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Abstract

The liquid-phase oxidation of benzene to phenol using a Cu catalyst supportegd@ywels studied at 303 K in an aqueous solvent with
a variety of concentrations of acetic acid. Gaseoys@ ascorbic acid were utilized as an oxidant and a reducing reagent, respectively.
An agueous solvent with more than around 70-80 vol.% acetic acid concentration was confirmed to cause a sharp apparent decrease in the
Cu leaching from a Cu catalyst (Cu/s) impregnated on A0z, as well as a CuO-AD; catalyst prepared by a co-precipitation method
reported previously, during the benzene oxidation, keeping the yield of phenol comparatively high. The apparent Cu leaching was largely
inhibited in an agueous solvent with high acetic acid concentration in comparison with a solvent of low acetic acid concentration, irrespective
of the presence of benzene and/or ascorbic acid. The influences of both the Cu amount supported on;be ctidhlst and the amount
of ascorbic acid on the yield of phenol were investigated in the aqueous solvents with acetic acid concentrations of both 5.7 and 80 vol.%.
The Cu/AbLOs catalyst in the aqueous acetic acid solvent was deactivated in the comparatively initial stage of the oxidation of benzene. The
catalytic activity of the used Cu supported catalyst for phenol formation was almost completely recovered by calcining the catalyst at 773 K.
The amount of the deactivated Cu species based on a XRD peék=a2 in the used Cu/AlO; catalyst was found to have a correlation
with the yield of phenol.
© 2003 Published by Elsevier B.V.
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1. Introduction development of the one-step production of phenol will have
advantages in cost reduction and energy sai#hgPhenol
More than 90% of phenol, one of the important chemicals formation via the direct oxygenation of benzene formally
in the practical fields of resin, fiber, and medicine, has beenincludes insertion of an oxygen atom between the C-H
produced by a cumene meth@2]. The disadvantage of bond of benzene. Because of the high stability of benzene,
this method is the inclusion of a three-step process, althoughthe direct oxygenation of benzene to form phenol has been
the selectivity in the each step is quiet high, and the yield of thought to be one of the most difficult oxidation reactions
a by-product, acetone, in addition to phenol formatidh but also to be one of the most challenging oxidation reac-
Phenol production by the toluene method, which includes a tions from the point of view of organic synthetic chemistry.
two-step process and produces no by-product such as aceA direct hydroxylation of benzene has been reported using
tone, has been performdd] in a few practical chemical an Fét-H,0, system (Fenton’s reagent) by Norman and
plants. A one-step production of phenol through the direct co-workers[5]. An Fe*t-H,0,-catechol system (Hamil-
oxygenation of benzene has so far been attempted usingon reagent) has also been utilized for the oxygenation of
various catalytic systems by many researchers. The practicabenzene[6]. The oxygenation of benzene using molecu-
lar oxygen, which will be less expensive and more easily
handled, as an oxidant instead of hydrogen peroxide, has

* Corresponding author. Tek:81-78-8036171; fax:-81-78-8036171.  been attempted7]. More recently, noble metal-vanadium
E-mail addresstsuruya@cx.kobe-u.ac.jp (S. Tsuruya). (V) oxide catalysts supported on silica have been reported
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to be active for benzene oxidation to phenol in the presencewere dried at 393 K overnight and calcined at 773K for 5h
of both gaseous oxygen and hydrogen under a pressurizedn an air flow. The co-precipitated Cu catalyst (CuQ-®@¢)
atmospher¢8,9]. The benzene oxidation to phenol has also was prepared as follows: into an aqueous solution in which
been attempted using an EgdliO(acac) catalyst with Zn Cu(NQ3)2-3H20 (Nacarai Tesque, guaranteed reagent,
as a reducing reageftO] or using a partially exchanged 0.57 g) and AI(NQ)3 (Nacarai Tesque, guaranteed reagent,
heteropoly acid as a catalyidtl-13} Phenol formation by ~ 35.69g) were homogeneously dissolved, 508 avh 1N

the direct hydroxylation of benzene with both oxygen and aqueous NgCOs solution was added, and the mixture
hydrogen on platinum catalyst supported on Sias been  was stirred at 353K for 3h. The resulting precipitate was
reported to be accelerated when acetylacetonate of vanadiunifiltered-off under vacuum, washed with deionized water
was added to the reaction mediyi]. The reductive ox-  until the filtrate changed to pH 7, dried at 393 K overnight,
idation of benzene to phenol with botlb@nd H has been  and calcined at 623K for 3h in an air flow. The reduced
reported using the catalytic palladium membrgh,16]. CuO-Al,O3 catalyst was prepared by reducing at 553K for
We have reported the liquid-phase oxidation of benzene to 3 h under a H flow. The amount of Cu on the CuO-AD3
phenol catalyzed by Cu cataly§fis’—19]supported on var-  catalyst was quantitatively measured by an atomic absorp-
ious oxides including zeolites, MCM-41 and a CuG:B% tion spectrometer (Shimazu Type AA-630-01) after homo-
catalyst[20] prepared by a co-precipitation method using geneously dissolving the catalyst by adding a few drop
gaseous oxygen as an oxidant and ascorbic acid as a reef hydrogen fluoride (Hashimoto Chemical, 47% content,
ducing reagent. Vanadium catalygtl,22] supported on guaranteed reagent). The (Zn-Cu}®} catalyst, the Cu
Si0O; and AbOgs, instead of the supported Cu catalysts, and Zn of which were co-impregnated on an®§ support
have also been utilized for the benzene oxidation using was prepared using both Cu(@B0O0) and Zn(CHCOOQO)
gaseous oxygen as an oxidant and ascorbic acid as a redudNacarai Tesque, guaranteed reagent) followed by drying at
ing reagent. On the way to conduct our recent study on the 393 K overnight and calcining at 773 K for 5 h in flowing air.
liquid-phase benzene oxidation to phenol using the Cu cat- The reduced (Zn-Cu)/AD3 catalyst was prepared by reduc-
alysts (CuO-A$O3) prepared by a co-precipitation method, ing at 553K for 5h in flowing H. A Rb-added Cu/AlO3

an aqueous solvent with high acetic acid concentration hascatalyst (Rb/Cu/AlO3) was prepared by impregnating
been found20] to have a specific character for apparently CH3COORb (Nacarai Tesque, guaranteed reagent), drying at
inhibiting the apparent Cu leaching from the CuG:®% 393 K overnight, and calcining at 773 K for 5 h in flowing air.
catalyst, together with a higher yield of phenol, during the

benzene oxidation. Supported V catalysts in the aqueous2.2. Liquid-phase oxidation of benzene with

solvent with high acetic acid were also reporf2d] to have the supported Cu catalysts

high catalytic activity for phenol formation, though the V

leaching was not decreased, in the benzene oxidation. Benzene (Nacarai Tesque, guaranteed reagent) and acetic
In this study, we have mainly investigated the cat- acid (Nacarai Tesque, guaranteed reagent) were used with-

alytic behavior of the Cu catalysts impregnated onQy out further purification. Into a 50 cfnglass reactor, 2 ctn

(Cu/Al,03) in place of the CuO-AlO3 catalyst prepared  of benzene (22.5mmol), 20 cmof aqueous acetic acid

by a co-precipitation method reported previoug¥d], in (80vol.%), 0.4 g catalyst, and the prescribed amount of a re-

aqueous solvent with high acetic acid concentration on the ductant were added. The reaction mixture was stirred mag-
benzene oxidation to phenol. The main aim of this study is netically at 303K for 24 h under 0.1 MPa;@tmosphere.
to elucidate the influence of the Cu species, ascorbic acid,After adding 20 cm of 2-propanol as an internal standard
and the solvent on the activation of oxygen molecule in the to the reaction solution, the reaction solution was separated
oxygenation of benzene to phenol. The amount of the Cu from the solid catalyst by centrifugation. (2-Propanol was
species of a XRD peak observed & 2 23 in the used confirmed not to convert to acetone during the treatment.)
Cu/Al>Og3 catalyst had a correlation with the yield of phenol. The analyses of the oxidation product were performed at
453K using a GLC (Shimazu Type GC-8A) with a 3m
stainless column packed with Silicon OV-17 and a 1.5m

2. Experimental stainless column packed with 5% Thermon-3000 on SHIN-
CARBON A. The quantitative analyses of the amount of
2.1. Catalyst preparation the apparent Cu leaching were carried out by measuring the

Cu amount dissolved in the filtrate using atomic absorption

The Cu catalysts (Cu/oxide support) impregnated on equipment (Shimazu type AA-6200) after separating the
Al,03 (JRC-AIGs), SIO» (JRC-SIQ), TiO, (JRC-TIQ), solid catalyst from the reaction solution by centrifugation.
SiOp-Al203 (Nikki), MCM-41 (synthesized in this lab
[23,24), and HMCM-41 (synthesized in this 1g23,24) 2.3. XRD measurement of supported Cu catalysts
were prepared by a conventional impregnation method us-
ing an aqueous solution of the prescribed concentration The XRD patterns of both a fresh supported Cu catalyst
of Cu(CHsCOOY),. The resulting impregnated Cu catalysts and a used counterpart were measured at room temperature



H. Kanzaki et al./Journal of Molecular Catalysis A: Chemical 208 (2004) 203—-211 205

Cu(CHsCOO) and ascorbic acid were measured at room
temperature under air atmosphere using an electronic ab-

sorption spectrophotometer (Shimazu UV-240). g
0

2.5. Liquid-phase adsorptions of benzene and phenol on A O 5 10 15 20 25
Al,O3 support and the Cu/ADs3 catalysts Reaction time (h)

using Rigaku Type Ultim& XRD equipment with a Cu K 15
source. The used supported Cu catalyst separated through 1 60;\5\
centrifugation was washed with acetone and either dried o s
at around 383K overnight or calcined at 773K for 5h in < =
flowing air and subjected to XRD measurement. \°_-/ 1| E
o 4 40 8
2.4. Measurement of UV-Vis spectra g_ £
— @
To investigate the generation of hydrogen peroxide, the 8 §
UV-Vis absorption spectra of the agueous solution including T 05 4 20 "S
g 2
2
b

o

A 1.0 g sample of the AlO3 support or a Cu/AlO3 cat- 3
alyst was added to 20 chof aqueous solution of 80 vol.%
acetic acid including 2 cof benzene or phenol. The whole
system was stirred magnetically at 303K for 24 h under N
atmosphere (0.1 MPa). After stirring, the benzene or phenol
remaining in the solution was analyzed by GLC to quanti-
tatively analyze the amount of benzene or phenol adsorbed
on the AbOg3 support or the Cu/AlO3 catalyst.

2.6. ESR spectra of the supported Cu catalysts

Yield of phenal (%)

The ESR spectra of both the fresh and the used G@AI
catalysts in a quartz cell were measured at room temperature
using an ESR spectrometer (JES-TE-300). The fresh catalyst 0 —
was degassed at 473 K for 2 h before ESR measurement. The ® 0 10 ?o _30 4050
used catalyst isolated centrifugally from the reaction solution Reaction time (h)
was washed with acetone, dried at 373 K undgfibl, and Fig. 1. Relationship of both yield of phenol and Cu leaching vs. reaction
degassed at 473K for 2 h before the ESR measurement.  jime. (A) Catalyst: 0.4g of CuO-ADs (Cu = 1.5wt.%), (B) catalyst:

0.4g of Cu/AbO3 (Cu = 2wt.%); ascorbic acid: 4 mmol; £ 0.1 MPa;

reaction temperature: 303K@(), (M) 20cn? of aqueous solvent of
3. Results and discussion 80vol.% acetic acid; @), () 20cn? of agueous solvent of 5.7 vol.%

acetic acid; @), (O) yield of phenol; @), ((J) percentage of Cu leaching.

3.1. Influences of both the supported Cu catalysts prepared
under various conditions and the reaction conditions on  5h, irrespective of the supported Cu catalysts. The yield
the liquid-phase oxidation of benzene to phenol of phenol over the CuO-AD3 catalyst using the aqueous
solvent with the concentration of 80 vol.% acetic acid was
The time dependence of both the yield of phenol and higher than that using the counterpart with 5.7 vol.% acetic
the percentage of Cu leaching was investigated using theacid. The time dependence of both the percentages of the
co-precipitated Cu catalyst (CuO-A)3;, Cu = 1.5wt.%) apparent Cu leaching showed behavior similar to those
in aqueous solvents with acetic acid concentrations of both of both the yields of phenol. However, it must be noted
5.7 and 80vol.% Kig. 1(A)). The time dependence of that the apparent Cu leaching in the aqueous solvent with
the yield of phenol using the Cu catalyst impregnated on 80 vol.% acetic acid became remarkably lower than that in
Al,03 (Cu/Al>,03, Cu = 2wt.%) in the aqueous solvent the aqueous solvent containing 5.7 vol.% acetic acid.
with 80vol.% acetic acid is also illustrated Fig. 1(B). Fig. 2illustrates the influence of the volumetric concen-
No other products except phenol were detected under thetration of acetic acid in the aqueous acetic acid solvent on
reaction conditions studied in this report. The yields of the yield of phenol at the reaction time of 24 h and the per-
phenol in both solvents increased with the reaction time up centage of the apparent Cu leaching in the oxidation of ben-
to around 2-3 h, but the extent of the increase in the phe-zene catalyzed by both the CuO2-83 (Fig. 2(A)) and the
nol yield greatly declined beyond reaction times of around Cu/Al>O3 (Fig. 2(B)). The yield of phenol increased with the
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40 increase in the acetic acid concentration, but further increase
in the acetic acid concentration inversely caused a decrease
in the phenol yield and passed through a maximum value
at a concentration of around 70vol.%. The yield of phenol
obtained in ca. 98 vol.% acetic acid solvent was somewhat
lower than that in pure $D. The reason that the yield of
phenol has an optimum value for the concentration of acetic
acid will be interpreted by the following two factors. The
reduction of C&" to Cu™, of which the reduced Cu species
are indispensable for phenol formatift¥—20] by ascorbic
acid will be inhibited in the strong acid mediufa5]. On
the other hand, the production ob8, by the reduction of
0 O with the Cu" will be promoted in acid medium, and the
0 0 4 6 & 10 produced HO, can be stably present in the acid medium
A) Concentration of acetic acid (vol %) [26]. Thus, the trade-off between the ease of the reduction
of CU?t to Cut, and the effective production and the sta-
bility of the produced HO, might result in an optimum
aqueous solvent with an acetic acid concentration of around
70vol.%. The percentage of the apparent Cu leaching re-
mained almost constant (around 30% for CuQ&d and
40 vol.% for Cu/AbO3) up to acetic acid concentrations of
ca. 30—40vol.%. Further increase in the acetic acid concen-
tration caused a gradual decrease in the percentage of appar-
ent Cu leaching. Surprisingly, acetic acid concentrations of
more than around 40-60vol.% caused a sharp decrease in
the percentage of apparent Cu leaching. On the other hand,
the yield of phenol hardly decreased up to acetic acid con-
centrations of around 80 vol.% as illustratedHig. 2(A) and
0 20 40 60 80 100 (B). The aqueous solvent containing high acetic acid was
®) Concentration of acetic acid (vol%) thus confirmed to inhibit the apparent Cu leaching from the
Cu catalyst (Cu/AlO3) impregnated on AlO3, as well as
Fig. 2. Dependence of the C(_)ncentration of acetic acid on both the yield tha CuO-AbOs catalyst reported previousf20], keeping
of phenol and the Cu leaching. (A) Catalyst: 0.4g of CuQ@y (Cu the phenol yield comparatively high.

= 1.5wt.%), (B) catalyst: 0.4g of Cu/éD3 (Cu = 2wt.%); benzene: - .
22.5 mmol; solvent: 20 cfof aqueous acetic acid;00.1 MPa; ascorbic Table lindicates the y'eld of phen0| and the percentage

acid: 4 mmol; reaction temperature: 303 K; reaction time: 24®). Yield of apparent Cu leaching for the Cu catalysts impregnated on
of phenol, (1) percentage of Cu leaching. various oxide supports using aqueous solvents of both 20

and 80vol.% acetic acid. Only phenol was detected as the

=
[$)
T

[y
1

20

Yield of phenol (%)

o
3

10

Percentage of apparent Cu leaching (%)

®
o

60

40

Yield of phenol (%)

20

Percentage of apparent Cu leaching (%)

o

Table 1
Influence of oxide supports on the yield of phenol and the percentage of apparent Cu leaching using the aqueous solvent of both 20 and 80vol.% aceti
acid$t

Catalyst Acetic acid (20vol.%) Acetic acid (80vol.%)
Yield of phenol (%) Apparent Cu Yield of phenol (%) Apparent Cu
leaching (%) leaching (%)
Cu/SiQ 0.9 57.1 1.4 1.8
CulTiO, 0.4 42.3 0.6 1.0
Cu/Al;03 14 73.8 25 1.7
Cu/SiQ-Al,03 1.0 68.5 2.1 2.3
Cu/MCM-41 (Si/Al = c0) 11 64.5 1.6 21
Cu/MCM-41 (Si/Al = 108) 1.3 69.2 1.7 21
Cu/MCM-41 (Si/Al = 69) 1.6 58.3 21 3.2
Cu/MCM-41 (Si/Al = 26) 15 62.2 25 31

a Reaction conditionsCu content, 2wt.%; benzene, 22.5mmol; solvent, aqueous acetic acid,32@am0.1 MPa; ascorbic acid, 4 mmol; reaction
temperature, 303 K; reaction time, 24 h.
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oxidation product for all the supported Cu catalytic systems 3
studied here. The yield of phenol using the aqueous solvent
of 80vol.% acetic acid was higher than that using 20 vol.%
acetic acid regardless of the oxide supports. Once again, the
percentages of apparent Cu leaching in the agueous solvent
of 80 vol.% acetic acid considerably declined in comparison
with those in 20 vol.% acetic acid. Thus, the aqueous solvent
with a high acetic acid concentration of around 80 vol.% was
confirmed to be eligible to both phenol production and the
inhibition of apparent Cu leaching. The aqueous acetic acid
solvent with the acetic acid concentration of around 80 vol.%
was thus found to be an optimum solvent maintaining both
a comparatively high yield of phenol and a low level of 0 L L L L
apparent Cu leaching. 500 600 700 800 900 1000
The dependence of the amount of the supported Cu on Calcination temperature (K)

the yield of phenol was investigated using the Cyf?{ _ o _

catalyst in aqueous solvent of an acetic acid ConcentrationF'g' 4. Influence of calun_auon temper.ature on both the yield of phen?l and
. . . percentage of Cu leaching. Catalyst: 0.4g of Cu (Cu = 2wt.%);

of 80vol.% (Fig. 3. The yield of phenol sharply increased penzene: 22.5mmol; solvent: 202naf aqueous 80vol.% acetic acid:

with the increase in the amount of the supported Cu up ascorbic acid: 4mmol; reaction temperature: 303K; reaction time: 24h.

to around 3wt.%, but further increase in the Cu amount (®) Yield of phenol, (J) percentage of Cu leaching.

inversely caused a decline in the yield of phenol. Too high an

amount of the supported Cu may not function effectively for \yas moderately inhibited by calcining the catalyst at higher
phenol formation because of the aggregation of Cu speciestemperatures. The yield of phenol and the percentage of
on the AbOj3 support. In fact, the ESR spectrum of the used apparent Cu leaching for the Cup®s catalyst only dried
Cu/Al203 (Cu = 20wt.%) catalyst was characteristic of 5t 393K overnight were 2.3 and 6.8%, respectively.
aggregated Cu speci¢®7] (not depicted). The percentage  The influence of the amount of ascorbic acid as a reduc-
of apparent Cu leaching remained at low values regardlessing reagent on the yield of phenol was investigated using
of the amount of the supported Cu. both the Cu/A$O3 (Cu= 1.5 wt.%) and the CuO-AD3 (Cu

The influence of the calcination temperature of the _ 1 5 Wt.%) catalystsFig. 5) in the aqueous solvent with
Cu/Al>03 catalyst on the constant amount of the supported gg vol.% acetic acid. The resy20] of the CuO-AbOs3 (Cu

Cu of 2wt.% is illustrated IrFIg 4. The calcination tem- =3.0 Wt%) Cata|yst in the aqueous solvent with 5.7 vol.%
peratures in the range of 573-973 K caused little change

in the yield of phenol. However, the apparent Cu leaching

i

Yield of phenol (%)

Percentage of apparent Cu leaching (%)

o

3 20
2 [
S 1555 2
— 2} Ro S
: 5 5
< = o
S {100 T
5 g >
° &
i ]
> g
= O 1 1
I o
] = § 0 5 10 15
0 . . . 1o Amount of ascorbic acid (mmol)
0 5 10 15 20

Fig. 5. Influence of amount of ascorbic acid on the yield of phenol.
Amount of supported Cu (wt%) (@) Cu/Al,O3 catalyst (Cu=2wt.%) in 20cni of aqueous 80vol.%
acetic acid, M) CuO-ALO; (Cu = 1.5wt.%) in 20cm of aqueous
Fig. 3. Dependence of the amount of supported Cu on the yield of phenol 80vol.% acetic acid,[{J) CuO-ALOs (Cu = 3wt.%) in 20cni of aque-
and the percentage of Cu leaching. Catalyst: 0.5 g of G@#lbenzene: ous 5.7vol.% acetic acidX6]). Catalyst: 0.4g of Cu/AlOs; benzene:
22.5mmol; solvent: 20 ciof aqueous 80 vol.% acetic acid.1 MPa; 22.5mmol; reaction temperature: 303K; reaction time: 24 h @) and
ascorbic acid: 4 mmol; reaction temperature: 303 K; reaction time: 24h. (H), 5h for (J).
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acetic acid is also plotted as a reference. The CugbAl Table 2

catalyst in the aqueous solvent with 80vol.% acetic acid Percentage of apparent Cu leaching from the Cugilbglcatalyst in
had higher catalytic activity than that in the solvent with Y210us solutiors

5.7 vol.% acetic acid, in spite of the fact that the Cu content Concentration of Only  Solution

; ; acetic acid in solvent
of the latter catalyst was twice that of the former. The yield colvent (vol%) (%) Benzene Ascorbic Benzenel ascorbic

of phenol increased with the increase in the amount of ascor- (%) acid (%) acid (%)
bic acid, but too large an amount of ascorbic acid tended 57 65.3 60.2 33.0 31.0
to inversely decrease the yield of phenol on both catalysts. 80 6.3 4.4 1.9 1.9

The excess amount of ascorbic acid is suggested to deCOM-"a reaciion conditionscatalyst, CuO-AIOs (Cu = 1.5Wt.%), 0.4g;
pose HO, produced during the benzene oxidation, rather solvent, 20 cr of aqueous acetic acid; benzene, 22.5 mmol (3)cascor-
than being effectively available for phenol formation. To as- bic acid, 4mmol; temperature, 303 K; treating time, 24 ; 0.1 MPa.
certain the behavior of ascorbic acid towarg®4, the vari-
ation in the electronic absorption spectra of aqueop®H the Cu leaching at acetic acid concentrations of more than
(8.8 x 10~3mol/l) solution by adding an aqueous solution around 40-60vol.% observed #ig. 2 may be only an
of ascorbic acid (® x 10~* mol/l) was observed. The peak apparent value, because the percentages of the Cu leaching
at around 200 nm based on®,, together with the peak  were obtained by measuring the homogeneous Cu species
intensity of the ascorbic acid at 260 nm, was confirmed to soluble in the reaction solution. The influence of ascorbic
decrease with time. The stability of28,, formed during acid and/or benzene present in the aqueous acetic acid solu-
the oxidation of benzene catalyzed by the supported Cu cat-tion on the apparent Cu leaching of the CuQ-®4 catalyst
alysts in an acid medium may be the reason why the max-was investigated using aqueous solutions with acetic acid
imum value of the phenol yield shifted to a higher amount concentrations of both 5.7 and 8 vol.%able 2, where the
of ascorbic acid in the aqueous solvent with 80 vol.% acetic percentage of the apparent Cu leaching was measured after
acid concentration than that with 5.7 vol.% acetic acid. stirring for 24 h at 303 K under each condition described in
The influence of rubidium (as an oxide) added to the Table 1 The percentage of apparent Cu leaching in aqueous
Cu/Al,03 (Cu = 2wt.%) catalyst on the benzene oxida- acetic acid solvent containing no ascorbic acid was consid-
tion to phenol was investigated using the Rb/Cuf@y cat- erably different for the concentrations of acetic acid of 5.7
alysts with the added Rb/Cu atomic ratios of 1, 5, and 10. and 80vol.%. Thus, the aqueous solvent with acetic acid of
The Rb/Cu/AbOs3 catalyst with the added Rb/Cu ratio of 1 a high concentration (80vol.%) caused a much lower Cu
slightly promoted the phenol formation (the phenol yields of leaching than that with acetic acid of a low concentration
the Cu/AbO3 and the Rb/Cu/AlO3 catalysts were 2.5 and (5.7 vol.%). The percentages of the apparent Cu leaching
2.75%, respectively) but the catalysts with the ratios of 5 and in the presence of only ascorbic acid using both the 5.7
10 inversely inhibited the phenol formation (both the phe- and 80vol.% acetic acid concentrations were very similar
nol yields were 2.3%). The zinc co-impregnated Cuy to those obtained in the solution including both benzene
catalyst [(Zn-Cu)/A}O3] was attempted as a catalyst for the and ascorbic acid (in which solution the benzene oxidation
liquid-phase benzene oxidation to investigate if the added proceeds). The apparent Cu leaching in the latter two sys-
zinc metal functions as a reducing reagent, but the impreg-tems containing ascorbic acid were lower than those in the
nated Zn had no effect as a reducing reagent for the phenolformer two systems not containing ascorbic acid, irrespec-
formation. tive of the acetic acid concentration of 5.7 and 80 vol.%.
The difference in the Cu leaching between both the systems
3.2. Apparent Cu leaching from the supported Cu catalyst containing and not containing ascorbic acid will be due to
in the aqueous solvents with concentrations of both high  the contribution of the Ct species reduced by ascorbic
and low acetic acid acid to the apparent decline of the percentage of the Cu
leaching. The result that the apparent Cu leaching in the
Whenever a supported metal catalyst is utilized in a agueous solution with acetic acid of high concentrations
liguid-phase reaction, a concomitant concern is the leachingwas thus considerably lower than that in acetic acid of
of the supported metal ion into the reaction solution during low concentrations, irrespective of the presence of ascorbic
the catalytic reaction. The use of an aqueous solvent with acid, indicates that the agueous solvent with high acetic
acetic acid of high concentrations was found to consider- acid concentration can intrinsically inhibit the Cu leaching,
ably inhibit the apparent leaching of C&ig. 2. The Cu though the contribution of the insoluble €ueduced by
species leached into the reaction solution from the catalystascorbic acid cannot be ignored as described previously.
will be reduced to Ct1 ions during the benzene oxidation
in the presence of ascorbic aditi7—20] the reduced Cl 3.3. Deactivation of the Cu/ADs3 catalyst and its
species of which will hardly be soluble in the aqueous regeneration
reaction solution. Because the reduced"Gipecies are in-
soluble in the reaction solution and precipitate during the  The reuse of the Cu/ADs3 catalyst was attempted after
benzene oxidation, the sharp decline in the percentage ofthe used catalyst washed with acetone was either only dried
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Fig. 6. Reuse of the Cu/AD;3 catalyst in the oxidation of benzene.
Catalyst: 0.4 g of Cu/AlO3 (Cu = 2wt.%); benzene: 22.5 mmol; solvent:
20cn? of aqueous 80vol.% acetic acid; ascorbic acid: 4 mmol; reaction
temperature: 303K; reaction time: 24 h. (A) Reuse of the catalyst after
drying at 393K overnight, (B) reuse of the catalyst after calcining at
773K for 5h in flowing air.

at 393 K overnight or calcined at 773 K for 5Rig. 6). The
catalytic activity of the reused catalyst treated only by dry-
ing largely decreased with repeated uBg(6(A)). On the

other hand, the yield of phenol obtained by the third reac-
tion was almost similar to that of the first one when the used

catalyst was dried at 393 K followed by calcination at 773K
(Fig. 6(B)). The apparent Cu leaching was inhibited with

repeated usage of the catalyst, regardless of the treatment

method for the used catalyst.
As described previously, the yield of phenol leveled-off at

a reaction time of around 5-10 h and hardly increased with a
further increase in the reaction time, irrespective of the sup-

ported Cu catalystd{g. 1). Based on these results, the ad-

sorption of the produced phenol on the catalyst surface will
be considered one of the causes of deactivation. However,
the liquid-phase adsorption experiment of phenol confirmed

that the phenol hardly adsorbed on either the CaD3lcat-
alyst or AbO3 support under conditions similar to the ben-
zene oxidation.
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c) after calcination
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a) before reaction
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Fig. 7. XRD patterns of Cu/AlO3 catalysts. (a) Fresh Cu/#03 catalyst,
(b) used Cu/AdO3 catalyst, (c) used Cu/ADs3 (b) calcined at 773K for
5h in flowing air.

80

= 20 wt.%) catalysts were carried olig. 7). The intensity

of the XRD pattern based on CuO of the used catalyst be-
came lower than that of the fresh one. The ESR spectra (not
illustrated) of both the fresh and the used catalysts showed
that the ESR peaks based on?Cof the latter catalyst be-
came lower than that of the former, in accordance with the
XRD data. However, a marked difference in both the XRD
patterns is the appearance of a sharp pealdat 23 in

the used catalyst~{g. 7(b). The new XRD peak was not
identical with those of Cu powder, GO, CuO, copper(ll)
acetate, copper(ll) hydroxide, and copper(ll) carbonate. The
Cu precipitate produced from a mixture of copper(ll) acetate
and ascorbic acid in aqueous acetic acid of 80 vol.% showed
an XRD peak at 2 = 23 (Fig. 8(a) that was exactly the
same as that which appeared in the used G@Alkatalyst
(Fig. 8(b). Thus, the Cu species based on the XRD peak

(b) Cu/AL O3 after reaction
NM

(a) Cu precipitate

Intensity

I | | I
20 40 60 30

26

Fig. 8. XRD patterns of the precipitate and the Cuf@d catalyst. (a) Cu

To investigate another cause of the deactivation, XRD precipitate formed from the mixture of copper acetate and ascorbic acid

measurements of both the fresh and the used GQA(Cu

in acetic acid, (b) used Cu/#D3 (same as irFig. 7(b).
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at 2 = 23 will be due to the reduced Cu species. We are
now exploring the identification of the Cu species based on
the XRD peak at 2 = 23> and will report the results in the
near future, though we have no knowledge yet of a definite
formula for the Cu precipitate. The calcination of the used
Cu/Al;0O3 catalyst at 773 K for 5 h in flowing air resulted in
both the disappearance and an increase in the intensity of
the XRD peaks based on Cu@i¢. 7(c). From these XRD
data, the active Cu species is thought to irreversibly convert
to inactive Cu species during the benzene oxidation, and the
deactivated Cu species will be reactivated through the cal-
cination treatment, as shown kig. 6.

To confirm that the precursors of the Cu species based
on the XRD peak at 2 = 23 are related to the active
species for phenol formation, the XRD measurement of the 0
used Cu/A$Og3 catalysts prepared in aqueous solution with
various acetic acid concentrations was attempted. The height
of the XRD peak at 2 = 23, together with the yield of Fig. 10. Electronic absorption spectra ob®h generated from aque-
phenol, was plotted against the volumetric concentration of IOU_S solution _Contfg\inrgcboth éu agzdxalsg%rbiclﬁ)cid- éa) Aqube?ous _30-

H H H H : ution containing bot| u acetate. Mo ana ascorbpic aci
o a7 13l ) i 10, 4. 20 iy
. . A : ) aqueous solution of ascorbic acid@8 10~ mol/l).
against the volumetric concentration of acetic acid. Thus,
the deactivated Cu species based on the XRD peak at 2
23 will be formed via the active Cu species for phenol quantitatively analyzed by conventional iodomejtt@]. To
formation, although the composition and the structure of the directly observe whether 40, is formed in the presence
deactivated Cu species are yet unknown at the present stagesf oxygen (air), ascorbic acid, and the Cu@k catalyst,

@

ABS(au.)

1| \®

2000 250 300 350
Wave length (nm)

3.4. Hydrogen peroxide formation from an aqueous
solution of C&+ and ascorbic acid in air and the activity
for phenol formation

the UV-Vis spectrum of the aqueous solution including
Cu(ll) acetate and ascorbic acid was measured, in addition
to those of aqueous solutions of only ascorbic acid and
H202 (Fig. 10. Copper(ll) acetate was utilized, in place of
the Cu/AbOs catalyst, because the &u species leached

Hydrogen peroxide accumulated during the liquid-phase from the Cu/AbOs catalyst, together with the Cu species

oxidation of benzene by Cu supported MCM-41 (Cu/MCM-

supported on the catalyst, are considered to play a role in

41) catalyst using ascorbic acid as a reducing reagent wasH,0, formation. An absorption peak was detected at around

m
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Fig. 9. Dependence of concentration of acetic acid on both the yield of
phenol and intensity of the XRD peak ap 2= 23°. Catalyst: 0.4g of
Cu/Al,03 (Cu= 2 wt.%); benzene: 22.5 mmol; solvent: 20%of aqueous
acetic acid; @: 0.1 MPa; ascorbic acid: 4 mmol; reaction temperature:
303 K; reaction time: 24 h.®@) Yield of phenol, (J) intensity of XRD
peak at 2 = 23°.

200nm Fig. 10(a), the peak of which is identical of that
of authentic aqueous 4@, (Fig. 10(b), when the aqueous
solutions of the Cti- and ascorbic acid were mixed in air.
Benzene oxidation was attempted under a variety of condi-
tions with and without HO» to investigate the role of the
reducing reagent (ascorbic acid) and the oxidant for phenol
formation (Table 3. In the absence of ¥D,, the presence

Table 3

Influence of oxidant and reducing reagent on the phenol fornfation

Run HO0, Ascorbic Atmosphere Yield of
(mmol) acid (mmol) phenol (%)

1 0 0 N 0

2 0 0 e’} 0

3 0 4 (0 25

4 0 4 N 0

5 9.6 4 Q 12

6 9.6 0 N 0

7 9.6 0 Q 0.2

a Reaction conditionscatalyst, Cu/AdO3 (Cu = 2wt.%), 0.4g; ben-
zene, 22.5mmol; solvent, 20 ml of aqueous acetic acid (80 vol.%); reac-
tion pressure, 0.1 MPa; reaction temperature, 303 K; reaction time, 24 h.
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