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Abstract This study investigated the electrochemical oxida-
tion of organic matter present in shrimp farming effluent using
three types of electrocatalytic materials: Ti/Rug 34Tig 6602, Ti/
Pt, and boron-doped diamond (BDD). An electrochemical cell
with 300 mL under stirring agitation was used by applying 20,
40, and 60 mA cm . A Ti/Rug 34Tig 660> anode showed a
reduction of chemical oxygen demand (COD) about 84 %
after 1 h of electrolysis, while at the same time, 71 % of
COD decay was achieved at Ti/Pt. Conversely, only 71 % of
COD was removed after 2 h with a BDD anode. Regarding the
temperature effect, BDD showed better performances than
those achieved for Ti/Rug 34Tl 660, and Ti/Pt anodes during
an electrochemical treatment of a shrimp farming effluent,
obtaining 72 % of COD removal by applying 20 mA cm >
at 40 °C after 15 min. Energy consumption and cost were
estimated in order to established the engineering applicability
of this alternative process.
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Introduction

The activity of shrimp aquaculture is a branch that corre-
sponds to shrimp farming in tank producers, usually excavat-
ed in estuarine ecosystems, a technique inspired by the model
spread widely through Asia, where shrimp are raised in small
pens made from handcrafted bamboo on the banks of man-
groves. In Brazil, shrimp farming began in the 1970s, as a
commercial activity, and since 2003, it has had a production
of 90.19 million tons, arriving to 80 tons in 2010, using an
area of 18,500 ha (ABCC 2013).

Water is a decisive factor for the activity of shrimp farming,
so that, for every ton of shrimp produced, between 50 and 60
million 1 of water is needed (Mello 2007). The effluents of
shrimp farming cause high impact on water quality when
discharged in natural aquatic ecosystems; in extreme cases,
it can cause the death of many species (Brugger 2003) because
of a high concentration of organic material (mainly from the
remains of food supplied to shrimp), excretion, phytoplank-
ton, and fertilizers, creating a problem for eutrophication of
coastal water.

There are several studies regarding the impacts of shrimp
farming, particularly in regions where this activity is devel-
oped, such as China (Herbeck et al. 2012), India (Ronnback
et al. 2003), and Mexico (Berlanga-Robles et al. 2011).
Meanwhile, several authors have also described the impacts
of this commercial activity in different Brazilian regions (Dias
et al. 2012; Joventino and Mayorga 2008; Sampaio et al.
2008; Freitas et al. 2008; Figueiredo et al. 2005; Ormond
et al. 2004; Meireles and Marques 2004; Shanahan 2003;
Brugger 2003; Meireles and Vicente da Silva 2002; Paez-
Ozuma 2001; Coelho Junior and Schaeffer-Novelli 2000).

For that reasons, the development of an efficient and not
harmful methodology for treating effluents produced by farm-
ing shrimp is essential to ensure environmental sustainability.
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Biological treatment is not as effective for wastewater with
high volumes and high salinity because a important problem is
the acclimation of microorganisms as well as the high time to
achieve significant results (Schroeder et al. 2011; Dias et al.
2012). Moreover, in intensive aquaculture systems where the
recirculation water mode is applied, there is an significant
accumulation of intermediates, products of metabolism and
toxic organic compounds that are refractory at the treatment,
requiring a more efficient decontamination approach of water,
seeking to maintain their quality (Schroeder et al. 2011).

In recent years, promising alternatives for the treatment of
various effluents have been proposed (Martinez-Huitle and
Brillas 2009; Panizza and Cerisola 2009; Martinez-Huitle
et al. 2015), electrochemical technologies. Among them, the
electrochemical advanced oxidant processes (EAOPs) demon-
strate high efficiencies on the mineralization of highly persis-
tent organic pollutants (POPs). These processes use different
reaction systems, all characterized by the electrogeneration of
strong oxidants (e.g., ‘OH radicals, active chlorine, ozone,
hydrogen peroxide, and so on; Martinez-Huitle et al. 2015)
for treating effluents such as textile (Martinez-Huitle et al.
2012), wastewater generated by petrochemical industry
(Rocha et al. 2012; Santos et al. 2010), and aquaculture
(Diaz et al. 2011; Virkutyte and Jegatheesan 2009).

The simplest and most popular EAOP is electrochemical
oxidation (EO) where organic pollutants in solution are oxi-
dized 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 (Martinez-Huitle et al. 2015). In the absence of chlo-
ride in solution, only reactive oxygen species are
electrogenerated, such as hydroxyl (OH) radical. This oxidant
specie 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 being non-selective to attack
the organic compounds. In EO, the ‘OH radical is produced
as an intermediate from water oxidation on anode materials
with high over-potential of O, evolution from Eq. 1
(Martinez-Huitle et al. 2015), remaining adsorbed (physically
or chemically, depending on the nature of electrode material)
onto the anode surface that afterwards reacts with the pollut-
ants in solution promoting to their electrochemical conversion
or electrochemical mineralization to CO,.

M + H,0—M(OH)+H" + ¢ (1)

Meanwhile, in the presence of chloride, active chlorine spe-
cies can be electrogenerated by CI” ion oxidation onto the anode
releasing Cl, from Eq. 2 (Martinez-Huitle et al. 2015).
Afterwards, from the disproportionation of chlorine according
to Eq. 3, HCIO and CI ' are released into the bulk. Due to the
acid-base equilibrium (Eq. 4) with pK, = 7.55, CIO™ could re-
main as predominant species in solution depending on the
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effluent pH. Besides, CIO ™ could be directly yielded from chlo-
ride reaction with M(OH) according to Eq. 5.

2CT —Clyug) + 2¢ (2)
Cly(aq) + H2O—HCIO + CI” + H* (3)
HCIO—CIO™ + H* (4)
ClI" + M(OH)—>CIO™ + H" + ¢ (5)

The quasi-ubiquitous presence of chloride ions in water
effluents highlights the possible usage of EO technology in
order to promote the generation of active chlorine species by
using particular electrocatalytic anodes, such as dimensionally
stable anodes (DSASs). Likewise, the correct selections of DSA
as well as suitable operating conditions avoid the production
of chlorate and perchlorate ions (Martinez-Huitle et al. 2015;
Garcia-Segura et al. 2015).

Then, the main objective of this study is to investigate the
influence of the operating parameters (current density and
temperature) on the chemical oxygen demand (COD) removal
of shrimp farming effluent, at different electrocatalytic mate-
rials (Ti/Pt, Ti/Rug 34Tip.660>, and boron-doped diamond
(BDD)) in order to identify the optimal experimental condi-
tions which give high current efficiency and need low energy
requirements.

Experimental procedure
Reagents and solutions

All analyses were performed with reagents and analytical
standard solutions and deionized water, employing chemical
procedures described in the Standard Methods for the
Examination of Water and Wastewater (APHA 2005).

Effluent samples

The samples were supplied by a shrimp farm located at the
northwest Brazilian region, and these samples were used with-
out any treatment or addition products.

Sample characterization

Physical-chemical characterization of the effluent was
carried out (turbidity, chloride, nitrate, nitrite, COD,
and so on) in order to establish its chemical composi-
tion and compare the results with the values permitted
by the Brazilian environmental laws (Conselho Nacional
do Meio Ambiente (CONAMA) 2012).
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Electrooxidation experiments

The anodic oxidations were carried out in a single-
compartment electrochemical cell of 0.3 L with magnetic stir-
ring. For the application of current, a power source Minipa
MLP-3305 was used. In this study, three different anode ma-
terials were used: Ti/Pt, Ti/Rug 34Tig 660, and BDD. As cath-
odes, two plates of steel 316 were employed, with an area
about 20 cmz, with a separation of 0.5 cm between the elec-
trodes. Initially, the influence of the applied current density
(20, 40, and 60 mA cm ) to treat the effluent was analyzed,
maintaining the temperature constant at 25 °C by using a
thermostated cell. During the bulk electrolysis, the samples
were collected for COD measurements. After that, by apply-
ing a current density of 20 mA cm 2, the influence of temper-
ature at 40 °C during the electrochemical treatment of the
shrimp effluent was evaluated.

Analytical methods

The efficiency of the treatment was available by means of
COD removal, according to the standard methods for water
analyses (APHA 2005), using the photometer HI83099.

The total current efficiency for the electrochemical treat-
ment was calculated, using the following relation:

COD,~CODy | > ©

|
TCE = FV( T

where COD, and COD; , A, are the chemical oxygen demands
(g dm ) at times 7 = 0 (initial) and f (final), respectively; 7 is
the current (A); F'is the Faraday constant (96,487 C mol 1), v
is the volume of electrolyte (dm®); and 8 is the oxygen equiv-
alent mass (g eq ).

The energy consumption per volume of the treated effluent
was calculated and expressed in kilowatts per hour per cubic
meter. The average cell voltage, during the electrolysis, is

taken for calculating the energy consumption, as follows
(Martinez-Huitle and Brillas 2009):

(7)

i (V X A X t>
Energy consumption =

1000 x Vi

where ¢ is the time of electrolysis (h); Vand A are the average
cell voltage (in volts) and the electrolysis current (in amperes),
respectively; and Vj is the sample volume (m’). Afterwards,
the cost of treatment per unit of volume of the treated effluent
was estimated, considering the electric energy cost in Brazil
(Ramalho et al. 2010). To determine the active chlorine spe-
cies concentration produced (chlorine (Cly(,q)), chlorite
(C10, ), chlorine dioxide (ClO,), and chlorate (C1O3)) at
Ti/Rug 34Tip 602, Ti/Pt, and BDD electrocatalytic materials
during 4 h of electrolysis by applying 60 mA c¢cm ~ in the
presence of NaCl (5 g L™"), a sequence of iodometric titration
was performed, where 5-mL aliquots were sampled and
chemically analyzed, as reported by Neodo et al. (2012) and
De Moura et al. (2014). The different species were discrimi-
nated on the basis of their reactivity, which was emphasized
by either changing the pH or adding specific reagents. In the
case of the chlorate and perchlorate content, it was also
assessed by ion chromatography (IC), using an IonPac AS16
column (4 mm x 250 mm) and a 1-mL injection loop (De
Moura et al. 2014).

Results and discussion
Sample characterization

The physical-chemical characterization of the effluent is re-
ported in Table 1. From these results, we can observe that
several parameters have higher values than those permitted
by the Brazilian environmental laws (Conselho Nacional do
Meio Ambiente (CONAMA) 2012). For high values of

Table 1 Composition of shrimp

farming effluent and limit Parameter Effluent Environmental limits*

parameters allowed by the

Brazilian environment laws Nitrate (mg N L™ 3.29 0.40
Nitrite (mg N L") 0.03 0.07
Ammonia (mg LY 0.07 0.40
Biological oxygen demand (mg L™") 62.50 <5
Chemical oxygen demand (mg L") 564.00 -
Chloride (mg L™") 4488.09 -
Dissolved oxygen (mg L") 8.42 at27.5 °C >5
pH 8.23 6.5-8.5
Turbidity (NTU) 40.00 -
Total suspended solids (mg L") 9510.67 -
Total coliforms (most probable number (MPN)/100 mL) 16,000.00 -

#Resolution No. 357 of CONAMA
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turbidity and chloride and COD content, low biodegradability
of this effluent is expected, limiting its treatment by a biolog-
ical process. At the same time, high nitrate content in the
effluent could be easily converted in nitrite and ammonium
by biochemical processes of microorganisms, increasing the
poor quality of water and consequently diminishing the life
conditions. Also, total suspended solids avoid the light pene-
tration, blocking the photosynthesis routes for aquatic plants.
Nevertheless, the applicability of indirect electrochemical pro-
cess could be considered as a good alternative, avoiding the
addition of chemical products.

Influence of applied current density

Figure 1 shows the influence of applied current density
(20, 40, and 60 mA cm 2) on the removal of COD, as a
function of time, at different anode materials. During
the electrolysis with Ti/Pt and Ti/Rug34Tig 60> anodes,
a significant COD decay in the beginning of electrolysis
was obtained, remaining practically constant throughout
the reaction (mass transport limitations). In the case of
Ti/Pt, 89.2, 92.3, and 93.0 % of COD removal were
achieved after 4 h of electrolysis by applying 20, 40,
and 60 mA cm 2, respectively. For Ti/Rug 34Tig 6602,
COD removals of about 92.6, 98.7, and 91.7 % were
achieved after 4 h of electrolytic treatment at 20, 40,
and 60 mA cm 2, respectively. Conversely, a BDD an-
ode showed lower COD removals (42.3, 61.8, and
67.2 % for 20, 40, and 60 mA cm 2, respectively) un-
der similar experimental conditions. The results clearly
indicate that the DSAs are the most efficient materials
for treating this kind of effluent. It is due to the active
electrocatalytic nature of Ti/Rug34Tig.660> and Ti/Pt an-
odes (Martinez-Huitle and Ferro 2006; Panizza and
Cerisola 2009) where the oxidation of organic materials
occurs by a direct interaction with the so-called higher
oxides (adsorbed hydroxyl radicals in the lattice of the
oxide anode: MO, , ;, Eq. 8) at the electrode surface

(Eq. 9)
MO,(OH)>MO + H" + ¢ (8)
R + MO, ;—RO + MO, (9)

as well as mainly by active chlorine species formed when the
effluents contain chlorides (Eqs. 2—4). Theoretically (Aquino
et al. 2011, 2012; Ferro et al. 1998; De Battisti et al. 2000;
Bonfatti et al. 2000a, b; Martinez-Huitle et al. 2008), the elec-
trochemical treatment can be carried out at lower potentials in
the presence of chlorides, compared with those required for
the direct anodic oxidation (Bonfatti et al. 2000a). It is due to
the increase in the conductivity, affecting the cell potential and
consequently promoting the active chlorine production which
favors a faster COD abatement, at active anodes. However, the
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Fig. 1 Influence of applied current density on COD removal as a

function of time using Ti/Pt, Ti/Rug 34Tig.6602, and BDD anodes.

Operating conditions: COD, = 564 mg L' and temperature = 25 °C

electrogeneration of these oxidants is strongly dependent on
pH and in competition with side reactions such as oxygen and
chlorine evolution reactions

‘OH—1, O,+H' + ¢~ (10)
2CIT—Clp + 2e (11)
In fact, in the case of Ti/Rug34Ti 660> and Ti/Pt anodes,

when total current efficiency (TCE) values are estimated
(Fig. 2), it is evident that, when an increase in the applied
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Fig.2 TCE values as a function of applied current density, depending on
the electrocatalytic material used

current density was attained, the electrical charge furnished to
the system decreased. This behavior is because the undesired
reactions are favored (such as oxygen evolution reaction
(Eq. 10) and, probably, chlorine evolution reaction (Eq. 11)).
Conversely, at a BDD electrode, an increase in the applied
current density promotes a slight increase in the TCE due to
the production of active chlorine species that participate in the
elimination of organic matter.

For this reason, the behavior of pH conditions during the
electrochemical treatment of shrimp farming effluent using Ti/
Pt, BDD, and Ti/Rug34Tip.660> anodes was investigated
(Fig. 3). When the solution pH, originally around 7.5, was
analyzed, it decreases to values of 6.3—6.5 after 2.5 h of elec-
trolysis; after that, the pH around 7.5 is restored in the last
phase of the electrochemical process by applying 20, 40, and
60 mA cm > when Ti/Pt was used (Fig. 3). In the case of Ti/
Ruyg 34Tig 660> anode, pH passes from 7.5 to 8.1 after 1.5 h of
electrolysis, remaining constant around 8.2—8.3 during all
bulk tests, under similar experimental conditions. Thus, in
both cases, CIO ™ prevails in all stages of the electrolysis, but
HCIO can be active at the Nernst layer on the anode surface, as
a consequence of the large acidity (pH is slightly acidic) due to
the concomitant oxygen evolution (Eq. 10), as indicated pre-
viously by other authors (Bonfatti et al. 2000a). Based on
these results, we can assume that the production of species
like hypochlorite and hypochlorous acid confirms that the
organic compounds dissolved in the effluent and the by-
products generated are oxidized in the bulk of the solution
by them. Assuming these statements, the COD removal is
independent of the applied current density, but it depends on
the active chlorine species formed as well as the nature of
electrode material. These outcomes are in agreement with
the results reported by De Battisti and co-workers studying
the oxidation of glucose in the presence of chlorides at Pt
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Fig. 3 Variation of pH conditions as a function of time using Ti/Pt, Ti/
Rug 34Tig 660,, and BDD anodes at 25 °C

anodes (Ferro et al. 1998; De Battisti et al. 2000; Bonfatti
et al. 2000a, b). Additionally, in consideration of the fact that
both chloro and oxychloro radicals react in solution, these
must be considered in the mechanism of the electrochemical
destruction, thus representing an extension (Bonfatti et al.
2000a) of the model initially proposed by Comninellis
(1994) for the direct electrochemical oxidation.

Another important feature of the Cl-mediated oxidation is
that secondary oxidants such as Cl,,q), chlorite, chlorine di-
oxide, and chlorate can be formed from the reactions between
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primary oxidants (HCIO, CIO ", oxygen, and hydroxyl radi-
cals (at lower concentrations)) or from direct oxidation reac-
tions at anode surfaces. After that, as reported in the literature
(Martinez-Huitle and Brillas 2009; Panizza and Cerisola
2009; Martinez-Huitle et al. 2015), primary and secondary
oxidants are quite stable and migrate in the solution bulk,
depending on the diffusion rate and pH conditions
(Martinez-Huitle and Brillas 2009; Aquino et al. 2011, 2012;
Bonfatti et al. 2000a), where these indirectly oxidize the or-
ganic matter (as shown in Fig. 1 during COD decay achieved
at Ti/Pt and Ti/Ru0,34Ti0,6602 anodes).

Taking into consideration the above information, oxidation
reactions should be mainly a set of volume rather surface reac-
tions; the change from active anodes (by the way also a bad
catalyst for oxygen evolution reaction (o.e.r)) to BDD should
not involve dramatic changes in the incineration mechanism.
However, when BDD was used (non-active anode), lower
COD removals were achieved, as shown in Fig. 1. This behavior
can be due to the coexistence of different active chlorine species
than those electrochemically generated at Ti/Pt and Ti/
Rug 34Tij 660, anodes. In fact, it is confirmed by the pH condi-
tions which quickly decrease to 6.7 after 10 min of electrolysis,
and after that, pH is slowly restored to values around 7.3 (see
Fig. 3). For this reason, a new set of experiments was performed
at 60 mA cm 2 at 25 °C by using Ti/Pt, Ti/Rug 34Tig 660, and
BDD anodes to understand and determine the electrochemical
production of reactive oxidant species (Clyag), HCIO, CIO,
chlorite, chlorine dioxide, and chlorate) when a synthetic solu-
tion with similar chloride concentration was electrolyzed.
Figure 4 shows the trends of active chlorine species produced
at Ti/Rug 3Ti 7O,, Ti/Pt, and BDD anodes as a function of con-
centration and electrolysis time. The results clearly demonstrat-
ed that the concentration of active chlorine species depends on
the pH conditions as well as the electrode material. For the Ti/
Rug34Tig 660> anode, it is worth to note the evident production
0f Clyaq), ClO,, and CIO,  species at 60 mA cmfz, when com-
pared to the concentration of active chlorine species produced at
Ti/Pt and BDD anodes. In the case of BDD electrode, Clyg),
ClO, , and ClO;  are preferentially formed; however, the con-
centration of Cly(,q) is lower than that achieved at the Ti/
Rug 34Tip 660> anode. Conversely, the production of Cly,g, in-
creases slightly with electrolysis time at Ti/Pt electrode. It may
be due to the CI” conversion to Cly) (Eq. 11) as a consequence
of the use of an undivided electrochemical cell at higher applied
current density. However, a significant concentration of ClO3
was assessed at Ti/Pt and BDD anodes in the course of the
electrolytic processes (Fig. 4), as confirmed by titrimetric and
chromatographic analyses. It is related to the conversion of Cl™
to more oxidative states after the production of C10,  and CIO,.

For the Ti/Rug 34Tip 66O, anode, the Cly(,q) concentration
reaches a maximum at around 170 ppm when 60 mA cm >
was applied; after that, the concentration of these species var-
ied depending on the pH conditions (Fig. 4). In the case of
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Fig. 4 Active chlorine concentrations assessed in the course of the
electrolysis of a solution containing 5000 mg L™ of NaCl by applying
60 mA cm 2 using Ti/Pt, Ti/Rug 34Tip 660, and BDD anodes at 25 °C

ClO, and CIO, , the concentrations achieved a maximum
production at 120 and 240 min, in that order, reaching 45
and 65 ppm, respectively. Meanwhile, at BDD, a significant
production of Cly,q and ClO5 ™ species is attained, reaching
higher concentrations in 240 min (up to 94 ppm for Clyg)
and 180 min (up to 112 ppm for ClO;") of electrolysis, re-
spectively. In contrast, no significant Cl1O, concentrations
were measured. This behavior occurs with the establishment
of adsorptive interactions between the electrode and some
active chlorine species formed, and consequently, catalytic
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mechanisms may proceed to higher electron-state species,
such as ClO5 .

In the case of Clyg), the accumulation of higher concen-
trations may promote its conversion to other active chlorine
species in the bulk of solution, preferentially, the formation of
HCIO(,q) and CIO" (,q) by Egs. 2 to 5. The reactivity of these
species occurs in the proximity of Nernst layer due to the poor
coexistence of one of these species (HCIO(,qy/ClO ™ (4 ratio).
Conversely, these species are found at neutral pH conditions at
higher concentrations, favoring a rapid homogenous catalytic
reaction with organic pollutants. Therefore, significant COD
removal efficiencies were achieved at Ti/Pt and Ti/
Rug34Tip 660, anodes when Cl-mediated oxidation was per-
formed. This behavior decreases at BDD. In the former cases,
the significant concentration of Cly(,q) favors its conversion to
HCIO(,q) and CIO (,q in the proximity of Nernst layer, and
consequently, the oxidation of organic matter is efficiently
attained. In the latter case, poor organic removal was obtained
due to the loss of Cl" in solution by Cl,, formation (Eq. 11).

It is also important to consider that BDD produces large
quantities of hydroxyl radicals by water discharge (Eq. 1) and,
in the presence of chlorides in aqueous solutions, OH can
oxidize this raw material successively to different
oxochlorinated compounds (Eqgs. 12 to 16):

‘OH + H,0,—HO," 4+ H,O (12)
Cl' + OH—CIO + H' + ¢ (13)
ClO + OH—CIO, +H" +e (14)
ClO, + OH—ClO;” +H" + ¢ (15)
ClO; +OH—ClO; +H' + e (16)

In fact, ClO; was determined and quantified, while the

production of ClO, was not detected. It is relevant informa-
tion which indicates that the use of active chlorine may result

in the generation of undesired by-products at the end of elec-
trochemical treatment.

Temperature effect

The effect of temperature during the electrochemical treatment
of an actual shrimp effluent was also studied by applying
20 mA cm 2, varying the temperature from 25 to 40 °C. The
latter temperature was selected because it mimics the real tem-
perature of the shrimp farming discharges (40 °C). It was ob-
served (Fig. 5) that changes in temperature have a strong influ-
ence on oxidation rate by applying 20 mA cm 2 and varying the
temperature from 25 to 40 °C. By using the BDD anode, COD
removal reaches about 73 % after 30 min of treatment, remain-
ing constant due to the mass transport limitations. Meanwhile, a
significant decrease in the COD decay rates was noticeably
attained at Ti/Pt and Ti/Rug 34Tiy 660>, anodes when an increase
in temperature was achieved, obtaining 77 and 73 %, respec-
tively (Fig. 4), after 3 h of electrolysis. This behavior indicates
that a remarkable decay on the production of active chlorine
species is attained when active anodes were used because a part
of CI' in solution is converted to Clyg) at 40 °C (Neodo et al.
2012; Martinez-Huitle et al. 2015), consequently disfavoring the
indirect reaction of organic pollutants with electrogenerated ox-
idizing agents. It is confirmed by the TCE values reported in the
inset of Fig. 5 where it is clear that the electrical energy
furnished to the electrochemical system decreased when an in-
crease in the temperature was attained (see Fig. 2). In fact, TCE
values lower than 30 % were achieved.

In the case of non-active anodes (BDD), the efficient produc-
tion of ‘OH radicals promotes the formation of active chlorine
species (Egs. 10—14), consequently increasing the TCE (inset in
Fig. 5). It is also confirmed by the pH conditions achieved during
electrochemical treatment at 40 °C (Fig. 6). Conversely, at Ti/Pt
and Ti/Rug 34Tig 660> anodes (active anodes), undesired reactions

Fig. 5 Influence of temperature
on COD removal as a function of
time using Ti/Rug 34Tig 6602, T1/
Pt and BDD anodes. Operating
conditions: COD, = 564 mg L™
andj = 20 mA cm 2 at 40 °C.
Inset TCE values as a function of
applied current density and anode
material

600
!

| | TiIRu0.34Ti0.6602

O TilPt v BDD

0
0.0

0.5 1.0 15 2.0 2.5 3.0

Time/h

@ Springer



6068

Environ Sci Pollut Res (2017) 24:6061-6070

8.5
& Ti/Rug 34Tip.602 o TilPt -+ BDD

8.0
7.5 -

Sy o.. n — b

=
S7.09 % 8 v
65 T o
W N &

6.0 1
5.5 " T r . .

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time/h

Fig. 6 Variation of pH conditions as a function of time using Ti/Pt, Ti/
Rug 34Tig 660,, and BDD anodes by applying 20 mA cm 2 at 40 °C

are favored under these pH conditions (Fig. 6), as oxygen evolu-
tion reaction (Eq. 10) and production of Clygas) (Eq. 11), respec-
tively, limiting the oxidation of organic matter and consequently
decreasing the TCE (inset in Fig. 5) with respect to the values
obtained at 25 °C (Fig. 2). Thus, these results put into evidence
the difference in the mechanisms involved when active and non-
active anodes were used, mainly in a medium containing chloride
at higher temperatures.

Estimation of energy consumption

Key points for the development of clean methodologies are
the energetic and economic aspects, allowing indications
about the feasibility of the electrochemical process. Table 2
summarizes the data about energy consumption, and costs of
treatment per unit volume of the treated effluent.

The energy consumption per unit volume appeared propor-
tional to the applied current density during electrolysis for all
electrocatalytic materials. For example, in the case of Ti/
Rug 34Tig 660-, there was increased consumption of 6.00,
16.10, and 27.31 kWh m > of the treated effluent, when the
current density was 20, 40, and 60 mA cm 2, respectively. The
current density of 20 mA cm 2 required a lower cost per unit
volume, and good efficiencies of current during the electroly-
sis was achieved, except for the BDD anode (Table 2).

Conclusions

On basis of the results obtained for anodic oxidation of a real
effluent, the electrochemical technology can be suitable as an
alternative for treatment under the real discharge conditions to
accomplish the Brazilian legal requirements. Considering that
using biological treatment for depuration of shrimp effluent is
accomplished after 5 or 6 days with a subsequent physical-
chemical treatment (under specific pH and temperature condi-
tions), the electrochemical treatment could be considered as a

@ Springer

Table 2 Energy consumption, and cost for treating an effluent from
shrimp farming, using the Ti/Rug34Tig 6602, Ti/Pt, and BDD anodes

Current Temperature ~ Average Energy Cost
density (°C) cell voltage kWhm?>) [R$m3)?
(mA cm ™) V)

Ti/Ru 34Tio.6602

20 25 3.6 18.00 522
40 25 4.8 48.41 14.04
60 25 5.5 81.90 23.75
20 40 33 16.49 478
Ti/Pt

20 25 3.8 19.10 5.54
40 25 5.0 50.21 14.56
60 25 5.8 86.41 25.06
20 40 3.7 18.48 5.36
BDD

20 25 5.8 5.41 1.57
40 25 7.8 14.34 4.16
60 25 9.4 26.93 7.81
20 40 5.5 5.10 1.48

 One kilowatt per hour = R$ 0.29 (Companhia Energética do Rio Grande
do Norte (COSERN) 2012)

promising alternative because higher organic matter removal
is achieved in short times. Also, assuming that the effluent is
discharged at 40 °C, the efficiency of electrochemical treat-
ment can be improved without the addition of other chemical
reagents or pre-treatment waste.

Particular attention and experimental observations must be
taken into consideration when using non-active anodes in the
presence of higher concentrations of chloride because these
anodes can favor undesired reactions (oxygen and chlorine
evolution), limiting organic matter oxidation (up to 85 % of
COD removal). Nevertheless, at Ti/Rug 34Tig 660, and Ti/Pt
anodes, a quasi-complete COD removal (more than 95 % of
organic matter) is attained in short times by applying lower
current densities, confirming the applicability of this electro-
chemical technology. It is due to the efficient production of
active chlorine species, as confirmed by the study of the strong
oxidants formed at similar chloride concentrations of the real
effluent, without the production of perchlorate.

Finally, the results reported in the present work have re-
cently allowed to start the design and implementation of a
pilot industrial electrochemical cell in a shrimp farm. These
experiments are in progress, and their results will be reported
in detail in a separate paper in the near future.
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