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Phenol is conventionally produced from benzene by the
following three-step process: alkylation of benzene with
propylene, oxidation of cumene to cumene hydroperoxide,
and decomposition of cumene hydroperoxide to phenol and
acetone. Although phenol can also be synthesized by the
oxidation of toluene in a two-step process, the phenol yield is
low and requires improvement. Thus, the development of
methods for a one-step hydroxylation of benzene to phenol is
desirable to achieve high economic viability and efficiency.
Direct oxidation of benzene to phenol has been widely
investigated using various oxidants, such as N,O,!'* H,0,,>*!
0,,”) and a mixture of H, and O,.1"l Major issues concerning
these processes are deactivation of the catalyst by heavy coke
formation during the gas-phase reaction"! and the separation
of phenol from the reaction mixture in the liquid-phase
reaction.” The use of membrane reactors has also been
proposed, using a compact Pd membrane as a barrier
permeable only to hydrogen, and at the same time as a catalyst
for the formation of active oxygen species;'®! however, the
material cost of such a membrane is very high for industrial
applications.

An alternative approach is to apply an electrochemical
cell to the direct oxidation of benzene to phenol. Otsuka et al.
reported the partial oxidation of benzene to phenol by an
active oxygen species, O*, generated at the cathode in

a phosphoric acid fuel cell:"¥

Cathode : O, +2H* +2e~ — O* + H,0 (1)

C¢H; + O™ — C,H;OH (2)

We have also recently reported the partial oxidation of
benzene to phenol by an active oxygen species, O*', generated
at the anode in a solid acid electrochemical cell:"”

Anode :H,0 — O™ +2H" +2e” (3)

C¢H; + O — C4H;OH 4)

A common goal for both of these processes is to achieve
one-step phenol production with high selectivity at atmos-
pheric pressure and low temperatures. This has motivated us
to use an alternating current (AC) rather than a direct current
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(DC) as a power source, because phenol can be formed during
both the positive and negative parts of the period. Further-
more, the nature of the active oxygen species is considered to
be influenced by the AC frequency; therefore, AC electrolysis
can be used to control the electrode reaction not only by the
voltage but also the frequency. This provides an advance in
the method for phenol production. As a result, the quantity of
the phenol product was 1.3-2 times higher for the present
study than for the previous study. At the same time, the
phenol yield based on current consumption did not decrease.
The resultant phenol production should differ from that
obtained using a DC supply. The advantage of AC electrolysis
over DC electrolysis has been reported for the purification of
organic pollutants!'®”l and for the synthesis of chemicals."*!!

Based on these observations and assumptions, it is
expected that the electrochemical synthesis of phenol could
be improved by optimizing the AC frequency for Reac-
tions (1), (2), (3), and (4). The goals of the present work are
to: 1) characterize both the anode and cathode reactions
under DC with respect to the current efficiency for phenol
production and the selectivity toward phenol; 2) clarify the
reaction mechanism by various means, including electro-
chemical, kinetic, and spectroscopic techniques; and
3) enhance the phenol production using AC with optimal
frequency.

The solid acid electrolyte used in this study was
SnyoIny,P,0O;, which exhibits high proton conductivity (ca.
0.1 Scm™") between 50 and 300°C without excess humidifi-
cation.”®? The anode/cathode material employed in this
study was developed through trial and error. Vanadium oxide
with mixed penta- and tetravalent vanadium (referred to as
V.0, hereafter) was found to be a good candidate as both the
anode and cathode materials for phenol production. Vana-
dium is one of the most widely used elements in catalysts for
the direct hydroxylation of benzene to phenol with hydrogen
peroxide.’® Furthermore, the addition of Sny,In,,P,0; to
V.0, was confirmed to effectively increase the number of
reaction sites in the entire electrode (Supporting Information,
Figure S2), the largest effect of which was achieved with
a SnIn,P,O; content of 20 wt %.

Anodic benzene oxidation was first inspected over the
V.0,-SnyeIn,;P,0; electrode in a feed mixture of benzene
and H,O vapor (He balance) at various temperatures. The
current increased almost linearly with increasing DC poten-
tial, and a similar relationship between the current and
potential was observed over the temperature range tested
(Figure 1a). The products in the outlet gas from the anode
chamber at each temperature were analyzed. Phenol, CO,,
and O, were detected as the predominant products (Fig-
ure 1b-d).””) The quantitative results for these products
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Figure 1. a) Current flow to the electrochemical cell and concentrations of b) phenol, c) CO,,
and d) O, measured at various temperatures from 25 to 100°C as a function of the anode
potential.

revealed three significant features: 1) the phenol and CO,
concentrations immediately increased upon application of
potential to the cell; 2) the increase in the phenol concen-
tration deteriorated at high potentials; and 3) the O, concen-
tration started to increase when the phenol concentration
became zero. These results suggest that benzene is converted
directly into phenol and CO, at low potentials by Reac-
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toward phenol were 59 and 98 %, respec-
tively, when the phenol concentration
reached a maximum.

Cathodic benzene oxidation was then
verified over the V,0,-Sn4In,,P,0; elec-
trode in a feed mixture of benzene and O,
(He balance) at various temperatures.
Although the current increased with
decreasing DC potential, the temperature
dependence was complicated (Fig-
ure 2a); the current at each potential
was higher for operation at 125°C than
that for operation at other temperatures,
which is probably due to a decrease in the
polarization resistance at 125°C. The
products in the outlet gas from the
cathode chamber at each temperature
were analyzed. Phenol and CO, were the
major products (Figure 2b,c),”?! which
were considered to be formed via Reac-
tions (2) and (7), respectively.

Cathode : 1/6 CyH, +5/20*

(7
— CO, 4+ 1/2H,0

It should be noted that the concen-
trations of both phenol and CO,

increased with decreasing potential (Figure 2b,c), which
differs from the dependence of the phenol concentration on
the potential for anodic benzene oxidation (Figure 1b).
Therefore, there is no effect of the electrode potential on
phenol production for cathodic benzene oxidation. Further-
more, the optimal temperature for phenol production was 100
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Figure 2. a) Current flow to the electrochemical cell and concentrations of b) phenol and ¢) CO,
measured at various temperatures from 50 to 125°C as a function of the cathode potential.
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dependence of the phenol concentration for anodic benzene
oxidation (Figure 1b). These findings reflect a significant
difference in quality between the anodically and cathodically
activated oxygen species. This difference resulted in a lower
current efficiency for cathodic phenol production of 14 %
when the phenol concentration reached a maximum com-
pared to that obtained for anodic phenol production,
although the selectivity toward phenol was as high as 97 %.

Cyclic voltammetry (CV) measurements indicate the
potential dependence of phenol production. CV profiles of
the V,O,-Sn,oIn,P,0, anode in the presence and absence of
benzene at 50°C were compared. A large anodic peak
between +0.8 and +1.3 V was
observed during anodic polar-
ization in the presence of ben-
zene, whereas such a peak did
not appear in the absence of
benzene (Supporting Informa-
tion, Figure S3a). Therefore,
this peak can be attributed to
benzene oxidation by the active
oxygen species. However, fur-
ther anodic polarization oxi-
dizes the active oxygen species .

005 a)

o
o
=

Phenol concentration / %————>
=
w

—o—Electrochemical reaction
--a-Catalytic reaction

Angewandte
imemationalediion . CEIMIE

Cathode : H, + 0, — O* + H,0 9)

The concentrations of phenol produced with O, and H, at
open-circuit voltage were found to be considerably lower than
those obtained with application of a 1 mA current (Fig-
ure 3a,b). The difference observed between the two oxygen
or two hydrogen species is indicative of the higher efficiency
for electrochemical activation of oxygen than for catalytic
activation.

Further details of the active oxygen species were obtained
by measuring Raman spectra from the surface of the V,O,-
Snyelngy,P,0; electrode during application of current to the
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toward the partial oxidation of
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spond well with those shown
in Figure 1b and d. CV curves
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zene at 100°C were compared.
In the presence of benzene, the
onset of benzene oxidation by
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the active oxygen species oc-
curred at —1.5 V during catho-
dic polarization, and deteriora-
tion of the current was not
observed until the negative
potential scan was completed
(Supporting Information, Fig-
ure S3b). This result indicates that benzene oxidation by the
active oxygen species over the cathode is not strongly affected
by the electrode potential, in contrast to the oxidation
reaction over the anode, and this is consistent with the
result shown in Figure 2b.

To compare the electrochemical activation of oxygen with
the catalytic activation of oxygen, 0.012vol% O, and
0.023 vol % H, were added to the anode and cathode gases,
respectively, outside the system. These gas concentrations are
equivalent to the amounts of oxygen and hydrogen species
transferred to the anode and cathode, respectively, when
a current of 1 mA is passed through the electrochemical cell.
The following reactions for the catalytic activation of oxygen
over the V,0,-Sny,In,,P,0; electrode are proposed:

1800 1500 1200 900

Anode : 1/20, — O*" (8)
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Figure 3. a),b) Phenol concentrations produced by the oxidation of benzene with electrochemically and
catalytically activated oxygen species at a) the anode from 25 to 100°C, and b) at the cathode from 50 to
125°C. c),d) Raman spectra of the c) anode and d) cathode surfaces measured at room temperature.

electrochemical cell. A band appeared around 900 cm™' with
the anodic current flow (Figure 3¢), which is assigned to the
OH bending mode.™! Tt is thus reasonable to conclude that
the active oxygen species formed by the anodic polarization
of H,O vapor is the HO" radical. Accordingly, the following
reaction is possible:
Anode : CgH, + HO — C,H;OH + H* + e~ (10)
However, another possible pathway is the oxidation of
benzene to produce a benzene radical cation that could react
with a water molecule to form phenol.”*?! No new band was
observed when the cathodic current was applied (Figure 3d),
which indicates that the cathodically activated oxygen species
is qualitatively distinct from the anodically activated oxygen
species, and this is supported by the difference in the catalytic
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properties of the two active oxygen
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produced by both anodic and catho-
dic benzene oxidations over the
V,0,-SnyyIn,,P,0; electrode,
although there is a significant differ-
ence in each reaction process. This
allows the use of AC electrolysis for
phenol production, because one electrode acts as the anode in
a half-cycle and as the cathode in the other half-cycle. An AC
peak voltage of 1500 mV was applied to the electrode in
a feed mixture of benzene, H,O vapor, and O, (He balance) at
various frequencies and temperatures between 25 and 100°C.
Note that the peak voltage E [mV] should be treated as:
root mean square of £ = EV2 (12)

Hence, the actual voltage averaged over time is less than
1500 mV. The concentrations of phenol and CO, products
were influenced by the frequency in a different manner; the
phenol concentration was the highest at 30 Hz (Figure 4a)
and the CO, concentration was decreased by an increase in
the frequency (Figure 4b). Thus, the optimal frequency for
phenol production was determined to be 30 Hz, where the
reaction intermediates would be stabilized by repetition of
a series of oxidation and reduction processes. Another
important result is that the production of phenol was
significant at 50°C (Figure 4a), which is similar to the result
over the anode during DC electrolysis (Figure 1b). Accord-
ingly, anodic benzene oxidation is speculated to be dominant
in AC electrolysis. These results suggest that AC application
in the middle frequency range increases the quantity of HO"
radicals or extends the lifetime of the radicals. It is also
important to note that the concentration of phenol produced
by AC electrolysis remained almost constant for at least 5h
(Supporting Information, Figure S4).

Benzene oxidation was conducted by changing the AC
peak voltage at a frequency of 30 Hz and at 50°C. The phenol
concentration increased with the AC peak voltage and
reached 0.051 vol % at 2000 mV (Figure 4c), which is com-
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Figure 4. a),b) Concentrations of a) phenol and b) CO, measured at an AC peak voltage of
1500 mV at various temperatures from 25 to 100°C as a function of the frequency. c) Product
concentrations observed at 50°C and 30 Hz as a function of the AC peak voltage.

parable to the results obtained for DC electrolysis (Figure 1b
and Figure 2b). However, the current passed through the
electrochemical cell during AC application is always lower
than that for DC application at the same voltage; therefore,
the current efficiency for phenol production with the former is
expected to be higher than that for the latter. Under AC
electrolysis, the CO, concentration was almost zero until the
AC peak voltage was 1500 mV (Figure 4c), so that a high
selectivity toward phenol of ca. 100 % was accomplished, even
at 2000 mV. This demonstrates that AC electrolysis is more
efficient and selective toward phenol production than DC
electrolysis. However, the phenol yield at present is low owing
to the small area of the electrode used, although this could be
addressed by scaling up the reactor system.

Received: March 19, 2012
Revised: April 30, 2012
Published online: June 8, 2012

Keywords: active oxygen species -
alternating-current electrolysis - benzene - oxidation - phenol

[1] V. 1. Sobolev, A. S. Kharitonov, Ye. A. Paukshtis, J. Mol. Catal.
1993, 84, 117-124.

[2] R. Leanza, I. Rossetti, I. Mazzola, L. Forni, Appl. Catal. A 2001,
205, 93-99.

[3] J. Jia, K. S. Pillai, W. M. H. Sachetler, J. Catal. 2004, 221, 119-
126.

[4] V.S. Chernyavsky, L. V. Pirutko, A. K. Uriarte, A.S. Kharito-
nov, G. I. Panov, J. Catal. 2007, 245, 466 —469.

[5] J. Zhang, Y. Tang, G. Li, C. Hu, Appl. Catal. A 2005, 278, 251 -
261.

Angew. Chem. Int. Ed. 2012, 51, 6961-6965


http://dx.doi.org/10.1016/S0926-860X(00)00544-5
http://dx.doi.org/10.1016/S0926-860X(00)00544-5
http://dx.doi.org/10.1016/j.jcat.2003.08.010
http://dx.doi.org/10.1016/j.jcat.2003.08.010
http://dx.doi.org/10.1016/j.jcat.2006.10.023
http://dx.doi.org/10.1016/j.apcata.2004.10.009
http://dx.doi.org/10.1016/j.apcata.2004.10.009
http://www.angewandte.org

[6] Y. Zhong, G. Li, L. Zhu, Y. Yan, G. Wu, C. Hu, J. Mol. Catal. A
2007, 272, 169-173.
[7] S.Song, H. Yang, R. Rao, H. Liu, A. Zhang, Appl. Catal. A 2010,
375,265-271.
[8] M. L. Neidig, K. F. Hirsekorn, Catal. Commun. 2011, 12, 480—
484.
[9] Y. Liu, K. Murata, M. Inaba, J. Mol. Catal. A 2006, 256,247 —255.
[10] T. Miyake, M. Hamada, H. Niwa, M. Nishizuka, M. Oguri, J.
Mol. Catal. A 2002, 178, 199-204.
[11] P. Zhai, L. Wang, C. Liu, S. Zhang, Chem. Eng. J. 2005, 111,1-4.
[12] R. Molinari, T. Poerio, T. Granato, A. Katovic, Microporous
Mesoporous Mater. 2010, 129, 136—143.
[13] S. Niwa, M. Eswaramoorthy, J. Nair, A. Raj, N. Itoh, H. Shoji, T.
Namba, F. Mizukami, Science 2002, 295, 105-107.
[14] K. Otsuka, I. Yamanaka, K. Hosokawa, Nature 1990, 345, 697 -
698.
[15] B. Lee, H. Naito, T. Hibino, Angew. Chem. 2012, 124, 455-459;
Angew. Chem. Int. Ed. 2012, 51, 440 —444.
[16] A.Nakamura, K. Hirano, M. Iji, Chem. Lett. 2005, 34, 802 —803.
[17] E. Pepprah, M. V. Khire, J. Environ. Eng. 2008, 134, 32-41.

Angewandte

imemationalediion . CEIMIE

[18] T.Hibino, A. Masegi, H. Iwahara, J. Electrochem. Soc. 1995, 142,
3262 -3267.

[19] M. Ammam, J. Fransaer, Electroanalysis 2011, 23, 755-763.

[20] M. Nagao, A. Takeuchi, P. Heo, T. Hibino, M. Sano, A. Tomita,
Electrochem. Solid-State Lett. 2006, 9, A105-A109.

[21] Y. C.Jin, Y. B. Shen, T. Hibino, J. Mater. Chem. 2010, 20, 6214 —
6217.

[22] Deposition of phenol and other heavy products on the electrode
surface was negligible because the carbon balance between the
inlet and outlet gases was about 100 %.

[23] L. D. Nguyen, S. Loridant, H. Launay, A. Pigamo, J. L. Dubois,
J. M. M. Millet, J. Catal. 2006, 237, 38 —48.

[24] K. Fujimoto, Y. Tokuda, H. Maekawa, Y. Matsubara, T. Mizuno,
1. Nishiguch, Tetrahedron 1996, 52, 3889 —3896.

[25] O.Brede, S. Naumov, R. Harmann, Radiat. Phys. Chem. 2003, 67,
225-230.

[26] 1. Yamanaka, T. Onizawa, S. Takenaka, K. Otsuka, Angew.
Chem. 2003, 115, 3781-3783; Angew. Chem. Int. Ed. 2003, 42,
3653 -3655.

[27] A. Tomita, J. Nakajima, T. Hibino, Angew. Chem. 2008, 120,
1484 -1486; Angew. Chem. Int. Ed. 2008, 47, 1462 —1464.

Angew. Chem. Int. Ed. 2012, 51, 6961-6965

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

6965


http://dx.doi.org/10.1016/j.apcata.2010.01.008
http://dx.doi.org/10.1016/j.apcata.2010.01.008
http://dx.doi.org/10.1016/j.catcom.2010.10.024
http://dx.doi.org/10.1016/j.catcom.2010.10.024
http://dx.doi.org/10.1016/j.cej.2005.04.014
http://dx.doi.org/10.1016/j.micromeso.2009.09.008
http://dx.doi.org/10.1016/j.micromeso.2009.09.008
http://dx.doi.org/10.1126/science.1066527
http://dx.doi.org/10.1038/345697a0
http://dx.doi.org/10.1038/345697a0
http://dx.doi.org/10.1002/ange.201105229
http://dx.doi.org/10.1002/anie.201105229
http://dx.doi.org/10.1246/cl.2005.802
http://dx.doi.org/10.1061/(ASCE)0733-9372(2008)134:1(32)
http://dx.doi.org/10.1149/1.2049972
http://dx.doi.org/10.1149/1.2049972
http://dx.doi.org/10.1149/1.2159298
http://dx.doi.org/10.1039/b924188d
http://dx.doi.org/10.1039/b924188d
http://dx.doi.org/10.1016/j.jcat.2005.10.016
http://dx.doi.org/10.1016/S0040-4020(96)00056-7
http://dx.doi.org/10.1016/S0969-806X(03)00041-0
http://dx.doi.org/10.1016/S0969-806X(03)00041-0
http://dx.doi.org/10.1002/ange.200351343
http://dx.doi.org/10.1002/ange.200351343
http://dx.doi.org/10.1002/anie.200351343
http://dx.doi.org/10.1002/anie.200351343
http://dx.doi.org/10.1002/ange.200703928
http://dx.doi.org/10.1002/ange.200703928
http://dx.doi.org/10.1002/anie.200703928
http://www.angewandte.org

