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A B S T R A C T

Two new catalysts for the electrochemical Fenton process: Sn2+, and Bi3+ cations have been investigated. We
refer to them as "two-electron" catalysts because they are expected to be oxidized to Sn4+ and Bi5+ cations
respectively in the reaction with hydrogen peroxide generated in the cathodic reaction. In comparison, the
classical catalyst for the electro-Fenton process, Fe2+ cations, are oxidized to Fe3+ cations, thus we call it a "one-
electron" catalyst. Decolorization efficiency for two dyes of different types: triarylmethane dye Bromocresol
Green and azo-dye Metanil Yellow has been investigated in the case of new catalysts and Fe2+ for comparison.
The novel, two-electron catalysts lead to better decolorization efficiency in the degradation of azo-dye Metanil
Yellow in comparison to Fe2+ cations.

1. Introduction

Synthetic dyes are often used in cosmetic, printing, textile and
pharmaceutical industries and as food colorants [1,2]. Likewise, they
are used as a pH indicator in chemical analytics. Despite being widely
used in industry, synthetic dyes have a lot of disadvantages. The aro-
matic rings, which dyes usually contain, make these colored compounds
chemically durable and biologically recalcitrant [3]. The presence of
colored compounds in the environment causes pollution and serious
health-risk factors [4–6]. Most of the synthetic azo-dyes are suspicious
of being carcinogenic and mutagenic for humans [7–12].

Many methods of removing synthetic dyes from water have been
developed. Among them are located biological activation, microbial
fuel-cells, coagulation, chemical oxidation and electrochemical oxida-
tion [4–6,13–17]. However, most of them are ineffective because they
are expensive and produce secondary products that require further
disposal. Advanced Oxidation Processes such as Fenton’s reaction (2),
are a more effective removal alternative. Electrochemical Advanced
Oxidation Processes are very useful for the complete removal of per-
sistent organic pollutants, which are hard to remove by conventional
treatment techniques [18]. Electro-Fenton method is based on oxida-
tion, due to the intensive production of hydroxyl radicals, which attack
dye molecules [2]. In this method, H2O2 is produced at the cathode in a
reduction reaction using dissolved oxygen in an acidic environment (1)
[17].

O2 + 2 H+ + 2 e− → H2O2 (1)

Hydroxyl radical (OH·) and Fe3+ ions are generated from the

classical Fenton’s reaction between Fe2+ and H2O2 (2) [17].

Fe2+ + H2O2 + H+ → Fe3+ + H2O+OH· (2)

The Fe2+ ions consumed in the Fenton’s reaction are regenerated at
the cathode in the reduction reaction of Fe3+ ions (3) [17].

Fe3+ + e− → Fe2+ (3)

In contrast, the molecular oxygen that is necessary for the produc-
tion of H2O2 is generated on the anode by oxidizing water at the anode
in the reactor (4) [17]. Oxygen can also be continuously passed through
a reaction mixture [2,19].

2H2O → 4 H+ + O2 + 4 e− (4)

The summary reaction can be seen by adding up above processes
(5):

½ O2 + H2O → 2 OH· (5)

The chemical reagents involved in the above reactions are non-
toxic. Moreover in situ generation of H2O2 avoids the need for transport
and storage of this hazardous substance, offers safer operation by pro-
viding diluted H2O2 solutions and enhances the mixing of solution [3].
Therefore, the electro-Fenton process is environment-friendly. More-
over, this method is efficient in degrading organic molecules and easy
to implement. This method is also cheap and ensures high reaction
efficiency. It effectively degrades many organic compounds [17]. Also,
no catalyst pellets remain in the reactor, which does not require further
disposal [17].
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Some modifications of the classical electro-Fenton process have
been investigated in terms of the used catalyst [20]. It was shown that
degradation efficiency can be enhanced by using different catalysts
than Fe2+, such as Cu+, Mn2+, and Co2+ cations [20–22]. The use of
cations of other metals gives promise for increasing of degradation of
pollutant dyes [20]. The mechanism of the electro-Fenton process with
one-electron catalysts, in general, can be represented by the following
reactions:

Mn+ + H2O2 + H+ → M(n+1)+ + H2O+OH· (6)

M(n+1)+ + e− → Mn+ (7)

where M is a symbol of metal, e. g. Fe, Cu, Mn, Co, and n is a charge of
cation. In this paper, we call such catalysts "one-electron" because they
change their oxidation state by one in the above reactions.

Our paper presents a comparative study on the degradation of
model azo-dye Metanil Yellow and model triarylmethane dye
Bromocresol Green with two new two-electron catalysts: Sn2+, and
Bi3+ in aqueous solution in the electro-Fenton process. We refer to
them as “two-electron” catalysts because they are expected to change
their oxidation state by two in the two key reactions: generation of
hydroxyl radicals and catalyst regeneration on the cathode. Such cat-
alysts were not report in the literature so far. We propose a mechanism
of the electro-Fenton process with two-electron catalysts. We compare
the catalytic activity of two new catalysts in processes with dyes of two
different types, because they are expected to have different mechanisms
of degradation.

2. Experimental

2.1. Material and reagents

A commercial Metanil Yellow and Bromocresol Green (Figs. 1 and
2) were used in the present study without further purification. Solutions
of H2SO4 (concentrated) and NaOH (1M) were used. FeSO4·7H2O,
SnSO4, and Bi2(SO4)3 were used as catalysts and anhydrous Na2SO4 was
used to make supporting electrolyte. All reagents were pure for analysis
(producer: POCH).

2.2. Electrochemical apparatus

A Potentiostat Model EP 20 was used in the present study. The re-
actor was a beaker with a volume of 1 dm3. The cathode was a graphite
roller of diameter 0.5 cm and length 5.5 cm. The anode was a platinum
plate of an area 11.5 cm2. A pH-meter (type CP-505, Elmetron) with pH
electrode (type ERH-13, Hydromet) and saturated calomel electrode
(type RU-10, Hydromet) (SCE) were also used in the present study. The
position of each electrode was the same for every reaction however it
was found that distance between cathode and anode doesn't affect
current.

2.3. Procedure

Oxidation of dyes in the electro-Fenton process was carried out in
800mL of 0.05M Na2SO4 solution in distilled water, used as a

supporting electrolyte, at pH 2.5. The concentration of catalyst in the
electrolyte was 0.15mM. This value was chosen arbitrary from the
range of 0.1 mM – 0.5 mM which was found to be optimal for Fe2+

cations [23]. The amount of dye was 8mg or 16mg in reactions with
Metanil Yellow or Bromocresol Green respectively. The volume of
supporting electrolyte was measured with a graduated cylinder. The pH
of the solution was adjusted by the addition of concentrated H2SO4

solution and it remained constant during the process. In the present
study, three different catalysts were used. Their concentration was the
same in every measurement. Each reaction has been repeated 3 times.
In experiments with Bromocresol Green, it was found that the moment
of the addition of Na2SO4 to the solution of dye affects the efficiency of
degradation thus it was decided arbitrarily to add Na2SO4 3min after
the start of dye dissolving. Dissolving of Bromocresol Green lasted
20min before the start of the saturation with oxygen. The cathode and
anode were washed with the solutions of concentrated H2SO4 and
NaOH (1M) before and after every reaction. The cathodic potential of
–0.5 V vs. SCE was applied in every reaction. Pure oxygen gas was
bubbled before starting the electro-Fenton oxidation into the sup-
porting electrolyte for 20min to saturate the aqueous solution. The
catalyst has been added 5min before the start of the reaction to let it
dissolve. The oxygen flow was constant during both the reaction and
the saturation with a value of 3.88 N L/min. The investigated solution
was stirred magnetically at a rate of 700 rpm.

2.4. Monitoring of oxidation reaction

For monitoring of the degradation of dyes in aqueous solution by
electro – Fenton oxidation a small amount of reaction mixture was
withdrawn from reactor to quartz cuvette and its absorbance was
measured with a spectrophotometer (Metertek SP-850) with a constant
interval of 20min in the range of 0–80minutes. After each measure-
ment withdrawn mixture has been immediately returned to the reactor.

The absorbance spectra of Metanil Yellow and Bromocresol Green in
aqueous solution at pH=2.5 were recorded at ambient temperature
(25 °C ± 2 °C) within the wavelength range of 300−700 nm using a
spectrophotometer Model Perkin-Elmer Lambda 20. The measured
spectra are presented in Figs. 3 and 4. The wavelength at which the
maximum absorbance exists in both cases is 440 nm based on the de-
rivatives of the absorbance spectra. At this wavelength, all measure-
ments were made during the reaction.

To monitor the electro-Fenton process also voltage proportional to
reaction current was measured with a digital voltmeter (type V530
Mera Tronik).

Fig. 1. Chemical structure of the Metanil Yellow azo-dye molecule.

Fig. 2. Chemical structure of the Bromocresol Green triarylmethane dye mo-
lecule.
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Fig. 3. Absorbance spectrum of Metanil Yellow at pH=2.5.

Fig. 4. Absorbance spectrum of Bromocresol Green at pH=2.5.

Fig. 5. Experimental data (mean values) for reactions with Metanil Yellow.
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3. Mechanism of the electro-Fenton process with two-electron
catalysts

In the electro-Fenton process with Fe2+ catalyst following reactions
take place:

Fe2+ + H2O2 + H+ → Fe3+ + H2O+OH (8)

Fe3+ + e− → Fe2+ (cathode) (9)

It is well known that tin is observed on the second and fourth (Sn2+

and Sn4+) oxidation degree and bismuth is observed on the third and
fifth (Bi3+ and Bi5+) oxidation degree. Therefore, we propose the fol-
lowing reactions of Sn2+ and Bi3+ cations with hydrogen peroxide in
aqueous solution:

Sn2+ + 2 H2O2 + 2 H+ → Sn4+ + 2 H2O + 2 OH· (10)

Bi3+ + 2 H2O2 + 2 H+ → Bi5+ + 2 H2O + 2 OH· (11)

Cations Sn4+ and Bi5+ are then reduced on the cathode:

Sn4+ + 2 e− → Sn2+ (12)

Bi5+ + 2 e− → Bi3+ (13)

From these reactions, it is obvious that one cation of two-electron
catalyst produces twice more hydroxyl radicals than classical one-
electron catalyst. Thus, two-electron catalysts should theoretically
double the efficiency of decolorization in the electro-Fenton process.

4. Results

Measured absorbance during reactions and final degradation effi-
ciencies in experiments with Metanil Yellow and Bromocresol Green are
presented in Figs. 5 and 6 respectively. The mean decolorization effi-
ciencies for Metanil Yellow were: 51.63 % (Fe2+), 56.15 % (Bi3+), and
56.63 % (Sn2+), while for Bromocresole Green were: 82.67 % (Fe2+),
72.61 % (Bi3+), and 63.02 % (Sn2+).

The current during the electro-Fenton process for each reaction was
stable. In most cases, the current was about 6.6–6.7 mA. Initial current
always had a value of 6.7mA.

Experimental study shows that Bi3+ and Sn2+ cations slightly im-
prove the performance of electro-Fenton reactions in degradation of
Metanil Yellow azo-dye (Fig. 5). However, these cations are char-
acterized by much more worse performance than Fe2+ cations in the
degradation of triarylmethane dye Bromocresol Green.

The degradation of dye in the electro-Fenton process is a complex

system of many reactions [24,25]. Qiu et al. (2015) showed that kinetic
model consisting of 18 reactions, including reactions at electrodes,
classical Fenton reactions, and surface reactions, is in good agreement
with experimental data [25]. However, recently it was proved that
realistic kinetic modeling of electro-Fenton process can be reduced to
only 5 reactions and it was showed, through the rate-limiting step ap-
proximation, that the rate of dye degradation can be expressed as the
rate of reaction of catalyst with H2O2 (generation of hydroxyl radicals –
Fenton reaction) divided by parameter (say X) describing how much
hydroxyl radicals is needed to destroy one molecule of dye [26]. This
explains why the rates differ between different dyes (different X values
for different dyes). Differences between performance of catalysts in
reactions with one, certain dye can be explained by interplay between
catalyst and dye (e.g. complexation reactions).

5. Conclusions

Different catalysts have different activity in the electro-Fenton
process. It is possible to enhance the degradation efficiency of classical
electro-Fenton reaction by substituting Fe2+ catalyst cations with Sn2+

and Bi3+ cations in process with model azo-dye Metanil Yellow in
80min long reaction. It was found that Bi3+ and Sn2+ catalyst cations
decrease the performance of the electro-Fenton process in the de-
gradation of model triarylmethane dye Bromocresol Green in 80min
long reaction.

Two-electron catalysts have been investigated for the first time. Our
study gives evidence that these catalysts work but their efficiency de-
pends on the type of oxidized dye. Their performance can be potentially
increased by optimizing parameters of the electro-Fenton process, such
as time and potential of cathode.
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