, + AH" + 4e” (12)

On the other hand, the decolorization by homogeneous active chlorine species is faster than that
with heterogeneous M("OH), as discussed above. Nevertheless, the electrogeneration of active chlorine
species seems to be limited by the applied j. A faster decolorization is achieved at Ti/Pt anode due to
the combined action of M(*OH), persulfate and active chlorine species (Fig. 5a) when compared with
the results reported in Fig. 4a. Although a noticeable enhancement on the decolorization kinetics is
attained when Ti/lrO,-Ta,Os anode is used because short electrolysis times are spent independently of
the applied j during EO of MB solution. This behavior is due to the efficient production of active
chlorine species in solution, as discussed above. Besides, the use of high j is counterproductive since
undesired hazardous chlorine species (chlorate and perchlorate) can be generated from parasitic
reactions (13-15) [9,10,31]:

CIO +M('OH) —» ClO, +H +¢e (13)

ClO, + M("OH) — ClO3 +H" +¢~ (14)

ClO; + M("OH) — ClO; +H" +¢ (15)
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Figure 4. Percentage of color removal vs electrolytic time on the EO treatment of 1 L of 100 mg L™
MB with 0.05 mol L™ of Na,SO, at pH 6.0 and 25 °C using (a) Ti/Pt or (b) Ti/lrO,-Ta;0s
anodes at applied current densities: ()20, (#)40 and (A )60 mA cm™.
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Figure 5. Percentage of color removal vs electrolytic time on the EO treatment of 1 L of 100 mg L™
MB with 0.02 mol L™ of Na,SO,and 0.017 mol L™ of NaCl at pH 6.0 and 25 °C using (a) Ti/Pt
or (b) Ti/lrO,-Ta,Os anodes at applied j: (¥) 20, (#)40 and (A )60 mA cm™.



Int. J. Electrochem. Sci., Vol. 11, 2016 4887

3.3. Chemical oxygen demand abatement

The environmental regulation of several countries focuses mainly in the water effluent
coloration, however the absence of coloration does not implies the removal of pollutants because some
aromatic by-products could be uncolored. In this context, other parameters, such as COD, have
significant relevance. The COD abatement is attained by the oxidation of the organic pollutants by the
mediation of the oxidant species electrogenerated that conducts to their electrochemical incineration
into CO,, water and inorganic ions [1-4]. Figures 6a and b show the COD abatement after 360 min of
EO treatment in absence and presence of chloride ion in the water matrix, respectively. Results clearly
show that different degradation performances of MB solutions were achieved at both electrocatalytic
materials using 0.05 M of Na,SO,. At Ti/lrO,-Ta,0s, poor COD abatement was attained because of the
oxygen evolution reaction is preferentially favored, as demonstrated by the polarization curves of Fig.
2b. It is mainly due to the amount of hydroxyl radicals electrogenerated from reaction (1). Also, these
figures are consistent with the color removal (Fig. 4).

On the other hand, applied j plays a remarkable role on the organics mineralization [20,32]
because an increase on the j from 40 to 60 mA cm™ promote a reduction on the COD abatement from
86.0 % down to 33.0 % (Fig. 6). This decay supposes a loss in % ICE when j increases. In fact, 9.36 %
was estimated for 20 mA cm, 4.93 % for 40 mA cm and 1.26 % for 60 mA cm.

100 , ,

% COD remowval

100 , ,

60 - E

401 .

% COD remowval

20 40 a0
JimA em™

Figure 6. Percentage of chemical oxygen demand abatement attained after 360 min of EO treatment of
1 L of 100 mg L™ MB at pH 6.0 and 25 °C under different applied current densities using (m)
Ti/Pt or (m) Ti/lrO»-Ta,0s anodes in (a) 0.05 mol L™ of Na,SO, or (b) 0.02 mol L™ Na,SO,4 and
0.017 mol L™ of NaCl as supporting electrolytes.
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The loss in ICE is related to the enhancement of the parasitic reactions (10-11) and the oxygen
evolution reaction (12) that reduces the M(*OH) generation and the number of organic events that
conducts to mineralization.

Figure 6b evidences that the oxidative power of EO increases by using Ti/lrO,-Ta,0Os5 anode
due to the electrogeneration of chlorine active species from chloride oxidation by reactions (2-5).
Results clearly demonstrated that 54.5 % of COD abatement was achieved at 40 mA cm, being much
more superior to 15.0 % of COD removal under the same experimental conditions in absence of
chloride. From these results we can conclude that chlorine active species apart from enhancing the
decolorization rate also contribute to the oxidization of organics [2,31,34]. However, it is important to
notice that Ti/Pt achieved a decrease of ca. 20 % of COD abatement in the presence of chloride. This
result can be explained by the lower electrogeneration of M(*OH) due to the competitive reactions of
electrochlorination. Nonetheless, the coexistence of a feasible side-effect of chlorine active species can
be attained by the generation of organochlorinated compounds. Then, these species are usually more
recalcitrant and hardly oxidizable than non-chlorinated derivatives [7,9], reducing the mineralization
efficiency. Besides, the formation of chlorinated derivatives must avoided due to their high toxicity
and suspicious carcinogenicity [9,10,35].

3.4. Estimation of Energy Consumption

The operation energy requirement is directly related to the operational conditions such as the
applied j, the nature of the electrodic material and the supporting electrolyte. Consequently, the
optimum parameter conditions must be related not only with the decolorization rate or the percentage
of COD removal but also with energy consumption (EC), which further defines the operational costs.
Thus, the EC in kWh m™ of the process per volume of treated wastewater was determined from
equation (16) [23,26]:

AE.It
EC=Tooov.

where, AE. is the average cell voltage in V and Vs the volume treated in m®.

Table 2 summarizes the EC estimated by Eq. (16) and the process expenditure in order to
assess the economic feasibility of EO as a green sustainable alternative for dyestuff effluents. The cost
was determined taking into consideration the electrical energy cost of about R$ 0.32 (Brazilian price,
taxes excluded) per kWh (Agéncia Nacional de Energia Elétrica, Brazil). This price was also included
in dollar currency. EC requirements and costs are both proportional to the applied j, for example, 4.82
US$ m™ up to 39.18 US$ m™ were estimated when j passed from 20 up to 60 mA cm .

Although the costs associated could appear higher than those associated to conventional water
treatment technologies, the higher effectivity of EO to recover the hydric resources and to improve the
average quality of water effluents is undoubtedly a factor of major relevance than the economic aspect.
Apart from that, the possible implementation of renewable energy sources could cut down to zero the
associated cost of EO by the in situ production of the required energy using solar panels[36,37] or
wind mills [38].

(16)
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Table 2. Estimated energy consumption and operational cost for the EO treatment of MB solutions at
the pre-pilot flow plant.

Experimental conditions
Energy
Anode Electrolyte j (MA cm?) consumption Cost (US$ m™)
(KWh m™)

o 20.0 57.9 4.82
% 0.05 M NaySO, 40.0 175.3 14.58
H 60.0 326.9 27.20
CE 0.05 M NaySO4 20.0 93.0 7.74
= and 40.0 256.0 21.30
= 0.017 M NaCl 60.0 475.5 39.56

20.0 65.5 5.45

0.05 M NaySO4 40.0 196.6 13.36

& 60.0 358.9 29.94
= 0.05 M NaySO, 20.0 80.8 6.72
and 40.0 237.7 19.78

0.017 M NaCl 60.0 470.9 39.18

Thus, taking into account all the results reported here, the use of Ti/Pt anode in EO in 0.05 M
Na,SO, at 40 mA cm could be considered the optimal EO treatment conditions that allow obtaining
higher COD abatement and total decolorization with the lower cost associated.

4. CONCLUSIONS

EO is a highly promising electrochemical technology to remediate the water pollution and
reduce the environmental impact of human activity. The process has been scaled-up using an
electrochemical filter-press cell reactor to evaluate the decolorization and mineralization of MB
solutions. In addition the treatment performance has been evaluated depending on the anodic material,
supporting electrolyte and the applied current density. It has been found that the presence of chloride
ion in solution promotes the electrogeneration of active chlorine species as oxidant mediators.
Although the decolorization is appreciably accelerated by the presence of active chlorine species, the
COD abatement obtained at the end of the treatment was lower than the EO using Na,SO, as
supporting electrolyte. The applied current density has been also studied as key parameter in
electrochemistry being defined 40 mA cm™ as the optimal operational condition to reach satisfactorily
the maximum DOC abatement of 86.0 % and complete decolorization using Ti/Pt anodes. Affordable
costs of process expenditure of 13.36 US$ m™ have been estimated using Ti/Pt anodes under optimal
conditions after 6h of treatment; however, these costs could be reduced increasing the solution
conductivity. These promising results encourage the development of further EO studies at pre-pilot
plant scale with other anodic materials to treat actual effluents.
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