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Abstract

In this work, the electrochemical oxidation of phenol was studied on a zeolite/graphite composite electrode. This electrode is prepared by a simple
mixture of the two components (NaY zeolite and graphite in a 2:1 proportion) and pressing, to produce a pellet. The zeolite/graphite composite
electrode pellet is mounted on a support that uses a platinum disc to ensure electrical contact.

The oxidation of phenol was studied by cyclic voltammetry and a well-developed wave, due to the oxidation of phenol, is observed. When the
concentration of phenol is sufficiently low, the electrode is not fouled by the electrochemical process and the change in the concentration of phenol
induces a reversible change in the intensity of the oxidation wave. For higher concentrations of phenol it is likely that some deposition of oxidation

products occur at the electrode surface and inactivation is observed.

The overall process seems to be due to the oxidation of the species that is inside the porous volume of the electrode system and not to

diffusion-controlled processes involving the solution bulk.

Electro-oxidation of phenol over zeolites may have a significant bearing for applications either in the removal of these pollutants or, for example,

the production of fine-chemicals.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The oxidation of phenolic compounds has been the subject
of many studies due to its industrial importance; not only for the
production of catechol and hydroquinone (with applications in
pharmaceuticals, perfumes and fine chemistry), but it is also for
its importance in the treatment of wastewater contaminations.

Oxidation of phenol using chemical oxidants has been
described in the literature making use of various catalysts. Dif-
ferent zeolites (H-ZSM-5, H-MOR, H-USY and H-BEA) [1]
have been used in their protonic form for the production of
catechol and hydroquinone using chemical oxidants. H-BEA
has also been tested when modified by alkaline earth metal ion
exchange treatment (Mg, Ca, Sr and Ba) [2]. Different metals
(Pt, Ru, Cu, Co, Mo and Mn) supported on a variety of sup-

* Corresponding author at: Centro de Eng?® Bioldgica e Quimica, Dept. Eng?
Quimica, Instituto Superior Técnico, Av. Rovisco Pais, 1049-001 Lisboa Codex,
Portugal.

E-mail address: qflemos @alfa.ist.utl.pt (F. Lemos).

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.12.004

ports, including TiO;, ZrO,, Al,03, MCM-41, activated carbon
or graphite [3,4] have also been reported. Another alternative,
which could produce cleaner products is the direct electrochem-
ical oxidation, albeit eventually more suitable for low-volume
applications.

Although phenolic species can be readily oxidized at Pt elec-
trodes, these electrodes are rapidly fouled [5—13] and, thus, are
not suited for this electrochemical process. Modified electrodes,
with a suitable catalyst, represent a more suitable choice for
many applications. Many of the alternative electrode materi-
als involve supported enzymes and these have been extensively
studied in the context of biosensor construction [14—17].

Zeolites constitute suitable materials for electrodes, although
their conductivity has to be increased, and many works have
been carried out in recent years in the field of electrochemical
applications of zeolites; a comprehensive review was recently
published by Walcarius [15].

The use of mixtures of zeolite and graphite has been proposed
since the 1980s [18]. These mixtures are used in various forms,
either as modified carbon paste electrodes, where the carbon
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powder and the zeolite are mixed with a pasting wax [19] or
liquid [20], or by pressing the mixture onto a metal grid [21] or
disc [23], providing working electrodes with good properties.
Most of the works described have been applied to the study of
electroactive species entrapped inside the zeolite porous system.

Zeolite/carbon paste mixtures have already been reported for
the electro-oxidation of phenol and other species, but only in the
context of enzyme-modified electrodes [22], where a positive
effect was observed, by the addition of zeolite, but which has
been attributed to the interaction of this zeolite with the micro-
environment of the enzyme, tyrosinase.

The present work focuses on the electrochemical oxidation
of phenol using a zeolite/graphite composite working electrode.

2. Experimental
2.1. Materials

All reagents were of analytical grade.

Sodium phosphate and phenol were purchased from Merck.
A 100 mM sodium phosphate buffer solution was prepared so
as to ensure a pH of 7.0.

For the construction of the pellets, graphite with a high degree
of purity, NaY, in powder form (LZ Y52 from Union Carbide
with Si/Al=2.5, BET surface area~ 550 m2/g) were used. For
the control experiments a porous silica (EP10X from Cros-
field, BET surface area~290-370 mz/g), hereafter referenced
as (Si03)p, and a non-porous silica (from Carlo Erba Analyti-
cals), referenced as (SiO3)np, were used. The zeolite and both
silica samples were calcined, under air at 793 K, prior to use, to
ensure a clean surface. After calcination they were stored under
a constant and high humidity atmosphere.

2.2. Instrumentation and equipment

Electrochemical measurements were performed on a
DEA101 digital electrochemical analyser coupled to an IMT102
electrochemical interface from Radiometer/Copenhagen. Ther-
mogravimetric measurements were performed on a SDT 2960
simultaneous DSC-TGA from TA Instruments.

To produce the pellets, a Graseby/Specac press was used.

2.3. Electrodes construction

The zeolite/graphite composite electrode was prepared by a
simple mechanical mixture with a 2:1 (w/w) proportion between

Zeolite/graphite Composite
Pellet

Table 1
Order and concentration of the phenol solutions used to analyse the response of
the electrode—see text for details

Voltammogram number [Phenol] (mM)

1 0.125
2 1.25
3 0.250
4 12.5
5 2.50
6 0.250
Consecutive cycling until disappearance of the oxidation wave
9 0.250
10 100

NaY and graphite powder. The pellets had a total mass of around
5 mg of the previously homogenised mixture and were subjected
to a 0.5 tonnes pressure for 5 min [23].

The pellet, which was 3mm in diameter, was placed in a
special support where it contacted with the electric circuit by
means of a platinum disc that was pressed against the pellet, as
shown in Fig. 1.

The silica/graphite composite was prepared in a similar fash-
ion and was used for comparison purposes only.

2.4. Electrochemical behaviour

Cyclic voltammetry was carried out in a three-electrode cell,
at a platinum disc or at a zeolite/graphite composite working
electrode, probed by a Luggin capillary connected to a sil-
ver/silver chloride reference electrode (Ag/AgCl). A platinum
auxiliary electrode was employed [23].

All electrochemical measurements were performed at
room temperature and with a scanning rate of 10mV/s.
For each case a base line was recorded using the buffer
solution.

In order to clarify the importance of the porous volume of
the electrode in the electro-oxidation process some experiments
were carried out using a clear buffer solution inside the cell dur-
ing the measurement. In these cases the electrode was plunged in
a phenol solution of known concentration for about 15 min, and
it was then placed in the cell, containing the buffer solution, and
the cyclic voltammetry measurement took place. The procedure
was repeated, in succession, for various phenol concentrations;
the order in which the various concentrations were used is shown
in Table 1.

Zeolite Matrix

Graphite particles

Fig. 1. Scheme of the zeolite/graphite composite electrode.
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In order to ascertain the reversibility of the process, another
experiment where the electrode was alternately placed, in solu-
tions with two different concentrations was performed.

3. Results and discussion

Typical noble metal electrodes have been shown to be able
to participate in the electro-oxidation of phenolic compounds;
however, they are very expensive and, most importantly, they
present a significant passivation problem.

When a 1 mm platinum disk electrode was used, a 125 mM
solution of phenol only produced a very small oxidation wave
and; furthermore, after the oxidation of phenol, the electrode’s
surface was passivated and it had to be mechanically cleaned in
order to regain response.

Using the composite electrode containing the zeolite, how-
ever, a strong wave can be observed at a potential range from
around 500 to 1000 mV, depending on the phenol concentra-
tion, as depicted in Fig. 2. As it can be seen the oxidation wave
is very well defined and it has a current intensity approximately
245 times higher than the one observed on a platinum electrode
with the same cross section, when measured for a phenol con-
centration of 125 mM.

A blank experiment was carried out using a composite elec-
trode where the zeolite component was replaced by silica (with
and without the porous structure), so as to obtain a similar elec-
trode structure and composition without using the zeolite matrix.

The results obtained with these electrodes, again compared
with the ones obtained with the zeolite/graphite one, are depicted
in Fig. 3. It can be seen that the non-porous silica/graphite com-
posite electrode presents a higher current than the one obtained
with the platinum electrode and exhibits two distinct oxidation
waves. This electrode is likely to have some porosity due to the
pellet construction itself, but only due to the graphite matrix that
is used. Replacing the non-porous silica with a porous one we
can see that the current increases significantly, while still retain-
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Fig. 2. Cyclic voltammograms obtained using a composite zeolite/graphite
electrode, in the conditions described in the text, for 0.50, 7.25 and 125 mM
concentrations of phenol (arrow indicates increasing concentration).
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Fig. 3. Voltammograms with 125 mM of phenol at the referred working elec-
trode in buffer solution starting with oxidation (porous silica (SiO2), and non-
porous silica (Si02)np).

ing the two successive oxidation waves. When comparing the
zeolite/graphite electrode with the silica/graphite ones, for the
same conditions, the current is much larger and the potential for
the second oxidation wave seems to be reduced, leading to a
single oxidation wave.

The enhanced electrochemical activity of zeolite modified
electrodes has already been observed for the redox reactions of
hydroquinone and resorcinol (among other species), by Schell
and co-workers [19].

The wave that is observed does not have the usual appear-
ance of a diffusion-controlled process, which would present the
usual 1/4/ decay; in this case the wave seems to be mostly due
to the species that are trapped within the porous structure of the
electrode. Zeolites are known to have a large internal porous vol-
ume, thus allowing the solution to enter its microporous volume
and increasing the available effective area, a fact which can be
advantageous to increase the rate of oxidation, and, according
to the results in Fig. 3, to decrease the potential needed for it to
be carried out. The increased available surface area, however,
is not likely to explain, by itself, the behaviour observed, since
the use of a silica with a high surface area does not produce the
same effects.

Another effect that may play a role is the ability of zeolites
to concentrate species within their porous structure. This would
also increase the amount of species available for reaction. Phe-
nol is a polar (u =1.224 + 0.008 D [24]) and polarisable specie
and should interact, to some extent, with an hydrophilic zeolite
framework, such as the NaY zeolite that is used in this work. Phe-
nol has been reported as adsorbing moderately on NaY [25] and
even interacting with the more hydrophilic NaX [26], although
more hydrophobic zeolites present a higher adsorption capacity
[27].

A complementary explanation has also been proposed by
Schell and co-workers [19], for the oxidation of hydroquinone,
whereby the zeolite’s ability to orient molecules that approach
that surface, due to their electrical fields, would also influence
the increase in the rate of the redox reaction.
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Fig. 4. Current intensity of the oxidation wave as a function of phenol concen-
tration using a fresh electrode for each measurement (A) and the same electrode
for the sequence described in the text (@) (see Table 1) where all measurements
were carried out in a clear buffer solution.

In order to investigate the assumption that the oxidation wave
did not have a significant contribution from diffusion from the
bulk of the solution, a series of experiments was carried out in
which the measurements were always done on a clear buffer
solution, immediately after the electrode itself had been con-
tacted with a solution of known concentration of phenol for a
specific amount of time, as described in the experimental sec-
tion. Fig. 4 compares the current intensities obtained with this
sequence with the ones that were observed for measurements
in which the electrode was immersed in the respective phenol
solution, during the CV experiment. It must be noted that in the
latter a fresh electrode pellet was used for each measurement,
so as to eliminate interferences from the previous reaction and
from the eventual passivation of the electrode.

From the data depicted in Fig. 4, it can be seen that the current
intensity is virtually the same, for the same concentration of phe-
nol, regardless of the fact that the measurement was carried out
in the clear buffer solution or in the phenol containing solution,
except for very high concentrations of phenol, in which case the
current intensity is somewhat lower when the measurement took
place in the clear buffer solution. This effect occurs, probably,
due to the fact that, for higher concentrations, the driving force
for phenol to diffuse out of the electrode pellet is very large and,
thus, a fast decrease occurs on the concentration inside the pellet
as soon as the composite electrode is contacted with the buffer
solution for measurement.

From our experimental results we can see that, for sufficiently
small phenol concentrations the electro-oxidation of phenol over
these composite electrodes seems to occur without passivation
or deactivation.

To check the absence of deactivation, a series of measure-
ments where the electrode was contacted alternately with two
different phenol concentrations was performed. Ten successive
measurements were made by alternately contacting the electrode
with a 0.125 and a 0.250 mM solution. This experiment shows
that, despite the fact that the electrode was used for various mea-
surements, the wave intensity observed remains practically the
same. The observed intensity of the phenol oxidation wave pro-
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Fig. 5. Successive cyclic voltammograms of zeolite/graphite working electrode
in the presence of 125 mM of phenol starting towards the anodic (a) or cathodic
(b) directions. Arrows indicate the increase in cycle number or initial scan direc-
tion.

duced a value of 0.0038 % 0.0003 mA for the 0.125 mM solution
and 0.0064 % 0.0005 mA for the 0.250 mM one.

Some deactivation does occur, however, for concentrations
of phenol higher than 8 mM. This can be seen in the voltammo-
grams depicted in Fig. 5, representing successive cyclic voltam-
mograms using a 125 mM solution of phenol; these successive
cycles were performed with no stirring of the solution between
the various voltammograms.

In both cases the oxidation wave is well defined. Fig. 5(b)
shows that there is no reduction wave assignable to phenol in
the first voltammogram. After the first oxidation wave of phenol,
a reduction wave can be observed around —50 mV, which can
be attributed to one of the products of phenol oxidation possibly
hydroquinone; however, further studies will be made to prove
this hypothesis.

The successive scans induce a significant decrease of the
anodic wave. As it was seen above, after the first oxidation
of phenol a reduction wave appears; this wave, after a short
increase in intensity, however, also disappears, as a second
reduction wave, at a more negative potential, increases. This
second cathodic wave seems to be originated by a product of the
oxidation of phenol which remains adsorbed onto the electrode
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Fig. 6. Oxidation wave intensity as a function of concentration, for low phenol
concentrations. In the inserted graph the range of concentrations where a linear
relationship is observed has been detailed.

even after phenol oxidation has ceased to occur. It is likely that
these species remain strongly adsorbed on, or are even trapped
inside, the zeolite.

This fact may represent a limitation for catalytic applications
when high concentrations of phenol are to be used.

Looking at Fig. 4 we can see that for the data points collected
using a fresh pellet of composite electrode for each measurement
(A) the current increases almost linearly at the beginning, but
levels off for higher phenol concentrations, probably due to the
saturation of the porous volume of the electrode material. Fig. 6
shows a detail of these measurements, for alower range of phenol
concentrations, were we can see that the wave intensity shows
a linear relationship with concentration for low concentrations
(up to 1.5 mM—see inset in Fig. 6) and starts to deviate from
linearity for higher concentrations.

4. Conclusions

Zeolite/graphite composite electrodes seem very promising
as electrodes for the phenol electrochemical oxidation, namely in
relation to the industrial oxidation of phenol into more valuable
products or for wastewater treatment.

The zeolite component seems to confer to these electrodes
very important characteristics, increasing the overall current and
lowering the potential required for the oxidation to occur, when
compared with a graphite electrode.

This work corresponds to a preliminary work on this material,
which may still be perfected and optimised, namely by the choice
of different types of zeolite and changes in its composition and
construction method.

Elucidation of the modus operandi of the zeolite in this
composite is also important for the objective of improving the

system, although it has already been made clear that the micro-
porous volume of the zeolite is of paramount importance in the
processes that occur. Additional work will also be done in this
elucidation.
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