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Abstract

This paper describes the removal of methylene blue (MB) dye using [Fe(Il)]-based gas diffusion electrodes (GDEs). GDEs
were developed by rolling carbon black and polytetrafluoroethylene as a conductive layer for efficient oxygen reduction
reaction, with an [Fe(II)] ink layer (5 mg cm~2 loading) to conduct Fenton chemistry. The GDEs demonstrated the ability to
remove the colour and mineralize MB dye in an undivided, three-electrode cell. Colour removal achieved 99% in a 150 cm?
solution containing 100 ppm of MB dye at constant potential of — 1.0V vs. Hg/HgSO, in 240 min. The kinetics of the MB
decolouration showed pseudo-first-order batch kinetics. The results demonstrated that a GDE containing immobilized Fe(IT)
ions appears to be a viable option for the environmental remediation of organic dyes in wastewater by an anodic Fenton

oxidation.
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1 Introduction

Across the world, one in nine people do not have access to
clean water [1]. Possibly aggravated by climate change, pop-
ulation growth has led to water shortages that could adversely
affect many major cities across the globe. Efficient water
usage and minimizing water pollution are hence of the utmost
importance [2].

Sectors of chemical water treatment have looked at the
practical use of hydrogen peroxide for water purification and
chemical mineralization. It is the simplest peroxide and a
very weak acid, but a much stronger oxidizing agent than
water [3]. It is also well known that hydrogen peroxide
naturally decomposes to water and oxygen, and is there-
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fore environmental friendly. Among other uses, it is widely
used as a bleaching and sterilization agent in the pulp and
paper manufacture—the biggest application of industrially
produced hydrogen peroxide [4].

Currently, hydrogen peroxide can be produced by using
many synthesis techniques including electro-Fenton [5],
photo electro-Fenton [6], and solar electro-Fenton [7]. These
technologies produce hydrogen peroxide in situ and thus
negate the hazards and costs of handling and transport-
ing bulk hydrogen peroxide. However, all these methods
have limitations related to high material and catalyst costs.
There is a clear need to develop new electrodes that may
provide efficient catalysis for low-cost wastewater treat-
ment. Carbon-based materials proved to be an acceptable
cathode option for the reduction of oxygen to H,O, and
are the prime choice as an electrocatalyst because of their
large surface area, chemical stability, and inexpensive cost.
Moderate-cost carbon-based material electrodes have been
designed for anodic water treatment, such as reticulated vit-
reous carbon (RVC) by electrodepositing titanate nanosheets
(TINS) over the surface for electrochemical water treatment
[8]. PbO, electrodes have also been shown potential as an
improved catalyst for mineralization of wastewater [9]. Sim-
ilarly, a GDE may be considered as a cheap alternative to
perform electro-Fenton water treatment. It has been shown
that using butylanthraquinone improves the GDE’s perfor-
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mance, showing a Faradic efficiency of about 90% for H,O;
production [10]. Nitrogen-functionalized carbon nanotube
(NCNT) electrodes were found to be effective for the com-
plete removal of methyl orange at an applied potential of
—0.85V vs. SCE in 60min [11]. There has however been no
research work that studied the effect of electrode synthesis
with Fe(II) salt over the electrode surface. In this work, novel
GDE electrodes were prepared by rolling carbon black over
a metal current collector, with a layer of Fe(Il) chloride salt
introduced onto the GDE for the mineralization of methylene
blue.

2 Experimental Details

Carbon cloth (EC-AC-Cloth-T) was obtained from fuel cell,
USA:; Carbon black VULCAN® XC72R from Cabot; and
reagent grade nickel mesh was obtained from Dexmet cor-
poration, USA. Polytetrafluoroethylene (DuPont™ Teflon®
PTFE DISP 30) was used as a binder. Reagent grade
sodium sulphate, acetone, methylene blue, potassium per-
manganate were obtained from Fischer scientific and used as
received.

2.1 Gas Diffusion Electrodes

The improved gas diffusion cathode (GDE) consisted of a
conductive catalytic carbon layer and a Ni mesh as cur-
rent collector. An ink for catalyst layer was made with
125 mg iron (II) chloride and 25 mg of carbon. The mix-
ture was sonicated with a Grant ultrasonic bath (XUBA3)
for 15min in a 5wt% Nafion® aliphatic alcohol suspension
(D-520 dispersion, Alfa Aesar) with a weight ratio of 3:2
for (catalysts + carbon)/Nafion, providing a 5 mg cm? iron
loading. Conductive carbon ink was layered on 50 mm x
50mm x 0.11mm piece of 25wt% PTFE-treated carbon
cloth.

Finally, the current collector, a 0.05 mm-thick nickel
mesh, was placed on top of the layered carbon cloth with
Fe(Il) layer and the electrode was hot-pressed for 2min at
140 °C and 5 MPa.

2.2 Electrochemical Experiments and Analysis
Procedures

The electrochemical studies were conducted by using
computer-aided PGSTAT302 N potentiostat/galvanostat from
Autolab (EcoChemie, Netherlands) by means of Nova 1.11
software. The prepared GDE with iron loading was used
as a working electrode (active electrode area 0.79 cm?);
Hg/HgSO, and Pt mesh were employed as a reference and
a counter electrode, respectively. A solution of 150 cm?
of 100 ppm of MB dye in 0.05 moldm™3 of sodium sul-
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phate (background electrolyte) was electrolysed at —0.7 V,
—0.8,and —1.0 V vs. Hg/Hg,SOy4 in an undivided electro-
chemical cell by feeding pure oxygen gas at a flowrate of
0.15L min~!

The absorbance of the MB dye in solution was measured in
a Hitachi U3010 UV-Vis spectrophotometer at a wavelength
of 664 nm. A linear calibration curve obeying the Beer—
Lambert law was employed to calculate the concentration of
MB from the solution after colour removal. Shimadzu TOC—
Vcepa TOC analyser was used for mineralization studies of
the MB dye. Reproducible TOC values were determined
by injecting 100y, dm™> aliquots into the TOC analyser
by employing the standard non-purgeable organic carbon
method.

3 Results and Discussion
3.1 The Optimal Cathode Potential Using a GDE

The dissolved oxygen is electrochemically converted into
H;0, at the carbon surface of the cathode via the oxygen
reduction reaction (ORR). However, it has also been reported
that in this process, two further ‘side’ reactions compete with
the ORR [12]. These two side reactions are the further reduc-
tion of H,O3 to H,O, and hydrogen gas evolution:

0, +2H" +2¢e~ — H,0,  E° = 0.695V vs. SHE

(1)
H,0, +2H" +2¢~ — 2H,0 E° = 1.763V vs. SHE

(2)
2HT +2¢~ — Hyg) E°=0.00Vvs.SHE 3)

The reactions can be seen when the polarization curves are
achieved using the GDE as the cathode. Figure 1 shows the
current rise when the potential is applied. Results indicated
that an oxygen reduction wave takes place in the range of
—0.3to —0.9 V vs. Hg/HgSO,. This current region repre-
sents the maximum rate of oxygen reduction to H,O».

When the applied potential continues to decrease below
— 1.0V vs. Hg/HgSO,, the current density increases sharply.
This region indicates the occurrence of the two side reactions,
which were mentioned in Egs. (2) and (3).

3.2 Demineralization of MB by Using Fe-Based GDE
Electrodes

The demineralization of MB dye was studied by constant
potential electrolysis in the region of oxygen reduction as
seen in the polarization curve studies (see Fig. 1). Three
potentials (—0.7, —0.8, and — 1.0 V vs. Hg/HgSO,) were
selected for electro-Fenton degradation of MB dye. The
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Fig. 1 Polarization curve at GDE electrodes without Fe(II) ion
for the determination of ORR in an electrolyte containing in
0.05 moldm 3 Nap SOy potential sweep rate = 10mV s~!; tempera-
ture: 25°C

demineralization and colour removal of the MB dye were
enhanced by ®*OH radical formation through the decomposi-
tion of electro-generated H,O in the presence of Fe>* ions
at the surface of the Fe(II)-based GDE electrodes. The mech-
anism for the generation of *OH radical at the Fe(II)-based
GDE electrodes [3] is given as follows:

H,0;, + Fe?t + HY —*0H + Fe’t + H,0 )

150 cm® of electrolyte containing 100ppm of MB dye
and 0.05 mol dm—> of NaySO, at pH 3 was employed
for electrolysis studies with working electrode (GDE with
Fe(Il)), counter electrode (platinum), and reference electrode
(Hg/HgSO,). During the electro-Fenton electrolysis studies,
samples (2 cm?) were withdrawn at regular intervals (5 min).

It can be seen from the results of MB dye demineralization
at potential of — 0.7 V vs. Hg/HgSO, that the intensity of the
visible light band dropped continuously until 92% of discol-
oration of the solution was achieved after 240 min, as shown
in Fig. 2. The colour removal and demineralization of MB
dye can result in the generation of aromatic and aliphatic
intermediates, which ultimately degrade to basic inorganic
CO; molecules. The time vs. normalized concentration plot
of MB dye at different constant potentials electrolysis (— 0.7,
—0.8, and — 1.0 V vs. Hg/HgSO,) can be seen in Fig. 2. It
is interesting to note that by increasing the potential of — 1.0
V vs. Hg/HgSO,, the overall discoloration was about 99%
in 240 minutes.

Pseudo-first-order reaction kinetics, quantifying the rate
of dye degradation, were calculated via:

In <i) = —kt (5)
€0

o 2 2 e
kS o [ =)

Normalized concentration (c/c )
o
o
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o
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Fig. 2 Electrochemical remediation of MB dye by using Fe(Il)-based
GDE @) — 0.7V vs. Hg/HgSO, ®) — 0.8V vs. Hg/HgSO, A) —1.0V
vs. Hg/HgSO,
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Fig. 3 Electrochemical remediation kinetics of MB dye using Fe(II)
based GDE @) —0.7 V vs. Hg/HgSO,, M) —0.8 V vs. Hg/HgSOy,, A)
— 1.0V vs. Hg/HgSO,

where k is the apparent first-order rate constant for the batch
decay, c is the final concentration, ¢, is an initial concentra-
tion, and ¢ is the time.

The pseudo rate constant k = — 0.0158 min~! with linear
pseudo-first-order degradation was calculated from Eq. (5)
at a potential of — 1.0 V vs. Hg/HgSO,’; rate constant values
at other potentials are shown in Fig. 3.

The total organic carbon (TOC) decay obtained for MB
degradation implied that TOC dropped from 50 to 17 mg
dm™3 by applying a constant potential of —1.0 V vs.
Hg/HgSO,, as shown in Fig. 4.

The degradation pathway is shown in Fig. 5 [13]. The
proposed degradation pathway involves an initial central
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aromatic heterocycle bond breaking for both sulphur and
nitrogen by the addition of *OH radical. Further, central
atomic ring rupture by *OH radical will likely lead to the
generation of transitional intermediates. The intermediates
species of MB dye converted into amino benzene sulphonic
acid as a principal specie by *OH radical. The addition of
*OH radicals further eliminates NH, and SO, group from
amino benzene sulphonic acid and converted this principal
specie of MB dye to benzene sulphonic acid and phenol.
Finally, MB dye containing aromatic rings is ruptured and
readily converted to aliphatic acids, carbon dioxide, and
water [14].
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Fig. 4 Effect of different potentials on TOC abatement vs. electrol-
ysis time by using Fe(Il) based GDE in 100 ppm of MB dye and
0.05moldm 3 NaySOy4 as a background electrolyte @) —0.1V vs.
Hg/HgSO,, M) — 1.0 V vs. Hg/HgSO,

Fig.5 J Carbon, ‘
Chlorine, J Hydrogen, .
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Oxygen Mechanism of M.B
degradation modified from [14]
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Methylene blue

The TOC removal efficiency was found to be 66% at
— 1.0 V vs. Hg/HgSO, in 30 min of electrochemical treat-
ment. However, lower TOC decay was observed while
electrolysing MB solutions at less negative potentials (— 0.7
V vs. Hg/HgSO,). This implies that the use of more neg-
ative constant potential (—1.0 V vs. Hg/HgSO,) is more
effective for the mineralization as shown in Fig. 6, which
denotes mineralization efficiency. Ren et al. [15] investigated
the mineralization of tartrazine by using electro-Fenton pro-
cess by applying 4 V cell voltage. At pH 3, the mineralization
removal efficiency of 64% was achieved in a vertical flow
reactor in 180 min of electrolysis.
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Fig. 6 Mineralization efficiency vs. electrolysis time by using Fe(II)
based GDE in 100 ppm of MB dye and 0.05moldm > NaySOy4 as
a background electrolyte @) —0.7 V vs. Hg/HgSO,, B) —1.0 V vs.
Hg/HgSO,
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Fig. 7 Mineralization current efficiency calculated from Eq. (6) vs.
electrolysis time by using Fe(II) based GDE in 100 ppm of MB dye
and 0.05moldm 3 Na;SOy as a background electrolyte @) — 0.7 V vs.
Hg/HgSO,, M) —1.0 V vs. Hg/HgSO,

TOC results for the mineralization of MB dye obtained in
this article were improved in comparison with the reported
values present in the literature [15] which employed related
technologies.

3.3 Current Efficiency and Energy Consumption

Current efficiency is defined as the ratio of electricity
consumed for electrochemical demineralization reaction to
overall charge passed through the electrochemical process.
The current efficiency (¢) values for the electrochemical pro-
cess are calculated from the expression [16];

o= 2.67[TOCy — TOC¢]FV

x 100 (6)
8 [y Idrt

where 2.67 is the reported conversion factor of COD
(chemical oxygen demand) to TOC, (TOCp) and (TOCy)
related to the TOC (g dm™3) values at initial and final
time of electrolysis respectively, F is the Faraday constant
(96,485 C mol~!), V is the volume of electrolyte (dm?), 8 is
the factor for oxygen equivalent mass (geq "), fot 1dt overall
charge passed during the time interval in an electrochemical
reaction, and ¢ is related to the overall time interval (s) of
electrolysis process.

This parameter is dependent upon TOC reduction values,
electrolysis time, and overall charge passed. The mineraliza-
tion current efficiency (MCE) is shown in Fig. 7 against time
of electrolysis.

The MCE value is found to be more efficient at lower
applied potentials. As can be seen at —0.7 V vs. Hg/HgSO,
the efficiency achieved after 30 min of electrolysis was
approximately 100 % (due to generation of *OH radicals and
decomposition of complex structure of RB- 5 dye) and grad-
ually decreased with time to final value of 24% [calculated
from Eq. (6)]. Thiam et al. reported the mineralization of
acid red 14 dye by using air diffusion electrodes and electro-
Fenton technology.

At operating conditions (Table 1), mineralization current
efficiency of only 10% was obtained during electrolysis of
AR 14 dye by applying current density of 100 mA cm ™2
[17]. However, by applying higher potential (— 1.0 V vs.
Hg/HgSO,) in this study, the highest current efficiency
achieved was about 31% at the end of electrolysis. Initially,
greater values of MCE at the beginning is due to the fact that
enormous amounts of aromatic groups are dissociated into

Table 1 The comparison of energy consumption and removal efficiency of this study with literature

Method Optimum conditions Energy Removal Time/min or h Reference
consumption efficiency/%
(kWh kg~! TOC)
Electro-Fenton Iron 0.4 x 10~3 mol dm™3, 350 65 180 min [15]
0.05 mol dm ™~ Na, SOy,
pPH=3,E.n =14V
Electro-Fenton Iron 0.5 x 1073 moldm™3, 1280 76 480 min [17]
0.05 mol dm ™~ Nay SOy,
40°C, pH = 3,
j = 100mA cm—2
Electro-Fenton Iron 0.1 x 10™3 moldm™3, 500 100 240 min [18]
0.05 mol dm ™~ Nay SOy,
40°C, pH =3,
I =120mA
GDE with GDE, Iron 125 mg, 147 66 30 min This study
immobilized iron 0.05 mol dm™3 Na, SOu,
ions E = —1.0V vs. Hg/HgO,

pH=3,T =25°C
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Fig. 8 Energy consumption calculated from Eq. (7) vs. electroly-
sis time by using Fe(Il) based GDE in 100 ppm of MB dye and
0.05moldm—3 Na, SOy as a background electrolyte @) —1.0 V vs.
Hg/HgSO,, ®) —0.7 V vs. Hg/HgSO,

inorganic degradable products and gradually transformed
into CO,, whereas after a prolonged time interval during
electrolysis, the decrease in MCE was due to difficult degra-
dation of organic compounds to inorganic carbon dioxide.
However, at higher potential, the occurrence of side reac-
tions may cause a decrease in current efficiency.

The energy consumption, EC, (kWh kg~ ! TOC) was eval-
uated following equation [5];

co E I, At
~ 100 (TOCy — TOCy) V

(N

where E (V) is the applied potential, I, (A) is the cur-
rent passed during electrochemical reaction, Ar (h) the
electrolysis time, (TOCp) and (TOCy) related to the TOC
(kg dm™?) values at initial and final time of electrolysis,
respectively, and V (dm?) corresponds the electrolyte volume.

Like MCE, energy consumption rises as expected, since
it takes higher energy to convert mixed organic compounds
formed from broken down products of MB. After 250 min,
the energy consumption was about 147 kWh kg~ !TOC at
applied potential of —0.7 V vs. Hg/HgSO, as seen in Fig. 8.
Fenton process was investigated for the mineralization of
amoxicillin using titanium oxide as an emerging material
which showed that energy consumption under optimum
conditions was found to be 500 kWh kg~! TOC [18]. This
denotes the effectiveness of GDE containing immobilized
Fe(Il) ions discussed in this study for the removal of MB dye
at lower energy in comparison with other electrodes in the
literature. Note that the energy consumption for MB miner-
alization increases as applied potential raised to — 1.0 V vs.
Hg/HgSO,, but this energy consumption was much lower
than what reported by Oturan et al. [18].

@ Springer

4 Conclusions

It has been demonstrated that improved GDEs have been
synthesized with a conductive layer of carbon black and
Fe(Il) salt for the mineralization MB dye. Fe(II)-based GDE
can effectively degrade MB dye with 99% colour removal.
The mineralization efficiency was about 47% at an applied
potential of —1.0 V vs. Hg/HgSO,. The pseudo-first-order
concentration drop showed linear trends for the mineraliza-
tion of MB dye. The mineralization current efficiency was
about 100% for 30-min electrolysis at constant potential
of —0.7 V vs. Hg/HgSO,, while the energy consumption
was 147 kWh kg~! TOC at applied potential of —0.7 V vs.
Hg/HgSO,. The results elaborated the usefulness of Fe(I)-
based GDE electrodes for the degradation of MB dye.
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