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Dedicated to Prof. Jean-Michel Savéant
This work reports the electroreduction of a volatile organic
halide (trichloromethane) from an airborn stream. In the past
years, we highlighted the role of polycrystalline silver as
powerful electrocatalyst for the electroreductive hydrodehalogenation of volatile organic halides (VOH) in water/organic
solvent mixtures, from 0 to 100 % of the aqueous component.
The successful conversion of trichloromethane and 1,1,1-trichloethane to the relevant dehalogenated compounds, methane
and ethane have prompted us to extend the investigations to
the treatment of gaseous effluents, adopting a silver Gas

Diffusion Electrode (Ag-GDE) and the appropriate cell design. In
the field of electroreduction processes the possibility of using
GDE to treat gaseous effluents for the removal of volatile
organic pollutants represents an electrochemical challenge, and
the treatment of N2/CHCl3 gas mixtures fed into the cathodic
Ag-GDE compartment demonstrates the feasibility of the
electroreductive detoxification process. Our results will be
presented and discussed in terms of CHCl3 removal efficiency,
selectivity and energy consumption in preparative electrolyses.

1. Introduction

short lifetime that hinder their industrial applicability.[20] Rodrigo
et al. largely investigated the coupling of two or more (photo-)
electrooxidation processes, such as photo-electrooxidation
coupled to zero-valent iron (ZVI), resulting in a very high
(around 100 %) removal of chloro-containing compounds in
both drinking water and soil effluents.[30–32] However, their
potential scale-up is still rather difficult. Besides, electroreductive processes have gained a large scientific attention due to
either their potentiality in chemical recovering/recycling or in
the value-added substance productions,[33–37] in particular when
halocompounds in wastewater streams have to be treated.[38,39]
Indeed, on one hand, the cathodic reaction can be used to
produce energy as molecular hydrogen, while performing the
solution decontamination via the anodic process, on the other
it can concomitantly play a pivotal role in the degradation of
organics .[19] Both the direct reduction of the pollutant at the
cathode and the electrogenerated H2O2-mediated decontamination are the two most relevant cathodic processes.[20]
As far as it concerns the degradation of organic halides,
they are present in many industrial processes as solvents and
are (or have been) involved in a large number of chemical
preparations and processes. Moreover, some halocompounds
can be formed as secondary pollutants in primary waste
treatments (e. g. in thermal decomposition plants,[40–42] in
oxidative degradations[43–46] and so on), and in productive
processes.[5,47,48] Organic halocompounds occupy a large part of
the list of the persistent organic pollutants catalogued in the
Stockholm Convention and its successive amendments,[49] due
to their toxicity with high chemical stability, lipophilicity and
long-range diffusivity.
For this reason, soil and ground-water remediation become
key issues of the environmental protection and restoration, and
electrochemical methods have been proven to be very effective
in the waste detoxification, as reported by both literature and
industrial/pilot plants.[50–53] As such, these treatments have

The electroreduction of organic halides has played a key role in
organic electrochemistry[1,2] since the early works of Winkel and
Proske[3] and of von Stackelberg and Stracke[4] on the treatments
of organic halocompounds. In the last thirty years, the removal
of halogen groups from organic substrates has gained a strong
attention due to the possibility of applying this process for
environmental purposes,[5–12] being more effective than the
most popular electrooxidative process of total degradation. The
interest in oxidative processes is confirmed by recent
reviews[13–20] and different papers on the mineralization of
chlorophenoxy herbicides,[21–23] mono- and poly-halogenated
phenolic wastes,[24–26] and other chlorinated organic
compounds.[27–29] Oxidative electrochemical processes are more
widely used and studied because these treatments can lead to
the total degradation (mineralization) of the compounds.[16,17] In
this class of treatments, both direct and indirect oxidations
together with the emerging coupled technologies (e. g. electroFenton, photoelectron-Fenton, and so on) have been deeply
unravelled showing quite a few advantages, such as outstandingly efficiency, mild operative conditions, versatility and
ease of automation.[20] Nevertheless, some limitations are still
evident as low current efficiency under some conditions and
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gained interest over the more popular physico-chemical
techniques (e. g., thermal degradation or chemical oxidation).
Moreover, they allow for mild reaction conditions, avoiding the
secondary pollution effects linked to the excess of reagents,
and they are easily adapted even to small-size treatment needs.
In this context, it has been demonstrated that silver
possesses a strong electrocatalytic activity for organic halide
electroreduction,[6,54–57] due to its affinity for halides with which
interacts, producing an attenuated radical intermediate (R…X…
Ag) in which C@X bond has been strongly weakened.[58]
Recently, silver nanoparticles have been used also for analytical
purposes, with the possibility of detecting organic chlorinated
compounds and carbon dioxide.[59–62] This characteristic can be
favourable if applied to wastewater treatment since it leads to
the production of dehalogenated organic molecules,[6,7,63] that
can be easily digested by microorganisms. Moreover, in the
field of electroreduction processes, the possibility of using gas
diffusion electrodes (GDEs) to treat gaseous effluents and/or
non-conductive streams represents a significant challenge for
electrochemistry.[8,64] In this paper, silver-based GDE for the
hydrodehalogenation of polychloro-methanes will be presented
and discussed in terms of organic substance removal efficiency,
selectivity and energy consumption in preparative electrolyses.

Experimental Section
Two different GDE were prepared: Ag-GDE and B-GDE, the latter
used as blank electrode. Both electrodes were prepared using a
silver-covered nickel net support, whose two sides were treated
differently. The electrolyte side was covered with a slurry containing
the electrocatalyst, using a roll to distribute the ink homogeneously
on the surface. The gas side was covered with a mixture of SAB®

(Shawinigan Acetylene Black) and PTFE (Polytetrafluoroethylene),
50 : 50. The electrolyte side was covered by a slurry containing
Vulcan XC72R® + PTFE (1 : 1), B-GDE, or Ag + Vulcan XC72R® and
PTFE (1 : 1), see Figure 2B. This last ink was prepared as follow: 1.5 g
of microcrystalline Silver was mixed with 6 g of Vulcan XC72R and
dispersed in Milli-Q water. The slurry was sonicated for 10 minutes.
The slurry was then transferred in a beaker and magnetically stirred.
75 g of a solution of PTFE in water (10 %w) was added to the slurry
under stirring. The final slurry was filtered, and the mud was
deposited with a spatula onto the electrolyte side of silver-covered
nickel net support. The ink was homogeneously dispersed on the
net using a roll. Finally, the GDE was hot-pressed at 25 Kg/cm2,
150 °C, for 10 minutes. Preparative electrolyses were performed in a
divided filter-press flow cell, already described in[63] (Figure 1).
Rapidly, the cell consisted in an anodic chamber (500 cm3)
separated from the cathodic compartment by a cation exchange
membrane, Nafion 117®, provided by Sigma Aldrich. The cathodic
section was in turn divided into a gas chamber, connected to a gas
pipe to feed N2 saturated with CHCl3 at 20 � 1 °C, and a liquid
chamber by the GDE (Ag- or B-), 22 cm long and 7 cm large, whose
exposed area was 5 × 20 cm2. The plexiglas® electrolytic cell, 30 cm
x 10 cm, was mounted with the short side in vertical position, in
order to decrease the liquid pressure on the GDE cathode thus
limiting flood problems, see Figure 2A. The anode was a Pt sheet of
13 cm2, divided in three different slices. For on-line analysis during
electrolyses, the exhausted gas was sent to a Gas Chromatograph
HP5890 (GC/FID), equipped with a FID detector and a 30 m length
capillary column (with 0.32 mm diameter) AT624® (Alltech). The
head pressure was 55 kPa at 150 °C; He was used as carrier (2.0 ml/
min) and Make Up (28.0 ml/min) gas. FID was fed with air, 400 ml/
min, and H2, 50 ml/min. The injector was a sample valve with a
125 μl sampler loop at 150 °C. The oven temperature ramp was:
40 °C for 10 minutes, ramp of 30 °C/min up to 150 °C, 150 °C for 2
minutes. Applying these conditions to the GC/FID analysis, the
following retention times were obtained: methane 2.17 min;
monochloromethane 3.07 min; dichloromethane 10.74 min; trichloromethane 12.78 min. Some runs were performed connecting
the exhausted pipe to a CG-Mass analyzer in order to recognize the

Figure 1. Process flow chart.
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Figure 2. A – Cell disposition. B – One cathode used in the present work.

dehalogenated products and to confirm the reaction pathway. GDE
potential was measured versus Saturated Calomel Electrode (SCE).
Figure 1 shows a flow chart of the electrolysis process. Two pumps
(G1 and G2), connected to damper flasks (C1 and C2) fed anolyte
and catholyte aqueous solutions to the cell, at 60 dm3h@1 and
18 dm3h@1, respectively, drawing the solution from two tanks (A1
and A2) degassed with N2 by two bubblers (F1 and F2). Catholyte
pH was monitored by a glass electrode positioned in (C3). Nitrogen
(5.5 SIAD) was fed, at a flow rate of 25 cm3min@1 controlled by a
flowmeter (P1) and adjusted with a needle flow control valve (V1),
to two presaturators (S1) filled with CHCl3 and followed by a reflux
flask (D1) maintained at 20 °C, in order to have a N2 gas saturated
with CHCl3 at 20 °C. Before entering into the gas chamber, N2 was
fed into two demisters (S2) to remove last CHCl3 drops. Exhausted
gas, coming from the electrolytic cell, was sent to the sample valve
of the CG/FID for online analysis of effluent to analyse the
dehalogenated products. The catholyte solution was periodically
sampled to monitor the chloride concentration by AgNO3 titration.
All chemical reagents were provided by Sigma-Aldrich and used as
received.

Results and Discussion
In our studies we changed both the gas flow rate, changing in
turn the retention time for the cathodic chamber (ranging from
60 s to 120 s), and the current density, ranging from 25 mA/cm2
to 50 mA/cm2. Here, we discuss the best experimental conditions we found in our experiments: 25 mA/cm2 for current
density and 120 s for retention time. For the other experimental
conditions, we verify that, by increasing the current density, it is
possible to faster remove chloroform from gaseous flow, but by
producing, at the same time, more partially dehalogenated
products, thus reducing the methane conversion. In summary,
25 mA/cm2 is the best balance between the necessity of a rapid
pollutant abatement, from gaseous effluent, and the importance of a complete dehalogenation of the organic pollutant.
Thus, all preparative electrolyses here described were carried
out at room temperature using a constant current density of
ChemElectroChem 2021, 8, 1892 – 1898
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25 mA cm@2, two different anolytes: Na2SO4 0.1 M or NaOH
0.5 M, and one catholyte: Na2SO4 0.1 M. The electrolysis
progress was followed by monitoring gaseous effluent by GC/
FID, whose typical data are presented in Figure 3, for an AgGDE at the first run. Left axis represents gas chromatographic
area (Arbitrary Unit) obtained analyzing the gaseous effluent,
thus allowing for the determination of product chemical
speciation and quantitative analysis of reagents and products.
Right axis shows the Ag-GDE electrode potential versus SCE.
Notably, for all the preparative electrolyses the main product
was methane, the compound of the complete dehalogenation,
followed by the intermediate dehalogenation products, i. e.,
dichloromethane and monochloromethane, whose amount
increased with the electrode deactivation. In few minutes, after
the beginning of the electrolysis, chloroform removal reached
the maximum grade (see the steep decrease of CHCl3 gas
chromatographic area in Figure 3) and remained constant for
about 150 minutes, during which a large methane production
occurred. After 200 minutes the decrease in methane produc-

Figure 3. Left axis: gas chromatographic area, in Arbitrary Unit, of gaseous
outlet from the electrolytic cell: red line = CHCl3, blue line = CH2Cl2, green
line = CH3Cl, orange line = CH4; right axis, black line: Ag-GDE potential versus
SCE.
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tion, strictly correlated with the augmentation of CHCl3 in the
outlet gaseous flux, was probably due to the mechanical
degradation of Ag-GDE with the subsequent electrode flooding
and diminishing of the electrocatalytic activity. The material
degradation is probably due to the interaction between the
plastic component of the electrode and the organic molecule
present in the gas, an effect already described by Sugiyama and
Okajima.[65,66] The diminishing of electrode performance was
also evidenced by the decrease of electrode potential (right axis
of Figure 3) probably caused by flooding. By analyzing the GC/
FID peak area reduction of CHCl3, which confirms the CHCl3
conversion, the lifetime of Ag-GDE has been determined after
re-using it for different electrolyses. Figure 4 clearly shows the
obtained results (the cathode was stored at 60 °C for 16 hours
between each run). It is evident the increase of electrode
performance during the first four runs and the subsequent drop
of electrocatalytic activity of the material. By performing optical
microscopy analyses, it was possible to correlate this behavior
to the wettability of the liquid-side electrode surface.
Indeed, in the first run the wettability of the electrode
liquid-side surface was too low to have a high active area for
the electrochemical reaction, for which triple contact (gas,
liquid and metal) was necessary; very likely the prolonged
contact between the liquid-side electrode surface and the
electrolyte solution improved the wettability, as well as the
performances, thus improving the removal of CHCl3 from the
gaseous flux.

However, the continuous increase of electrode surface
wettability, which occurred with the repeated usage of the
electrode (for the mechanical degradation of the diffuser layer,
as previously described - after some runs GDE has a consistency
of a sponge) produced a reduction of the electrode performance, witnessed by the reduction of the capability of CHCl3
removal (5th run in Figure 5). The wettability increase led to a
flooded electrode, as it can be seen in Figures 5a, b and c which
show the electrode surface whose data are presented in
Figure 4, after the relevant runs (it must be remembered that
cell has been placed with the longest side as base).
The reduction of droplets number on the electrode surface
is a clear proof of flooded electrode (increase wettability). A
sharp separation (Figure 5, gray line) between a too wetted
electrode surface (bottom - homogeneous black colored surface) and a less wetted one, with a high number of droplets, is
visible in Figures 5b and c, which are related to runs 4th and 5th
of Figure 4. Then, it is well-observable the correlation between
the cathode wettability and the electrode potential. For a new
electrode the cathode potential was less negative with respect
to an aged one, i. e. repeatedly used. With the runs increase, the
potential became more and more negative, very likely due to
the increasing overvoltage linked to the active sites number
decrease. It is important to stress that, at the very beginning of
the electrode life, the cathode potential was less negative (low
energy consumption), but the CHCl3 conversion was very low.
However, after some runs, the electrode reached a good
wettability and the dehalogenation process presented high
CHCl3 conversion, still having a low energy consumption, i. e.
around 340 Wh per mol of CHCl3 removed. On the other hand,
an aged electrode exhibited high wettability and low CHCl3
conversion, thus indicating the end of the electrode service-life.
In summary, there is an evolution for the electrocatalytic activity
of the Ag-GDE, witnessed by both its potential and its
wettability: good performances (high CHCl3 conversion and
high selectivity) were observed for intermediate electrode
wettability, which readily favors the gas-liquid contact and the
exchange of chloride ions and protons between the two phases,
and potential.
Some electrodes showed a good wettability at the first run,
thus having immediately high CHCl3 conversion. In the case of
E6, Figure 6, there was only a small increase of CHCl3 conversion

Figure 4. % CHCl3 conversion for different runs of the same electrode (E5).

Figure 5. Ag-GDE surface after different runs. Grey line divides flooded electrode (bottom part) from right wetted electrode (upper part with droplets).
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Figure 6. % CHCl3 conversion for different runs of the same electrode (E6).
Figure 7. Catholyte pH variation during the electrolysis.

between the first and the second run, as the electrode can
absorb the right amount of water already at the first run.
Electrode E6 was also used to investigate anolyte pH
influence on the CHCl3 conversion, current efficiency and
electrode lifetime. During electrolyses there was a catholyte pH
variation due to the process reactions [Eqs. (1)–(3)]:
at the cathode
CHCl3 þ 6e@ þ 3Hþ ! CH4 þ 3Cl@

(1)

at the anode
3H2 O ! 6Hþ þ 3=2 O2 þ 6e@

(2)

and transport in the cationic membrane
6Naþ ðanolyteÞ ! 6Naþ ðcatholyteÞ ðfor 6 moles of electronsÞ

(3a)

at the beginning
6Hþ ðanolyteÞ ! 6Hþ ðcatholyteÞ ðfor 6 moles of electronsÞ

(3b)

after the consumption of Na +
In the hypothesis of a total conversion of trichloromethane
to methane, the overall cell reaction [Eqs. (1) + (2) + (3b)] is
[Eq. (4)]:
CHCl3 ðgÞcathodic gas chamber þ 3H2 Oanolyte !
3=2O2 ðgÞanolyte þ CH4 ðgÞcathodic gas chamber þ

(4)

3HClðaqÞcatholyte
When a neutralized solution (Na2SO4 0.5 M) was used as
catholyte and anolyte, catholyte pH increased at the beginning
due to the consumption of H + (reaction (1)), which was not
balanced by the inlet of Na +. Nevertheless, after adequate time
(depending on the catholyte volume), Na2SO4 concentration
and other cell parameters, pH decreased (Figure 7) due to the
unbalance between H + inlet [Eq. (3b)] and H + consumption
[Eq. (1)] per mole of electrons. The catholyte pH decrease can
reduce the selectivity of the cathodic process, because high H +
ChemElectroChem 2021, 8, 1892 – 1898
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concentration promotes the onset of the hydrogen evolution
parasitic reaction.
To analyze pH variation, Na2SO4 anolyte solution was
replaced with NaOH 0.5 M. For these runs (Figure 6–3rd, 4th and
5th, not shown) the catholyte pH remained constant at 12 for
the entire period of electrolysis and CHCl3 conversion was
above 98 % for a longer period (Figure 6, 3rd run) with an high
selectivity towards methane production. Unfortunately, the
service life of the electrode underwent a drastic reduction,
witnessed by a very low CHCl3 conversion for the following run
(Figure 6, 4th run). Hence, electrolysis had to be stopped after 80
minutes because of the degradation of the electrode polymeric
component in contact with the alkaline solution. Testing again
the same Ag-GDE, after the replacement of NaOH 0.5 M with
Na2SO4 0.1 M as anolyte solution, the chloroform conversion
further increased (> 90 %, see Figure 6, 6th run), but selectivity
drastically reduced to 10 % (by GC/FID peak area not shown),
being dichloromethane the main dehalogenated product.
For some electrolyses, catholyte solution was sampled to
monitor the chloride concentration through titration. By
calculating, during the time period for which CHCl3 conversion
was constantly above 80 % (from ca. 40 to 160 min for 1st and
2nd run in Figure 6), the mole of Cl@ production, the mole of
CHCl3 consumption and the mole of electrons passed, it was
possible to obtain the mole of electrons used for mole of
produced Cl@ in order to verify the reaction mechanism defined
in Equation (1), the selectivity of the dehalogenation process
and the current efficiency. All these data are collected in
Table 1.

Table 1. Data of quantitative analysis on reagents and products for 1st and
2nd runs of Figure 6.

Period of time considered/min
% peak reduction
mol Cl@mol CHCl3
moles of e@ passed
mol e@/mol Cl@
Current Yield [%]

1896

E6 1st run

E6 2nd run

120
90
2.81
0.187
2.82
71.0

120
97
1.45
0.187
5.04
39.7
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Comparing Figure 6 with data reported in Table 1, some
remarks can be drawn. Specifically, CHCl3 conversion in the 1st
run was lower than in the 2nd one; however, in 1st run, CHCl3
was mainly converted in methane, since the ratio between
moles of Cl@ produced and moles of CHCl3 consumed was 2.81,
nearly 3. Moreover, the ratio between moles of electrons passed
and moles of Cl@ produced was 2.82 (should be 2 for the
stoichiometry of [Eq. (1)], thus indicating that more than 70 % of
current was used for the dehalogenation process to produce
methane. In 2nd run, although CHCl3 conversion was higher than
1st run, the electroreduction process produced mainly monoand bi-halogenated compounds. Indeed, the ratio between
moles of Cl@ and moles of CHCl3 was 1.45, thus indicating a
non-complete dehalogenation process. Moreover, the large
value of moles of electrons and moles of Cl@ ratio, in 2nd run,
corroborates the presence of a parasitic cathodic reaction that
consumes current forming a by-product, i. e. mainly hydrogen.
In order to verify the electrocatalytic activity of silver-based
GDE, a home-made bare-Vulcan (0 % Ag) gas diffusion electrode, B-GDE, has been also tested with the same procedure
applied for the Ag-GDE cathodes.
Figure 8 shows the GC/FID analysis carried out on exhausted
gas coming from the electrolytic cell with B-GDE cathode. It is
evident the small decrease of CHCl3 peak area and the only
presence of the mono dehalogenated product, CH2Cl2; both
effects point to a scarce electrocatalytic activity of the B-GDE on
the reaction under study. No methane was detected.
We must underline that the large decrease of CHCl3 peak
area during the first minutes is largely connected with the
absorption of chloroform by the electrode carbon component.
To prove this, cell was fed with N2 + CHCl3 mixture for 20
minutes, then only N2 gas was fed to the cell and the potential
was applied to the electrodes. Immediately, a Cl@ production
was detected in catholyte solution, thus proving the presence
of chloroform in the carbon electrode component for the
previously absorption process.

2. Conclusions
The present work has demonstrated the feasibility of applying a
commercially available Ag-GDE as electrocatalytic cathode in
the dehalogenation process of CHCl3, a model molecule chosen
to represent the volatile organic halides, a large family of
substances whose toxicity constitute serious challenges in
developing suitable detoxification methodologies. By means of
CG/FID analysis of exhausting gas and Cl– titration of catholyte
solution, it has been proven that the main dehalogenated
product is methane, with small amount of mono- and dichloromethane. Process can reach a current efficiency of more
than 70 % when a properly wetted electrode has been used. In
fact, the interaction between solution and electrode, in terms of
wettability of the cathode, has been demonstrated to play a key
role for the effectiveness of electrocatalytic activity of the
cathode: too dry or too flooded electrodes, although possibly
leading to high CHCl3 conversion, have shown very low
selectivity, being dichloromethane the main product of the
electrolysis, and low current efficiency.
Also, the catholyte pH can play a key role in the process
current efficiency: for too acidic solution, it can promote the
hydrogen evolution reaction at the cathode, thus reducing the
rate of the dehalogenation process. On the other hand, the
usage of alkali solution can reduce the service life of the
electrode, for the possible interaction between NaOH and the
plastic material constituting the diffuser of the GDE.
Finally, a carbonaceous support, containing Ag particles,
can be used to absorb halorganic contaminants as a gas stream
filter. When the filter is exhausted, it can be regenerated by
using it as a cathode in an electrolytic cell.
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Figure 8. Left axis: gas chromatographic area, in Arbitrary Units, of gaseous
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B-GDE potential versus SCE.

ChemElectroChem 2021, 8, 1892 – 1898

www.chemelectrochem.org

·
silver
diffusion

catalyst
electrode

·
·

[1] D. G. Peters, Org. Electrochem. (Eds.: H. Lund, O. Hammerich), Marcel
Dekker INC: New York, New York, NY, 2001, pp. 341–377.
[2] H. Lund, J. Electrochem. Soc. 2002, 149, S21.
[3] A. Winkel, G. Proske, Ber. Dtsch. Chem. Ges. B 1936, 69, Mitteil I. 693.
[4] M. von Stackelberg, W. Stracke, Z. Elektrochem. Angew. Phys. Chem.
1949, 53, 118.
[5] K. Jüttner, U. Galla, H. Schmieder, Electrochim. Acta 2000, 45, 2575.
[6] S. Rondinini, P. R. Mussini, M. Specchia, A. Vertova, J. Electrochem. Soc.
2001, 148, DOI 10.1149/1.1379032.

1897

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem

Articles
doi.org/10.1002/celc.202100379

[7] G. Fiori, S. Rondinini, G. Sello, A. Vertova, M. Cirja, L. Conti, J. Appl.
Electrochem. 2005, 35, 363.
[8] X. Ju, M. Hecht, R. A. Galhotra, W. P. Ela, E. A. Betterton, R. G. Arnold,
A. E. Sáez, Environ. Sci. Technol. 2006, 40, 612.
[9] O. Lugaresi, H. Encontre, C. Locatelli, A. Minguzzi, A. Vertova, S.
Rondinini, C. Comninellis, Electrochem. Commun. 2014, 44, 63.
[10] S. Rondinini, C. Locatelli, A. Minguzzi, A. V. Vertova, Electrochem. Water
Wastewater Treat. (Eds.: C. A. Martinez-Huitle, M. A. Rodrigo, O. Scialdone), Elsevier Inc., United Kingdom, 2018, pp. 3–28.
[11] S. Rondinini, A. Vertova, Electrochim. Acta 2004, pp. 4035–4046.
[12] D. F. Laine, I. F. Cheng, Microchem. J. 2007, 85, 183.
[13] H. Monteil, Y. Péchaud, N. Oturan, M. A. Oturan, Chem. Eng. J. 2019, 376,
119577.
[14] Damodhar Ghime, Prabir Ghosh, Russ. J. Electrochem. 2019, 55, 591.
[15] S. O. Ganiyu, C. A. Martínez-Huitle, ChemElectroChem 2019, 6, 2379.
[16] F. Geneste, Curr. Opin. Electrochem. 2018, 11, 19.
[17] D. Seibert, C. F. Zorzo, F. H. Borba, R. M. de Souza, H. B. Quesada, R.
Bergamasco, A. T. Baptista, J. J. Inticher, Sci. Total Environ. 2020, 748,
141527.
[18] J. D. García-Espinoza, I. Robles, A. Durán-Moreno, L. A. Godínez, Chemosphere 2021, 274, 129957.
[19] C. A. Martínez-Huitle, M. Panizza, Curr. Opin. Electrochem. 2018, 11, 62.
[20] C. A. Martínez-Huitle, M. A. Rodrigo, I. Sirés, O. Scialdone, Chem. Rev.
2015, 115, 13362.
[21] I. Losito, A. Amorisco, F. Palmisano, Appl. Catal. B 2008, 79, 224.
[22] A. Zaouak, F. Matoussi, M. Dachraoui, Desalin. Water Treat. 2014, 52,
1662.
[23] E. Brillas, B. Boye, I. Sirés, J. A. Garrido, R. M. Rodríguez, C. Arias, P.-L.
Cabot, C. Comninellis, Electrochim. Acta 2004, 49, 4487.
[24] L. Gherardini, P. A. Michaud, M. Panizza, C. Comninellis, N. Vatistas, J.
Electrochem. Soc. 2001, 148, D78.
[25] P. Canizares, J. Lobato, R. Paz, M. Rodrigo, C. Saez, Water Res. 2005, 39,
2687.
[26] Y. Zhang, Z. Chen, L. Zhou, P. Wu, Y. Zhao, Y. Lai, F. Wang, S. Li, J.
Hazard. Mater. 2019, 369, 770.
[27] Q. Zhuo, J. Wang, J. Niu, B. Yang, Y. Yang, Chem. Eng. J. 2020, 379,
122280.
[28] C. Ridruejo, F. Centellas, P. L. Cabot, I. Sirés, E. Brillas, Water Res. 2018,
128, 71.
[29] L. Rajic, R. Nazari, N. Fallahpour, A. N. Alshawabkeh, J. Environ. Chem.
Eng. 2016, 4, 197.
[30] K. Chair, A. Bedoui, N. Bensalah, F. J. Fernández-Morales, C. Sáez, P.
Cañizares, M. A. Rodrigo, J. Chem. Technol. Biotechnol. 2017, 92, 83.
[31] F. L. Souza, R. S. Rocha, N. G. Ferreira, M. A. Rodrigo, M. R. V. Lanza,
Electrochim. Acta 2019, 328, 135013.
[32] F. L. Souza, M. Zougagh, C. Sáez, P. Cañizares, A. Ríos, M. A. Rodrigo,
Chem. Eng. J. 2021, 414, DOI 10.1016/j.cej.2021.128531.
[33] V. E. Titov, A. M. Mishura, V. G. Koshechko, Theor. Exp. Chem. 2006, 42,
224.
[34] R. M. GalvÍn, M. R. Montoya, M. J. Higuera, R. Pérez, J. M. R. Mellado,
Water Air Soil Pollut. 2005, 165, 347.
[35] G. S. Sauer, S. Lin, ACS Catal. 2018, 8, 5175.
[36] A. Behrouzifar, S. Rowshanzamir, Z. Alipoor, M. Bazmi, Int. J. Environ. Sci.
Technol. 2016, 13, 2883.
[37] J. Liu, J. Li, P. Jian, R. Jian, J. Hazard. Mater. 2021, 403, 123987.

ChemElectroChem 2021, 8, 1892 – 1898

www.chemelectrochem.org

[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]

P. He, P. Watts, F. Marken, S. J. Haswell, Green Chem. 2007, 9, 20.
J. B. Sperry, D. L. Wright, Chem. Soc. Rev. 2006, 35, 605.
J.-Y. Ryu, K.-C. Choi, J. A. Mulholland, Chemosphere 2006, 65, 1526.
C. Briois, S. Ryan, D. Tabor, A. Touati, B. K. Gullett, Environ. Sci. Technol.
2007, 41, 850.
T. Öberg, T. Öhrström, J. Bergström, Chemosphere 2007, 67, S185.
C. Comninellis, A. Nerini, J. Appl. Electrochem. 1995, 25, DOI 10.1007/
BF00251260.
J. Naumczyk, L. Szpyrkowicz, M. De Faveri, F. Zilio-Grandi, Process Saf.
Environ. Prot. 1996, 74, 59.
R. H. De Lima Leite, P. Cognet, A. M. Wilhelm, H. Delmas, Chem. Eng. Sci.
2002, DOI 10.1016/S0009-2509(01)00433-X.
N. J. Cherepy, D. Wildenschild, Environ. Sci. Technol. 2003, 37, 3024.
R. L. Deutscher, K. J. Cathro, Chemosphere 2001, 43, 147.
R. E. Bailey, Chemosphere 2001, 43, 167.
EU, Off. J. Eur. Communities 2004, L158/7, 7.
H. Niroumand, R. Nazir, K. A. Kassim, Int. J. Electrochem. Sci. 2012.
K. R. Reddy, C. Cameselle, Electrochemical Remediation Technologies for
Polluted Soils, Sediments and Groundwater, John Wiley & Sons, Inc.,
Hoboken, NJ, USA, 2009.
B. Edouard Ifon, A. Crépin Finagnon Togbé, L. Arsène Sewedo Tometin,
F. Suanon, A. Yessoufou, in Met. Soil - Contam. Remediat., IntechOpen,
2019.
C. Streche, D. M. Cocârţă, I.-A. Istrate, A. A. Badea, Sci. Rep. 2018, 8, 3272.
M. Benedetto, G. Miglierini, P. R. Mussini, F. Pelizzoni, S. Rondinini, G.
Sello, Carbohydr. Lett. 1995, 1, 321.
M. Guerrini, P. Mussini, S. Rondinini, G. Torri, E. Vismara, Chem. Commun.
1998.
G. Fiori, P. R. P. R. Mussini, S. Rondinini, A. Vertova, Ann. Chim. 2002, 92,
963.
E. Deunf, E. Labbé, J. N. Verpeaux, O. Buriez, C. Amatore, RSC Adv. 2012,
2, 5398.
S. Ardizzone, G. Cappelletti, L. M. Doubova, P. R. Mussini, S. M. Passeri, S.
Rondinini, Electrochim. Acta 2003, pp. 3789–3796.
V. Pifferi, V. Marona, M. Longhi, L. Falciola, Electrochim. Acta 2013, 109,
447.
V. Pifferi, G. Facchinetti, A. Villa, L. Prati, L. Falciola, Catal. Today 2015,
249, 265.
Y. S. Ham, Y. S. Park, A. Jo, J. H. Jang, S.-K. Kim, J. J. Kim, J. Power Sources
2019, 437, 226898.
S. Y. Chae, S. Y. Lee, O.-S. Joo, Electrochim. Acta 2019, 303, 118.
S. Rondinini, G. Aricci, Z. Krpetić, C. Locatelli, A. Minguzzi, F. Porta, A.
Vertova, Fuel Cells 2009, 9, 253.
Z. Liu, R. G. Arnold, E. A. Betterton, E. Smotkin, Environ. Sci. Technol.
2001, 35, 4320.
M. Sugiyama, K. Saiki, A. Sakata, H. Aikawa, N. Furuya, J. Appl.
Electrochem. 2003, 33, 929.
K. Okajima, K. Nabekura, T. Kondoh, M. Sudoh, J. Electrochem. Soc. 2005,
152, D117.

Manuscript received: March 23, 2021
Revised manuscript received: April 28, 2021
Accepted manuscript online: April 29, 2021

1898

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

