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Abstract

Oxidation of p-methoxyphenol (pmp) in aqueous solution on bismuth-doped lead oxide was studied, and the effects
of the initial pmp concentration, applied potential and hydrodynamic conditions upon the oxidation rate were
identified. Under all conditions studied, the concentration decay of pmp during electrooxidation follows first—order
reaction kinetics. Through analysis of rotating ring-disc currents, the faradaic efficiencies for oxidation at various
concentrations of pmp in solution were determined. Using u.v.—vis. and H'RMN spectroscopy for solution analysis,
it is shown that partial oxidation of pmp occurs in chloride-free aqueous solutions. The principal products were
p-benzoquinone and maleic acid, with low production of CO, up to 1000 C dm™ charge. Mineralization to CO,
was considerably improved upon addition of chloride ions to the solution. In situ FTIR spectra of the electrode
surface during electrolysis indicated that the presence of chloride ions enhances the mineralization of pmp by
reaction of benzoquinone with anodically generated hypochlorite.

1. Introduction

The electrochemical oxidation of phenol and substituted
phenols on metal oxide electrodes has been studied for
the direct degradation of contaminants in the treatment
of residual waters [1-10]. It has been proposed [11-17]
that the mechanism involves the adsorption of OH
species produced from the oxidation of water molecules;
these groups, or the oxides produced from electrochem-
ical oxidation on the surface [18, 19], are the species that
transfer oxygen to the organic compound during its
oxidation.

Considering the participation of OH species, the
reactions taking place on the electrode may be written as

M[]+H,O — M[OH] + H" +e” (1)
M[OH] + H,0 — M[ ] 4+ O, + 3H" + 3¢~ (2)
M[OH]+R — M[]+RO+H" + e~ (3)

where M| ] corresponds to an adsorption site and R is
the organic compound. Due to concurrent oxidation of
water and the organic compound through pathways (1),
(2) and (1), (3), evaluation of the electrocatalytic activity
of the surface towards oxidation of the organic requires
the distinct contributions of both processes to the total
current to be determined.

In principle, phenols can be oxidized on classical
anode materials. However, on such electrodes (C, Pt,

Au) phenols cause anode inactivation by oligomer
deposition on the surface [2, 6, 10, 14, 17, 20]. For this
reason, metal oxide anodes (PbO,, SnO,, IrO,) have
been used to oxidize organic compounds in aqueous
solution where the oxygen transfer reactions are fast
[10, 12]. The performance of an anode material depends
on the substance being oxidized. Thus the catalytic effect
of PbO,, SnO, and IrO, anodes observed during
oxidation of chlorophenols changes with the number
of chlorine atoms in the aromatic ring, and also with the
position of these CI atoms with respect to the phenolic
OH [9, 10, 20].

It has been reported that the presence of chloride ions
in solution enhances the mineralization of organic
compounds [21, 22] through anodic generation of hypo-
chlorite, which increases the oxidation rate of interme-
diates formed during their anodic oxidation. The results
depend on the nature of the electrode used. For
instance, a catalytic effect due to the presence of
chloride has been observed during oxidation of phenol
in chloride solutions onto Ti/IrO,, but such an effect was
not observed on Ti/SnO, [22].

Here we present a study of the oxidation of p-
methoxyphenol (pmp) in aqueous solution on bismuth-
doped lead(1v) oxide electrodes, carried out to explore
the effects of different parameters, electrode potential,
initial concentration of pmp and mass transport condi-
tions, on the kinetics of oxidation of pmp. The aim is to
establish the reaction mechanism as well as the efficiency
of the process for generation of CO,. For this purpose,
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u.v.—vis. and FTIR spectroscopy was used to follow the
composition of the solution during electrolysis at
constant potential, as a function of the electric charge
passed through the electrode|solution interface. Since
CI” is usually present in wastewater, we also studied the
effect of its presence on pmp degradation; the results
show that the rate of oxidation of intermediates is
increased in the presence of Cl-, leading to higher
efficiencies for CO, generation.

2. Experimental details

Rotating ring-disc experiments were carried out with a
Pine Instruments bipotentiostat (model AFMSR) and
gold—platinum ring-disc electrode, under Pinechem
v.2.73 software. A three-compartment glass cell was
used throughout, in order to maintain the solution in the
working electrode compartment separated from that
contacting the 2.2 cm? platinum wire used as secondary
electrode, as well as that in contact with the saturated
calomel electrode (SCE) used as reference. All potentials
are reported with respect to the SCE unless otherwise
stated. Reagents were of analytical grade (Aldrich or
Sigma) and water used for preparation of all solutions
was first distilled and then ultrafiltered (Nanopure).

PbO, + Bi,O3 was deposited onto the gold disc from
a lmM Pb?" + 0.1 mMm Bi*" + 1 M HCIO, solution
at 1.6 V constant potential for 30 min, as described by
Johnson [23]. The bare gold surface was recovered when
necessary by dissolving the deposit in 1 M HCIO, at
0.2V, followed by polishing with 0.3 yum alumina.
Oxidation of pmp was studied in aqueous 0.01 M
solution in the presence of 0.1 M Na,SOy.

The collection efficiency, N, of the ring-disc electrode
was determined from a plot of the current at the ring, Iy,
as a function of the current at the disc, I, obtained in
potassium hexacyanoferrate(ll) solution, maintaining
the ring at —0.32 V and varying the disc potential. N
was found to be 0.22.

Extensive electrolyses were carried out at 1.65 V vs
SCE using an EG&G (PAR model 273) potentiostat,
using PbO,-Bi covered platinum gauze with larger
geometrical surface area as working electrode. In these
experiments the working electrode compartment was
filled with 20 ml of phenol-containing solution, vigor-
ously stirred with a magnetic stirrer during electrolysis.

The variation of pmp concentration during electrol-
ysis at 1.65 V vs SCE was determined from u.v.—vis.
spectra. Spectroscopic data were obtained with a Hew-
lett-Packard 8452A diode-array spectrometer under HP
89531 MS-DOS u.v.—vis. Operating Software, from
100 ul aliquots sampled from the electrolysis cell at
different times, and diluted to 10 ml with water. The
experimental u.v.—vis. spectra thus obtained were de-
convoluted into Lorentzian bands with Jandel Peakfit v.
3.0. The concentrations of the different compounds
present in solution were determined using the Lambert—
Beer law, with the molar absorption coefficients &

Table 1. Wavelengths of maximum absorption and molar absorption
coefficients of analysed compounds

Compound A 107 ¢ Ref.
/am Jem™ M7t
p-methoxyphenol (pmp) 288 6.8 24
p-benzoquinone (pbq) 248 19.7 25
maleic acid (ma) 210 13.8 26

obtained from literature data at the wavelengths of
maximum absorption for each compound, as indicated
in Table 1.

After electrolysis at constant potential, the solutions
changed colour from light-yellow to reddish-brown,
with formation of a precipitate, which was centrifuged
from solution and then dissolved in CD;Cl, and later
analysed using a 400 MHz Jeol Eclipse + pulsed-NMR
spectrometer.

A 1 cm diameter gold disc covered with PbO,—Bi was
used for i.r. spectroelectrochemical measurements. The
syringe-type all-glass cell used and other experimental
details have been previously described [27]. In situ
subtractively normalized interfacial Fourier transform
infrared spectra were obtained with an Equinox IFS-55
(Bruker) spectrometer, with a medium band (MIR, 700—
6000 cm™") globar source and a liquid nitrogen-cooled
MCT detector by Fourier transformation after averag-
ing 300 interferograms at 4 cm™' resolution using p-
polarized radiation, and expressed in AR/R, units.
AR=R — Ry, where R is the reflected i.r. signal at the
applied potential, and R, is the reference signal acquired
at 0.9 V vs SCE.

3. Results and discussion

3.1. U.v.—vis. analysis

Figure 1 shows u.v.—vis. spectra obtained during elec-
trolysis of an aqueous pmp solution on the bismuth-
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Fig. 1. U.v.—vis. spectra of 0.01 M p-methoxyphenol (pmp) + 0.1 M
Na,S0O,4 aqueous solution, during electrolysis on PbO,—Bi rotating disc
electrode at =209 rad s and 1.65 V, during (a) 0, (b) 7.5, (c) 18 and
(d) 30 C dm™.



doped lead oxide electrode at 1.65 V. The 210-240 nm
(I) and 265-310 nm (II) bands observed in the spectrum
obtained at the onset of the electrolysis are associated to
pmp. The band at 230-265 nm (III) rises as pmp is
degraded during electrolysis giving way to isosbestic
points at around 225 and 265 nm. The appearance of
colouration in the solution and the position of band III
in the spectrum, suggest the formation of a quinoid
compound during electrolysis. A precipitate was ob-
served in electrolysed solutions after standing overnight.
The "HNMR spectra of the centrifuged solid in CD;Cl
showed signals at chemical shifts of 6.78 and 6.70 ppm,
consistent with the formation of quinhydrone arising
from the presence of 1,4 benzoquinone in the electrol-
ysed solution.

The oxidation kinetics may be determined from the
concentration decay of pmp during electrolysis, dcpmp/
d¢, which may be determined from the diminishing
intensity of bands I and II in Figure 1. However, due to
the proximity and overlap of the bands in the u.v.—vis.
spectra, the variation of concentration of pmp was
determined by adding 4-aminoantipyrine to the elec-
trolysed samples [28], after which a single band due to
pmp appears between 450 and 600 nm, thus avoiding
overlap with the band of the oxidation product. The
decay of absorbance due to the presence of pmp, dA4pmp/
dtz, determined from this method matches the increasing
intensity of band III in Figure I; therefore both criteria
may be used to follow the kinetics of the reaction in its
initial stages.

3.2. Influence of electrode potential
The rate of formation of benzoquinone in solution

depends on the electrode potential, as shown in
Figure 2. The rate increases with potential up to a
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constant value at potentials beyond 1.65V vs SCE,
corresponding to an anodic current of about 2.5 mA.
Even though the anodic current continues increasing as
the potential becomes more positive, the rate of forma-
tion of benzoquinone remains practically invariant; thus
the increase in the anodic current is mainly due to the
increasing rate of oxygen evolution (Reaction 1), with
the net result of a decrease in the faradaic efficiency for
pmp oxidation. The constant rate of formation of
benzoquinone observed at potentials more positive to
1.65 V was found to be consistent with the 4e” limiting
current for pmp oxidation to benzoquinone, predicted
from the Levich equation. From this result we chose
1.65 V as the potential for pmp oxidation under the
conditions of the present work.

3.3. Influence of the initial concentration of pmp

It has been shown [29, 30] that from the currents
measured at the ring, the ring-disc electrode allows
discrimination of the contributions of the different
processes occurring during oxidation of organic com-
pounds at metal oxide disc electrodes. The disc current
Ip is the sum of contributions due to oxidation of the
organic compound, lpm, In our present case, and
formation of molecular oxygen, Io:

Ip = Ipmp + 1o (4)

Io may be determined from the oxygen reduction
current at the ring and then /Iy, may be determined
by subtracting Io from the disc current. This may be
expressed as:

Inmp =Ip —Io =Ip + Ir /N

(5)

35 30

30 o ”s
25 -
0 20
2 .
— 20 )
—~ w
ES) 15 =
2 15 >
o
5
5 1.0
S 10 4

[ )
05 05
0.0 . . ; ; 0.0
15 16 17 18 19 20

E/V

Fig. 2. pmp oxidation rate (0) and current (@) on PbO,—Bi rotating disc electrode at » =209 rad s™' in 0.01 M pmp + 0.1 M Na,SOy4 aqueous

solution, as a function of the applied potential.
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where N is the collection efficiency of the ring-disc
electrode, defining the fraction of the amount of species
generated at the disc that are collected at the ring.

The faradaic efficiency of pmp oxidation is given by
the relation:

()

Figure 3 shows the faradaic efficiency as a function of
the initial concentration of pmp. The faradaic efficiency
for pmp oxidation first rises as pmp successfully
competes with water for the oxidation sites, but then
at higher concentrations the rate of pmp oxidation, and
hence y, becomes essentially independent of pmp con-
centration. This is frequently observed in processes
requiring the co-adsorption of reactants, as described by
the Langmuir—Hinselwood model [31].

Y= Ipmp/]D

3.4. Mass transport

Figure 4 shows the rate of oxidation of pmp as a
function of the square root of the angular rotation rate
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Fig. 3. Initial faradaic efficiency of pmp oxidation on PbO,-Bi
rotating disc electrode at w=209 rad s™' as a function of initial
concentration of pmp in 0.1 M Na,SO, aqueous solutions.
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Fig. 4. Oxidation rate (dc/d7) of pmp on PbO,-Bi rotating disc
electrode from 0.01 M pmp + 0.1 M Na,SO,4 aqueous solution as a
function of the square root of rotation rate (w'?) at 1.65 V vs SCE.

of the electrode, w!/?. Each of the measurements was

carried out on freshly prepared Bi-PbO, films and
solutions. The oxidation rate increases with the rotation
rate; however, the linear dependence between oxidation
rate and w'/? predicted by the Levich equation [32] does
not hold at high rotation rates, suggesting that the rate
of the process is controlled by slow reaction kinetics at
large mass transfer rates.

3.5. Kinetic constant

The kinetic constant can be obtained considering that
the degradation reaction follows first order kinetics

(7)

where cpmp 1S the concentration of pmp at time ¢ and
kapp is the apparent rate constant. The integral form of
Equation 7 is

depmp/Cpmp = Kappd?

—Infepmpli/cpmpo = Kapp? (8)
where cpmp.o 18 the initial concentration of pmp. Figure 5
shows the linear plots of In [cpmpli/Cpmp-0 With ¢
obtained, from which the slope k,,, was obtained as
6 x 107* s7!. The decaying pmp concentration due to
the heterogeneous reaction may be represented as

—demp/dt = kNOQOHFpmp (9)
where k is the heterogeneous rate constant, N, repre-
sents the surface density of adsorption sites (cm™2), 0o
is the fractional surface coverage by OH,4s arising from
the discharge of water, and I'p,p,, is the surface concen-
tration of pmp. k£ was found from k‘dgp as k=k,,,V/A,
where V7 is the solution volume, 20 cm”, and A is the real
area of the electrode, 2 x 10?> cm?, as obtained from
analysis of adsorption isotherms [33] for a roughness
factor of 1 x 10°. The heterogeneous rate constant k was
thus found to be k=6 x 107> cm s~ .
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Fig. 5. Linear regression for pmp disappearance rate with time during
electrochemical oxidation of 0.01 M pmp in solution on PbO,-Bi
rotating disc electrode at =209 rad s™' and 1.65 V.
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Fig. 6. U.v.—vis. spectrum of 0.01 M pmp + 0.1 M Na,SO, solution,
after electrolysis under stirring at 1.65 V vs SCE on PbO,—Bi covered
Pt gauze, and the passage of 1200 C dm™> electric charge; (O O O)
experimental, (——) deconvoluted spectrum.

3.6. Electrolyses

The kinetics of oxidation at long times was followed
with u.v.—vis. spectra. Figure 6 shows the deconvoluted
spectrum obtained after passing 1200 C dm™ of electric
charge at 1.65 V vs SCE through 0.01 M pmp and 0.1 M
Na,SO,4 aqueous solution. While bands I and II asso-
ciated to pmp decrease with electrolysis time, band 1T of
bq increases. A fourth band, band 1V, appeared in the
spectra obtained after passing a certain amount of
charge. This fourth band is associated to the presence of
aliphatic acids (maleic acid, ma) in solution [1, 4, 12, 20].
Superposition of bands and their variation in opposite
directions as electrolysis progressed hampered the res-
olution of the kinetics of oxidation directly from the
spectra; however, this could be readily circumvented by
following the change in intensity of bands after decon-
volution of the spectra into their component bands as
discussed above.

Figure 7 shows the concentration of the principal
products formed in solution with the electric charge
(C dm™) during electrolysis at 1.65 V vs SCE. The bq
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Fig. 7. Intensity of absorption bands in 0.01 M pmp + 0.1 M Na,SOy4
solution, as a function of the electric charge passed during electrolysis
under stirring at 1.65 V vs SCE on PbO,—Bi covered Pt gauze. Band I,
A =288 nm, pmp (@®); band III, /=248 nm, p-benzoquinone (O); band
IV, 2=210 nm, maleic acid (V).

concentration increased up to a maximum at about
900 C dm™>. For charge values higher than 400 C dm™>
the ma was present in solution in low concentration.
From these results the reaction mechanism may be
represented as

REREBRER, (10)
where R;=pmp, R,=bq, R3=ma and R;=CO,. The
increase in concentration of bq in solution observed
experimentally and the delay for the appearance of ma
indicate that oxidation of pmp is faster than oxidation
of bq.

3.7. Influence of chloride ions

The rates of consumption of pmp and formation of ma
obtained from deconvoluted spectra of solutions during
electrolysis at different C1™ concentrations are shown in
Figure 8. Although the presence of chloride enhances
mineralization through the anodic generation of hypo-
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Fig. 8. Decay rate of pmp (@) and formation rate of maleic acid (M) during electrolysis at 1.65 V vs SCE on PbO,-Bi covered Pt gauze under
stirring, in 0.01 M pmp + 0.1 M Na,SO, solution + x M NaCl, as a function of the concentration of chloride ions in solution.
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chlorite [21, 22], the results indicate that the presence of
CI” in solution does not lead to significant increase in
the rate of consumption of pmp when compared to
0.1 M Na,SOy solutions in the absence of C1”. However,
the rate of formation of ma increases with ClI- concen-
tration for concentrations higher than 0.15 M. It was
also observed that, upon increasing the CI~ concentra-
tion, the yellowish-brown colour of the solution, char-
acteristic of the presence of quinoid species, vanished.
As stated above, the slow step in Equation 10 is the
oxidation of benzoquinone (bq). Once formed bq
dissolves into solution losing interaction with surface
OH; the increased rate of formation of ma indicates that
reaction of bq occurs in solution, with a species formed
from the anodic oxidation of CI™. Furthermore, the
invariance of the rate of oxidation of pmp with CI™
concentration suggests that hypochlorite produced from
chloride oxidation is not sufficiently oxidizing so as to
directly oxidize pmp in solution; pmp oxidation occurs
instead on the electrode surface, through adsorbed
intermediates with surface concentrations not depending
on the chloride ion concentration. u.v.—vis. spectra of
0.01 M pmp in aqueous 5% sodium hypochlorite solu-
tion showed no decay of pmp concentration even after
30 min of sampling, providing further support for this
assertion.

Since pmp and the intermediates involved in its
mineralization, bq and ma, are accounted for in the
u.v.—vis. intensities obtained from the spectra, the
fraction of pmp converted to CO, may be obtained
from the spectral response and is given by the relation,

(11)

fco, = 1 = (cpmp + Cbq + Cma)/Cpmp,0

where cpmp, Cbq and ¢y, are the concentrations of pmp,
bq and ma at any time of electrolysis, and cpmp o is the
initial concentration of pmp. Figure 9 shows the frac-
tion of pmp converted to CO, as a function of the
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Fig. 9. Fraction of pmp converted to CO, ( fco,) as a function of the
electric charge passed during electrolysis at 1.6 V vs SCE on PbO,—Bi
covered Pt gauze under stirring, in 0.01 M pmp + 0.1 M Na,SO4 (0)
and 0.0l M pmp + 0.3 M NaCl. (@).
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Fig. 10. In situ subtractively normalized interfacial Fourier transform
infrared spectra of PbO,-Bi in 0.0l M pmp + 0.1 M Na,SO, (a) and
0.0l M pmp + 0.1 M NaCl (b) aqueous solution at the potentials
indicated. Reference spectra were obtained at 0.9 V vs SCE.

charge passed through the electrode—solution interface,
both in the presence and absence of chloride ions. In
solutions without CI-, CO, generation accounted for
only about 10% of cpmpo €ven after passing large
charges. Since bq was the main product found, this
confirms that ring opening is the rate determining step
[12]. However, in the presence of 0.3 M CI°, CO,
production increased to 34% of cpmpo but remained
virtually constant with the charge passed, indicating
accumulation of ma in solution by oxidation of bq. This
implies that only bq is oxidized by the hypochlorite
electrogenerated from anodic oxidation of CI.

Figure 10 shows p-polarized SNIFTIRS spectra of
PbO,-Bi electrodes in 0.01 M pmp solution in the
absence (Figure 10(a)) and in the presence (Fig-
ure 10(b)) of chloride ions, between 1.1 and 1.7 V vs
SCE at 0.1 V intervals. Figure 10(a) shows a wide band
around 3250 cm™~! due to OH stretch, associated to the
solvent, and a signal at 2320 cm™' due to CO, dissolved
in solution, produced from mineralization of pmp, with
increasing intensity as the applied potential is made
more positive. Performing a similar experiment in the
presence of 0.1 M CI™ (Figure 10(b)) shows the 2320
peak with much higher intensity, thus demonstrating
enhancement in the mineralization of the compound.
Due to interference from the wide bands in the region
between 1800 and 1000 cm™' associated to the solvent
and SO~ supporting electrolyte, it proved not possible
to identify from the SNIFTIR spectra the signals due to
pmp or reaction intermediates.



4. Conclusions

The oxidation rate of pmp on PbO,-Bi was found to
increase with applied potential, attaining a limiting rate
at sufficiently positive potentials. Since the rate of
oxygen evolution increases continuously with potential,
at a certain point the current efficiency for pmp
oxidation decreases as the potential increases. In chlo-
ride-free solutions, the current efficiency is constant for
concentrations of pmp higher than 0.01 mol dm™.
Under these conditions partial oxidation of pmp occurs,
as confirmed using u.v.—vis. and H'RMN spectroscopy
for the product analysis obtained during electrolysis,
where the principal products found in solution were p-
benzoquinone (bq) and maleic acid (ma). CO, produc-
tion was low in the interval of charge between 0 and
1000 C dm™. In chloride-containing solutions, on the
other hand, mineralization to CO, in similarly treated
samples was considerably enhanced. Hypochlorite
resulting from oxidation of CI™ [30] readily oxidizes
benzoquinone to maleic acid, thus preventing accumu-
lation of benzoquinone in solution. The oxidation of
maleic acid to CO, then appears to be the rate-
determining step for the mineralization of pmp in the
presence of CI™.
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