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Abstract

During recent decades, study endeavors have been performed at elaborating
more efficient techniques for handling waters carrying pathogens. Among
such methods, the famous electrochemical advanced oxidation processes
(EAOPs) have induced augmenting attention. Such methods are founded on
electrochemically producing powerful oxidants like hydroxyl radicals (*OH).
This work portrays a global view on killing different microorganisms by some
usual EAOPs. Electrochemically-driven techniques are earning importance
thanks to encouraging findings noted in the literature. A shortage of com-
prehension in the pathways of electrode scaling and fouling has happened
partially, because the most investigation is realized in batch reactors rather
than continuous flow reactors where solutes and pathogens that noxiously in-
fluence setup efficiency pass by electrode surfaces. The coming study has to
deal with the treatment of more realistic water matrices (Ze., composition and
concentration). This will help to identify fit-for-purpose and niche opportun-
ities for electrochemically-driven technologies.
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1. Introduction

During the last three decades, electrochemical advanced oxidation processes
(EAOPs) have been largely expanded as substitutional treatments for eliminating
poisonous species, like persistent organic pollutants from water, wastewater,
soil-washing wastes, landfill leachate and effluents of numerous industrial facto-
ries, comprising the treatment of reverse osmosis concentrates [1] [2] [3] [4].
Founded on generating electrochemically the hydroxyl radical, such technologies
are distinctive, since they have several merits over other advanced oxidation
processes (AOPs) and even, in some circumstances, over many commercial
wastewater treatment techniques, such as the biological treatments or the mem-
brane filtration processes [5] [6] [7]. Consequently, they show an extremely ele-
vated energy performance, high versatility, great amenability, and outstanding
environmental compatibility; further, they are greatly performant in eliminating
all types of organic matters [8]. Thanks to their high versatility, a big set of
EAOQOPs has been tested through the previous decades worldwide for decompos-
ing electrochemically numerous categories of recalcitrant organic contaminants
and their basic concepts and usages are discussed in many publications [1] [9]
[10].

EAOPs are known as hydroxyl radical (*OH)-mediated electrochemical
treatments, where contaminants are broken by electrochemically produced reac-
tive oxygen species (ROSs), mostly *OH and oxidants generated from such
strong radical [1] [11] [12] [13]. Indeed, *OH remains an extremely vigorous
oxidizing factor that reacts non-selectively with organic compounds, leading to
their oxidation up to reaching a so elevated mineralization level or, in most situ-
ations, their total burning to CO,, water and inorganic ions [14]. In a general
manner, EAOPs could be classified into two classes: 1) electrooxidation/anodic
oxidation and 2) Fenton’s reaction founded electrochemical processes (elec-
tro-Fenton, solar [15] [16] and UV photoelectro-Fenton and heterogeneous
electro/photoelectro-Fenton processes) [1] [10].

In electrooxidation (EO), organic chemicals are oxidized in the anode via
formed ROSs electrochemically (Equations (1) and (2)), either physisorbed or
chemisorbed *OH following the electrode material/electrocatalyst employed [1].
Therefore, many anode materials interact powerfully with the produced radical
and raise its oxidation to chemisorbed oxygen or superoxide (M=0O) [1]. Such
materials, familiar as “active anodes”, have low oxygen evolution overpotential
(like Pt, Ru, and Ir founded mixed metal oxides and graphite-carbon electrodes)
and could only attain a soft decomposition of organic contaminants (electro-
chemical conversion) with so restricted mineralization level [1]. Other anodes
(known as “nonactive”) possess higher oxygen evolution overpotential and inte-
ract weakly with the formed radicals (like doped PbO,, SnO,, boron-doped di-
amond (BDD), sub-stoichiometric titanium oxide (TiO,,,)), therefore letting
them to freely react with organic chemicals up to their final mineralization
(electrochemical combustion) [1]. In anodic oxidation methods, several other
oxidants are formed on the anode surface, like ozone, hydrogen peroxide, and
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peroxosalts. They interact with organic compounds in the bulk and they are in
charge of the elevated performance of such technologies.

M, + H,0 > M("OH) + OH +e” (1)

M(*OH) > M=0 + H" + e (2)

In such a direction, it is crucial to clarify that when remedying solutions car-
rying elevated level of Cl” ions (such as reverse osmosis brines [3]), reactive
chlorine species (RCSs) (Cl,, HCIO, and/or ClO™ which are prevalent at pH <
3.0, 3.0 - 6.5 and >8.0, respectively) (Figure 1) are formed in the bulk solution
through reactions (Equations (3-5)) along with ROSs [1] [17]. The RCSs are
somewhat powerful oxidants that could efficaciously decompose any category of
organic contaminants. Nevertheless, such technique constantly conducts to the
generation of poisonous by-products, particularly haloacetic acids and trihalo-
methanes and diverse recalcitrant organochlorinated intermediates which are
hard to mineralize [1] [18] [19] [20].

2CI" > Cl, + 2~ (3)
Cl, + H,0 > HCIO + CI" + H* (4)
HCIO « ClO™ + H* (5)

Fenton’s founded electrochemical techniques produce homogeneous *OH in-
directly from the reaction among H,0, and catalytic Fe** (Fenton’s reagents,
Equation (6)), completely or relatively formed electrochemically in situ
throughout the electrolysis at acidic pH degrees (pH 2.8 - 3.5) [1] [10]. Such a
technique is more performant than EO at similar working parameters thanks to
1) huge amounts of radicals formed in the solution via Fenton’s response, in ad-
dition to those produced at the anode surface and 2) the proximity of the elec-
tro-Fenton’s formed radicals to the contaminants molecules, because they are
produced in the bulk and not in the proximity of the electrode surface [1] [10].

L CO, + H,0 +inorgani ions \>

Cathode

byproducts
™~ mcor) ™ tN 0+

/Cll+2e . Contamina‘lfsf Fe \
H,0 ! - :
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Figure 1. Schematic representation of pathway of oxidants
formation in EO and electro-Fenton methods [1].
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H,0, + Fe** + H* > *OH + Fe’* + H,0 (6)

Photoelectro-Fenton technology is an amended version of electro-Fenton
process, in which the solution remedied below electro-Fenton circumstances is
at the same moment irradiated with UV light or solar irradiation (solar photoe-
lectro-Fenton) to speed the mineralization rate of organic chemicals through the
photolysis of [Fe(OH)]** (Equation (7)), therefore regenerating the Fe*', that
could catalyze the Fenton’s response (Equation (6)) and form further *OH [1].
Furthermore, the irradiation of the purified solution caused the photolysis of the
complexes of Fe(III) with formed carboxylic acids following Equation (8), so
improving the performance of the solar photoelectro-Fenton [1].

[Fe(OH)]** + Av-> Fe** + *OH (7)
[Fe(OOCR)]** + Av—> Fe** + CO, + R® (8)

Such EAOPs are not the singular help of electrochemical engineering to
keeping nature [21] [22] [23] [24]. Consequently, there are numerous different
techniques prepared to deal with diverse ecological dares and which have been
broadly investigated in last decades [25] [26] [27]. Concerning the treatment of
liquid wastes, it is worth to mention three of them: electrocoagulation (EC) [28]
[29] [30] [31] [32], electrodialysis, and capacitive deionization [1].

EC stays a standby to the chemical coagulation [33]-[41] as it employs elec-
tric current to generate coagulant species from the disintegration of sacrificial
anodes (usually Fe or Al), being one of its major benefits since it averts chemi-
cal introduction and thus diminish process price [42] [43] [44]. Succeeding
complex speciation procedures, which are a function of the pH and constitution
of the waste, several coagulant species are produced in the reaction media,
comprising not only the amorphous metal hydroxides but also numerous
charged species [1] [45] [46]. Such species may neutralize the charges of micel-
lar pollutants, supporting the generation of flocs from the colloidal particles
carried in wastes with turbidity [47]; therefore, letting to separate contaminants
from the wastewater [1] [48] [49]. The coalescence of coagulated solids is pro-
moted via the soft mixing induced by the bubbles of hydrogen formed at the
cathode [50] [51]. Such a technique is famous as electro-flocculation, being one
of the fundamental merits of the whole EC method as it assists to keep mixing
energy compared to traditional coagulation [52] [53]. Thus, such small bubbles
could as well attach to the surface of the flocs, reducing their relative density,
and letting their transport to the surface of the treated waste, where they could
be readily eliminated [54]. Such procedure is familiar as electro-flotation [51]
[55] and it is the major, but not the singular separation manner implied in the
EC, since heavier coagulated solids are removed via deposition (Figure 2) [1]
[56] [57]. The easier adjustment of pH, the lower formation of sludge, and the
lower effect on the conductivity remain the principal merits of the EC, which is
as well beginning to be a technology with large pertinence in treating potable
water [1] [58] [59].
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Figure 2. Schematic illustration of mechanisms of (a) electrocoagulation (EC) and (b)
electrodialysis [1].

2. Demobilizing Marine Heterotrophic Bacteria in Ballast
Water via an EAOP

Purifying seawater remains more and more requested because of manufacturing
activities that employ huge quantities of seawater in their operations. The ship-
ping industry and the related handling of a ship’s ballast water are presently
viewed as a worldwide dare for the seas. In this context, Moreno-Andrés et al.
[60] estimated the aptness of an EAOP with BDD electrodes on a lab-scale for
disinfecting seawater. Such a method could generate both ROSs and RCSs (pre-
dominately in seawater) that are in charge of killing pathogens. They utilized the
EAOP in a continuous-flow regime with real seawater. They employed natural
marine heterotrophic bacteria (MHB) as an index of disinfecting performance. A
biphasic demobilization kinetic model was adapted on empirical points, attain-
ing 4-Log removals at 0.019 Ah/L. Through evaluating regrowth following re-
mediation, their findings propose that higher bacterial harms follow from the
EAOP when it is juxtaposed to chlorination. In addition, many problems need-
ing basic comprehension were examined like recolonization potential or bacteri-
al community dynamics. They deduced that even with disinfection techniques
being efficacious, there is not only a possibility for regrowth following treatment
but as well a modification on bacterial population diversity formed via the re-
mediation. Energy consumption was evaluated and illustrated that 0.264
kWh/m® are required for 4.8-Log reductions of MHB; further, with 0.035
kWh/m?, less disinfection performance could be reached (2.2-Log red). Never-
theless, with a remaining oxidant in the solution, full demobilization could be

obtained during three days.

3. Killing Staphylococcus aureus via EAOPs

Valero et al [61] worked on the Staphylococcus aureus demobilization in a si-
mulated wastewater treatment plant effluent employing diverse electrochemical
technologies, comprising the photo-electro-Fenton method. They controlled S.

aureus, dissolved organic carbon (DOC), total oxidants and H,O, levels, and pH.
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They employed an electrolytic cell, involving a UV A lamp, a gas diffusion elec-
trode (GDE) as a cathode and an IrO, anode, to perform the trials below galva-
nostatic conditions (20 mA). Minimum demobilization (-0.4) and small DOC
removal were obtained during 120 min when utilizing the GDE-IrO, setup, in
which killing microbes was triggered via the produced H,O,. If the light was
merged with GDE-IrO,, the technique performance observably augmented (-3.7
log demobilization) thanks to the interactive impact among UVA and H,0,. In-
jecting iron (5 mg L/Fe*") into the device also made bigger disinfection and DOC
mineralization. The electro-Fenton method (GDE-IrO, + Fe**) conducted to a
bacterial removal of —0.9 log units and DOC decrease of 14%; however, with the
photo-electro-Fenton technique (GDE-IrO, + UVA + Fe**) —5.2 units of micro-
bes and 26% of DOC were reduced. Elevating the current intensity (20 mA, 30
mA and 40 mA) in the photo-electro-Fenton device augmented H,O, formation
and, so, increased the bacterial demobilization (-5.2 log, —6.2 log and —6.5 log,
respectively). Nevertheless, the mineralization magnitude moderately aug-
mented or rested almost the same. If juxtaposing the impact of Fe** and Fe** on
photo-electro-Fenton, identical . aureus demobilization was detected, whilst
DOC reduction was bigger with Fe** (31%) than with Fe’* (19%). Via trying the
setup with a Ti anode, the straight anodic oxidation role of the IrO, anode was

categorized as minor.

4. Electrodisinfecting Groundwater via an Effective
Endogenous AOP

De Battisti et al. [62] performed lab-scale tests employing real groundwater uti-
lizing the CabECO® reactor system with a view to estimating its aptness for
treating water. They realized experiments in discontinuous and in continuous
mode, exploring the effect of electrical and hydraulic process variables on the
quality of treated water. Employing highly BDD electrodes in the device lets the
electrosynthesis of important quantities of ozone. Due to the comparatively ele-
vated quantity of chloride in the groundwater samples, a mixture of HOCI/OCI
was also synthesized. Rather by chance, elevating the current density in the ex-
amined span 100 - 1000 A/m” was joined by an augmentation in the faradaic
yield of the electrosynthesis of oxidants, which was more noticeable for ozone
than for free chlorine. As noted in the specialized publications, the major radical
intermediate in the related reactions is *OH, which could conduct to numerous
oxidation products, that is ozone and HOCI/OCI". Treating electrolytically as
well induced a reduction of the level of minor components, comprising NH,*
and Br~. Additional by-products were ClO; and ClO,, even if their concentra-
tion levels were small. In addition, because of alkali generation at the cathode
surface, the precipitation of calcium and magnesium carbonates was also noted.
Moreover, the empirical examination depicted that even P. aeruginosa and Le-
gionella could be fully eliminated in the treated stream, thanks to the singular
ability of the device to form biocidal agents such as ozone, HOCI/OCI", and

chloramines. Such impacts were especially obvious throughout batch trials [63].

DOI: 10.4236/0alib.1106257

6 Open Access Library Journal


https://doi.org/10.4236/oalib.1106257

D. Ghernaout et al.

5. Conclusions

From this work, the following conclusions can be drawn:

1) Moreno-Andrés et al [60] followed the convenience of an EAOP using
BDD electrodes for disinfecting seawater at a lab-scale. Through estimating de-
mobilization kinetics, a biphasic deactivation strategy shows an excellent fit for
MHB via acquiring disinfection variables like the electrical charge used that is
required for attaining a 4-Log reduction (0.019 Ah/L) or a 3-Log reduction
(0.007 Ah/L). Via juxtaposition with chlorination, it could be decided that em-
ploying BDD anodes engenders bigger cell demolition when an AEOP is imple-
mented. These cell harms are adequate for stopping bacterial regrowth when to-
tal residual oxidants are maintained in a solution. Though disinfection methods
could be efficacious, there is not only a possibility for regrowth following re-
mediation but as well a bacterial succession phenomenon in which numerous
bacterial groups may be controlling. Such detail possesses straight involvements
on ballast water handling. Relying on the ecosystem condition of receiving wa-
ters, it could improve the potential introduction of aquatic invasive microorgan-
isms that may conduct to grave ecological, economic, and health sequels.

2) Valero et al. [61] performed the photo-electro-Fenton with an in situ for-
mation of H,0, via a GDE, iron salts introduction and UVA light can completely
demobilize (-6 log) S. aureus existing in synthetic wastewater effluent. Taking
into account that, following 120 min, only —0.5 log demobilization was obtained
with UVA light alone and -0.9 log inactivation during the electro-Fenton
process, it can be concluded that there is an interactive influence among light
and the Fenton reagents that perceptibly augmented the formation of ROS. Real
wastewater effluents may previously carry iron that could be sufficient to realize
the Fenton response without the external introduction of iron salts. Natural solar
light could be as well utilized, therefore diminishing energy consumption costs.

3) Electrochemically-driven techniques are earning importance thanks to en-
couraging findings noted in the literature. A shortage of comprehension in the
pathways of electrode scaling and fouling has happened partially, because the
most investigation is realized in batch reactors rather than continuous flow
reactors where solutes and pathogens that noxiously influence setup efficiency
pass by electrode surfaces. The coming study must confront the elephant in the
room, the treatment of more realistic water matrices (/.e., composition and con-
centration). This will help to identify fit-for-purpose and niche opportunities for

electrochemically-driven technologies [8].
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