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Electrochemical advanced oxidation processes have been widely explored for the total
degradation of biorecalcitrant compounds such as some pesticides and pharmaceuticals. More
recently, coupling processes involving an electrochemical pre-treatment followed by a
biological process have been proposed as cost-effective and reliable remediation methods for
the mineralization of persistent compounds. This open the way to more selective
electrochemical methods than those involving hydroxyl radicals since the aim of the pretreatment is no more to achieve the total mineralization of non-biodegradable species, but is
only the improvement of their biodegradability focusing on functional groups known to
reduce it. In this context, catalytic electrochemical reductions and oxidations can find their
place in a coupling process for the remediation of biorecalcitrant compounds as selective and
well-controlled methods. This review summarizes some relevant and recent work on catalytic
electrochemical processes performed in aqueous medium that have been used to improve the
biodegradability of persistent organic pollutants.
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Introduction
Non-biodegradable compounds, among for example industrials chemicals, synthetic
pharmaceuticals, dyes and pesticides tend to accumulate in the environment. Owning to their
potential toxicity and carcinogenicity, physico-chemical treatments have been used for their
remediation. Advanced oxidation processes (AOPs) have been widely investigated since they
involve the formation of very reactive hydroxyl radicals that have a high standard redox
potential (2.8 V/SHE) and thus are able to achieve total mineralization of species. Among
them, electrochemical advanced oxidation processes (EAOPs) such as electrooxidation and
electro-Fenton treatments present some advantages such as no requirement of chemical
addition. However, despite their high efficiency, these methods suffer from high cost and low
selectivity that can lead to the formation of toxic by-products if the mineralization is not
complete. An interesting and cost-effective alternative is the coupling of a physico-chemical
pre-treatment used only to increase the biodegradability of the compounds with a biological
process that will achieve the total mineralization. Interestingly, the biodegradability of a
substrate is highly dependent on its initial concentration and on its chemical structure. Thus,
some functional groups such as halogen, nitro groups and aromatic rings are known to retard
the biodegradation of species [1]. The role of the physico-chemical pre-treatment will be to
specifically remove these groups or transform them into functions that are more easily
assimilated by activated sludge. In this context, selective electrochemical processes, even if
they are not efficient to achieve the total mineralization of biorecalcitrant compounds, can
find their place as pre-treatment before a biological process for environmental remediation.
Advantageously, since mineralization of species does not occur, by-products are expected to
be used as carbon sources during the subsequent biological treatment. Concentrated effluents
from for example industry, agriculture and hospitals can be expected to be treated by
electrochemical methods. Thus, simple electrochemical oxidations of electroactive
biorecalcitrant compounds on graphite felt electrodes have shown their efficiency to improve
the biodegradability of phosmet, 2,4-dichlorophenoxyacetic acid and sulfamethazine [2-8],

ACCEPTED MANUSCRIPT
although it has been shown that no hydroxyl radicals were formed during the oxidation
process [9].
Catalytic electrochemical processes have also been used to improve the biodegradability of
persistent compounds, targeting a functional group suspected to reduce the biodegradability.
In this overview, we aim to summarize catalytic electrochemical methods that would be
relevant as pre-treatment before the implementation of a biological process aiming to achieve
the total mineralization of biorecalcitrant compounds. Two different catalytic processes will
be distinguished: indirect electrolysis that uses organometallic/molecular catalysts and
electrocatalysis that involves metal electrodes.
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Indirect electrolysis
Indirect electrolysis consists in the use of a redox catalyst (mediator) that allows the electron
transfer to take place in homogeneous phase instead of heterogeneous phase [10]. It is
particularly interesting as electrochemical pre-treatment, since it can perform reductions and
oxidations at higher and lower potentials, respectively, than in direct electrolysis, improving
the current efficiencies and reducing the energy consumption. Higher and even different
selectivities can be achieved compared with electrochemical reduction/oxidation on inert
electrodes. However, for coupling the electrochemical process with a biological treatment, the
catalyst does not have to be in the effluent to be treated owning first to its high cost and also
because most of them are organometallic complexes that are rarely assimilable by
microorganisms from activated sludge. Its immobilization on the electrode surface is usually
envisaged since it presents also several advantages; hence, the catalyst is located at the
interface, place of the electron transfer reactions and a good solubility of the catalyst in
aqueous medium is not necessary.
Reductive dehalogenation reactions, especially dechlorination, have been the subject of many
investigations since the presence of halogen atoms in a molecule is known to decrease its
biodegradability. Advantageously, in opposite to anodic oxidation processes, there is no
concern about the production of toxic polyhalogenated by-products formed by the oxidation
of chloride ions with electrochemical reduction reactions. Furthermore, the recovery of the
halogenated species in their ionic form, can be performed, that is of a particular interest for
iodine compounds [11]. Many coordination complexes catalyzing the electrochemical
reduction of halogenated compounds have been proposed in literature, although their catalytic
activity towards the reduction of halogen bonds in aqueous medium has not always been
demonstrated [12-15]. Among them, Ni(I)(cyclam) derivatives have shown a good catalytic
activity towards the reduction of bromoacetic and benzoic acids, propargyloxy and allyloxy
-bromoester, epichlorohydrin and 1,3-dichloropropane in hydroalcoholic and aqueous media
[16-20].
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Scheme 1: Examples of catalysts used for reductive dehalogenation in aqueous medium.
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A lot of work has also been carried out around vitamin B12 (Cob(I)alamin) [12, 21] and its
biomimetic models such as substituted tetraphenylporphyrin cobalt [22] and metal
phthalocyanines [23]. The complexes were able to reduce tetrachloroethene and
trichloroethene [24] as well as polychlorinated biphenyls [25]. Other Co complexes such as
polypyridyl Co(I) complexes and Co(I)salen (or Ni(I)salen) have also shown good catalytic
activity towards the reduction of carbon-chlorine bonds [26-29]. It is worth noting that even if
the removal of halogenated atoms is known to improve the biodegradability of pollutants,
their biorecalcitrance can also be due to the presence of several functional groups in their
structure. For example, when alachlor is reduced into its dechlorinated derivative,
deschloroalachlor, the solution still exhibits a non-biodegradable behavior, preventing the
direct implementation of a subsequent biological treatment [26]. Acetanilide and methoxyl
groups have been suspected to be linked to the biorecalcitrance of the molecule.
The reduction of nitro groups into amine has also proven its efficiency to improve the
biodegradability of nitromethane [30] and nitroimidazole drugs [31-33]. Nitroaromatic
compounds are known to give hydroxylamine derivatives by a four-electron reduction process
in aqueous medium (Scheme 2). Further two-electron reduction of hydroxylamine in amine
can be generally performed at more negative potential in strong acidic medium. Interestingly,
titanocene dichloride allows the six-electron reduction of the nitro group in the amino
derivative, without the formation of hydroxylamine intermediate.
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This catalytic electrochemical reaction can be particularly interesting as pre-treatment since
hydroxylamine is not stable and gives rise to the formation of azo and azoxy dimers, which
can decrease the biodegradability of the solution. Thus, it has been shown that the catalytic
reduction of metronidazole with titanocene dichloride combined to a biological treatment
improves the mineralization yield by about 14% compared with a coupling process using
direct reduction as pre-treatment [32].
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Electrocatalysis
Metal electrodes have been widely studied for their catalytic activity towards the reduction of
carbon-halogen bonds [13, 34]. Thus, electrocatalytic hydrogenolysis (ECH) is a highlyefficient method for the dechlorination of chlorophenols. Pd is usually used as catalyst in the
ECH process owning to its strong ability to absorption of hydrogen. To reduce the cost of the
electrode and increase its surface area, a thin layer of Pd is often chemically or
electrochemically deposited on a porous substrate. Ni foam has been widely used as electrode
support owning to its remarkable stability in many media, with sometimes additives such as
reduced graphene oxide, polypyrrole or nanosized titanium nitride to improve the catalytic
performances of the modified electrodes [35-39]. Porous carbon such as carbon felt and
reticulated vitreous carbon has also been used as Pd support owning to its non-toxicity and
high adsorption capacity (Figure 1) [40-43].
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B

Figure 1: Scanning electron microscopy (SEM) images of palladium-loaded carbon felt: (A)
the secondary electron image (SEI) of the felt surface and (B) the mapping of supported
palladium from the energy-dispersive X-ray analysis (EDAX). (Reproduced with
modification from [41].)
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Thus, Pd-loaded carbon electrodes have shown good catalytic ability for the dehalogenation
reaction of pentachlorophenol and other chlorophenyl derivatives. Although Pd exhibits a
high activity in hydrodehalogenation reaction, a drawback is its deactivation during the
electrochemical process. Several reasons have been evoked to explain its low stability such as
halogen poisoning and passivation of the surface [34].
Silver has also proven its high efficiency towards the dehalogenation reaction of pollutants
[44]. This property has been attributed to specific interactions of the C-Cl bond with Ag that
facilitates the electron transfer [45]. Degradation of environmental pollutants such as
polychloromethanes, polychloroethanes, polychloroethylenes and pesticides has been
achieved in aqueous medium [46]. Interestingly, dechlorinations of polychlorophenols and
other aromatic species have also been reported [46, 47]. Nanostructured particles of silver are
particularly interesting owning to their large surface-to-volume ratio, leading to efficient
electrode materials with low precious metal loading (Figure 2) [48].
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Figure 2: Scanning electron microscopy (SEM) images of Ag-nanoparticules on Ni foams (A
× 1000, B × 5000) (Reproduced with modification from [49].)
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The deposition of silver on porous substrates can be achieved by electrodeposition and
spontaneous deposition through galvanic displacement reactions. Electrodeposition allows a
good control of the charge and therefore of the silver loading, whereas spontaneous reaction
does not suffer from the problem of the potential repartition inside the volumic electrode. The
high adsorption ability of Ag for pollutants can also be combined with the
hydrodehalogenation ability of Pd through bimetallic materials (Pd/Ag), allowing for example
the dechlorination of 2,4-dichlorophenoxyacetic acid [50, 51]. This synergetic effect is a nice
example of the interest of multi-metal catalysts.
Although catalytic reactions aiming to improve the biodegradability of a molecule by the
transformation of a targeted functional group often involved electrochemical reductions, it is
worth noting that electrochemical oxidations can also be investigated. Thus, catalytic
oxidation on Ni graphite felt electrodes has been performed to improve the biodegradability of
a solution of tetracycline, a polyketide antibiotic [52, 53]. In basic medium (pH > 12), Ni
electrodes exhibit a quasi-reversible system, around 0.38 V/SCE at pH=13, corresponding to
the couple nickel hydroxide/nickel oxyhydroxide (NiII(OH)2/NiIIIOOH). The oxidation of
tetracycline catalyzed by NiOOH led to its complete degradation with a low mineralization
level. The molecule lost all its nitrogen content, showing that the two C-N bonds were broken.
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A subsequent biological treatment performed on the electrolyzed solution highlighted a total
mineralization yield of 69% for the combined process after 11.5 days of culture.
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Concluding remarks
Catalytic electrochemical oxidations and reductions are particularly relevant to achieve
selective and well-controlled transformations of persistent compounds, allowing the increase
of their biodegradability. The treatment can be oriented towards the removal of specific
functional groups that are suspected to be responsible for their biorecalcitrance. Both
molecular catalysts and metals have been investigated. The first ones are particularly
attractive since it is possible to play on their molecular structure to achieve very selective
reactions, although a special effort will have to be made on the regeneration of the modified
electrodes. The intrinsic catalytic properties of the second ones can be exploited too. Indeed,
the variety of composite metallic electrodes and nanostructured materials also led to the
development of very efficient electrodes, showing generally very good stability. The scope of
catalytic electrochemical reactions is still far from fully explored for the remediation of
persistent organic pollutants. Coupling processes open up a vast array of potentially useful
selective electrochemical pre-treatments.
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