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Abstract: The electrocatalytic production of hydroxyl radical (HO¢) on the surface of zeolite modified electrode (ME) employing Cu-
Zeolites (ZSM5 and ) with different theoretical ionic exchange (15 and 100%) was investigated (ME/Cu-Zeolites). The i-E characteristic
of ME/Cu-ZSM-5 presented the faradic process associated to redox couple Cu’*/Cu’. On the other hand, voltammetric studies showed that
in presence of H>O,, the cathodic peak current of ME/Cu-Zeolites increases followed by a decrease in the corresponding anodic current.
This suggested that hydroxyl radical was produced by a cooperative effect of the acidic properties of zeolite and copper that acts as a re-
dox mediator on the electrode surface via an electrocatalytic mechanism. Experiments of degradation using azo dye Reactive Black 5 as
probe molecule exhibited that the concentration of azo dye decreased in the time, this confirms the formation of hydroxyl radical on the
surface of modified electrode; kinetics parameters demonstrated that the ME/Cu- f with 15% of ionic exchange presented the highest

catalytic activity.
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1. INTRODUCTION

Azo dyes represent the largest class of textile dyes in industrial
use. This extensive use of reactive dyes has a strong impact espe-
cially on aquatic ecosystems, leading to their imbalance. This kind
of synthetic dyes are generally resistant to oxidative biodegrada-
tion since they are designed to exhibit high resistance to fading
caused by chemical, biological and light-induced oxidation, conse-
quently they are hard to be removed from wastewater [1].

At present, it is commonly known that most of these dyes and
their intermediates possess carcinogenic potential which brings
serious consequences to the environment. In many developed
countries, textile wastewater contaminated with these dyes is di-
rectly discharged without treatment to rivers, lakes or the ocean
[2,3]. In this area, the complete mineralization of organic pollu-
tants is the most suitable way to diminish the environmental im-
pact. For this reason, a priority over the last few years is based on
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the development and the evaluation of some advanced oxidation
processes (AOPs), characterized by the hydroxyl radicals genera-
tion, which are highly reactive and non-selective oxidants [4,5].
Hydroxyl radicals (HO-¢), highly reactive species generated in
sufficient quantities by these systems, have the ability to oxidize
the majority of organics in industrial effluents [6]. Common AOPs
involve Fenton and photo-Fenton processes, ozonation, electro-
chemical oxidation, photolysis with H,O, and Os, high-voltage
electrical discharge process and TiO, photocatalysis [7,8]. Fenton-
like processes have been used as a powerful source of hydroxyl
radicals from H,O, in the presence of iron cations and mild reac-
tion conditions to treat these effluents [9], copper ion also has
shown interesting results in the Fenton process [10].

However, homogenous Fenton systems suffer since some well-
known limitations like limited pH range (pH 2-4), production of
metal ion containing waste sludge, which is difficult to dispose,
and catalyst deactivation by some iron complexing agents like
phosphates ions. These reasons stimulated the research on hetero-
geneous Fenton-type catalysts. Heterogeneous catalysis eliminates
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Figure 1. Chemical Structure of RB5

the need of adding soluble catalytic substances and the need of
treating the resultant sludge [11]. In this context, the use of zeolites
exchanged with transition metal ion has been reported [12-14]. The
aim of this work was to study the degradation of reactive black 5
(RB 5), by Fenton processes, producing the hydroxyl radicals from
hydrogen peroxide using Cu-Zeolite modified electrode (ZME).

2. EXPERIMENTAL SECTION

2.1. Reactive Black 5 (RB5S)

RB 5 (Figure 1), a representative reactive diazo dye typically
found in high percentage over other reactive dyes in dye bath efflu-
ents, their molecular weight is 991.82 g mol, and this compound
shows a main absorbance peak around 597 nm.

2.2. Cu-zeolite preparation

Two different kinds of zeolite NH4-ZSM5 and NH,4-B with Si/Al
ratio=15 were employed (Zeolyst CBV2024 and CBV3487). The
Cu(x)-Zeolite(x = 200 x Cu/Al, mol/mol) was prepared by ion-
exchange method with 15% and 100% of theoretical exchange; the
materials were labeled as Cu(x)-zeolite, where the x = theoretical
exchange percentage and zeolite is the kind of solid used. Briefly, 2
g NHy-Zeolite were added to 500 cm’ of Cu(NOs3), 7H,0O aqueous
solution and stirred during 24 h at room temperature. Then, the
solid was filtered, washed three times with de-ionized water and
dried at 353 K in air atmosphere.

2.3. Working Electrode Preparation

A polymer solution was obtained by mixing 3 mg of poly-
(methacrylic acid methyl ester), PMMA, (Aldrich, USA) in 1 mL
of methyl acrylate, MA, (Aldrich, USA). 0.2 g of Cu(x)-Zeolite or
NHy-Zeolite was added in this solution. The mixture was homoge-
neously dispersed by an ultrasound bath for 30 min. Then, 0.5 L
of the resulting suspension were deposited at the surface of glassy
carbon electrode (diameter = 5 mm) and dried with argon at room
temperature. The obtained zeolite modified electrodes (ZME) were
labeled as ME/Cu(x)-Zeolite.

2.4. Electrochemical Measurements

The electrochemical analyses were carried out in a potentiostat-
galvanostat VERSASTAT3-400 (Princeton Applied Research). A
three-electrode standard electrochemical cell was used for the cy-
clic voltammetry (CV) measurements at 20 mV s”. A carbon rod
and a calomel (SCE) electrode were used as counter and reference
electrode, respectively. Prior to use, the solution was purged with
argon for at least 15 min.The initial potential was fixed at open
circuit potential toward cathodic direction. 0.1 M NaCl solution
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Figure 2. Cyclic Voltammetry of a) UGC, b) NHy4-B, ¢) Cu(15)-p
in NaCl (0.1 molL™") at v=20 mV s™'; Inset A: Cyclic Voltammetry
of a) Cu(15)-f and b) Cu(100)-B, inset B: Cyclic Voltammetry of
Cu(15)-p in a potential window -0.3 at 0.5V/SCE.

was used as supporting electrolyte.

2.5. Catalytic Evaluation Tests

Degradation-discoloration tests were carried out in a three-
electrode standard electrochemical cell in batch operation, the con-
stant potential (cronoamperometric measurement) was applied
using a potentiostate-galvanostate VERSASTAT3-400. The reac-
tion evolution, sampling over the time, was followed by UV-Vis
spectroscopy, using a Perkin Elmer Lambda 35 spectrophotometer.
Chemical oxygen demand (COD) parameter was measured in a
Hacht apparatus employing Hanna kits (HI93754C certified COD
reagents).

3. RESULTS AND DISCUSSION

3.1. Electrochemical Behavior of modified electrode
with Cu-zeolite

The electrochemical behavior of the as-prepared Cu(x)-zeolite
materials was first studied in 0.1M NaCl solution in order to estab-
lish the potential range and, in a first approach, the stability of this
material. Figure 2 shows the cyclic voltammetry (CV) profile for
ME/Cu(15)- (curve c). This profile has been compared with
ME/NH;-B (curve b) and unmodified mirror finished glassy carbon
(UGC, curve a). The potential scan, at 20 mV s, started at open
circuit potential (OCP) in the cathodic direction. i-E characteristics
of curves a and b are similar for the two electrodes, where the pres-
ence of a small contribution of non-faradic current is evident and it
can be associated to the double layer-charge interactions. On the
other hand, the profile corresponding to ME/Cu(15)-B, exhibited
two cathodic peaks, C; (c.a.0.03 V/SCE) and Cj; (c.a. -0.4 V/SCE)
and two anodic peaks, A; (0.11 V/SCE) and Ay (-0.05 V/SCE),
attributed to copper faradaic processes. This performance are asso-
ciated to Cu®*reduction via two one-electron steps due to the Cu*
formation (peak C;), followed by the reduction to Cu’ (peak Cy). In
addition, during the positive potential sweep, the Cu’ oxidation to
Cu' (peak Ay) and Cu’ to Cu®" (peak A,) are evident, near to -
0.8V/SCE the hydrogen evolution reaction (HER) takes place, this
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electrochemical behavior on this kind of ZME has been reported by
our group in previous work [15]. In order to evaluate the effect of
copper content on the zeolite, experiments with ME/Cu(100)-8
were carried out, and they were compared with experiments ob-
tained by ME/Cu(15)-B (see inset A). Similar electrochemical be-
havior is presented by ME/Cu(100)-f, but the potential where the
faradic processes occur are different, the peak C; shifts to cathodic
potential until 0.005V/SCE; whereas the peaks Cy, Ay and A shifts
to anodic potential until -0.36, -0.005 and 0.16V/SCE respectively,
the current intensity increase due to the amount of copper present in
the zeolite structure framework. On the other hand, the inset B in
Figure 1 showed only the peaks Ajand C,, associated to the electro-
chemical behavior of Cu**/Cu’ redox couple, which occurs in a
potential window between -0.3 to 0.5V/SCE. Similar behavior was
observed in the ME/Cu(x)-ZSM5 (Figures not shown).

The peak potential for the reduction of Cu** to Cu* (Epy), poten-
tial gradients (AEp), anodic current intensity and cathodic relation-
ship (I/I) values are presented in Table 1. The results exhibited
that Cu®*/Cu’" redox couple electrochemical process on the ZME is
quasi-reversible, where ME/Cu(15)-p electrode exhibited the low-
est AEp and the highest L/I..

3.2. ME/Cu-Zeolite electrochemical behavior in
presence of hydrogen peroxide (H,O3)

Hydrogen peroxide electrochemical reduction on the surface of a
glassy carbon electrode (GC) was studied using a NaCl solution
(0.1 M), as supporting electrolyte. The results are represented in the
inset of Figure 3. The GCi-E characteristics in NaCl with and with-
out H,O, are shown in curve b and a, respectively. Any faradic
process is evident on GC without H,0O, (curve a), whereas in the
presence of hydrogen peroxide, it can be observed a faradic current
near to -0.2 V/SCE, suggesting the H,0O, electrochemical reduction
to hydrogen. On the other hand, the ME/Cu(15)-f without H,0,
exhibited the faradic process associated to redox couple Cu*"/Cu’as
discussed before.

In the presence of H,O,, using ME/Cu(15)-f, the current density
in the cathodic peak (C;) was greatly increased over the ordinarily
observed just for redox couple Cu**/Cu’, while the corresponding
anodic peak (A;) was substantially depressed on the reverse cycle
(curve d), indicating a chemical redox reaction between hydrogen
peroxide and Cu’ produced during cathodic scan. This behavior
was verified with experiments to different H,O, concentrations,
where the cathodic signal increases proportionally to the hydrogen
peroxide concentration (Figure not shown).

After the initial electrochemical reduction of Cu®' into Cu’, the
proposed mechanism to explain the electrocatalytic behavior can be
one of Fenton type [11], using modified electrode with Cu-zeolites
[10]:

Table 1. Peak potential, potential differences and current ratio in
different electrodes

Electrode Epci/V vs SCE AEp/V /1.
ME/Cu(15)-p 0.033 0.079 0.72
ME/Cu(100)-p 0.014 0.107 0.66
ME/Cu(15)-ZSM5 0.057 0.104 0.69
ME/Cu(100)-ZSM5 0.037 0.121 0.64
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Figure 3. Cyclic Voltammetry of a) and b) UGC, c) and d)
ME/Cu(15)-B in NaCl (0.1 moIL™) at v = 20 mV s'; a) and c)
without H,O, and b) and d) with 3.3 gL'1 H,0,.
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Figure 4. UV-Vis Spectra of RBS5 at different degradation reaction
time on the surface of ME/Cu(15)- in NaCl (0.1 molL") and 3.3
gL H,0, at an applied potential of -0.05 V/SCE.

Cu’ + H,0, — Cu*' + OH+ + HO
Cu" + OH* — Cu*" + OH

This mechanism can be proposed due to the required pH condi-
tion for Fenton process, i.e, the acidity is provided by zeolite sur-
face as it was demonstrated before [16]. In order to evaluate the
electrocatalytic activity toward Fenton process, the enhancement
factor (EF) was calculated using Eq. (1).

EF= (Ipeak - IpeakHP)/lpeakHP (1)

Where I, is the cathodic current intensity in absence of hydro-
gen peroxide and Ipeup is the cathodic current in the presence of
33¢g L' H,0, for current measurements at-0.1V/SCE. In order to
take advantage of oxidizing power of hydroxyl radicals formed in
the electrode surface, the RB5 azo dye was used as probe molecule.

3.3. RBS Degradation
Dye solution (20 mg L") was placed in the electrochemical cell,
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Figure 5. A) Concentration of RB5 in function of reaction time, B)
Chemical Oxygen Demand in function of reaction time and C) —
Ln(C/C,) vs time for kinetics parameters, the reaction conditions
are -0.1V/SCE using 3.3 g L' of H,0, and NaCl (0.1 molIL™).

using the ME/Cu(15)- B as working electrode in NaCl solution (0.1
mol L) as supporting electrolyte and 3.3 g L' H,0,, the applied
potential was -0.05 V/SCE. Figure 4 shows temporal changes in the
UV-visible spectrum. As it can be clearly seen, RB5 exhibits two
characteristic absorbance bands at 598 nm in the visible region and
312 nm in the UV region, both of which progressively disappeared
upon applied potential. The band at 598 nm is characteristic for the
RB5 chromophore azo double bond, while the band close to 312
nm is associated to aromatic compound present in the molecule; it
is evident that the absorbance decreases faster in the band c.a. 598
than in the band c.a. 312 nm.

RBS5 concentration decreases as function of time reaching about
40% of discoloration at 180 minutes (Figure 5A). On the other
hand, experiments concerning the evolution of chemical oxygen
demand were carried out at different times of electrolysis. The
results are shown in Figure 5SB. During the first hour, any change
was observed, but after 60 minutes COD removal began to de-
crease, until reach 15% of COD removal at 180 min, based on these
results, is possible to mineralize the organic compounds until CO,,
due to the high oxidizing power of hydroxyl radical.

In order to study the discoloration kinetics, a pseudo-first order
with respect to dye concentration was proposed (Figure 5C). The
next model represents the pseudo first order reaction rate.

-Ln (C/Co) = kt

Where C, is the initial dye concentration at time = 0, C, is the
dye concentration at different reaction time (t), and k represents the
constant rate.

It should be mentioned that the kinetic model proposed is a gen-
eral approach keeping in mind those others phenomena occuring
during the reaction, i.e. HOe radicals consumption due to dye oxi-
dation from electrocatalytic Fenton process, the linear correlation
let us calculate some kinetics parameters. In this case, the k value
corresponded to 0.00376 min™.
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Figure 6. RB5 Concentration in function of reaction time, the reac-
tion conditions at -0.1V/SCE were: 3.3 g L' of H,O, and a)
NaCl(0.1 molL™") and b) NaNO; (0.1 molL™).

Similar experiments were carried out for the others ZME. The
results are shown in the Table 2. Where 7 is the overpotential and
EF is the enhancement factor. Based in this results, it is clear that
ME/Cu(15)-p exhibited the highest electrocatalytic activity, this
can be associated to the widely open porosity of the zeolite P struc-
ture [17].

3.4. Electrolyte Effect

In the electrochemical experiments, electrolyte has an important
effect over faradic processes. In this context, Figure 6 presents the
discoloration reaction as function of time using NaCl (curve a), and
NaNOj; (curve b). Under similar conditions, in presence of NaNOs,
discoloration decrease. This behavior suggests that chloride ions
played an important role, resulting in the RB5 increasing removal
in the NaCl medium, attributed to powerful oxidants formation of
active chlorine (e.g. HCIO and Cl,) [18], by the interaction between
HOe radicals and CI” ion because chlorine cannot be absorbed in
the modified electrode surface or diffuses into the zeolite frame-
work due to electrostatic repulsion [15]. Once active chlorine is
transferred into the bulk solution, this induces a series of reactions
and consequently promotes RB5 removal.

3.5. Applied Potential Effect

In order to observe the effect of cathodic potential, experiments
were carried out to different applied potentials (Figure 7): before,
near and after the potential peak for copper reduction. Before to the
potential peak at 0.05 V/SCE (curve c), the discoloration occurs
slowly until reach a discoloration efficiency of about 20% after 180
minutes. This behavior is due to the mix between Cu®'/Cu’ formed
at this potential in the electrode/electrolyte interface, and the pres-

Table 2. RB5 Degradation parameters over different modified
electrodes

% Discoloration

P
Electrode n/v EF at 120 min k/min
ME/Cu(15)-p 0.197 271 36 0.00376
ME/Cu(100)- 0212 042 27 0.00246
ME/Cu(15)-ZSM5 0.244  0.60 23 0.00194
ME/Cu(100)-ZSMS5 0.208 14 30 0.00269
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Figure 7. RBS concentration in function of reaction time, reaction
conditions: 3.3 g L™ of H,0, and NaCl (0.1 molL""), applied po-
tentials at: a) -0.1, b) -0.05 and ¢) 0.05V/SCE.

ence of Cu®" inhibits the HO formation according to the following
reaction.

Cu*" + H,0,— Cu” + HO,e

On the other hand, when the applied potential was -0.1 V/SCE
(curve a), the reaction occurred faster compared to -0.05 V/SCE
(curve b). This occurs because when the applied potential is near to
peak potential, kinetics electron transfer and diffusion control takes
places, whereas at potential more cathodic (-0.1 V/SCE), the elec-
trochemical process is controlled by diffusion. However, for both
cathodic potential, the final discoloration efficiency was similar to
40%.

3.6. Electrode surface area and solution volume ra-
tio Effect

In this study, it is clear that discoloration efficiency was relative-
ly low. However, experiments were carried out using the microe-
lectrolysis, where the relationship between dye solution volume
and electrode surface area (V/A) was 25.5 mL cm? (Figure 8 curve
a). In this context, experiments were performed to different V/A
relationships; 10.2 mL cm™ (Figure 8 curve b): the discoloration
efficiency reached 60%, pointing out clearly that when the relation-
ship V/A decreases, increasing the efficiency in the discoloration
process.

4. CONCLUSION

This work, demonstrated that copper exchanged in Zeolite
framework operates as a charge mediator for the electrocatalytic
production of hydroxyl radical; this was verified by degradation of
reactive black 5, which reduces its concentration in function of
time; the best electrocatalytic activity was exhibited by ME/Cu-
with 15% of ionic exchange.
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molL™), volume of dye solution: a) 5 mL and b) 2 mL.
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