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Cu precipitate formed during the benzene oxidation catalyzed by
supported Cu in the presence of ascorbic acid and O2
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Abstract

The composition of the Cu precipitate formed during the liquid-phase oxidation of benzene to phenol with the Cu catalyst in the presence
of O2 and ascorbic acid was investigated in order to clarify the cause of the deactivation of the Cu catalyst. The elementary analysis, the IR
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pectrum, and the XRD pattern of the Cu precipitate were measured in order to elucidate the composition and the structure. The
recipitate was confirmed to be a Cu oxalate analogue (Cu[OC(O)C( O)OH]) based on the similarities of its IR spectrum, XRD patt
nd the elemental analysis with those of copper oxalate. The Cu precipitate was not formed in the absence of ascorbic acid and2. The
u/ascorbic acid mole ratio affected the formation of the Cu precipitate. The time dependence of the formation of the Cu precipita

hat the Cu oxalate analogue was first produced via the cuprous oxide and then the copper metal.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The one-step synthesis of phenol through the benzene ox-
dation using gaseous oxygen is one of the most attractive ox-
dation reactions, though the direct oxygenation of benzene
s very difficult due to the stability of benzene ring. Not only
rom an organic synthetic point of view, but from a practical
oint of view, the phenol production via the one-step process
sing gaseous oxygen is of interest, in spite of the established
umene process which includes a three-step scheme and ac-
ompanies the production of acetone as a byproduct. The
ioneering approach for the liquid-phase direct synthesis of
henol is the liquid-phase benzene oxidation using the ferric
ulfate–H2O2 system (Fenton reagent) by Dixon and Norman
1]. The partially exchanged hetero-poly acid was more re-
ently reported as a catalyst for the liquid-phase oxidation of
enzene in the presence of H2O2 oxidant[2,3]. We have also

∗ Corresponding author. Tel.: +81 78 8036171; fax: +81 78 8036171.
E-mail address:tsuruyas@kobe-u.ac.jp (S. Tsuruya).

reported the liquid-phase oxidation of benzene catalyze
supported Cu[4–7] catalysts using both gaseous oxygen
ascorbic acid as an oxidant and a reducing reagent, re
tively. However, a drawback in the supported Cu-asco
acid-O2 catalytic system is that the catalytic activity for p
nol formation stops during the initial stage of the oxida
[6,7]. Part of the Cu species on the supported Cu catalys
observed to leach into the reaction solution during the
tial stage of the phenol formation[8]. The eluted Cu speci
once again rapidly precipitated followed by deactivatio
the phenol formation[8]. The amount of Cu precipitate h
been reported[9] to be correlated to the yield of phenol, th
the precursor of the Cu precipitate is thought to be an a
Cu species for the benzene oxidation to phenol. The
versible formation of the Cu precipitate is thus suggeste
be a cause of the deactivation during phenol formation[8].

The purpose of this study is to shed light on the com
sition and the structure of the Cu precipitate, of which
resolved Cu species are thought to be active for the ben
oxidation, formed from the aqueous solution of copper
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.08.037
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etate and ascorbic acid in the presence of O2 to elucidate
the cause of the rapid deactivation[6,7] of the supported Cu
catalyst in the presence of both ascorbic acid and O2.

2. Experimental

2.1. Preparation of catalyst

A Cu catalyst (Cu/Al2O3) supported on Al2O3 (JRC-
ALO-6) was prepared by a conventional impregnation
method using an ethanolic Cu(OCOCH3)2·H2O (Nacalai
tesque, guaranteed reagent) solution followed by drying at
393 K overnight and calcining at 773 K for 5 h in flowing air.

2.2. Liquid-phase oxidation of benzene

Benzene (Nacalai tesque, guaranteed reagent) was used
without further purification after checking the impurity by
GLC. Both acetic acid (Nacalai tesque, guaranteed reagent)
and ascorbic acid (Nacalai tesque, guaranteed reagent) were
used as received. The liquid-phase oxidation of benzene was
carried out in a 50 cm3 flat-bottomed flask, in which 2 cm3

(22.5 mmol) of benzene in 20 cm3 of aqueous acetic acid sol-
vent, 0.7 g (4 mmol) of ascorbic acid and 0.4 g of catalyst
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mortar, the entire sample was pressed at about 400 kg/cm2 to
form a 20-mm diameter disk.

2.6. Elementary analysis of the Cu precipitates

The elementary (C, H) analyses of the Cu precipitates
were carried out using a Yanako type CHN CORDER MT-5
instrument. All the samples were dried overnight at 393 K
before the analysis.

3. Results and discussion

The liquid-phase oxidation of benzene catalyzed by Cu
catalysts supported on various inorganic oxides such as
Al2O3 and/or HY using both gaseous oxygen and ascor-
bic acid as an oxidant and a reducing reagent, respectively,
selectively produced[4–7] an oxygenated product, phenol.
Though the yield of phenol increased with the reaction time
during the initial reaction stage, the extent of the phenol in-
crease significantly decreased beyond the reaction time of
about 5 h, irrespective of the supported Cu catalysts[6,7].

3.1. XRD pattern of the Cu precipitate
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ere mixed using a magnetic stirrer at 303 K under an2
tmosphere (0.1 MPa). The oxidation product, after sep

ng the solid catalyst by the centrifugation of the reac
olution, was analyzed by a GLC (Shimazu, model GC-
quipped with a 3 m stainless-steal column filled with sili
V-17 at 463 K.

.3. Preparation of Cu precipitates

The prescribed amounts of aqueous acetic
u(OCOCH3)2·H2O, and ascorbic acid were mixed us
magnetic stirrer in a 50 cm3 flat-bottomed flask at 303

or 24 h under an O2 atmosphere (0.1 MPa). The resulting
recipitate was filtered off, washed with acetone and dri
93 K overnight.

.4. XRD measurement of the Cu precipitates

The XRD patterns of the Cu precipitates were obse
t room temperature using a Rigaku RINT 2000 XRD
trument with a Cu K� source. The XRD patterns of the
owder, Cu2O, CuO, Cu(OCOCH3)2·H2O, and Cu(OCCO)2
ere also measured as references.

.5. FT-IR measurement of the Cu precipitates

The FT-IR spectra of the Cu precipitates, together with
ous known Cu species, were measured using a Nihon B
ALOR-III spectrophotometer. After approximately 10 m
f sample was mixed with about 200 mg of KBr in an ag
A new XRD peak appeared[8] at around 2θ = 23◦ in the
RD pattern of the used Cu/Al2O3 catalyst, after the liquid
hase benzene oxidation at 303 K for 24 h (the phenol y
.1%) (Fig. 1). The XRD peak at 2θ = 23◦ was not identica

o that of the copper acetate, a Cu precursor of the Cu/A2O3
atalyst or the ascorbic acid as the reducing reagent
road XRD peaks observed at around 2θ = 37 and 45◦ are
ttributed to the Al2O3 support.

To avoid the appearance of the concomitant XRD p
ased on the oxide support, the preparation of the pur
recipitate was attempted at 303 K for 24 h to directly iso
sing both copper acetate (0.125 mmol) and ascorbic
4 mmol) in aqueous solvents (20 cm3) of 80 and 40 vol.%
cetic acid, and also in a pure H2O solvent without aceti
cid under air atmosphere. The XRD pattern of the Cu

ig. 1. XRD patterns of both the fresh and used Cu(2)/Al2O3 (Cu; 2 wt.%)
atalysts. Used catalyst; washed with acetone and dried at 393 K ove
fter the benzene oxidation (reaction conditions: Cu(2)/Al2O3 catalyst, 0.4 g
enzene, 2 cm3; solvent, 20 cm3 of aqueous solution of 80 vol.% acetic ac
scorbic acid, 4 mmol; O2, 0.1 MPa; reaction time, 24 h; reaction tempe

ure, 303 K).
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Fig. 2. XRD patterns of the Cu precipitate and Cu oxalate: (a) Cu precipitate;
preparation conditions: Cu acetate, 0.125 mmol; 20 cm3 of aqueous solvent
of 80 vol.% acetic acid; O2; 0.1 MPa; ascorbic acid, 4 mmol; reaction time,
24 h; reaction temperature, 303 K; (b) Cu oxalate.

cipitate formed in an aqueous solvent of 80 vol.% acetic acid,
appearing as one main peak at 2θ = around 23◦, is illustrated
in Fig. 2(a). These XRD patterns of the Cu precipitates pre-
pared in the different solvents were entirely different from
those of Cu acetate and/or ascorbic acid (figure not shown).
Since the XRD peak of the Cu precipitate was found to be
similar to that of the Cu oxalate using the XRD database,
the XRD pattern of authentic Cu oxalate (Fig. 2 (b)) was ob-
served and compared with that of the Cu precipitate (Fig. 2
(a)). The main XRD peaks appeared at 2θ = 23◦ for the iso-
lated Cu precipitates and Cu oxalate were basically identical,
though the intensities of the XRD peaks of the Cu precipitate
prepared in an aqueous solvent containing more acetic acid
tended to become lower and broader (Fig. 3).

3.2. IR spectra of the Cu precipitate

The FT-IR spectra of both the Cu precipitate and Cu ox-
alate were observed to further investigate the structure of the
isolated Cu precipitate (Fig. 4). Both IR spectra almost coin-
cided except in the region of 3500–3000 cm−1. The IR peak at
around 1650 cm−1, the two sharp peaks at 1400–1350 cm−1,
and the one sharp peak at 820 cm−1 are identified as a C O
stretching, C O and C C stretching, and O C C bending
frequencies, respectively. These IR peaks are thought to have
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Fig. 4. IR spectra of the Cu precipitate and Cu oxalate. Preparation con-
ditions of the Cu precipitate; Cu acetate, 0.125 mmol; 20 cm3 of aqueous
solvent of 80 vol.% acetic acid; O2; 0.1 MPa; ascorbic acid, 4 mmol; re-
action time, 24 h; reaction temperature, 303 K: (a) Cu precipitate; (b) Cu
oxalate.

originated from the oxalate group. A broad peak at around
3600 cm−1 appeared in the IR spectrum of the Cu precipitate
(Fig. 4 (a)), of which a band not appearing in the IR one of
the Cu oxalate (Fig. 4 (b)), may be OH stretching of a COOH
group of oxalic acid. All the obtained IR and the previous
XRD data support the fact that the isolated Cu precipitate
includes the oxalate moiety.

3.3. Elemental analysis (C, H) of the Cu precipitate

The C, H analyses of the Cu precipitates prepared both
in H2O solvent and in aqueous 40 vol.% acetic acid solvent,
together with the calculated results of the Cu oxalate and
its analogues, were as followed: Found for the Cu precip-
itate prepared in H2O solvent: C, 15.7·H, 0.6 and for the
Cu precipitate prepared in aqueous 40 vol.% acetic acid sol-
vent: C, 15.8·H, 0.7. Calculated for Cu oxalate anhydrate:
C, 15.84·H, null; for Cu oxalate monohydrate: C, 14.16·H,
1.19; for Cu oxalate half hydrate: C, 14.96·H, 0.63; for
Cu[(OC( O)C( O)OH)] [Cu(C2HO4)]: C, 15.74·H, 0.66. As
the Cu precipitate was found to contain H atoms based on the
elemental analysis, the Cu precipitate was unable to be iden-
tified as Cu oxalate anhydrate which has no H atoms. The Cu
precipitates prepared in both pure H2O solvent and aqueous
40 vol.% acetic acid solvent had almost similar C and H val-
u
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ig. 3. XRD patterns of the Cu precipitates prepared in aqueous solvent
ith different acetic acid concentrations. Preparation conditions of the Cu
recipitate: Cu acetate, 0.125 mmol; 20 cm3 of aqueous solvent with different
cetic acid; O2, 0.1 MPa; ascorbic acid, 4 mmol; reaction time, 24 h; reaction
emperature, 303 K: (a) 80 vol.% acetic acid; (b) 40 vol.% acetic acid; (c)

2O (0 vol.% acetic acid).
es. These observed C, H values are most identical to those of
he Cu[(OC( O)C( O)OH)] [Cu(C2HO4)] having a oxalate
oiety (oxalate mono-anion) in which one of the H atoms
as removed. The broad IR peak that appeared at around
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3600 cm−1 as previously described (Fig. 4) also supports the
presence of the OH group in the oxalate ligand.

3.4. Influence of preparation conditions on the Cu
precipitate formation

Cupric nitrate, cupric chloride, cupric oxide (CuO), and
cuprous oxide (Cu2O) were utilized as the Cu sources, other
than Cu acetate, to prepare the Cu precipitate. The Cu precip-
itate with the XRD main peak at 2θ = around 23◦ was isolated
using any of the Cu sources used here. The Cu precipitates
isolated using the Cu salts or oxides were also confirmed to
include the oxalate moiety from the observation of the FT-IR
spectra, just like the one obtained using Cu acetate.

The preparation of the Cu precipitate was attempted at
303 K in H2O solvent using, instead of ascorbic acid, pyro-
catechol or hydroquinone as the reducing reagent under all
the same reaction conditions except for the reducing reagent,
however, no Cu precipitate was formed which left the Cu
species almost homogeneous.

The preparation of the Cu precipitate was attempted at
303 K in H2O using ascorbic acid as the reducing reagent
in a N2 atmosphere in place of the O2 atmosphere in order
to investigate the role of gaseous O2. A reddish powder was
observed on the bottom of the reactor in place of the Cu pre-
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the Cu precipitate possessing an oxalate moiety based on the
observed XRD patterns (Fig. 5 (a), (b)) the main peak being
observed at 2θ = around 23◦. The IR spectra of the Cu pre-
cipitates obtained at both the Cu acetate/ascorbic acid mole
ratios of 0.5 and 1 were also found to have IR peaks based on
the oxalate moiety. Thus the formation of the Cu precipitate
having an oxalate moiety substantially requires more than an
equimolar amount of ascorbic acid for the Cu species.

3.5. Time dependence of the formation of the Cu
precipitate

The formation of the Cu precipitate was observed with the
reaction time at the ascorbic acid/Cu mole ratio of 0.5. The
Cu precipitate was isolated at a specific reaction time, and
both the XRD pattern (Fig. 6) and the IR spectrum (Fig. 7) of
the isolated Cu precipitate were measured. The Cu precipi-
tate isolated immediately after the reaction of the Cu acetate
with ascorbic acid in the presence of O2 was identified to be
Cu2O based on the XRD pattern (Fig. 6, 0 h). Thus the Cu2+

species is thought to be instantly reduced to Cu1+ species by
the excess ascorbic acid. With further processing of the re-
action time (6 h), the Cu2O produced during the initial stage
was reduced to Cu powder, of which the XRD pattern of the
Cu precipitate isolated at 6 h (Fig. 6, 6 h) was quite identical
t
a
t
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ipitate. The XRD pattern of the reddish powder obtained
n the N2 atmosphere was identical to that of the authentic
u powder (figure not shown). The formation of the Cu pre-
ipitate with the oxalate moiety was found to require both
scorbic acid and O2.

The influence of the Cu acetate/ascorbic acid mole ra-
io on the formation of the Cu precipitate with the oxalate
oiety was investigated with a constant amount of ascorbic

cid. The XRD pattern of the Cu precipitate obtained for the
rescribed mole ratio is illustrated in Fig. 5. The XRD pat-
erns (Fig. 5 (c), (d)) of the Cu precipitates obtained at the
u acetate/ascorbic acid mole ratios of 1.5 and 2 were in ac-
ordance with that of authentic Cu2O. The Cu precipitates
btained at the ratios of 0.5 and 1 were identified as being
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ig. 5. XRD patterns of the Cu precipitates prepared with different
u/ascorbic acid mole ratios. Preparation conditions of the Cu precipitate:
u salt, Cu acetate; solvent, 20 cm3 of H2O; O2, 0.1 MPa; ascorbic acid,
mmol; reaction time, 24 h; reaction temperature, 303 K: (a) Cu/ascorbic
cid mole ratio = 0.5; (b) Cu/ascorbic acid mole ratio = 1; (c) Cu/ascorbic
cid mole ratio = 1.5; (d) Cu/ascorbic acid mole ratio = 2.
o an authentic Cu powder. The Cu2O produced immediately
fter the reaction was thus found to be once more reduced
o Cu0 species by the reducing reagent, ascorbic acid, in the
eaction system. The XRD pattern of the Cu precipitate iso-
ated after 12 h demonstrated a small but clear XRD peak
t 2θ = around 23◦, in addition to the XRD peaks based on
he Cu powder. From the reaction times of 12–20 h, the in-
ensities of the XRD peaks due to the Cu powder relative
o the intensity of the XRD peak at 2θ = around 23◦ tended
o decrease with the reaction time. After 22 h, only the Cu
recipitate having an oxalate moiety was isolated as seen in
ig. 6. Thus the Cu precipitate with the oxalate moiety was
onfirmed to be produced via the Cu0 species. The IR spec-
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ig. 6. Variation in XRD patterns of the isolated Cu vs. the reaction time.
reparation conditions: Cu acetate, 2 mmol; solvent, 40 cm3 of H2O; O2,
.1 MPa; ascorbic acid, 4 mmol; reaction temperature, 303 K; reaction time,
(immediately after the reaction), 6, 12, 14, 20, 22, and 24 h.
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Ascorbic Ascorbic 
acid acid O2

Cu+2 acetate → Cu2O → Cu0  → Cu+1[OC(=O)C(=O)OH] -1

(Cu2+ salt) Oxidized form (Cu precipitate) 
of ascorbic acid

Scheme 1.

tra of the Cu precipitate isolated at the prescribed reaction
time also supported the XRD results, thus the IR peaks based
on the oxalate moiety were observed in the Cu precipitate
sample isolated at the reaction time of 12 h and the inten-
sities of the IR peaks tended to increase with an increase
in the reaction time (Fig. 7). The scheme for the formation
of the Cu precipitate having an oxalate moiety is as follows
(Scheme 1). Cu acetate is first rapidly reduced to Cu2O by
ascorbic acid. The produced Cu2O is then gradually reduced
to Cu0 (Cu powder). With the further reaction time, during
which time the ascorbic acid will be almost converted to the
corresponding oxidized form, the reduced Cu0 species are
once again oxidized to the Cu precipitate with the oxalate
moiety (Cu[OC( O)C( O)OH]) under the presence of O2.
The Cu species of the Cu precipitate will be present as Cu1+

because the oxalate mono-anion as a ligand is preferred from
the elementary analysis previously described. The decompo-
sition of the oxidized form of ascorbic acid produced during
the reduction of Cu2+ to Cu1+ and Cu1+ to Cu0 is thought
to participate in the formation of the oxalate moiety, though
we have no idea on the definite scheme for the generation of
oxalic acid and/or oxalate mono-anion ligand at the present
time. The presence of O2 is thought to be necessary to re-
oxidize the Cu0 to Cu1+. The transformation of the oxidized
form of ascorbic acid to oxalic acid (and/or its mono-anion)
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may need O2 if the conversion proceeds through an oxida-
tive decomposition. The deactivation of the Cu catalyst dur-
ing the liquid-phase oxidation of benzene will be due to the
irreversible formation of this Cu (Cu1+) precipitate with no
regeneration of the active Cu2+ species which are responsible
for the phenol formation.

4. Conclusions

To investigate the Cu precipitate closely correlated with
the deactivation of the supported Cu catalyst during the oxi-
dation of benzene to phenol in the presence of both ascorbic
acid and gaseous O2, the structure and composition of the
Cu precipitate produced during the benzene oxidation were
investigated using the Cu precipitate isolated during the reac-
tion of Cu acetate and ascorbic acid in the presence of O2, of
which the Cu precipitate had the same XRD pattern as that of
the precipitate produced during the benzene oxidation. The
XRD pattern of the isolated Cu precipitate was substantially
identical to that of the copper oxalate. The elementary anal-
yses of the Cu precipitate suggested that the molecular form
is Cu(C2HO4). The IR spectra of the Cu precipitate showed
peaks based on the oxalate moiety. From these results, the
Cu precipitate was identified as the Cu species having an
o 1+ 1−
v
s
C
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ig. 7. Variation in IR spectra of the isolated Cu vs. the reaction time. Prepa-
ation conditions: Cu acetate, 2 mmol; solvent, 40 cm3 of H2O; O2, 0.1 MPa;
scorbic acid, 4 mmol; reaction temperature, 303 K; reaction time, 0 (imme-
iately after the reaction), 6, 12, 14, 20, 22, and 24 h.
xalate mono-anion (Cu [OC( O)C( O)OH] ). From the
ariation in the XRD pattern of the isolated Cu species ver-
us the reaction time, a scheme for the formation of the
u1+[OC( O)C( O)OH]1− was proposed, in which both
u2O and Cu0 are consecutively formed.
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