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Indirect electrochemical oxidation of phenol by Ce*" was investigated in sulfuric acid solutions. It was found
that electrode fouling during oxidation of phenol can be controlled by adjusting the time interval (TI) of double
potential steps (DPSs). While the electroactivity was greatly decreased after several DPSs of a relatively long
TI, repeated DPSs with a short potential pulse showed substantial amounts of electroactivity after a few
hundreds or thousands DPS, suggesting that the formation of an insulating layer can be controlled by adjusting
a potential program. Effectiveness of the consecutive application of DPSs for phenol decomposition was

confirmed by GC-MS.
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Introduction

Removal of phenolic hydrocarbons from wastewater prior
to their discharge is a prerequisite in many chemical-
manufacturing industries since they can be fatal to the
environment or human health even at ppb levels.! A number
of studies have been carried out to decompose phenolic
pollutants dissolved in wastewater during the last few
decades.” Ultrasonic irradiation® in conjunction with other
methods such as addition of TiO,,* photochemistry,” and
ozonation® was utilized for the decomposition of phenolic
compounds, in which the cavitation process generates
reactive free radicals responsible for chemical oxidation of
organic pollutants. Biological treatments of wastewater such
as microbial’ and enzymatic® oxidations are probably the
most environmentally compatible method, but it often
requires pretreatment for high concentrations of organic
pollutants and may result in the generation of hazardous by-
products.

Direct or indirect electro-oxidation of organic compounds
was also studied. While the electron transfer takes place
between electrodes and decomposable species in direct
electrochemical oxidation, indirect oxidation mainly uses
electrochemically oxidized species as mediators for the
destruction of organic compounds. For indirect electro-
oxidation, destruction of organic compounds by anodically
generated chlorine and hypochlorite is well known.’
Reactive and high-valent metal ions which are electro-
chemically generated from stable and low valent state were
also utilized to degrade organic pollutants. Various redox
couples such as Ag'/Ag*,'® Co*/Co* ! Fe?'/Fe*" !> and
Ce**/Ce*" > were examined as mediators.

In this paper, we describe electrochemical oxidation of
phenol mediated by Ce*/Ce*" redox couples. It is well
known that passivation occurs during electrochemical
decomposition of phenol, depositing an insulating film on
the electrode surface.!” Although side products such as

catechol and hydroquinone are produced, the formation of
insulating layers has been a main obstacle for electro-
chemical decomposition of phenol.'® Wang et al. quan-
titatively studied the formation of a polyphenol film on Au,
utilizing an electrochemical quartz crystal microbalance.
The complete coverage of the electrode by an insulating film
was addressed regardless of the phenol concentration and
the potential-sweep rate.!” In this work, we examined
passivation behaviors as a function of phenol and Ce**
concentrations and, to our best knowledge, first address the
control of an insulating layer formation by simply adjusting
potential-application methods.

Experimental Section

Sulfuric acid, phenol, Cerium(Ill) chloride, CHCIl3, and
H,SO;4 purchased from Aldrich Chemical Co., were used as
received. Water was purified through a Milli-Q Plus system
(Millipore Co.) until its resistivity was over 18 MQcm.

For the measurement of electroactivity changes due to
surface passivation, Au button electrode (geometrical area =
0.02 cm?) was used as the working electrode. The reference
electrode was Ag/AgCl (3M KCl) and the counter electrode
was a platinum flag. All electrochemical measurements were
performed with a CV-50W electrochemical analyzer
(Bioanalytical Systems).

In order to confirm the decomposition of phenol by GC-
MS, a Au plate of a relatively large area (geometrical area =
2.8 cm?) was placed in a 0.1 M H,SO; solution (1.0 mL)
containing 2 mM phenol and 5 mM Ce*". After electro-
chemical treatments, organic components were extracted
with excess amounts of CHCl;. The volume of CHCl;
solutions was then reduced to 0.1 mL by evaporation at
ambient conditions and a 5 . CHCIls solution of 0.090 M
toluene was added as an internal standard. An HP 5890 gas
chromatograph with split injection (200 °C; 1 : 17), coupled
to a HP 5972 mass selective detector, was utilized for the
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separation on an Agilent HP-5MS capillary column (30 m x
0.25 mm x 1 gm). The oven temperature was raised at 10
°C/min to 180 °C after 2 min isotherm at 50 °C.

Results and Discussion

In order to investigate the effect of phenol concentrations
on electrode passivation, cyclic voltammetry was carried out
in 0.1 M H,SO; aq. solutions containing 5 mM Ce*" and
various concentrations of phenol. Figure 1 shows voltammo-
grams of 1% and 5" cycles in (A) 5 mM, (B) 2 mM, and (C)
0.5 mM phenol solutions at 50 mV/s. When the phenol
concentration is relatively high (Figure 1A), complete
deactivation of the electrode surface occurs during the first
positive scan. No Ce** oxidation peak is seen at a potential
range higher than 1.0 V and the current response due to
direct phenol oxidation is also rapidly decreased indicative
of an insulating layer formation. Subsequent cycles show
only negligible current responses.

The complete insulation of the surface is alleviated as the
decrease of phenol concentrations. During the first positive
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Figure 1. Cyclic voltammograms of 0.1 M H>SOy solutions
containing 5 mM CeCl; and various concentrations of phenol at 50
mV/s. 1st & 5th scans are shown. (A) 5 mM, (B) 2 mM, and 0.5
mM phenol.
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scan in a 2 mM phenol solution, a distinct Ce*" oxidation
process after direct oxidation of phenol occurs, indicating
that the surface insulation is incomplete (Figure 1B).
Corresponding cathodic peak of a Ce*™" couple is also
shown at ca. 650 mV during the first reverse scan.
Continuous potential cycling, however, results in a gradual
decrease of electroactivity as shown in Figure 1B. Further
decrease of phenol concentrations leads to no substantial
decrease of electroactivity during the first few cycles. Figure
1C shows the voltammogram of 0.5 M phenol and 5 mM
Ce*', which is quite similar to that of a phenol-free solution.

It should be mentioned that the rate of passivation
processes also depends on Ce** concentrations. Cyclic
voltammogram performed in a solution of 2 mM phenol but
with no Ce*" exhibits similar behaviors to Figure 1A and the
increase of Ce®" concentrations retards the surface insu-
lation. Compared with direct oxidation of phenol, this
behavior seems to indicate that, as the increase of Ce*,
phenol oxidation at the solution phase becomes more
important rather than that near the solution/electrode
interface. This can be realized when the electron transfer rate
between Ce*'/Ce*" is faster than the decomposition rate of
phenol by Ce**.

Although surface passivation can be alleviated by adjust-
ing phenol and Ce** concentrations, repeated potential
cycling (or continuous oxidation at a fixed potential) leads to
surface insulation in effect. In addition, the control of
[phenol]/[Ce*"] may be meaningless from a practical point
of view since the concentration range of phenol which must
be treated before discharge is from 2000 ppm to a few ppb'®
and excess use of Ce*" may give rise to other environmental
problems. Therefore, we chose 5 mM Ce** and 2 mM phenol
(188 ppm) in this study to elucidate the effects of applying
potentials to the electro-oxidation of phenol.

Figure 2 exhibits anodic charge responses during double
potential steps (DPSs) in between 0 V and 1.2 V with
different time intervals (TIs). After applying 1.2 V for a
fixed TI, the potential was returned to and maintained at 0 V
until the next DPS. The time at 0 V was a slightly longer
than the specified TI due to data processing. When the time
subject to the oxidation of phenol at 1.2 V is 20 sec (Figure
2A), the appreciable amount of anodic charges during 1%
DPS is greatly reduced at 2" DPS. This trend continues
during subsequent DPSs, although the magnitude of
electroactivity decrease becomes smaller (Figure 2A 3™, 4%
and 5™). Figure 2B demonstrates anodic charge responses
during 1%, 21%, 41% 61%, and 81% DPS performed with TT of
1 sec. These chronocoulometric results were chosen to
directly compare electroactivity changes with those in
Figure 2A. For example, charge responses during 21% DPS
in Figure 2B were obtained on the electrode that was
previously treated at 1.2 V for 20 sec in total (i.e., 20 DPSs x
1 sec). This makes it meaningful to compare the charge
difference between 1% and 2" DPS in Figure 2A with that
between 1% and 21% DPS in Figure 2B. From Figure 2, it is
obvious that the surface insulation can be controlled by
adjusting TT of DPS. While charge responses are reduced to
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Figure 2. Anodic charge responses during DPS in 0.1 M H,SO4 solutions containing 5 mM CeCl; and 2 mM phenol. (left) TI = 20 sec.

(right) TT =1 sec.

ca. 30% at 5™ DPS with TI of 20 sec, electroactivity is rather
increased by ca. 47% at 81% DPS with 1 sec TI. This initial
increase of electroactivity reaches a maximal value followed
by slow decrease. It is worth mentioning that electrodes
retain ca. 70-80% of initial electroactivity after 1000 DPS in
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Figure 3. Cyclic voltammograms of 10 mM K4[Fe(CN)s] in 0.1 M
NaCl on electrochemically treated electrodes in 0.1 M H>SO4
solutions containing 5 mM CeCl; and 2 mM phenol. (A) 100 DPS,
1 sec TI, (B) 50 DPS, 2 sec TI, (C) 20 DPS, 5 sec TI, (D) 5 DPS, 20
sec TI, and (E) no DPS, 100 sec at 1.2 V.

the case of Figure 2B, but virtually no faradaic charge
appears to pass for 51% DPS in Figure 2A.

In order to compare the extents of surface insulation at
various TIs, we utilized 10 mM K4|Fe(CN)s] dissolved in
0.1 M NaCl solutions as an electrochemical probe. Cyclic
voltammetry was carried out on electrodes treated in 0.1 M
H,SOy solutions of 2 mM phenol and 5 mM Ce** at 1.2 V
for 100 sec in total. Figure 3 shows cyclic voltammograms
obtained on electrodes subject to (A) 100 DPS (1 sec TI),
(B) 50 DPS (2 sec TI), (C) 20 DPS (5 sec TI), (D) 5 DPS (20
sec TI), and (E) no DPS (100 sec at 1.2 V). Figure 3
indicates that the peak currents decrease as the increase of
TTs, leading to complete blocking of electron transfer for the
electrode no potential pulse was used (Figure 3E).

We observed the formation of dark-yellowish films for
DPS of short TIs, which is different from transparent films
produced when the oxidation potential of relatively long TIs
(1.2 Vin this study) is applied. The reason for the difference
with TIs is not clear at this point, but it appears to imply the
followings: First, polyphenol formation by direct oxidation
seems to be limited by quickly reversing the potential. It has
been known that polyphenol is produced through a step-
polymerization mechanism," in which high molecular
weight polymers are formed at the end of the reaction. Note
that mediated oxidation also accompany the direct electron
transfer between electrodes and phenol molecules. Second,
indirect electrochemical oxidation of phenol by Ce*" appears
to produce different chemical species rather than polyphenol
by direct oxidation. It is likely since surface insulation is
alleviated with the increase of Ce*" concentrations as
described above.

Since, although electroactivity is maintained with DPS of
short TIs, it does not necessarily mean the effectiveness of
phenol decomposition, we examined phenol concentration



902  Bull. Korean Chem. Soc. 2005, Vol. 26, No. 6

B W -

5.00 7.00 9.00 11.00 13.00
Retention time (min)

Figure 4. Gas chromatograms of concentrated phenol solutions
after electrochemical treatments. Indirect oxidation was performed
in 0.1 M H,SO; solutions containing 5 mM CeClz and 2 mM
phenol by applying (A) no DPS (1000 sec at 1.2 V), (B) 50 DPS
(20 sec TI), (C) 200 DPS (5 sec TI), and (D) 1000 DPS (1 sec TI).

changes by GC-MS after electrochemical treatments. Figure
4 represents concentration changes of phenol (peak 2) after
electrochemical treatments by (A) no DPS (1000 sec at 1.2
V), (B) 50 DPS (20 sec TI), (C) 200 DPS (5 sec TI), and (D)
1000 DPS (1 sec TI). Internal standard (toluene, peak 1) was
added into concentrated CHCls solutions as described in the
experimental section. Phenol and toluene were identifited
from MS data and no further analysis was performed for side
products. The reduction of peak 2 heights as the decrease of
TIs suggests that phenol decomposition without insulating
layer formation on the electrode surface can be accom-
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plished by a DPS method suggested here. The areas of peak
2 relative to peak 1 are (A) 1.72, (B) 0.86, (C) 0.32, and (D)
0.09, indicating that the phenol concentrations were reduced
from 2 mM to (A) 2.0, (B) 1.0, (C) 0.37, and (D) 0.10 mM
after electrochemical treatments. The chromatogram of an
untreated solution showed only negligible difference from
Figure 4A.

Conclusions

Indirect electrochemical decomposition of phenol is
usually hampered by an insulating layer formation on the
electrode. Although electrode passivation can be partially
controlled by increasing mediator concentrations, it may
cause other environmental problems. This can be cir-
cumvented by applying consecutive short potential pulses
rather than constant or sweeping potentials. Utilizing DPSs
of short TIs, it was confirmed that more than 95% of phenol
could be decomposed without substantial loss of electro-
activity.

Acknowledgment. This subject was supported by
Ministry of Environment, Korea as “The Eco-technopia 21
project”.

References

. Korbahti, B. K.; Tanyolac, A. Water Res. 2003, 37, 1505.
. Chen, G. Sep. Purif. Technol. 2004, 38, 11.
. Yim, B. Bull. Korean Chem. Soc. 2004, 48, 561.
. Kubo, M.; Matsulka, K.; Takahashi, A.; Shibasaki-Kitakawa, N.;
Yonemoto, T. Ultrason. Sonochem. 2005, 12, 263.
. Wu, C; Liu, X.; Wei, D.; Fan, J.; Wang, L. Water Res. 2001, 35,
3927.
. Jung, O.-]. Bull. Korean Chem. Soc. 2001, 22, 850.
. Kargi, F.; Pamukoglu, M. Y. Enzyme Microb. Tech. 2003, 33, 588.
. Lai, Y.-C.; Lin, S.-C. Process Biochem. 2005, 40, 1167.
. Chiang, L.-C.; Chang, J.-E.; Wen, T.-C. Water Res. 1995, 29, 671.
. Farmer, J. C.; Wang, F. T.; Hawley-Fedder, R. A.; Lewis, P. R.;
Summers, L. J.; Foiles, L. J. Electrochem. Soc. 1992, 139, 654.
11. Bringmann, F.; Ebert, K.; Galla, U.; Schmieder, H. J Appl.
Electrochem. 1995, 25, 846.

12. Dhooge, P. M.; Stilwell, D. E.; Park, S.-M. J. Electrochem. Soc.
1982, 7129, 1719.

13. Chung, Y. H.; Park, S.-M. J. Appl. Electrochem. 2000, 30, 685.

14. Varela, J. A.; Oberg, S. G; Neustedter, T. M.; Nelson, N. Environ.
Prog. 2001, 20, 261.

15. Pham, M.; Lacaze, P.; Dubois, J. J. Electroanal. Chem. 1978, 86,
147.

16. Aranzazu Heras, M.; Lupu, S.; Pigani, L.; Pirvu, C.; Seeber, R.;
Terzi, F.; Zanardi, C. Electrochim. Acta 2005, 50, 1685.

17. Wang, J.; Jiang, M.; Lu, F. J. Electroanal. Chem. 1998, 444, 127.

18. Gattrell, M.; Kirk, D. W. Can. J. Chem. Eng. 1990, 68, 997.

19. Gattrell, M.; Kirk, D. W. J. Electrochem. Soc. 1993, 140, 903.

W

[=INoRe EEN o))

Ju—




