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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 O, and ascorbic acid was investigated in order to clarify the cause of the deactivation of the Cu catalyst. The elementary analysis, the IR
spectrum, and the XRD pattern of the Cu precipitate were measured in order to elucidate the composition and the structure. The formed Cu
precipitate was confirmed to be a Cu oxalate analogue (CHORL(=0)OH]) based on the similarities of its IR spectrum, XRD pattern,
and the elemental analysis with those of copper oxalate. The Cu precipitate was not formed in the absence of ascorbic acidTdred/or O
Cu/ascorbic acid mole ratio affected the formation of the Cu precipitate. The time dependence of the formation of the Cu precipitate revealed
that 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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1. Introduction reported the liquid-phase oxidation of benzene catalyzed by
supported Cy4—7] catalysts using both gaseous oxygen and
The one-step synthesis of phenol through the benzene ox-ascorbic acid as an oxidant and a reducing reagent, respec-
idation using gaseous oxygen is one of the most attractive ox-tively. However, a drawback in the supported Cu-ascorbic
idation reactions, though the direct oxygenation of benzene acid-G catalytic system is that the catalytic activity for phe-
is very difficult due to the stability of benzene ring. Not only nol formation stops during the initial stage of the oxidation
from an organic synthetic point of view, but from a practical [6,7]. Part of the Cu species on the supported Cu catalyst was
point of view, the phenol production via the one-step process observed to leach into the reaction solution during the ini-
using gaseous oxygen is of interest, in spite of the establishedial stage of the phenol formatidB]. The eluted Cu species
cumene process which includes a three-step scheme and asnce again rapidly precipitated followed by deactivation of
companies the production of acetone as a byproduct. Thethe phenol formatiofi8]. The amount of Cu precipitate has
pioneering approach for the liquid-phase direct synthesis of been reporteB] to be correlated to the yield of phenol, thus
phenol is the liquid-phase benzene oxidation using the ferric the precursor of the Cu precipitate is thought to be an active
sulfate—H 0, system (Fenton reagent) by Dixon and Norman Cu species for the benzene oxidation to phenol. The irre-
[1]. The partially exchanged hetero-poly acid was more re- versible formation of the Cu precipitate is thus suggested to
cently reported as a catalyst for the liquid-phase oxidation of be a cause of the deactivation during phenol form&i#jn
benzene in the presence oG oxidant[2,3]. We have also The purpose of this study is to shed light on the compo-
sition and the structure of the Cu precipitate, of which the
* Corresponding author. Tel.: +81 78 8036171 fax: +81 78 8036171, 'esolved Cu species are thought to be active for the benzene
E-mail addresstsuruyas@kobe-u.ac.jp (S. Tsuruya). oxidation, formed from the aqueous solution of copper ac-
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etate and ascorbic acid in the presence pft@elucidate  mortar, the entire sample was pressed at about 400 Edfcm
the cause of the rapid deactivatif7] of the supported Cu  form a 20-mm diameter disk.
catalyst in the presence of both ascorbic acid apd O

2.6. Elementary analysis of the Cu precipitates

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

before the analysis.
A Cu catalyst (Cu/AdO3) supported on AlOs3 (JRC-
ALO-6) was prepared by a conventional impregnation
method using an ethanolic Cu(OCOgbiH,O (Nacalai 3. Results and discussion
tesque, guaranteed reagent) solution followed by drying at
393 K overnight and calcining at 773 K for 5 h in flowing air. The liquid-phase oxidation of benzene catalyzed by Cu
catalysts supported on various inorganic oxides such as
2.2. Liquid-phase oxidation of benzene Al;03 and/or HY using both gaseous oxygen and ascor-
bic acid as an oxidant and a reducing reagent, respectively,
Benzene (Nacalai tesque, guaranteed reagent) was usegélectively producef4—7] an oxygenated product, phenol.
without further purification after checking the impurity by ~ Though the yield of phenol increased with the reaction time
GLC. Both acetic acid (Nacalai tesque, guaranteed reagent)during the initial reaction stage, the extent of the phenol in-
and ascorbic acid (Nacalai tesque, guaranteed reagent) werérease significantly decreased beyond the reaction time of
used as received. The liquid-phase oxidation of benzene wagabout 5 h, irrespective of the supported Cu cataljg®.
carried out in a 50 crhflat-bottomed flask, in which 2 cin
(22.5 mmol) of benzene in 20 c¢hof aqueous acetic acid sol- ~ 3.1. XRD pattern of the Cu precipitate
vent, 0.7g (4 mmol) of ascorbic acid and 0.4 g of catalyst
were mixed using a magnetic stirrer at 303K under an O A new XRD peak appearg@] at around 2=23 in the
atmosphere (0.1 MPa). The oxidation product, after separat-XRD pattern of the used Cu/ADs catalyst, after the liquid-
ing the solid catalyst by the centrifugation of the reaction phase benzene oxidation at 303 K for 24 h (the phenol yield:
solution, was analyzed by a GLC (Shimazu, model GC-8A) 2.1%) Fig. 1). The XRD peak at2=23> was not identical

equipped with a 3 m stainless-steal column filled with silicon to that of the copper acetate, a Cu precursor of the G@AI
OV-17 at 463 K. catalyst or the ascorbic acid as the reducing reagent. The

broad XRD peaks observed at arourt=37 and 45 are
attributed to the AlO3 support.
To avoid the appearance of the concomitant XRD peaks
The prescribed amounts of aqueous acetic acid, base'd'on the oxide support, the preparation qf the pure Cu
Cu(OCOCH)»-H,0, and ascorbic acid were mixed using prgmpltate was attempted at 303 K for 24 h to directly |§0Iat§
a magnetic stirrer in a 50 chflat-bottomed flask at 303K USIN9 bOt_h copper acetate (0.125 mmol) and ascorbic acid
for 24 h under an @atmosphere (0.1 MPa). The resulting Cu (4 Mmol) in aqueous solvents (20 éyrof 80 and 40vol.%

precipitate was filtered off, washed with acetone and dried at 2C€ti¢ acid, and also in a pure;@ solvent without acetic
393K overnight. acid under air atmosphere. The XRD pattern of the Cu pre-

2.3. Preparation of Cu precipitates

2.4. XRD measurement of the Cu precipitates

The XRD patterns of the Cu precipitates were observed
at room temperature using a Rigaku RINT 2000 XRD in-
strument with a Cu K source. The XRD patterns of the Cu
powder, CyO, CuO, Cu(OCOCHh)2-H20, and Cu(OCCQ)

before reaction | | |
were also measured as references. 10 20 30 20 350

26(degree)

after reaction

Intensity(a.u.)

2.5. FT-IR measurement of the Cu precipitates
Fig. 1. XRD patterns of both the fresh and used Cu(2Y4l(Cu; 2 wt.%)
The FT-IR spectra ofthe Cu precipitates, togetherwith var- catalysts. Used cata}lyst_; Washed_with acgt_one and dried at 393 K overnight
ious known Cu species were measured using aNihon Bunkoafterthe benzene oxidation (reaction conditions: Cu(2)0lcatalyst, 0.4 g;
! A benzene, 2 ¢ solvent, 20 cri of aqgueous solution of 80 vol.% acetic acid;
VALOR-III spectrophotometer. After approximately 10mg  ascorbic acid, 4 mmol; § 0.1 MPa; reaction time, 24 h; reaction tempera-
of sample was mixed with about 200 mg of KBr in an agate ture, 303K).
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Fig. 2. XRD patternsof the Cu precipitateand Cu oxalate: (a) Cu precipitate;
preparation conditions: Cu acetate, 0.125 mmol; 20 cm? of agueous solvent
of 80vol.% acetic acid; O; 0.1 MPa; ascorbic acid, 4 mmol; reaction time,
24 h; reaction temperature, 303K; (b) Cu oxalate.

cipitate formed in an agueous solvent of 80 vol.% acetic acid,
appearing as one main peak at 26 =around 23°, isillustrated
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 oxaate 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
(@)). The main XRD peaks appeared at 20 =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 agueous 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 spectraamost coin-
cided except intheregion of 3500-3000cm~2. The IR peak at
around 1650 cm~—1, the two sharp peaks at 14001350 cm ™1,
and the one sharp peak at 820cm~1 are identified asa C=0
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. 3. XRD patterns of the Cu precipitates prepared in agueous solvent
with different acetic acid concentrations. Preparation conditions of the Cu
precipitate: Cu acetate, 0.125 mmol; 20 cm?® of aqueoussolvent with different
acetic acid; O, 0.1 MPa; ascorbic acid, 4 mmol; reactiontime, 24 h; reaction
temperature, 303K: (a) 80vol.% acetic acid; (b) 40vol.% acetic acid; (c)
H20 (0vol.% acetic acid).

4000 3000 2000 1500 1000 500
Wavelength (cm-1)

Fig. 4. IR spectra of the Cu precipitate and Cu oxalate. Preparation con-
ditions of the Cu precipitate; Cu acetate, 0.125 mmol; 20cm?® of agueous
solvent of 80vol.% acetic acid; Op; 0.1 MPa; ascorbic acid, 4mmol; re-
action time, 24 h; reaction temperature, 303K: (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 aCOOH
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 H>0O 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 H,O 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 oxaate half hydrate: C, 14.96-H, 0.63; for
Cu[(OC(=0)C(=0O)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 hasno H atoms. The Cu
precipitates prepared in both pure HoO solvent and agueous
40vo0l.% acetic acid solvent had almost similar C and H val-
ues. Theseobserved C, H valuesare most identical to those of
the Cu[(OC(=0)C(=0)OH)] [Cu(C2HO4)] having a oxaate
moiety (oxalate mono-anion) in which one of the H atoms
was removed. The broad IR peak that appeared at around
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3600 cm~1 as previously described (Fig. 4) aso supportsthe
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 (Cu20) were utilized as the Cu sources, other
than Cu acetate, to prepare the Cu precipitate. The Cu precip-
itatewith the XRD main peak at 20 = around 23° wasisolated
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
303K in H20 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 amost homogeneous.

The preparation of the Cu precipitate was attempted at
303K in H>0 using ascorbic acid as the reducing reagent
in a N2 atmosphere in place of the O, atmosphere in order
to investigate the role of gaseous Oz. A reddish powder was
observed on the bottom of the reactor in place of the Cu pre-
cipitate. The XRD pattern of the reddish powder obtained
in the N> atmosphere was identical to that of the authentic
Cu powder (figure not shown). The formation of the Cu pre-
cipitate with the oxalate moiety was found to require both
ascorbic acid and O,.

The influence of the Cu acetate/ascorbic acid mole ra
tio on the formation of the Cu precipitate with the oxalate
moiety was investigated with a constant amount of ascorbic
acid. The XRD pattern of the Cu precipitate obtained for the
prescribed mole ratio isillustrated in Fig. 5. The XRD pat-
terns (Fig. 5 (c), (d)) of the Cu precipitates obtained at the
Cu acetate/ascorbic acid mole ratios of 1.5 and 2 werein ac-
cordance with that of authentic Cu,O. The Cu precipitates
obtained at the ratios of 0.5 and 1 were identified as being

Intensity (a.u.)

0 10 20 3 20 50
26 (degree)

Fig. 5. XRD patterns of the Cu precipitates prepared with different
Cu/ascorbic acid mole ratios. Preparation conditions of the Cu precipitate:
Cu sdlt, Cu acetate; solvent, 20cm® of H,0; Oz, 0.1 MPa; ascorbic acid,
4mmol; reaction time, 24 h; reaction temperature, 303K: (a) Cu/ascorbic
acid mole ratio=0.5; (b) Cu/ascorbic acid mole ratio=1; (c) Cu/ascorbic
acid moleratio=1.5; (d) Cu/ascorbic acid moleratio=2.

the Cu precipitate possessing an oxal ate moiety based on the
observed XRD patterns (Fig. 5 (a), (b)) the main peak being
observed at 20 =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 moi ety 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

Theformation 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 O, was identified to be
Cu,0 based on the XRD pattern (Fig. 6, 0h). Thus the Cu?*
species is thought to be instantly reduced to Cu'* species by
the excess ascorbic acid. With further processing of the re-
action time (6 h), the Cu,O produced during the initial stage
was reduced to Cu powder, of which the XRD pattern of the
Cu precipitateisolated at 6 h (Fig. 6, 6 h) was quite identical
to an authentic Cu powder. The Cu20 produced immediately
after the reaction was thus found to be once more reduced
to Cu® species by the reducing reagent, ascorbic acid, in the
reaction system. The XRD pattern of the Cu precipitate iso-
lated after 12h demonstrated a small but clear XRD peak
at 20 =around 23°, in addition to the XRD peaks based on
the Cu powder. From the reaction times of 12-20h, the in-
tensities of the XRD peaks due to the Cu powder relative
to the intensity of the XRD peak at 26 = around 23° tended
to decrease with the reaction time. After 22h, only the Cu
precipitate having an oxalate moiety was isolated as seen in
Fig. 6. Thus the Cu precipitate with the oxalate moiety was
confirmed to be produced via the Cu® species. The IR spec-

24h N
22 h A
S|20h
3 I
>
=114h
9] L A
15
£
12h . | \
6h 1 I
0h A
20 40 60 80
20 (degree)

Fig. 6. Variation in XRD patterns of the isolated Cu vs. the reaction time.
Preparation conditions: Cu acetate, 2mmol; solvent, 40cm?3 of H,0; Oy,
0.1 MPa; ascorbic acid, 4 mmol; reaction temperature, 303K; reaction time,
0 (immediately after the reaction), 6, 12, 14, 20, 22, and 24 h.
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Ascorbic Ascorbic
acid acid O,
Cu*?acetate - Cu,0 - cu’® - Cu™{OC(=0)C(=0)OH] *
(Cu** 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, thusthe IR peaks based
on the oxalate moiety were observed in the Cu precipitate
sample isolated at the reaction time of 12h 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 Cu,O by
ascorbic acid. The produced Cu2O isthen gradually reduced
to Cu® (Cu powder). With the further reaction time, during
which time the ascorbic acid will be aimost converted to the
corresponding oxidized form, the reduced Cu® species are
once again oxidized to the Cu precipitate with the oxaate
moiety (Cu[OC(=0)C(=0)OH]) under the presence of Oo.
The Cu species of the Cu precipitate will be present as Cul*
because the oxalate mono-anion asaligand is preferred from
the elementary analysis previously described. The decompo-
sition of the oxidized form of ascorbic acid produced during
the reduction of Cu?* to Cul* and Cul* to Cu 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 O, is thought to be necessary to re-
oxidize the Cu to Cu'*. The transformation of the oxidized
form of ascorbic acid to oxalic acid (and/or its mono-anion)

24h

20 h
14 h

12 h

%T (a.u.)

0h

1 1 L ] H
4000 3000 2000 1000 600
Wave number (cm™!)

Fig. 7. Variationin IR spectraof theisolated Cu vs. thereaction time. Prepa-
ration conditions; Cu acetate, 2 mmol; solvent, 40 cmd of H,O; O,, 0.1 MPg;
ascorbic acid, 4 mmol; reaction temperature, 303K ; reaction time, 0 (imme-
diately after thereaction), 6, 12, 14, 20, 22, and 24 h.

may need O 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 (Cul*) precipitate with no
regeneration of the active Cu?* specieswhich areresponsible
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 O», 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 O,, of
which the Cu precipitate had the same XRD pattern asthat 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
oxalate mono-anion (Cul*[OC(=0)C(=0)OH]*~). From the
variation in the XRD pattern of the isolated Cu species ver-
sus the reaction time, a scheme for the formation of the
Cul*[OC(=0)C(=0)OH]*~ was proposed, in which both
Cup0 and CuP are consecutively formed.
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