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The preparation and characterization of a graphiteePTFE cathode
system for the decolorization of C.I. Acid Red 2
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Abstract

An undivided electrochemical system was used to produce hydrogen peroxide on a graphiteepolytetrafluoroethylene cathode. Key factors for
cathode preparation, electrochemical activity as well as cathode stability were investigated. The current efficiency for hydrogen peroxide pro-
duction was w61e78% over a wide pH range (3e11) which decayed insignificantly after 10 times reuse. The influence of Na2SO4, pH, cathodic
potential, initial dye concentration and ferrous ion concentration on decolorization were systematically studied. The results show that the pres-
ence of ferrous ion improved color removal greatly; at 0.2 mM Fe2þ almost 80% of the dye could be removed after 20 min, indicating that the
electro-Fenton process offers promise for dye removal.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years electrochemical technologies have been
extensively studied for water and waste water treatment due to
their high efficiency, convenience and environmental compat-
ibility [1e4]. Besides direct electrochemical oxidation, indi-
rect electrochemical treatment via generation of hydrogen
peroxide has also attracted interest as this environmentally
friendly approach leaves no hazardous residues at the end of
oxidation [5,6]. Hydrogen peroxide can be generated by the
two-electron reduction of oxygen at an appropriate cathodic
potential using, for example, graphite and gas diffusion elec-
trodes, which overcome the drawback of conventional H2O2

transportation and its reaction activity decline [7,8]:
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O2 þ 2Hþ þ 2e� / H2O2 ð1Þ

The major concern with this system relates to the improve-
ment of hydrogen peroxide production; in this context, numer-
ous efforts have been made, utilizing different cathodes and
electrochemical systems. Alvarez-Gallegos and Pletcher adop-
ted a reticulated vitreous carbon cathode to generate H2O2 in
a divided system using a relatively expensive membrane,
which could restrict its practical application in waste water
treatment. While the current efficiency was concluded to be
40e70% at pH w 2, this was not a function of either potential
or catholyte composition [5 ]. Brillas et al. investigated H2O2

production using a gas diffusion cathode at pH 10.1e12.7 and
found that current efficiency was influenced by current inten-
sity, achieving a maximum value of only 46% [8]. Qiang et al.
attempted the electrochemical generation of hydrogen perox-
ide on graphite in an acidic medium [6]. These workers ob-
tained highest current efficiency at pH 2, although this
dropped significantly even at slightly elevated pH values of
2.5e3.5, which were supposed to be the optimal pH range
for advanced oxidation processes (AOPs) such as Fenton
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oxidation. Pozzo et al. compared the cathodic production of
hydrogen peroxide by a graphite electrode and a gas diffusion
electrode; these researchers confirmed that the latter displayed
higher selectivity for hydrogen peroxide production, although
the main drawback of the cathode was its short lifetime due to
the loss of dispersed graphite from the cathode [7]. Based on
the above research results, it can be concluded that different
cathodes possess unique electrochemical characteristics in
terms of hydrogen peroxide production, which can lead to in-
compatible results. Furthermore, these electrochemical sys-
tems require modifications in order to be more suitable for
practical waste water treatment. For example, current effi-
ciency needs further enhancement over a much wider pH
range especially in the case of AOPs so as to reduce treatment
costs and the cathode system requires simplification to be
more convenient and easier for scaling-up. If these problems
can be overcome to a certain extent, hydrogen peroxide pro-
duction in situ would be expected to be an economical method
and thus its environmental application would be greatly
enhanced.

Therefore, in this work, modifications have been made to
develop an efficient undivided electrochemical system for
environmental application, using a cathode system which
employed gas sparging directly instead of common gas dif-
fusion which could be readily scaled-up as gas sparging en-
joys extensive use in environmental engineering. One
notable advantage of the undivided system employed was
its high current efficiency for hydrogen peroxide production
over the pH range 3e11. Cathode preparation, as well as
electrochemical properties and stability towards hydrogen
peroxide production were investigated in the context of
the feasibility of using the electrochemical system for or-
ganic waste water treatment using the azo dye, C.I. Acid
Red 2, as a model pollutant. Key parameters such as elec-
trolyte concentration, pH, cathodic potential and Fe2þ con-
centration were studied. The particular dye was selected
because it is very difficult to decompose using traditional
processes and thus constitutes a serious environmental prob-
lem [9,10] and also, because relatively few papers have ap-
peared on azo dye waste water treatment [11] although
indirect electrochemical oxidation had been extensively in-
vestigated for the treatment of other organic pollutants
[8,12,13] including pesticides [14,15].

2. Experimental

2.1. Reagents and chemicals

Polytetrafluoroethylene (PTFE) (60%, 3F New Materials
Co. Ltd, Shanghai, China) was used as received for cathode
preparation. C.I. Acid Red 2 (methyl red) was purchased
from Fisher Scientific Worldwide Company, Hong Kong; its
structure is shown in Fig. 1. The activated carbon and graphite
powder were obtained from Shanghai Reagents Co.; all other
chemicals including anhydrous Na2SO4, H2SO4, NaOH,
FeSO4 and ethanol were of analytical grade.
2.2. Cathode preparation

An appropriate amount of graphite powder (or carbon
black) and PTFE dispersion were mixed in an ultrasonic
bath for 10 min at room temperature. Ethanol was added as
solvent and mixing was continued at 80 �C until the mixture
resembled an ointment in appearance. The resulting graphite
(or carbon)ePTFE cake was pulverized to form a sheet of
w0.20 mm thickness which was then pressed onto a piece
of stainless steel mesh under a pressure of 15 MPa for
3 min. Depending on requirement, the prepared electrode
would be further calcined at 300 �C for 2 h. Finally, the elec-
trode was immersed in acetone for 24 h to remove residual or-
ganic compounds such as ethanol and then rinsed in deionized
water five times, followed by air drying.

2.3. Procedures

Fig. 2 shows the schematic setup of the electrochemical
system. The experiments were conducted using a CHI600B
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Fig. 1. Structure of methyl red.
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Fig. 2. Schematic diagram of experimental setup: (1) magnetic stirrer; (2) plat-

inum wire; (3) saturated calomel electrode (SCE); (4) cathode; (5) gas flowme-

ter; (6) CHI600B; (7) oxygen tank.
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electrochemical workstation (Shanghai Chenhua, China) in
a conventional three-electrode cell at room temperature. The
prepared cathode (1 cm2 area) was selected as working elec-
trode, a platinum wire electrode as counter electrode and a sat-
urated calomel electrode (SCE) as reference electrode. The
distance between the working electrode and counter electrode
was 3 cm.

The experiments for hydrogen peroxide generation were
performed in an undivided cell of 100 mL capacity using con-
stant magnetic stirring. The solution comprised Na2SO4 as
supporting electrolyte and its pH was adjusted using H2SO4

or NaOH prior to electrolysis. Oxygen was sparged near the
cathode at a desired flow rate. Once the power to the electro-
chemical workstation was turned on, the cathodic potential
was adjusted to a suitable value. At certain time intervals, sam-
ples were taken and the electric charges were recorded.

The procedures for dye waste water decolorization were
very similar, except that the solution used was model waste
water, comprising certain amounts of C.I. Acid Red 2 and sup-
porting electrolyte, Na2SO4.

2.4. Analytical methods

Cyclic voltammetry (CV) was employed to confirm and
compare hydrogen peroxide generation under specific condi-
tions. CV was recorded using a CHI600B electrochemical
workstation at a scan rate of 50 mV/s using the three-electrode
cell described previously. Hydrogen peroxide concentration
was determined spectrophotometrically using the potassium ti-
tanium(IV) oxalate method (l¼ 402 nm) [16]. The current ef-
ficiency (CE) for hydrogen peroxide generation is defined as
follows [6]:

CE¼ nFCH2O2
V

R t

0
I dt

� 100% ð2Þ

where n is the number of electrons transferred for oxygen re-
duction to H2O2, F is the Faraday constant (96486 C/mol),
CH2O2

the concentration of H2O2 (mol/L), V the bulk volume
(L), I the applied current (A), and t is time (s).

Dye concentration was determined spectrophotometrically
using a (Techcomp 8500, Shanghai) UVevisible spectropho-
tometer at l¼ 523 nm and decolorization efficiency (h) was
calculated using Eq. (3):

h¼ A0 �At

A0

� 100% ð3Þ

where, A0 and At are the absorbances of the dye waste water
initially and at time t, respectively. A Hitachi S-4700 scanning
electron microscope was used to record SEM images of the
cathode.
3. Results and discussions

3.1. Cathode preparation

3.1.1. Choice of cathode materials
It is apparent that cathode materials affect the performance

of hydrogen peroxide production notably. Fig. 3 shows the CV
for oxygen reduction at the different carbon and graphite elec-
trodes, respectively. It was seen that the latter had an obvious
current response for hydrogen peroxide production, which
showed a peak current density of 7.1 mA/cm2 at a cathodic po-
tential of �0.55 V vs. SCE. This outcome was similar to the
cathodic potential for hydrogen peroxide production [17]. In
a basic medium, hydrogen peroxide exists predominantly as
the hydroperoxide ion, which is supposed to be generated ac-
cording to Eq. (4):

O2 þH2Oþ 2e�/HO�2 þOH� ð4Þ
Therefore, graphite was adopted as the material for the

catalytic layer in cathode preparation.

3.1.2. Effect of the mass ratios of graphite:PTFE
PTFE in the cathode serves two functions namely to bind

the high surface carbon or graphite particles into a cohesive
layer and to impart hydrophobic character to the layer. Table 1
lists the concentration of hydrogen peroxide and current effi-
ciencies for different mass ratios of graphite:PTFE. Generally,
a decrease of mass ratio is accompanied by a decrease in the
effective sites for the electrochemical reaction of hydrogen
peroxide production. However, a higher PTFE content makes
the layer more hydrophobic, minimizing cathode flooding
and facilitating gas distribution, as a consequence of which,
the reaction opportunity of dioxygen electrochemical reduc-
tion improves. As the production of hydrogen peroxide de-
pends on the active area and gas diffusion ability of the
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Fig. 3. Cyclic voltammetry of oxygen reduction on the cathodes made by

different materials: (a) carbon and (b) graphite. Conditions: Na2SO4 0.1 M,

pH 13.2, oxygen flow rate 0.4 L/min, scan rate 50 mV/s.
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cathode, the aforementioned two adverse aspects result in an
optimal mass ratio of graphite:PTFE.

In terms of theoretical analysis, it was observed that a mass
ratio of 2:1 gave the best performance in terms of both hydro-
gen peroxide generation and current efficiency. At such a mass
ratio, the hydrogen peroxide concentration reached 74.3 mg/L
after 60 min, and current efficiency was 70.1%, although this
was a decrease from that of 78.3% after 20 min.

The hydrogen peroxide concentration increased with in-
creasing time while the current efficiency declined. Further-
more, higher concentrations of hydrogen peroxide led to the
large decline of current efficiency with time, the reasons for
which are complicated. Qiang et al. investigated the stability
of hydrogen peroxide and concluded that it decomposes rap-
idly with increasing pH especially at pH> 9 [6]. At high
pH, HO2

� would be the major species, which catalyzes hydro-
gen peroxide decomposition as suggested by Abel [18]:

HO�2 þH2O2/H2OþO2þOH� ð5Þ
We speculate that this behavior might also occur in the

present work especially in alkaline solution so that higher con-
centrations of hydrogen peroxide produce rapid decomposi-
tion, which causes a reduction in current efficiency with
increasing time.

3.1.3. Effect of calcination temperature
Fig. 4 shows the accumulation of hydrogen peroxide with

and without calcination during electrode preparation. It was
found that the concentration of hydrogen peroxide increased
during the initial 100 min but after 120 min the accumulated
hydrogen peroxide reached steady-state concentrations and
thereafter remained almost constant. Brillas et al. observed
similar phenomenon which was attributed to the balance of
generation and decomposition of peroxide [19]. Besides the
self-decomposition described above, hydrogen peroxide, an-
odic oxidation might also be responsible for decomposition [8]:

H2O2/HO,
2þHþ þ e� ð6Þ

HO,
2/O2þHþ þ e� ð7Þ
After 140 min, the concentration of hydrogen peroxide

without calcination treatment was w99.9 mg/L, compared to
w97.4 mg/L in the case of calcined electrode. Thus the
hydrogen peroxide accumulation without calcination was
higher than that with calcination, but the difference was

Table 1

Influence of mass ratios of graphite to PTFE on H2O2 accumulation and

current efficiency

CH2O2
ðmg=LÞ CE (%)

20 min 40 min 60 min 20 min 40 min 60 min

1:1 1.74 1.82 2.94 12.7 8.90 8.05

2:1 29.8 54.7 74.3 78.3 75.3 70.1

3:1 7.88 14.9 20.8 38.3 35.9 31.5

4:1 2.89 3.6 4.90 26.3 21.1 22.8

Conditions: pH: 13.2; Na2SO4: 0.1 M; cathodic potential: �0.55 V vs. SCE;

oxygen flow rate: 0.4 L/min.
insignificant. These results can be attributed to the surface
characteristics of the two electrodes. As shown in Fig. 5, the
surface of the uncalcined cathode was smooth and flat; no
obvious white grains could be identified, indicating that the
PTFE and graphite had been blended well [20]. It seemed
that the structure of the electrode surface after calcination
did not change greatly except for the presence of macropores
which may have enabled the solution to be more easily trans-
ported to the electrode, which thus hindered gas diffusion and,
thereby, the generation of hydrogen peroxide was relatively re-
duced. Hence, in the following experiments, the electrode was
not calcined.

Furthermore, as shown in Fig. 4, the average hydrogen per-
oxide generation rate after 2 h was >45 mg/L/h/cm2 (cathode
area). This hydrogen peroxide production performance was
greatly improved compared with the literature [21,22]. Forti
et al. used an azobenzene-modified, oxygen-fed, graphite/
PTFE electrode and observed hydrogen peroxide generation
rate of w34.2 mg/L/h/cm2 [21] while Guillet et al., using
a gas diffusion electrode modified with CoTMPP, found that
using 0.2% Co content, the hydrogen peroxide generation
rate was w10.2 mg/L/h/cm2 [22].

3.2. Electrochemical characteristics

3.2.1. Electrochemical activity
Table 2 shows the H2O2 accumulation and current effi-

ciency at 40 C under different conditions. In the case of no
oxygen supply, pure nitrogen was bubbled into the solution
for 15 min before electrolysis to guarantee oxygen-free condi-
tions. It was confirmed that the supply of oxygen was a prereq-
uisite for hydrogen peroxide generation. With increasing
oxygen flow rate, both the concentration of hydrogen peroxide
and current efficiency increased. However, when the flow rate
reached 0.4 L/min, the promotion was small. Some researchers
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Fig. 4. Effect of temperature on hydrogen peroxide accumulation: (a) after cal-

cination; (b) without calcination. Conditions: Na2SO4 0.1 M, pH 13.2,

cathodic potential �0.55 V (vs. SCE), oxygen flow rate 0.4 L/min.
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Fig. 5. Scanning electronic micrographs (SEM) of cathodes: (a) after calcination; (b) without calcination.
have indicated that further increase in oxygen flow rate after
the optimal value did not enhance hydrogen peroxide produc-
tion [6].

As shown in Table 2, the cathodic potential at �0.55 V
showed best hydrogen peroxide generation and current effi-
ciency. To disclose this tendency, a linear scanning voltamme-
try over wide cathodic potentials (0 to �1.5 V vs. SCE) was
carried out (the results are not shown). Three peaks were ob-
served, indicating three different reactions. The first peak ap-
peared at �0.55 V vs. SCE, which was confirmed to be the
generation of hydrogen peroxide while the second peak ap-
peared at around �0.90 V vs. SCE and the third one at
w�1.4 V vs. SCE. According to the literature [23,5], the
two latter peaks are probably due to the reduction of oxygen
to H2O, and the formation of hydrogen. These side reactions
at the cathode are as follows:

O2 þ 4Hþ þ 4e� / 2H2O ð8Þ

2Hþ þ 2e� / H2 ð9Þ
It was observed that a more positive cathodic potential pro-

duced a significant decrease in current density. Therefore, at

Table 2

Electrochemical activity for H2O2 accumulation and current efficiency

No. O2 flow rate

(L/min)

Cathodic

potential (V)

pH CH2O2
ðmg=LÞ CE (%)

1 0 �0.55 3 ea e
2 0.2 �0.55 3 26.8 38.0

3 0.4 �0.55 3 53.5 75.9

4 0.6 �0.55 3 57.1 81

5 0.4 �0.3 3 40.7 57.8

6 0.4 �0.7 3 39.4 55.9

7 0.4 �0.8 3 33.7 47.8

8 0.4 �0.55 5 43.2 61.3

9 0.4 �0.55 7 51.4 72.9

10 0.4 �0.55 11 55.1 78.2

a Not detected.
a cathodic potential more positive than �0.55 V vs. SCE
(e.g., �0.3 V), although the current efficiency was still rela-
tively high the current response for hydrogen peroxide gener-
ation was small, which led to an unacceptable reaction time.
More negative cathodic potentials would result in side electro-
chemical reactions, which result in reduced current density.
Hence to achieve both good current efficiency and high hydro-
gen peroxide production, it is vital to maintain a suitable
cathodic potential, for which, �0.55 V represents the best
compromise.

The solution pH influenced the generation of hydrogen per-
oxide greatly. In acidic medium, the main reaction taking
place is Eq. (1), while under alkaline conditions the reaction
would be Eq. (4) as described above. Therefore, lower pH
values (e.g., pH< 3) or higher pH values (pH> 7) will lead
to the high production of hydrogen peroxide [6,17,24]; this
work confirmed this. It was reported that hydrogen peroxide
production and current efficiency were better at extreme acidic
conditions (pH< 2) while at elevated pH the performance is
markedly reduced [6,17]. However, in this work, the current
efficiency was maintained at >61% within the investigated
pH range. At pH 3, the hydrogen peroxide concentration and
current efficiency were relatively higher, i.e., the current effi-
ciency was at around 75.9%, which would benefit AOPs that
performed best at pHw3. Furthermore, in the present work,
gas was sparged directly from the bottom of the undivided
cell, which simplified the setup and thus might offer promise
for environmental application.

3.2.2. Electrochemical stability
To investigate the feasibility of such a system, the stability

of the cathode for hydrogen peroxide generation was exam-
ined. As shown in Fig. 6, the decline in hydrogen peroxide
and current efficiency were both insignificant. After 10 times
reuse, current efficiency dropped from the original 75.9% to
73.7%, indicating a decay of 3.0%. This fact indicates that
the present system would be useful for waste water treatment,
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and thus it was applied to dye waste water treatment in the sec-
tion below.

3.3. Decolorization behavior

3.3.1. Effect of pH
Fig. 7 shows that low pH favored dye removal. With respect

to pH 3, the decolorization efficiency reached 57% after
20 min. To validate the effectiveness of oxidation by hydrogen
peroxide generated in situ, the extent of decolorization
achieved using the external addition of a similar hydrogen per-
oxide concentration of 30 mg/L was studied at pH 3. It was
found that decolorization was only 33.5% after 20 min, which
was much lower than that secured using electrochemical gen-
eration. This finding may be attributed to the higher activity of
hydrogen peroxide generated in situ. However, at pH 7 and 5,
it reached only 35% and 29%, respectively. This is consistent
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rate 0.4 L/min.
with the concentration of hydrogen peroxide generated at dif-
ferent pH although the decolorization rate was found to slow
down especially after 20 min treatment.

To explore the possible mechanism, the absorption spectra
of dye degradation were investigated, as shown in Fig. 8. It
was observed that before treatment the dye was characterized
by one main band in the visible region with a peak at 523 nm,
and two bands in the ultraviolet region situated at around 290
and 215 nm. After 20 min degradation, the absorbance of the
remaining solution in the visible region decreased quickly,
while simultaneously the absorbances at 290 and 215 nm in-
creased, indicating that the azo bond was destroyed and degra-
dative intermediates were generated. The rapid decolorization
of the dye can be attributed to the initial electrophilic cleavage
of the azo bonds attached to the constituent benzene ring. Af-
ter 40 min, the absorbance in the visible region fell slightly,
but the absorbance in the UV region increased, indicating
that the degradation intermediates further increased but did
not decompose. From the above results, it was clear that dye
decolorization was a rapid process but the destruction of the
benzene ring was difficult [25]. This also implies that the elec-
tro-generated hydrogen peroxide was too weak to further
break the generated intermediates containing aromatic rings.
The diminution of the dye and the generation of intermediates
are competitive reactions, which led to the azo bond being bro-
ken very slowly after 20 min treatment.

3.3.2. Effect of cathodic potential
Fig. 9 shows that at �0.55 V vs. SCE, dye removal was

highest at 60% after 30 min, due to H2O2 production being op-
timum at �0.55 V vs. SCE. When the cathodic potential was
further increased to �0.7 and �0.8 V vs. SCE, the possibility
of side reactions increased and hydrogen peroxide production
decreased, causing dye decolorization to fall.

3.3.3. Effect of Na2SO4 concentration
In dye waste water, electrolyte contents can be very high; in

this work, Na2SO4 was selected as model electrolyte. It was
found (Fig. 10) that after 10 min treatment the decolorization
efficiency was 25.7% at 0.05 M Na2SO4, while at 0.075 and
0.2 M Na2SO4 it reached 35.6% and 49.3%, respectively.
Thus as the Na2SO4 concentration increased, greater decolor-
ization efficiency was achieved. The increasing Na2SO4 con-
centration enhanced current density at the same cathodic
potential, which promoted the production of electro-generated
H2O2. Therefore, greater decolorization efficiency was
achieved at higher electrolyte concentrations. Since the decol-
orization enhancement of 0.1 M and 0.2 M Na2SO4 was not
marked, this process can be effective for the treatment of
waste water of moderate electrolyte content. The results also
indicated that the background ionic strength in waste water
could be directly used as a supporting electrolyte for hydrogen
peroxide generation in situ.

3.3.4. Effect of initial dye concentration
Fig. 11 shows that when the initial concentration was

25 mg/L, the dye was almost decolorized after 40 min. With
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increase in dye concentration from 50 to 100 mg/L, the decol-
orization efficiency decreased from 84% to 63%. Although the
decolorization efficiency decreased with initial methyl con-
centration, the absolute removal of the dye increased. For ex-
ample, the dye decolorization increased from 42 to 63 mg/L
when the initial dye concentration increased from 50 to
100 mg/L implying that within the concentration range used,
the process favored the decolorization of the dye.

3.3.5. Effect of Fe2þ concentration
Fig. 12 shows the effect of the ferrous concentration on

color removal after 20 min treatment. In the presence of fer-
rous ions, powerful hydroxyl radicals would be generated by
the following Fenton reaction:
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Fig. 8. The absorption spectra of methyl red degradation at a typical time.

Conditions: pH 3.0, cathodic potential �0.55 V vs. SCE, Na2SO4 0.1 M, initial

methyl red 100 mg/L, oxygen flow rate 0.4 L/min.
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Na2SO4 0.1 M, cathodic potential �0.55 V vs. SCE, initial methyl red

100 mg/L, oxygen flow rate 0.4 L/min.
Fe2þ þH2O2 þHþ/Fe3þ þ ,OHþH2O ð10Þ
Thus the process turned into the so-called electro-Fenton

process, and an obvious promotion of color removal was ob-
served. In the absence of Fe2þ, the color removal was around
56%, which increased significantly to 79% when the concen-
tration of Fe2þwas increased to 0.2 mM. However, further in-
crease in the concentration of ferrous ions above this point did
not bring about further improvement in dye removal. It has
been reported that an excess of ferrous ion would consume
hydroxyl radicals, which would account for the observed
decrease in dye removal [26].

Fe2þ þ ,OH/Fe3þ þOH� ð11Þ
These facts confirm that a suitable concentration of ferrous

ion is an important prerequisite in the electro-Fenton process.

0 10 20 30 40
0

20

40

60

80

time (min)

 0.05 M
 0.075 M
 0.1 M
 0.2 M

Fig. 10. Influence of Na2SO4 concentration on decolorization. Conditions: pH

3.0, cathodic potential �0.55 V, initial methyl red 100 mg/L, oxygen flow rate

0.4 L/min.

0 10 20 30 40
0

20

40

60

80

100

time (min)

25 ppm
50 ppm
75 ppm
100 ppm

Fig. 11. Influence of the initial methyl red on decolorization. Conditions: pH

3.0, cathodic potential �0.55 V vs. SCE, Na2SO4 0.1 M, oxygen flow rate

0.4 L/min.



136 M. Zhou et al. / Dyes and Pigments 77 (2008) 129e136
4. Conclusions

It was found that high hydrogen peroxide production was
obtained when the cathode was prepared using a mass graph-
ite:PTFE ratio of 2:1 without calcination. The cathode per-
formed well for H2O2 production and current density. Within
the investigated pH range (3e11), H2O2 concentration could
reach >43 mg/L per 1 cm2 electrode area at a cathodic poten-
tial of �0.55 V vs. SCE and the current density could reach as
high as 78%. The pH influenced dye degradation, with pH 3
being optimum. Decolorization efficiency increased with
Na2SO4 concentration and the presence of ferrous ion en-
hanced decolorization, with an optimal concentration being
0.20 M.
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