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Abstract

Textile industries generate large volumes of wastewater containing organic dyes, which
may be hazardous to the environment and human health. In this work, the oxidation of
100 mg dm™ of methylene blue (MB) in aqueous solutions was studied using H20:
(formed in-situ) at gas diffusion electrodes (GDEs) in the presence of 1 x 107 mol dm™
Fe?" catalyst, to create hydroxyl radicals to facilitate Fenton oxidation. The influence of
applied potential (-0.5 to -1.3 V vs. Ag/AgCl) at different oxygen flow rates to the GDE
(0.15 — 0.45 cm® min™') and different counter electrode materials (Pt mesh, Ni mesh,
RVC) was investigated. MB was completely degraded to a residual concentration below

3

the detection limit of 0.5 mg dm™. The rate and degree of mineralisation were

significantly influenced by the applied potential. A maximum mineralisation of 88.2%



was achieved at -1.0 V vs. Ag/AgCl. The oxygen flow rate to the GDE did not influence
the degradation of MB under the experimental conditions. The counter electrode material
affected the degree of mineralisation in the order Pt mesh > reticulated vitreous carbon
(RVC) > Ni mesh. The apparent _first order rate decay constant for MB degradation and
MB mineralisation was calculated to have a maximum value of 0.0182 min™ for MB

mineralisation at a potential of -1.0 V vs. Ag/AgCl.
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1. Introduction

The presence of organic dyes in aqueous effluents is a major concern due to their
environmental persistence and adverse effects on human health. Even at low
concentrations (less than 1 ppm), dyes are highly visible and may interfere with
photosynthesis by consuming oxygen needed for living species. The textile industry
consumes large volumes of water in the colour process products; a considerable amount
of coloured wastewater is generated, which contributes over 20% of the total water
pollution [1, 2]. Among these dyes, methylene blue, MB is one of the most common
colorants in the textile industry for dyeing cotton, wood and silk. The ingestion of water
containing MB can cause nausea, vomiting, profuse sweating, mental confusion and
methemoglobinemia [3-5]. According to the commission regulation (EU) 2015/830, the
safety data sheet shows that LD50 was fixed up to 1.18 g kg™! in rats for MB ingestion.
Therefore, the treatment of aqueous effluents containing MB is important due to its

hazardous impact on receiving waters.

The removal of dyes from aqueous solutions have been widely studied by
physicochemical [6-11], chemical [12, 13], microbiological [14], electrochemical [15-17]
and advanced oxidation processes (AOPs) [18-21]. Electrochemical approaches have
been developed for use in aqueous effluent treatment and show improved environmental

compatibility, high energy efficiency, automation and safety [19, 22, 23].

The electro-Fenton process has been used for the environmental prevention of organic

dye pollution in aqueous effluents for over 3 decades. This approach offers significant



advantages compared to the traditional Fenton's reagent method such as: facile regulation
of in-situ H202 production, higher degradation rates of the organic pollutants due to the
faster regeneration of the Fe?" catalyst at the cathode and lower operating costs when

experimental variables are optimised [19, 24].

The electro-Fenton process is an indirect anodic oxidation based on the production of
hydroxyl radicals (*OH) from the Fenton process in reaction (1), between catalytic Fe**
ion present in the bulk of the solution and H202 generated at a suitable cathode, using an
optimum pH near to 3.0. Hydroxyl radicals are well known to have one of the highest
oxidising potentials (E° = 2.80 V vs. SHE) and are extremely reactive with most organic
pollutants, showing relatively high rate constants in the range from 107 to 10'° dm? mol!

s125].

Fe** + H,02 — Fe’* + «OH + OH~ (1)

Ferrous ions are continuously regenerated from Fe®" reduction at the cathode according
to reaction (2), avoiding the production of sludge and promoting a higher rate of

degradation.

Fe** + e — Fe?* E’=0.77 V vs. SHE (2)

H202 is continuously produced by the two-electron cathodic reduction of dissolved

oxygen, according to reaction (3).

02 +2H" +2¢” — H202 E’=0.68 V vs. SHE 3)

Oxygen gas may be supplied to the cathode by bubbling oxygen into the bulk of the
solution or by feeding oxygen or air through a GDE. The latter electrodes are preferred
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since they increase the process efficiency significantly compared to bubbling O: through
the solution, as they are not limited by the low oxygen solubility [26-28]. The
manufacture of gas diffusion electrodes is already an established technology in fuel cells
and chlorine production and their use for hydrogen peroxide generation needs more
studies to characterise the flow of oxygen towards the catalyst layer and to remove the
water to avoid flooding of the electrode on the gas side. In addition GDE help to decrease

the energy utilisation during the degradation of organic materials.

The most suitable cathodes for reaction (3) include carbonaceous materials with high
surface area, such as carbon nanotubes [29, 30], graphite felt [31, 32], activated carbon
fibre [33], carbon modified with metals or metal oxide nanoparticles [34], carbon felt [35,
36], carbon-polytetrafluoroethylene (PTFE) composites [37, 38], reticulated vitreous

carbon (RVC) [39, 40] and boron doped diamond (BDD) [41].

The aim of this paper is to evaluate the removal of MB (selected as a model organic dye)
in aqueous solutions by using hydroxyl radicals formed from H202 generated in-situ at a
GDE catalysed by Fe?" ions. The influence of the applied electrode potential (-0.5 to -1.3
V vs. Ag/AgCl), the oxygen flow rate (0.15 — 0.45 cm® min™!) and the counter electrode
material (Pt mesh, Ni mesh and RVC) was studied in order to determine their effect on
the mineralisation rate of methylene blue in an electrochemical cell operating in the batch
mode. To the authors’ knowledge, the influence of the counter electrode material on the
electro-Fenton process by using gas diffusion cathodes has not previously been reported

in the literature.



2. Materials and methods

2.1. Chemicals

Methylene blue, sodium sulphate and iron chloride were of analytical grade (> 98%
purity) purchased from Fisher Scientific. Other chemicals employed such as nitric,
hydrochloric and sulfuric acids and potassium permanganate were also analytical grade
from the same source. All solutions were prepared with ultra-pure water obtained from a

SUEZ Water UK system, with a resistivity > 18.2 MQ cm at 23 °C.

2.2. Construction of the gas diffusion electrode

The gas diffusion electrode (GDE) was constructed by a similar method to that previously
reported in literature [42, 43]. The GDE structure involved a gas diffusion layer on top of
a carbon cloth and a nickel current collector, bound together in a single hot-pressing step.
The size of the gas diffusion layer was 50 X 20 mm on 0.11 mm thickness carbon cloth
previously treated on one side with 25 wt. % PTFE (FuelCell.com). A homogeneous
paste, consisting of 80 wt.% carbon black powder (Vulcan® XC72R carbon black, from
Cabot), 20 wt.% of PTFE (60 wt.% dispersion in H2O from Sigma Aldrich) and 10 cm?
of water per 1 g of solids, was rolled over the carbon cloth using the doctor blade
technique. The current collector was a piece of expanded nickel mesh (Dexmet, 32 mesh,
0.05 mm thick) which was placed on the top of the gas diffusion layer. Finally, the GDE
was placed in a hydraulic press (Carver, model 3851) and pressed for 10 minutes at a
temperature of 0 °C under 15 kN m™ pressure, followed by 10 min in an oven at 340 °C

then left to cool down to room temperature (25 °C) at atmospheric pressure.



2.3. Experimental procedures

The electrochemical experiments were carried out in an undivided, 3-electrode glass cell
shown in Fig. 1. Platinum, nickel mesh or reticulated vitreous carbon (RVC) were used
as counter electrodes, Ag/AgCl (sat’d KCI) was used as reference electrode with a GDE
working electrode, which was replaced for each experiment. The reference electrode was
inserted into a Luggin capillary, approx. 2 mm from the working electrode. The area of
the GDE exposed to the solution was 1 cm?, although the active surface area of the GDE
was expected to be much larger because of the high porosity of carbon black/PTFE
mixture, that enhances the mass transport of oxygen within the porous structure [44]. The
temperature was maintained at 25 °C using a thermostatic bath (Julabo). Oxygen flowed
to the rear, hydrophobic side of the GDE at rates between 0.15 and 0.45 cm® min™!, with
the gas exit open to the atmosphere. A potentiostat/galvanostat instrument (Ivium-n-Stat,

Ivium Technologies) was used to control the electrode potential.
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Fig. 1. Experimental arrangement of the electrolysis cell, which incorporated a GDE.



Synthetic wastewater was prepared with 100 mg dm™ of MB as pollutant, 50 x 10~ mol
dm? of Na2SOs as supporting electrolyte and 1 x 10 mol dm™ of Fe*" (FeClz - 4H20) as
catalyst to initiate the electro-Fenton process [26]. The initial pH of the solution was

adjusted to pH = 3 with sulfuric acid and measured with pH test strips at the start of each

experiment. All experiments were carried out under potentiostatic conditions at potentials
applied between -0.5 and -1.3 V vs. Ag/AgCl. The synthetic wastewater was added to the
glass cell and agitated vigorously by a magnetic, PTFE coated steel stirrer (1000 rpm),
centrally located at the bottom of the cell in order to enhance the mass transport; samples
of 5 cm® were collected at regular intervals of time to analyse the MB decolourisation,

H202 concentration and total organic carbon (TOC).

2.4 Analytical procedures

The degradation of MB was determined by an UV-Vis spectrophotometer (Scinco Neosys
2000). Stock solutions of MB were prepared from 0.1 to 100 mg dm™ in order to obtain
their absorbance scans in a wavelength range between 200 and 800 nm. Here, the
maximum absorbance for MB was determined at a wavelength of 664 nm. MB
concentrations and their respective absorbance at 664 nm were plotted to obtain the linear
calibration curve. Eq. (4) with a correlation factor of 0.9942, was used to calculate the

MB decolourisation (cmB).

cmB /mg dm™ = 6.5783 A= 664 nm 4)

Where cms and A4 are the concentration and the absorbance of methylene blue. Hydrogen
peroxide concentration was determined with permanganate according to a standard

method [45]. A mixture 4:1 (v/v) of sample: H2SO4 was titrated with 4 x 107> mol dm™



KMnOs4 until a faint pink colour was achieved. The Total Organic Carbon (TOC) was

determined using a Shimadzu TOC-Vcpn analyser.

3. Results and discussion

Fig. 2 shows the influence of the applied electrode potential on the MB dye degradation
during the electrolysis of synthetic wastewater containing 100 mg dm™ of MB and 1 x
102 mol dm™ of FeCl>. The curves show the degradation of MB at four electrode
potentials within the range of the highest production of hydrogen peroxide, i.e. from -0.5

Vto-1.3Vvs. Ag/AgCl.
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Fig. 2. The influence of applied potential electrode on the degradation of MB

during the electrolysis. Working electrode: carbon GDE; counter
electrode: Pt mesh; electrode potentials: (®) -0.5, ((J) -0.7, (A) -1.0, (@)
-1.3 V vs. Ag/AgCl. The solution contained 100 mg dm™ of MB in 50 x
102 mol dm™ of Na2SO4, 1 x 10 mol dm™ of Fe*? at temperature of 25

°C and initial pH of 3 and oxygen flow rate of 0.15 cm® min™.



The degradation of the dye is significantly influenced by the applied potential. Thus, after
120 min of electrolysis at -0.5 V vs. Ag/AgCl, 68% of the colour was removed whereas,
at -0.7 V vs. Ag/AgCl, as much as 97% was removed. No influence of the applied
potential on the decolouration was observed at electrode potentials of -0.7, -1.0 and -1.3
V vs. Ag/AgCl. At these potentials, the MB decolourisation decreased below 99% of its
original value after 240 min. The influence of the applied potential on the MB degradation
is directly related to the concentration of electrogenerated hydrogen peroxide in solution
which in the presence of Fe**, promotes the Fenton reaction [19, 46-48], via the powerful

hydroxyl radical (*OH) oxidant according to reaction (1).
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Fig. 3 Concentration of electrogenerated H20: as a function of time during the

electrolysis of synthetic wastewater polluted with MB. Working electrode:
carbon GDE; counter electrode: Pt mesh; electrode potentials: (®) -0.5,
() -0.7, (A) -1.0, (®) -1.3 V vs. Ag/AgCl. The solution contained 100
mg dm™ of MB in 50 x 10 mol dm™ of Na2SO4, 1 x 10~ mol dm™ of Fe**
at 25 °C and initial pH of 3 and an oxygen flow of 0.15 cm® min™!. The
inset shows the development of H2O2 concentration during the first 100
minutes of electrolysis.
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The electrogeneration of hydrogen peroxide with the GDE working electrode at-0.5 V, -
0.7V,-1.0Vand-1.3 Vvs. Ag/AgCl is shown in Fig. 3. Since the electrolysis was carried
out in the presence of MB, it is important to highlight that this concentration corresponds
to the hydrogen peroxide which did not react in solution and not the total electrogenerated

hydrogen peroxide.

Hydrogen peroxide concentration increased to between 4.0 and 6.0 x 10~ mol dm™ within
the first 30 min of electrolysis, and gradually decreased over time to a range between 2.0
and 4.0 x 10 mol dm™ until 120 min. After this time, the concentration of hydrogen
peroxide reached a steady-state content in solution, except for the electrode potential of -
1.3 V vs. Ag/AgCl, which increased steadily up to 13 x 10~ mol dm™ at 420 minutes. The
figure shows that the higher the electrode potential, the higher hydrogen peroxide
concentration. The steady-state of hydrogen peroxide concentration in solution is a
common behaviour widely reported in literature for electrolytic cells [19, 49, 50], as a
consequence of the equilibrium between the electrogeneration rate of hydrogen peroxide
at the cathode [reaction (3)] and its oxidation reaction rate at the anode to produce O2 gas
[reactions (5, 6)]. In addition, the anodic oxidation of water would provide dissolved

oxygen through the following reactions:

H202 » HO2* +H + ¢ (5)

HO2®* = O+ H + ¢ (6)

In this context, the presence of electrogenerated hydrogen peroxide according to reaction
(3) in solution may partially help the degradation of organic dyes as the radical is more

powerful oxidant [49, 51-53]. The hydrogen peroxide monitored in Figure 3 corresponds
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to the hydrogen peroxide concentration which did not react with Fe?" ions to produce the
powerful hydroxyl radical oxidant following reaction (1). Hydroxyl radicals promote the
mineralisation of a wide variety of organic pollutants such as alcohols, carboxylic acids,
pharmaceuticals, pesticides, or dyes in aqueous solutions [3, 4, 54-57]. In Fig. 3, the
concentration of hydrogen peroxide in solution at 240 min was 3.0, 2.0, 4.5 and 6.5 mM
which corresponds to a MB decolourisation of 92, 100, 99 and 99% for -0.5V,-0.7 V, -
1.0 Vand -1.3 V vs. Ag/AgCl, respectively. The highest hydrogen peroxide concentration
detected in solution at 30 min for -0.5 V vs. Ag/AgCl resulted in the slowest dye
decolourisation (16.5% dye degradation at 30 min) in Fig. 2. This suggests that the Fe**
ion from Fenton’s reaction is more slowly reduced to Fe*" at the cathode surface during

the electrolysis at -0.5 V vs. Ag/AgCl than at more negative electrode potentials.

TOC / mg dnr3
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Time / min
Fig. 4 Influence of applied potential on TOC decay during the electrolysis of

synthetic wastewater polluted with MB. Working electrode: carbon GDE;
counter electrode: Pt mesh; electrode potential: (®) -0.5, (IJ) -0.7, (A) -
1.0, () -1.3 V vs. Ag/AgCl. The solution contained 100 mg dm™ of MB
in 50 x 10 mol dm™ of Na2SOs4, 1 x 10~ mol dm™ of Fe*? at temperature

of 25 °C and initial pH of 3 and oxygen flow rate of 0.15 cm® min™.
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It is important to note that the dye should not only be degraded but also mineralised in
order to minimise its hazardousness and that of its possible organic intermediates, before
its final disposal into the aquatic environment. For that reason, the influence of the applied
potential on the total organic carbon (TOC) decay during the electrolysis of synthetic

wastewater contained 100 mg dm> MB was studied in Fig. 4.

The mineralisation of MB is significantly influenced by the applied electrode potential
and likewise, it is observed to remain final mineralization percentages of 71, 75, 88 and
81% at -0.5, -0.7, -1.0 and -1.3 V vs. Ag/AgCl, respectively. The mineralisation of MB
increased with the applied potential between -0.5 and -1.0 V vs. Ag/AgCl, although this
behaviour was not observed at the electrode potential of -1.3 V vs. Ag/AgCl. The
enhancement of TOC abatement with the increase of applied potential may be explained
by the concomitant acceleration of all electrode reactions, giving rise to a greater quantity
of the hydroxyl radicals from Fenton’s reaction. However, at electrode potentials more
negative than -1.0 V vs. Ag/AgCl the competitive reduction of H" to H2 gas and/or the
further two-electron reduction of H202 to OH™ predominates, thereby diminishing the rate
of the oxygen reduction reaction to produce hydrogen peroxide and thus, it limits its
ability to develop the Fenton’s reaction [47, 49]. The highest TOC decay was developed
at-1.0 V vs. Ag/AgCl and therefore, this potential was selected to study the influence of

oxygen flow and counter electrode material on the degradation of MB.

Regarding the influence of oxygen flow rate, Fig. 5 shows the MB degradation during the
electrolysis of synthetic wastewater polluted with 100 mg dm™ MB at oxygen flow rates

in the range 0f 0.15 — 0.45 cm® min™!. The oxygen flows through the porous cathode which
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supplies a much larger quantity of oxygen gas to the electrolyte-cathode surface
promoting much higher concentrations of electrogenerated H202 [49]. At this point, the
concentration of accumulated H2O2 was 0.16, 0.20 and 0.22 x 10~ mol dm™ during the

electrolysis with oxygen flow rates of 0.15, 0.30 and 0.45 cm? min™!, respectively.

The degradation rate of MB is not influenced by the oxygen flow rate under the
experimental conditions studied, since MB degradation followed the same trend
throughout the experimental time for each oxygen flow rate tested. Fig. 6 shows the
influence of oxygen flow rate on the TOC decay during the electrolysis of synthetic
wastewater polluted with MB. Here, the oxygen flow rate showed an influence on the
mineralization of MB; the highest mineralization was achieved at the lowest oxygen flow
rate. This may suggests that the cell configuration optimises the lowest oxygen flow rate
through the porous cathode by promoting the efficient reduction of oxygen gas at the
cathode surface to produce hydrogen peroxide and thus, avoiding the dispersion of
oxygen gas bubbles through the GDE into the bulk solution which would result much less

efficient process on the production of hydrogen peroxide [26-28].
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Fig. 5
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Influence of oxygen flow on dye degradation during the electrolysis of
synthetic wastewater polluted with MB. Working electrode: carbon GDE;
counter electrode: Pt mesh; oxygen flow: (O) 0.15 cm® min™!, (CJ) 0.30
cm® min!, (A) 0.45 cm® min™!. The solution contained 100 mg dm™ of MB
in 50 x 10~ mol dm™ 0f Na2SO4, 1 x 10~ mol dm™ of Fe** at a temperature
of 25 °C and initial pH of 3 and electrode potential of -1.0 V vs. Ag/AgClI.
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Fig. 6 Influence of oxygen flow on TOC decay during the electrolysis of

synthetic wastewater polluted with MB. Working electrode: carbon GDE;
counter electrode: Pt mesh; oxygen flow: (O) 0.15 cm® min’!, ((J) 0.30
cm® min!, (A) 0.45 cm® min™!. The solution contained 100 mg dm™ of MB
in 50 x 10~ mol dm™ of Na2SO4, 1 x 10 mol dm™ of Fe*? at a temperature
of 25 °C, initial pH of 3 and an electrode potential of -1.0 V vs. Ag/AgCl.

Regarding the influence of the counter electrode material, Fig. 7 shows the TOC decay
as function of the experimental time during the electrolysis of synthetic wastewater
containing 100 mg dm™ of MB. The counter electrode materials studied were Pt mesh (1
X 1 em), Ni mesh (1 x 1 cm) and 100 ppi reticulated vitreous carbon (RVC) (1 x 1 x 0.15

cm).

16



70

-
3

=N
3

60

1

@
3

IS
S

50

w
=3

TOC / mg dm?

40

200 300 400 500
Time / min

100

30 1

TOC / mg dm3

20

10

0 100 200 300 400 500
Time / min

Fig. 7 Influence of counter electrode materials on the TOC decay during the
electro-Fenton of synthetic wastewater containing MB at an electrode
potential of -1.0 V vs. Ag/AgCl. Working electrode: carbon GDE; counter
electrode: (O) Pt mesh, (L) Ni mesh, (A) RVC. The solution contained
100 mg dm™ of MB in 50 x 10~} mol dm™ of Na2SOs, 1 x 10 mol dm™ of
Fe'? at temperature of 25 °C and initial pH of 3 and oxygen flow of 0.15
cm’® min’!. The inset shows the TOC decay during the anodic oxidation in
the absence of Fe*? ions under the same experimental conditions.

Although the MB is not completely mineralised under the experimental conditions
studied, the TOC decay is significantly influenced by the counter electrode material. The
TOC removal percentage is 66, 78 and 85% for RVC, Ni mesh and Pt mesh respectively,
during the electro-Fenton process. The higher MB mineralisation was achieved with a Pt
mesh counter electrode. This suggests that the MB is also oxidised at the Pt anode more
rapidly than at Ni or RVC anodes. MB is probably strongly adsorbed on the Pt surface
enhancing its reaction with Pt(*OH). In this way, the contribution of the anodic oxidation
of MB (with a Pt anode and without adding Fe?" catalyst) on the overall process is shown

in the inset of Fig. 7. 78% TOC removal is achieved during the electro-Fenton process
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whereas TOC removal percentage is mainly 56% for the anodic oxidation. This fact
indicates that MB oxidation by Pt(*OH) is less efficient than the oxidation by
homogeneous *OH. According to the literature, a Pt anode has been widely used to
mineralise other organic compounds in wastewaters by electro-Fenton process such as
93.77% of rhodamine B [58], 92.2% of sulfamethazine [31], 87% of metoprolol tartrate
[59], 49% of sulphanilamide [60] or 50% of aniline [61]. Nevertheless, Pt alone as an
anode is reported to be unable to attain the complete mineralisation of refractory organic
intermediates such as short carboxylic acids which remain in the final treated solutions
[19, 62-65]. It was assumed that the formation of active chlorine and chlorine species did
not contribute to dye degradation. High chlorine concentrations (100 — 3500 mg dm™) are
normally required to significantly influence the degradation [20, 66]. Under the current

experimental conditions, the concentration of chlorine is below 1.5 mg dm™.

In addition, the kinetic constants were calculated for the removal of MB (Fig. 8a) and
TOC (Fig. 8b) as function of electrode potential. The exponential decay of TOC
previously observed in Fig. 4, was well fitted to a pseudo-first order kinetic model by
plotting In (TOCo/TOC) vs. experimental time and thus, yielding each kinetic constant
for the electrode potential applied. The mineralisation process of a solution contained 100
mg dm™ of MB in 50 x 107* mol dm™ of Na2SO4, 1 x 103 mol dm™ of Fe?" at 25 °C and
an initial pH of 3 and oxygen flow rate of 0.15 cm® min™! using a GDE working electrode

and Pt mesh as counter electrode, was mass transport controlled [67, 68].
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Apparent first order rate kinetic constants calculated for the removal of dye
(a) and TOC (b) as function of electrode potential (V vs. Ag/AgCl) by using
GDE as working electrode and Pt mesh as counter electrode. The solution
contained 100 mg dm™ of MB in 50 x 10~ mol dm™ of Na2SO4, 1 x 10~ mol
dm™ of Fe*? at temperature of 25 °C, an initial pH of 3 and an oxygen flow

rate of 0.15 cm?® min™'.
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Kinetic constants for MB decolourisation increase as function of the applied electrode
potential, within a range from 0.0081 to 0.0520 min™!. These kinetic constants are lower
than some values reported in the literature, for example kinetic constants values of 0.097
min~! and 0.177 min™! for the degradation of 50 mg dm™ and 5 mg dm= MB were reported
in a non-thermal microwave plasma jet at atmospheric pressure [69]. Although these
kinetic constants are higher, the amount of MB was lower than in the present
investigation. Here, the normalised space velocity (sn) was calculated for a 90% of MB
decolourisation to characterise the performance of the electrochemical cell according to
equation (7) [70]. Furthermore, the reaction rate is completely mass transport controlled
in many cases and the reactant degradation is limited by its rate of convective diffusion
to the electrode. Then, the mass transport coefficient (k») was also calculated by following

equation (8) and data are shown in Table 1.

Y,
SnT Y F (7)
Ct _ kmA
In (a) = - _VR t (8)

where [ is the current (A), o is the overall current efficiency, Vz is the reactor volume
(m?), z is the number of electrons transferred, F is the Faraday constant (96485 C mol™!),
¢ in the concentration at time ¢ (mol m™), ¢y is the concentration at time zero (mol m™)

and 4 is the active electrode area (m?).

The sn values shown in Table 1 are one order of magnitude lower in comparison with 1.76
m’ m™ h'! obtained for the 88% of MB decolouration by using an initial MB concentration
of 100 mg dm™ at 42.55 mA cm™ in a cell with graphite as anode and stainless steel as
cathode [71]. This may be due to the large volume of the electrolyte (300 ¢cm?) in

comparison to the small electrode area (1 cm?) employed. Otherwise, kn values shown in
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Table 1 are one order of magnitude higher than those values found in literature, 0.001 m
h' [72] and 0.015 m h'! [73], for the removal of organic dyes by electrochemical oxidation

Processces.

Table 1. Normalised space velocity and mass transport coefficient values as function of
electrode potential during electro-Fenton process for MB removal.

E (V vs. Ag/AgCl) Sn (m* m3 h) km (m s7)
-0.5 0.08 0.215
-0.7 0.28 0.815
-1.0 0.30 0.753
-13 0.32 1.253

Likewise, kinetic constants for MB mineralisation are observed to increase as function of
applied electrode potential, although a maximum apparent first order rate kinetic constant
value of 0.0182 min™ is calculated for -1.0 V vs. Ag/AgCl. Apparent batch decay rate
constants for MB decolouration are observed to be three times higher than those
calculated for MB mineralisation. TMB is more rapidly degraded to colourless
intermediate products which are mineralised much more slowly under the experimental

conditions.

Finally, Fig. 9 shows the current efficiency calculated for the dye degradation during the
electrolysis of synthetic wastewater containing 100 mg dm > of MB by using different
counter electrode materials: RVC, Ni mesh and Pt mesh. The current was also monitored
and varied from 10 to 15 mA, regardless of the counter electrode material being tested.

The current efficiency was calculated using Eq. (9):

F-Y[Anz]
I-At

% Current efficiency = 100 9)
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where F is the Faraday constant (96485 C mol™), 4n is the amount of MB decolourised
over the time interval 4¢, z is the number of electrons exchanged in reaction (10) and / is
the current applied. It is noteworthy that a high electron stoichiometry (77 ¢°) is needed
to achieve complete MB degradation by direct electrolysis as shown in reaction (10),

making an efficient, mediated indirect route important to realise a feasible process.

Ci6H1sCIN3S + 34H20 = 16CO:2 + %Cl2 + 3NH4" + SO2 + 74H" + 77¢ (10)
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Fig. 9. Variation of overall current efficiency with time during the electrolysis of
synthetic wastewater polluted with MB. Working electrode: GDE; counter
electrode: (O) Pt mesh, (LJ) Ni mesh, (A) RVC. The solution contained
100 mg dm™ of MB in 50 x 107* mol dm™ of Na2SO4, 1 x 10~ mol dm? of
Fe?" at temperature of 25 °C and initial pH of 3, an oxygen flow rate of
0.15 cm® min™! and an electrode potential of -1.0 V vs. Ag/AgCl.

The current efficiency is low and decreased exponentially with time. This is a typical
trend in an electrochemical mass transfer controlled processes as a result of the decrease
in the amount of reactant available to be oxidized [74, 75]. Likewise, initial current
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efficiency depends on the counter electrode material and is only slightly higher in the
order Pt mesh > Ni mesh > RVC. In particular, initial current efficiencies were of 16, 18
and 20 % for RVC, Ni mesh and Pt mesh counter electrodes, respectively. In literature,
there are few papers reporting the influence of anode materials in the electro-Fenton
process and these reports are mainly focused on the effect of most common anode
materials used in electro-oxidation: Pt and boron doped diamond (BDD) [31, 76, 77]. In
this way, the electro-Fenton process with Pt anode is reported a mineralisation current
efficiency (MCE) of 20% for 90% of TOC removal from initial 0.1 mol dm™ rhodamine
B [58], less than 30% of MCE for 50% of TOC removal from an initial 92 mg dm? 2,4-
D [78] or less than 5% of MCE for 95% of TOC removal from initial 0.15 x 10~ mol dm

3 ciprofloxacin hydrochloride [35].

4. Conclusions

From this work, the following conclusions can be drawn:

- An electro-Fenton process using gas diffusion electrodes attained the complete
decolourisation of methylene blue at electrode potentials more negative than -0.7 V

vs. Ag/AgCl.

- The applied electrode potential had a significant influence on the mineralisation
of methylene blue, a maximum mineralisation of 88% being found at -1.0 V vs.

Ag/AgCL

- The oxygen flow rate to the gas diffusion electrode during hydrogen peroxide
production, was observed not to have an influence on methylene blue degradation

under the experimental conditions studied.
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- The counter electrode material led to obtain a mineralisation of 85%, 78% and

66% when Pt mesh, Ni mesh and RVC were used, respectively.

- The methylene blue decay followed a first order reaction and kinetic constants for
methylene blue degradation were observed to be three times higher than those

calculated for mineralisation of the dye.

- The normalised space velocity (NSV) sn, varied between 0.08 m*> m™ h'! and 0.32
m® m> h'! whereas the mass transfer coefficient km, varied between 0.215 m s™! to
1.253 m s™! both as a function of the applied electrode potential between - 0.5 V to
- 1.3 Vvs. Ag/AgCl. The two values are within the order of magnitude reported for

other electrochemical process.

- Among the highlights of this paper is report of the normalised space velocity as a
figure of merit which is fundamental for reactor modelling and scale up operations.
Despite its importance it is rarely reported in papers reporting the oxidation of

organic materials in waste water.
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