JOURNAL OF
MOLECULAR

Q} CATALYSIS
A: CHEMICAL

www.elsevier.com/locate/molcata

HVINO3 10N

Journal of Molecular Catalysis A: Chemical 176 (2001) 141-150

Liquid-phase oxidation of benzene to phenol by CuQeAl
catalysts prepared by co-precipitation method

Takahiro Miyahar&, Hiroshi Kanzak?, Rei Hamad&, Satoshi Kuroiwa,
Satoru Nishiyam3, Shigeru Tsuruy&*

@ Faculty of Engineering, Department of Chemical Science and Engineering,
Kobe University, Nada, Kobe 657-8501, Japan

b Division of Molecular Science, Graduate School of Science and Technology,
Kobe University, Nada, Kobe 657-8501, Japan

Received 9 January 2001; received in revised form 18 April 2001; accepted 25 May 2001

Abstract

The liquid-phase catalytic oxidation of benzene to directly produce phenol was attempted under mild reaction conditions
using supported Cu catalysts in agueous acetic acid solvent. Gaseous oxygen and ascorbic acid were used as an oxidant an
a reductant, respectively. Among the supported Cu catalysts studied, the Cu catalysts prepared by the impregnation method,
irrespective of the oxide supports, the Cu species were considerably leached during the benzene oxidation. A supported Cu
catalyst (CuO-AIO3) prepared by co-precipitation of Cu(NiR-3H,O and Al(NGs)3-9H»0 inhibited the leaching of Cu
species in comparison with the Cu catalysts supported by the impregnation methodQyn 3i0,, MCM-41, etc. The
influences of the amount of supported Cu, the partial pressure,dh®amount of ascorbic acid, the concentration of acetic
acid in the solvent, and the reaction temperature on the phenol yield were investigated using the,Og@atasllyst. The
agueous solvent including high concentration of acetic acid (around 80 vol.%) dramatically inhibited the leaching of Cu
species in the CuO-AD3 catalyst. HO,, which is considered to play an important role in phenol formation, was detected
during the benzene oxidation catalyzed by CuG@l © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction attractive and challenging method, not only from a
practical point of view but also from a synthetic chem-
Phenol, one of the important chemical intermediates ical point of view, because the direct oxygenation of
in the broad industrial fields, has been mainly man- the energetically stable benzene to produce phenol has
ufactured using the cumene method by which the se- been one of the most difficult oxidation reactions. The
lectivity for the phenol is high. However, this cumene gas-phase oxidations of benzene to phenol by nitrous
process consists of three steps and produces aceton@xide have been studied over H-Ga-ZSM-5 zeolite
as a byproduct. The one-step production of phenol by [1] and in the presence of HZSM-5 [2], in which the
direct insertion of oxygen into the benzene ring is an influence and the role of Brenstead acidic centers on
the activity of phenol formation were discussed. The
"+ Corresponding author. Fax:81-78-8031150. catalytic hydroxylation of phenol to hydroquinone and
E-mail address: tsuruya@cx.kobe-u.ac.jp (S. Tsuruya). catechol over vanadium silicate molecular sieves with
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MEL structure (VS-2) has been reported in the pres-
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The XRD peaks of CuO (200), CuO (112), and CuO

ence of hydrogen peroxide [3]. Vanadium-exchanged (2 02) were observed from the XRD measurement of

Keggin heteropolyacido(-1,2-PWoV2) was reported

[4] to be a catalytic precursor of the benzene hydrox-
ylation in the presence of hydrogen peroxide. The
catalytic properties of heteropoly complexes con-
taining Fe(lll) ions in benzene oxidation has been

reported using hydrogen peroxide as an oxidant [5].

Phenol synthesis by liquid-phase oxidation of ben-

the CuO-A$Os catalyst. Co-precipitated CuO-SiO
and CuO-Si@-Al,03 were prepared by a method
similar to that of the co-precipitated CuO-&l3 us-

ing Si(OGHs)4 (Nacalai Tesque, guaranteed reagent)
as a Si source. The Cu catalysts impregnated on SiO
(JRC-SiO-8), A$O3 (JRC-ALO-4), SiO-Al»03
(JRC-SAL-2), MCM-41 (prepared according to Ref.

zene with molecular oxygen has been studied using [9]), and HMCM-41 (prepared according to Ref. [10])
iron-heteropoly acid [6] and palladium-heteropoly were prepared by a conventional impregnation method
acid catalytic systems [7], separately. We have also using Cu(CHCOO)-H,0 in ethanol solvent as a Cu
been studying the liquid-phase oxidation of benzene source. All the supported Cu catalysts prepared by the
to phenol catalyzed by the Cu catalysts supported impregnation method were dried at 393 K overnight
on zeolites [8,9] and MCM-41 [10] using molecular and calcined at 773K for 5h in air flow. The Cu
oxygen as an oxidant and ascorbic acid as a reductant.ion-exchanged catalysts were prepared by a conven-
We more recently, reported that the liquid-phase oxi- tional ion-exchange method using NaY (Toso, Si/Al
dation of benzene over supported vanadium catalystsatomic ratio= 2.8) and HMCM-41 (Si/Al atomic
using molecular oxygen and ascorbic acid as oxidant ratio = 55) as a support. The Cu-supported catalysts
and reductant, respectively [11]. prepared by the ion-exchange method were washed

This paper reports the catalytic behavior of the with deionized water, dried at 393 K overnight, and
supported Cu catalysts (CuO-8)3) prepared by calcined at 773K for 5h in air. The Cu amounts
co-precipitation of both Cu and Al salts in the supported on the various oxides were determined by
liquid-phase oxidation of benzene to phenol. The con- an atomic absorption spectrometer (Shimazu type
ditions required to inhibit the leaching of Cu species AA-630-01) after the catalysts were homogeneously
from the supported Cu catalysts during the benzene dissolved by adding a few drops of hydrofluo-
oxidation were also investigated in the aqueous acetic ric acid.
acid solvent.

2.2. Liquid-phase oxidation of benzene

2. Experimental Benzene (Nacalai Tesque, guaranteed reagent) and
ascorbic acid (Nacalai Tesque, guaranteed reagent)
were used without further purification. A typical ox-
idation procedure is as follows: 2¢énof benzene

Into the aqueous solution which homogeneously (22.5mmol), 0.4 g of CuO—-AD3, andL-ascorbic acid
dissolved the prescribed amounts of both Cugio (4 mmol) were added to 20 chof aqueous acetic acid
3H,O (Nacalai Tesque, guaranteed reagent) and solvent (5.7 vol.% (1 mol/l)). The benzene oxidation
AI(NO3)3-9H,0 (Nacalai Tesque, guaranteed reagent), was performed using a magnetic stirrer at 303K in
an aqueous solution of N&O3 was added drop- oxygen atmosphere (1 atm). After propane-2-ol, as an
wise with stirring. After the solution turned alkaline internal standard, was added to the reaction solution
by adding the aqueous MNaOs solution, the entire  and the solid catalyst was separated by centrifugation,
solution was stirred at 353K for 3h. The resulting the products were analyzed at 453K by a Shimazu
precipitate was filtered off under vacuum, washed GLC with an FID (Type GC-8A) using a 3 m stainless
with ionized water until the filtrate became neutral, column packed with Silicon OV-17. Propane-2-ol was
dried at 393 K overnight, and calcined at 623 K for 3h confirmed to be not oxidized to acetone during this
under air (CuO-AJO3 prepared by a co-precipitation  treatment. The catalytic activity for phenol formation
method). The amount of Cu contentin the CuO»&4 was usually compared at reaction time of 5 or 24 h.
catalyst used in this study was usually 1.5 or 3.0wt.%. The Cu amount leached into the reaction solution

2.1. Preparation of catalysts
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during the benzene oxidation was analyzed by atomic 3. Results and discussion
absorption measurement (Shimazu type AA-630-01).

3.1. Effects of catalyst support and support method

2.3. Quantitative measurement of hydrogen on the liquid-phase oxidation of benzene to phenol

peroxide (H205)
The present reaction system is a slurry in which the
The amount of hydrogen peroxide accumulated two liquid phases, benzene and water, include. The ef-
during the benzene oxidation was quantitatively mea- fect of the various mass transfer limitations will be,
sured by iodometry [12]. The homogeneous reaction however, not so important because of the consider-
solution separated from the solid catalyst by centrifu- able low rate of the phenol production in the present
gation, to which small amounts of sodium hydrogen reaction condition. The catalytic activity of the cat-
carbonate were added to prevent the autoxidation of alyst was, thereafter, compared as a yield of phenol
I~ ions, was quickly analyzed in a dark atmosphere. produced under stirring at a prescribed reaction time.

2.4. Quantitative measurement of surface
Cu species by N O titration

The surface Cu species of the CuO-®@4 catalyst
were quantitatively measured by@ titration method
(2 Cu+ N2O — Cuw0O + N») using a fixed-bed flow
reaction system. A 0.1g of the CuO-Al; catalyst
(150-25Q.m) placed into the reactor was reduced at
623 K for 2 h under H flow, followed by maintaining
the same temperature for 1 h under He flow to remove
the adsorbed b N,O was introduced at 0.25 chper
pulse until no N was detected. The gas analyses were
conducted using a GLC (Shimazu type GC-4A; de-
tector, TCD) with a 0.5 m stainless steel column (i.d.
3mm) containing Unibeads C at 474K under a He
carrier.

Table 1

The state of the active Cu species, thus heterogeneous
and/or homogeneous Cu species, for the phenol for-
mation depended on both the catalyst prepared and the
solvent utilized. The active Cu species of a catalytic
system in a prescribed solvent are suggested below,
based on the data of the Cu leaching. No other products
such as hydroquinone and/or catechol were detected
in the reaction conditions carried out in this study.

The influences of the support and the support
method of supported Cu catalysts on the phenol yield
and the Cu leaching in 5.7vol.% (1 mol/l) acetic
acid aqueous solvent were recorded in Table 1. Only
phenol was detected under the present reaction condi-
tions using the Cu catalysts as shown in Table 1. The
Cu-impregnated catalysts studied here gave 0.7-1.0%
phenol yields. The amounts of Cu leaching from
these Cu-impregnated catalysts during the benzene

Liquid-phase benzene oxidation over Cu catalysts supported on various oxide stipports

Catalyst Cu (wt.%) Si/Al ratio Phenol yield (%) Cu leaching (%)
Cu/SioP° 1.0 - 0.7 82

Cu/Al,O3P 1.0 - 0.9 90
Cu/SiO—-Al,03P 1.0 43 1.0 c

Cu/MCM-41° 11 - 0.9 94

Cu/HMCM-41° 1.0 55 1.0 65
Cu-HMCM-49 1.0 55 1.1 92

Cu—NaYd 2.0 2.8 0.7 90

CuO-SiQ® 3.0 - 0.1 8.5

CuO-AbO3® 3.0 - 0.9 9.0

aCatalyst, 0.4 g; benzene, 2 &r22.5 mmol); solvent, 20 cfnof 5.7 vol.% (1 mol/l) acetic acid aqueous solution; ascorbic acid, 4 mmol;

reaction temperature, 303 K; reaction time, 5h.
b Impregnation method.
¢Not measured.
d Jon-exchange method.
€ Co-precipitation method.
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Table 2 Table 3
Liquid-phase benzene oxidation by CuO28 and Liquid-phase benzene oxidation by CuO»®8§ catalysts in aque-
Cu(CH;COOY), catalysts in aqueous acetic acid soldent ous solvert
Catalyst Phenol yield (%) Phenol/Cu (ratio) ~ Solvent Phenol Cu leach-
Cu(CH;COO), 1.1 13 yield (%) ing (%)
' ' H>O 0.45 8.8

CuO-AROs 0.9 11 (40 Aqueous CHOH (1 mol/l) 0.26 6.1

aCu(CH;COO),, 0.189 mmol; catalyst, 0.4g of CuO-ADz Aqueous GHsOH (1 mol/l) 0.22 6.7
(Cu, 3wt.%); benzene, 2cn(22.5mmol); solvent, 20 cfn of Aqueous (CH)3COH (1 mol/l) 0.27 7.7
5.7vol.% (1mol/l) acetic acid aqueous solvent; ascorbic acid, Aqueous (COOH) (1 mol/l) 0.06 0.35
4 mmol; reaction temperature, 303 K; reaction time, 5h. Aqueous CHCOOH (1 mol/l) 0.90 9.0

b Surface Cu species (0.051 mmol) measured b Nitration 2
(see Section 2) were used to calculate the phenol/Cu ratio. Catalyst, 0.4g of CuO-ADs (Cu, 3wt.%); benzene, 2cin

(22.5 mmol); solvent, 20 cfy ascorbic acid, 4 mmol; reaction tem-
perature, 303 K; reaction time, 5h.

oxidation were 65-94%. The Cu ion-exchanged
HMCM-41 and NaY catalysts also gave 0.7-1.1%
phenol yields, and the percentages of Cu leaching
of both catalysts reached 90-92%. The Cu species
leached in the reaction solution will thus mainly par-
ticipate in the phenol formation in the case of the Cu
catalysts ion-exchanged or impregnated on various
oxide in 5.7vol.% acetic acid aqueous solvent, tak-
ing into account of the results of Table 2, in which
unsupported Cu species were found to have catalytic
activity for phenol formation.

The leaching of the Cu species from the supported 3.2. Liquid-phase oxidation of benzene
Cu catalysts during the benzene oxidation was ap- catalyzed by co-precipitated CuO-Al>O3
preciably inhibited by the Cu-supported catalysts
prepared by the co-precipitation method. Thus, the The liquid-phase benzene oxidation by the
percentages of Cu leaching of both CuO—gi@hd CuO-ALO3 catalyst was attempted using various
CuO-AbO3, which were prepared by co-precipitation, aqueous solvents (Table 3). The percentage of the Cu
were 8.5 and 9.0, respectively. The heterogeneousleaching in each solvent during the benzene oxidation
Cu species on the CuO-AD3 (or CuO-SiQ) cat- was also measured. Phenol was produced even in
alysts in 5.7vol.% acetic acid aqueous solvent will pure HO solvent. The aqueous solvents containing
mostly function as the catalytic active species for alcohol or oxalic acid rather inhibited the formation
phenol formation, although the role of the Cu species of phenol. As the aqueous solvent containing acetic
leached in the reaction solution cannot ignore. The acid was the best one for producing phenol among
co-precipitated CuO-ADj3 is hereafter studied as a the aqueous solvents studied here, aqueous acetic acid
catalyst for liquid-phase oxidation of benzene, be- solvent will be hereafter utilized as a solvent for the
cause the CuO-AD3 gave a phenol yield of 0.9%, benzene oxidation.
and the percentage of Cu leaching was considerably Fig. 1 illustrates the dependence of the phenol yield
lower than the Cu-supported catalysts prepared by on the reaction time using the reaction temperature of
both impregnation and ion-exchange methods. 303 K. The yield of phenol almost linearly increased

A comparison in the turnover number (the pro- with the increase in the reaction time up to around
duced phenol/Cu ratio) between the heterogeneous5 h, but the degree of the increase in the phenol yield
CuO-AbLO3 and the unsupported Cu(GEOOY), cat- sharply declined at the reaction times of more than
alysts was attempted in agueous acetic acid (5.7vol.% 10 h. Thus, the deactivation of the CuO=8k cat-
(Imol/l)) solvent (Table 2). Both the unsupported alyst proceeded with benzene conversion to phenol.
Cu(CHCOO), and the heterogeneous CuO-8§ We have attempted a benzene oxidation using a used

have almost similar turnover numbers. The turnover
number of the CuO-AlO3 catalyst calculated using
the surface Cu species obtained by gONtitration
measurement was considerably greater, although the
reduced Cu surface area may be different from the
original one because of the reduction treatment. The
surface Cu species on the CuO-8} catalyst will

be effectively utilized for the formation of phenol.
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Fig. 1. Dependence of the yield of phenol on reaction time. Ben-
zene, 2 cri (22.5 mmol); catalyst, CuO-AD3 (Cu, 3wt.%), 0.4 g;
solvent, 20 cr of 5.7 vol.% (1 mol/l) acetic acid aqueous solution; 0.4g; solvent, 20 chof 5.7vol.% (1 mol/l) acetic acid aqueous

ascorbic acid, 4mmol; Dpressure, 1atm; reaction temperature,  gq|ytion; ascorbic acid, 4 mmol; Cpressure, 1 atm; reaction time,
303K. =h

Fig. 2. Dependence of the yield of phenol on reaction temperature.
Benzene, 2 crh (22.5mmol); catalyst, CuO—AD3 (Cu, 3wt.%),

Cu-supported AlO3 (Cu/Al,O3) catalyst which was  increased with an increase in the partial pressure of
washed with acetone, dried overnight, and calcined at O, up to pressures of around 1 atm. Further increase
775K for 5hin air flow. The initial activity for phenol  in the partial pressure of {raused no increase in the
formation was almost recovered using the used cata- phenol yield and kept the phenol yield almost con-
lyst. The results suggest that the deactivation of the stant. Both Cu/Si@ and Cu/NaY catalysts prepared
supported Cu catalyst will be mainly due to blocking by an impregnation method have also been reported
of the active Cu site on the catalyst by phenol pro-
duced and/or its oxidation products.

The dependence of the yield of phenol on the re-
action temperature is shown in Fig. 2. The yield of
phenol passed through a maximum value at a tem-
perature around 298 K, and a further increase in the
reaction temperature inversely caused a decrease in
the yield of phenol. A similar behavior of the phe-
nol yield by the variation of the reaction tempera- |
ture has been observed using both Cu—NaY [8,9] and ®
Cu/MCM-41 [10] catalysts. One of the reasons for
the decline in the phenol yield at higher reaction tem- 02 /
peratures is considered to be a decrease in the sol- &C
ubility of oxygen molecules in the aqueous solvent 0
at higher temperatures. At higher reaction tempera- 0
ture, the self-oxidation of ascorbic acid itself added as
a reductant will also cause a decrease in the phenol
yield.

The dependence of the phenol yield on the par-
tial pressure of @ was investigated at the reaction
temperature of 303K (Fig. 3). The yield of phenol

o o o [ N

0.6

0.4

Yield of phenol (%)

I 1 1 I ! !

1 2 3 4 5 6

Partial pressure of O2 (atm)

Fig. 3. Dependence of the yield of phenol on the partial pressure
of O,. Benzene, 2ck (22.5mmol); catalyst, CuO-AD3 (Cu,
3wt.%), 0.4g; solvent, 20 cfnof 5.7 vol.% (1 mol/l) acetic acid
aqueous solution; ascorbic acid, 4mmol; reaction temperature,
303 K; reaction time, 5h.
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Fig. 4. Influence of the amount of ascorbic acid on the yield Fig. 5. Influence of the fraction of acetic acid on the yield of phenol
of phenol and the percentage of Cu leaching. Benzene,32cm and the percentage of Cu leaching. Benzene, 2 (8.5 mmol);
(22.5mmol); catalyst, CuO-AD3 (Cu, 3wt.%), 0.49; solvent, catalyst, CuO-AlO3 (Cu, 3wt.%), 0.4 g; ascorbic acid, 4 mmol;
20 cn® of 5.7 vol.% (1 mol/l) acetic acid aqueous solution; reaction  solvent, 20 crd of acetic acid aqueous solution; reaction temper-
temperature, 303 K; reaction time, 5 @Y Yield of phenol; (J,) ature, 303K; reaction time, 5h@®) Yield of phenol; (J), per-
percentage of Cu leaching. centage of Cu leaching.

[11] for the phenol yield to behave almost similarly yield of phenol. However, the percentage of the Cu
under the @ pressures of 1 and 4 atm. leaching abruptly declined at fractions of acetic acid
The influence of the amount of ascorbic acid on the more than around 50 vol.% as illustrated in Fig. 5, and
phenol yield is illustrated in Fig. 4. No phenol was the leaching of Cu species from the co-precipitated
produced in the absence of ascorbic acid. The yield CuO-ALOs catalyst was inhibited up to almost zero.
of phenol increased with the increase in the amount The degree of decrease in the Cu leaching was greater
of ascorbic acid up to about 4 mmol, but further addi- than that of the yield of phenol. Thus, aqueous sol-
tion of ascorbic acid caused a decrease in the yield of vent consisting of an acetic acid fraction of around
phenol. Too much ascorbic acid, which functions as a 65-80vol.% has been found to have both advantages:
reductant, will lead to the reductive decomposition of to almost inhibit the Cu leaching, and also to give
hydrogen peroxide which is produced during the ben- a near-maximum yield of phenol. The benzene ox-
zene oxidation and plays an important role in phenol idation in the 80vol.% acetic acid aqueous solvent
formation, as described later. using CuO-A}O3 catalyst gave the phenol yield of
The dependence of the phenol yield on the fraction 1.2% with the only 0.1% Cu leaching. The active Cu
of acetic acid in the aqueous solvent is illustrated in species of the CuO—-ADs catalyst in 80 vol.% acetic
Fig. 5. The percentage of the Cu leaching was also acid aqueous solvent are thus heterogeneous Cu ones
measured and plotted in Fig. 5. Phenol was produced supported on the CuO—£0D3 catalysts.
even in the absence of acetic acid although the yield The benzene oxidation in 80 vol.% acetic acid aque-
was not high. The yield of phenol passed through ous solvent was attempted using various supported Cu
a maximum value at the fraction of acetic acid of catalysts to investigate the effect of a higher concentra-
around 40-50vol.%. Further increase in the fraction tion of acetic acid on the Cu leaching during the oxida-
of acetic acid inversely caused the decrease in thetion (Table 4). A comparison of the Cu leaching during
phenol yield. Only a small amount of phenol was ob- the benzene oxidation in the aqueous solvents of both
tained in 100vol.% acetic acid solvent. The percent- 5.7 vol.% (Table 1) and 80 vol.% (Table 4) acetic acid
age of the Cu leaching increased with the increase in indicates that the 80vol.% acetic acid aqueous sol-
the percentage of the fraction of acetic acid up to the vent dramatically inhibited the Cu leaching during the
fractions of 40-50vo0l.% in a manner similar to the benzene oxidation. Furthermore, the yield of phenol
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Table 4 Table 5
Liquid-phase benzene oxidation over supported Cu catalysts in Liquid-phase benzene oxidation over CuO>®4 catalyst using
aqueous 80vol.% acetic acid solvent various reductants
Catalyst Cu Phenol Cu leaching Reducing agent Phenol yield (%)
(Wt.%) _yield (%) (%) Ascorbic acid 1.3
CuO-ALO3" 3.0 1.2 0.1 Hydroquinone 0.5
CuO-SiQ-Al,03° 3.0 1.6 0.8 Pyrocatechol 0.5
Cu/sig® 1.0 0.9 3.6 Zinc powder Trace
Cu-HMCM-42 0.94 22 3.9 Zinc acetate Trace
aCatalyst, 0.4g; benzene, 2 2n22.5 mmol); solvent, 20 cfn (S)c))(iﬁjcma;udlflte OT race
of 80vol.% acetic acid aqueous solution; ascorbic acid, 4 mmol; Isobutyraldehyde 0
reaction temperature, 303K; reaction time, 5h.
b Co-precipitation method. aCatalyst, CuO-AlO3 (Cu, 1.5wt.%), 0.49; benzene, 2&m
€Impregnation method. (22.5 mmol); solvent, 20 cfof 80vol.% acetic acid aqueous so-
dJon-exchange method. lution; reducing agent, 4 mmol; reaction temperature, 303 K; reac-

tion time, 24 h; pressure, 1atm of,0O

(Table 4) obtained in 80 vol.% acetic acid aqueous sol-

vent was greater than that (Table 1) in 5.7 vol.% acetic both oxygen as an oxidant and ascorbic acid as a re-
acid aqueous solvent, irrespective of the supported Cuductant was quantitatively measured by an idometric
catalysts. Although we have yet no experimental evi- method (Fig. 6). The accumulated amount ofQd
dence for interpreting the specific behavior of aqueous almost linearly increased with an increase in the re-
high acetic acid solvent inhibiting the Cu leaching, action time up to around 5h. However, further in-
the high concentration of acetic acid in the aqueous crease in the reaction time inversely caused a decrease
acetic acid solvent was thus found to be a favorable in the amount of HO; thus, the amount of $0O,
solvent because of the effective inhibiting effect of the Passed through a maximum value at the reaction time
Cu leaching, in addition to a higher catalytic activity ©Of around 5h. The yield of phenol increased with the
for phenol production. MCM-41 was an attractive sup- reaction time in a similar manner as the accumulated
port for phenol production among the supports used

in this study, because the Cu ion-exchanged MCM-41 12 10
catalyst (Cu—HMCM-41) in the high acetic acid gave /.'
almost two times higher activity for phenol formation, 1| —0

keeping the low percentage of the Cu leaching, than
the CuO-A$O3 catalyst (Table 4).

The oxidation of benzene catalyzed by the
CuO-ALOs was attempted using reductants other
than ascorbic acid to investigate the effect of a reduc-

A |
/ 46

0.6 0\

Yield of phenol (%)
Amount of HZO2 (wmol)

tant on phenol production (Table 5). Hydroquinone 0.4 |
and pyrocatechol were effective for phenol produc- 1,
tion, although the phenol yield was lower than when 0.2 ]0
ascorbic acid was utilized. Only a trace of phenol was /

. - - 00 1 1 L L L 0
formed using zinc species. X s 0 15 20 25

. L Reaction time (h)

3.3. H20, accumulated during benzene oxidation
catalyzed by CuO-Al,O3 and benzene oxidation Fig. 6. Plots of the yield of phenol and accumulatedOd
using H,0, as an oxidant amount vs. reaction time. Benzene, Zc(22.5 mmol); catalyst,

CuO-AbO3 (Cu, 3wt.%), 0.4g; ascorbic acid, 4 mmol; solvent,

. . 20cn® of 5.7vol.% (1 mol/l) acetic acid aqueous solution; reac-
The HO, accumulated during the benzene oxida- ion temperature, 303K; reaction time, 5 @)Yield of phenol;

tion using the CuO-AlO3 catalyst in the presence of  (0J), amount of HO,.
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Table 6
Influences of ascorbic acid and molecular oxygen on formations
of both H,0, and phend

Run Ascorbic acid Oy H20, Phenol
(mmol) (pmol) (%)

1 4 Absent 0 0

2 0 Presert 0 0

3 4 Presert 7 0.9

aCatalyst, CuO-AlOs (Cu, 3wt.%), 0.4g; benzene, 2ém
(22.5mmol); solvent, 20cfof 5.7vol.% (1molll) acetic acid
aqueous solution; reaction temperature, 303 K; reaction time, 5h.
b Pressure, 1atm.

amount of BHO; in the initial stage of the benzene ox-
idation, as illustrated in Fig. 6. The decline in the ac-
cumulated amount of ¥O, after the reaction time of
ca. 5h may be in part caused by self-decomposition of
H»0O, and/or the deactivation of the CuO-A£l; cata-
lyst. Table 6 shows the influences of ascorbic acid and
oxygen on both the formations of,®, and phenol.
The presence of bothCand ascorbic acid were con-
firmed to be necessary for the formation gi®} in the
presence of the CuO—£0D3(Cu, 3.0wt.%) catalyst.
The production of phenol catalyzed by CuO->8%
in the presence of bothand ascorbic acid will be
closely related to the formation ofJd@,, as evidenced
from the results of Fig. 6 and Table 6.

The oxidation of benzene by CuO-A); (Cu,

1.5wt.%) catalyst was attempted under various reac-

tion conditions using KO, as an oxidant, instead of
O, (Table 7). When HO, was not present, no phenol

T. Miyahara et al./Journal of Molecular Catalysis A: Chemical 176 (2001) 141-150

catalyst—ascorbic acid-=Gsystem gave a comparable
yield (1.3%) of phenol even without 4D, (Table 7,
Run 3). Also, it was found that #D, as an oxidant
could not be effectively utilized for phenol produc-
tion when no Q or ascorbic acid was available
(Table 7, Runs 5 and 6). The formation o$®p was
thus confirmed in the presence of,(ascorbic acid
and CuO-A}O3 catalyst, and the formed 4@, was
found to play an important role in phenol production
and to effectively function in the formation of phenol
in the presence of both ascorbic acid angd O

3.4. A plausible Fenton-type scheme for benzene
oxidation to phenol catalyzed by CuO-Al,O3

As described in the previous section, both oxygen
as an oxidant and ascorbic acid as a reductant were
necessary for the production of phenol from the ben-
zene oxidation catalyzed by the CuO-@k. The
catalytic oxidation of ascorbic acid in Cu(ll)—ascorbic
acid—-Q system has been kinetically studied in de-
tail and a new type of chain mechanism including
CuOy(l) species was proposed [13]. The formation of
H>02 was confirmed in the presence of both &nd
ascorbic acid, and the amount of accumulatedH
was closely related to the yield of phenol, particularly
during the initial stage of the benzene oxidation. Phe-
nol was yielded in the presence ob®, instead of
both @ and ascorbic acid, in the benzene oxidation
catalyzed by the CuO-A0D3. However, the HO, was

was produced in the absence of either ascorbic acid more effectively utilized for phenol production in the

or Oy (Table 7, Runs 1, 2). Phenol was obtained in
a 1.6% yield when KO, was used as an oxidant
in the presence of both ascorbic acid angl Gow-
ever, it is of interest to note that the CuO-8k

Table 7

presence of both £and ascorbic acid. Based on these
results and the similarity of the CuO—-A); catalyst

in the presence of both Oand ascorbic acid to the
Fenton-type reagent [14,15], the following Scheme 1

Benzene oxidation catalyzed by CuO+8k using HO, as an oxidart

Run HO2 (mmol) Ascorbic acid (mmol) Atmosphere Phenol yield (%)
1 0 0 (o) 0

2 0 4 [\ 0

3 0 4 (o) 1.3

4 9.6 4 Q 1.6

5 9.6 4 N 0.7

6 9.6 0 Q 0.2

aCatalyst, CuO-AIOs (Cu, 1.5wt.%), 0.4g; benzene, 22n22.5mmol); solvent, 20 cfof 80vol.% acetic acid aqueous solution;

reaction temperature, 303 K; reaction time, 24 h; pressure, 1 atm.
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2 Cu(II) + Ascorbic acid + 1/2 O ——= 2 Cu(l) + Dehydroascorbic acid + H,O (1)

2Cul + O, + rut —— 2Cudl) + HO, @)
Cu® + H,0, + H — Cu) + +<OH + H,0 ©)
H OH
@ voo — = @
H
H OH (i)
+  Cu(ll) — © + Cu® + H O
Scheme 1.

is thought to be a plausible one for the benzene ox- be formed by the reduction of Cu(ll) by the presence
idation to phenol catalyzed by CuO-A)s in the of both @ and ascorbic acid as shown in step (1).
presence of both ©and ascorbic acid. The first step

(1) indicates that Cu(ll) species (Cu(ll) species sup-

ported on the catalyst and/or Cu(ll) species leached in 4. Conclusions

the reaction solution) are reduced to Cu(l) by ascorbic

acid. The resulting Cu(l) causes the @duction to The liquid-phase oxidation of benzene by various
form hydrogen peroxide in the presence of Kstep supported Cu catalysts was attempted in order to
2). The hydroxyl radical, generated from the decom- produce phenol directly using molecular oxygen as
position of the formed HO; in the presence of Cu(ll)  an oxidant and ascorbic acid as a reductant. Among
species and proton (step 3), will add to benzene to the supported Cu catalysts studied in this report, the
form hydroxycyclohexadienyl radical (step 4). The CuO-AbOs catalyst prepared by a co-precipitation
participation of the hydroxy radical during the ben- method was found to be an effective catalyst for phe-
zene oxidation catalyzed by Cu/MCM-41 has been nol production with low Cu leaching. The aqueous
suggested [10] from the retardation effect of the added solvent containing high percentage (around 80 vol.%)
alcohol. The corresponding radical will produce phe- acetic acid was a good solvent for phenol formation
nol in the presence of Cu(ll) species according to and drastically inhibited the Cu leaching from the
step (5). The participation of the hydroxy radical has CuO-AbLQOs3 catalyst during the benzene oxidation.
been suggested in the benzene oxidation catalyzedThe high volume percentage acetic acid (80 vol.%)
by Cu-supported mesoporos silicates from the results aqueous solvent was also a satisfactory one for the
that the added alcohol, which acts as scavenger for benzene oxidation to produce phenol using the other
hydroxy radical, decreased the yield of phenol [10]. supported Cu catalysts including Cu-HMCM-41, with
The results that the decomposition of®} to form a a comparatively high catalytic activity for phenol pro-
hydroxy radical was promoted by the presence of both duction and a low Cu leaching. The influence of O
O, and ascorbic acid (Table 7) support step (3), in partial pressure, amount of ascorbic acid, and reaction
which hydrogen peroxide is decomposed in the pres- temperature on the phenol yield was investigated using
ence of reduced Cu(l) species. The Cu(l) species will the CuO-AbOs3 catalyst. The accumulation ofJ@;
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was confirmed during the benzene oxidation. Phenol
was produced using the-®, oxidant in the presence
of the CuO—-A}O3 catalyst. The phenol formation was
closely related to the formation ofd®,. Fenton-type

reaction scheme including hydrogen peroxide as an
intermediate was a plausible one for the benzene ox-

idation to produce phenol catalyzed by CuO-®4
in the presence of both£and ascorbic acid.
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