JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

LS

o= :‘l’!r =
ELSEVIER

Journal of Molecular Catalysis A: Chemical 135 (1998) 133-142

Formation of Cu-supported mesoporous silicates and
aluminosilicates and liquid-phase oxidation of benzene
catalyzed by the Cu-mesoporous silicates and aluminosilicates

Junji Okamura, Satoru Nishiyama, Shigeru Tsuruya *, Mitsuo Masai *
Department of Chemical Science and Engineering, Faculty of Engineering, Kobe University, Nada, Kobe 657, Japan
Received 10 February 1997; accepted 21 November 1997

Abstract

Mesoporous silicates (MCM-41 and Al-containing MCM-41) were applied to catalyst supports for liquid-phase benzene
oxidation paying attention to their remarkable features, such as large surface area, ordered mesopores and high thermal
stability. The MCM-41-supported Cu catalysts were prepared by the method of impregnation (Cu/MCM-41) and
ion-exchange treatment (Cu—Na- MCM-41, Cu-H - MCM-41). The liquid-phase oxygenation of benzene to phenol over the
MCM-41-supported Cu catalysts was studied using molecular oxygen as an oxidant and ascorbic acid as a reducing reagent
for the Cu species. The MCM-41-supported Cu catalysts, particularly the Cu ion-exchanged H - MCM-41 (Cu—H - MCM-41),
were more active than the corresponding Cu catalysts supported on SiO,, TiO,, MgO, NaZSM-5, NaY, or KL zeolites. The
accumulation of hydrogen peroxide (H,0,) was confirmed during the liquid-phase oxidation of benzene catalyzed by the

Cu-supported MCM-41. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Cu ion-exchanged H - MCM-41; Oxidation; Benzene; Phenol; Ascorbic acid

1. Introduction

Porous inorganic materials, such as active
charcoal, silica gel, zeolite and pillared clay,
which have many micropores in their structures,
have been studied on their characterization and
utilized in a variety of fields including adsor-
bents, supports and catalysts etc., because of
their multifunctional properties. Among the
porous materials, various zeolites which are
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crystaline aluminosilicates, particularly artifi-
cially synthesized zeolites [1], have been partic-
ularly interesting because they possess uniform
micropores and have been studied for their func-
tions as molecular sieve, selective adsorption—
separation, catalysts, and supports. With the
extended application of zeolites, zeolites with
larger pores, such as auminophosphate VPI-5
[2] with 12-13 A pore diameters and_ galli-
umphosphates Cloverite [3] with 13—14 A pore
diameters, have been synthesized. Mesoporous
silicate with a uniform pore of about 30 A has
been synthesized [4] by intercalating kanemite
which has a layered structure with a surfactant,
followed by the removal of the surfactant and
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the bridging of the layers through calcination.
This mesoporous material has been named [5]
FSM-16 after the synthesis conditions were op-
timized. Mesoporous silicates/aluminosilicates,
which were classified into three forms: MCM-41
(hexagonal), MCM-48 (cubic), and MCM-L
(lamellar) based on the structure of their meso-
pores, have been obtained [6,7] by hydrothermal
synthesis using a surfactant as an organic tem-
plate. MCM-41 has been applied [8] as a sup-
port of Ni and Mo catalysts for the hydrocrack-
ing of oil components with the help of the larger
pores of the mesoporous supports. The catalytic
conversion of propene to gasoline components
has been reported [9] using MCM-41 catalysts
modified with platinum. The large pores of
MCM-41 have caused the insertion of a het-
eropoly acid (H;PW,,0,,) into the inner sur-
face [10] and the synthesis of Ru and Pt clusters
by the bottle-in-ship method in the mesopores
[11]. Attempts to insert elements, such as Ti
[12], Fe [13], or Mn [14] into the MCM-41
framework have been recently reported, but the
structural characterization of these synthesized
mesopores materials is not yet clear.

In this study, MCM-41, one of the M41S
series, was synthesized by reference to the hy-
drothermal synthetic method of ZSM-5 zeolite
and tried as the support of Cu catalysts for
liquid-phase benzene oxidation to phenol [15].
Cu species were supported on MCM-41 and
Al-containing MCM-41 by impregnation and
ion-exchange methods, respectively, to investi-
gate the influence of the supported method of
Cu. The cataytic activity of Cu-supported
MCM-41 in the liquid-phase benzene oxidation
to phenol was compared with those of the Cu
catalysts supported on other oxides.

2. Experimental
2.1. Synthesis of MCM-41

An agueous solution including CgH g5
(CH)3N - Br (36.4 g (0.1 mal)), H,SO, (95%,

2.4 ml), and H,O (280 ml (15.6 mol)) and an
agueous solution including SIO, (51.8 g (0.25
mol)) and H,O (133 ml (7.4 mol)) were drop-
wise poured into 213 ml (11.8 mol) of H,O
while stirring at room temperature and keeping
the pH value of the mixed solution at 10-11.
The whole mixture was transferred to an auto-
clave and hydrothermally treated (2.0 kg,/cm?)
at 373 K for 30 h. After the resulting product
was filtered off under vacuum, the product was
washed with deionized hot water (333-343 K)
until the filtrate became amost neutral. The hot
water was used because of reducing the dis-
solved amount of CO, and inhibiting the reac-
tion of the unreacted material, Na,SiO;, with
H,CO; to form amorphous SiO,. The product
was dried at 393 K for more than 12 h, followed
by the removal of the organic template by cal-
cining at 923 K for 1 hinaN, flow and for 3 h
in an air flow. The introduction of Al to MCM-
41 to form Na- MCM-41 was performed adding
the prescribed amount of Al,(SO,),- 18H,0 to
solution A. H - MCM-41 was prepared by ion-
exchanging the Na®™ ions with the H* ions.
Thus, Na- MCM-41 was ion-exchanged with 1
N NH,NO, agueous solution at 343—-353 K for
6 h, which treatment was repeated three times.
After the ion-exchange treatments, the MCM-41
was washed with deionized water, filtered off,
dried at 393 K overnight, and calcined at 773 K
for 5 hinan air flow.

2.2. Preparation of Cu-supported MCM-41 cat-
alysts

Cu-impregnated MCM-41 (Cu/MCM-41)
was prepared by impregnating the synthesized
MCM-41 with an agueous solution of a pre-
scribed concentration of Cu(CH ;COO), - H,O
followed by the evaporation of the solvent, dry-
ing at 393 K overnight, and calcination at 773 K
for 5 hinan air flow. Cu ion-exchanged MCM-
41 (Cu-Na- MCM-41, Cu-H - MCM-41) was
prepared using Na- MCM-41 and H - MCM-41
(both the Si /Al atomic ratios, 55), which pos-
sess ion-exchangeable sites, as support. Each
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support was ion-exchanged in an agqueous
solution of a prescribed concentration of
Cu(CH,C00), - H,0 at 353 K for 2 h. After
filtering off and washing with deionized water,
the resulting Cu ion-exchanged MCM-41 was
dried overnight at 393 K, calcined at 773 K for
5hin an air flow to prepare Cu—Na- MCM-41
and Cu-H - MCM-41. The Si /Al ratio of Na-
MCM-41 and the amounts of ion-exchanged Cu
of Cu—Na- MCM-41 and Cu—H - MCM-41 were
analyzed by atomic absorption (AA) measure-
ment (Shimazu type AA-630-01). The sample
was homogeneously dissolved by adding a few
drops of hydrofluoric acid before transfer to the
AA measurement.

2.3. Preparation of oxide-supported Cu cata-
lysts

The oxide-supported Cu catalysts were pre-
pared by impregnating with Cu(CH,COO), -
H,O (Nacalai Tesgue, guaranteed reagent), dry-
ing at 393 K overnight, and calcining at 773 K
for 5 hin air. The oxides used as supports were
SO, (Davison, Grade 62), y-Al ,O, (JRC-ALO-
4), SiO,—Al,0; (JRC-SAL-2), TiO, (JRC-TIO-
1), and MgO (Nacala Tesgue, guaranteed
reagent). Cu ion-exchanged zeolite catalysts
were prepared by the conventional ion-exchange
method at 353 K for 2 h using Cu(CH ,COO), -
H,O (Nacala Tesgue, guaranteed reagent),
washing with deionized water, filtering off, dry-
ing at 393 K overnight, and calcining at 773 K
for 5 h in air. The zeolites used as supports
were NaZSM-5 (Si /Al = 84, synthesized ac-
cording to the literature [16]), KL (Si /Al = 3.4,
Toso), NaY (Si/Al=28), and the H-type
counterparts of NaZSM-5 and NaY. The H-type
zeolites were prepared by ion-exchanging (three
times) the Na-type zeolites with 1 N NH,NO,
agueous solution, washing with deionized water,
filtering off, drying at 393 K overnight, and
calcining at 773 K for 5 h. The amounts of
ion-exchanged Cu were determined by AA mea-
surement as previously described.

2.4. Measurement of X-ray diffraction (XRD)

The XRD patterns of the support and the
catalyst samples were measured at room tem-
perature by the Rigaku PMG-22 XRD equip-
ment with an X-ray source of CuK «.

2.5. Measurement of BET surface area

The surface areas of the supports and the
catalysts were measured using a low-pressure
static gas adsorption apparatus, based on the
BET method [17] using the amount of N, ad-
sorption at 76 K. The samples were evacuated
at 627 K for 1 h before the adsorption measure-
ment.

2.6. Differential thermal (DTA) and thermal
gravimetric (TG) analyses

The DTA and TG analyses of the uncalcined
MCM-41 were performed using a Shimazu type
DTG-40 equipment with the rising temperature
rate of 20 K /min.

2.7. Measurement of pore size distribution

The pore size distribution of the synthesized
MCM-41 was obtained using an automatic sur-
face area-pore size distribution measurement
equipment (Carlo Erba type Sorptomatic 1800
series), applying the calculation of the B.JH.
method [18] to the adsorption—desorption
isotherm of N, at 76 K. The sample was evacu-
ated at 523 K for 3 h.

2.8. Transmission electron (TEM) and scanning
electron (SEM) microscopes

The TEM of MCM-41 was observed by a
Hitachi type H-8100 TEM equipment operated
at 200 kV, with 50,000 magnification. The SEM
image of MCM-41 was observed by a Hitachi
type S-4500 SEM equipment operated at 15—150
kV, with 5000—-10000 magnification. The sam-
ple was coated with Pt to prevent charge-up.
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2.9. Liquid-phase oxidation of benzene

Benzene (Nacalai Tesgue, guaranteed
reagent) was checked by GLC and used without
further purification. Ascorbic acid, 1 N acetic
acid agueous solution, methanol, ethanol, and
1-propanol were all purchased from Nacalai
Tesque (guaranteed reagent). Oxygen and nitro-
gen gases (Kobe oxygen) were used as received.
The liquid-phase oxidation of benzene was per-
formed using a 50-cm® flask with a magnetic
stirrer. The oxidation reaction was usually car-
ried out under the following conditions: solvent,
20 cm® of 1 N acetic acid agueous solution;
catalyst, 0.40 g; reducing reagent, 4 mmol of
ascorbic acid; oxygen atmosphere, 0.1 MPa;
temperature, 303 K; reaction time, 5 h. After the
separation of the catalyst by centrifugation, the
analyses of the oxidation products were per-
formed using a GLC (Shimazu type GC-8A;
detector, FID) with a 3-m stainless steel column
(i.d., 3 mm) containing Silicon OV-17 (at 180°C,
under N, carrier) and a 1.5-m stainless steel
column (i.d., 3 mm) containing Thermon-3000
5% (Shincarbon A) (at 220°C, under N,, carrier).
The carbon balance was usualy greater than
90%.

2.10. Quantitative analysis of hydrogen perox-
ide (H,0,)

After the oxidation reaction under the stan-
dard conditions previously described for the
prescribed time, the catalyst was separated from
the reaction solution by centrifugation. The
amount of the accumulated H,O, during oxida-

Table 1

tion was quantitatively analyzed by conven-
tional iodometry [19].

3. Results and discussion

In this study, we synthesized MCM-41 by
reference to the synthesis method of ZSM-5
zeolite [16], as described in Section 2. The XRD
pattern of the white powder material obtained
was a typica one of MCM-41 materials [20].
The synthesized MCM-41 was observed by
TEM to directly confirm the presence of the
hexagonal structure in the mesopore size
[6,7,21-23]. The MCM-41 was_found to have
uniform mesopores of ca. 32 A_(cf., the ob-
served value by TEM, ca. 30 A). The BET
surface area of the synthesized MCM-41 was
1052 m? /g. The pore volume calculated using
the adsorption amount of N, at the saturated
vapor pressure was 1.1 cm®/g. The MCM-41
synthesized in this study is heat resistant at least
up to 1123 K. The physical properties of the
MCM-41 and Al-containing MCM-41 (Na-
MCM-41) obtained here are listed in Table 1.

3.1. Characterization of Cu-supported MCM-41

The variation of the powder XRD patterns of
the Cu-impregnated MCM-41 (Cu/MCM-41)
with the amount of the impregnated Cu is illus-
trated in Fig. 1. The impregnation of Cu on the
MCM-41 support did not cause appreciable
change in the XRD pattern, and the intensities
of the (100) plane were almost constant, regard-
less of the amount of supported Cu. The BET

Physical properties of MCM-41 and Al-containing MCM-41 (Na- MCM-41)

Mesoporous material Si /Al atomic ratio

BET SA (m?/g)

Pore diameter (A) Pore volume (cm?® /g)

Starting mixture Product
MCM-41 - - 1052 31 11
Na- MCM-41 100 98 1054 32 12
50 55 1031 32 12
25 30 641 30 11
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Fig. 1. Variation of XRD powder patterns of Cu-impregnated
MCM-41 (Cu/MCM-41) with the amount of the supported Cu.

surface area decreased by supporting 1.0 wt.%
of Cu on the MCM-41 by ca. 150 m? /g, but the
surface area did not decrease so much by an
increase in the amount of supported Cu. The
impregnation of Cu species on the MCM-41
was thus confirmed to preserve the hexagonal
array and high surface area of MCM-41.

Fig. 2 shows the variation of the powder
XRD pattern of the Cu ion-exchanged Na-

B.E.T. surface area  Cu content
m?/9) (W1%)

Intensity

20 (deg.)

Fig. 2. Variation of XRD powder patterns of Cu ion-exchanged
Na-MCM-41 (Cu—-Na-MCM-41, Si /Al = 55) with the amount of
the supported Cu.

MCM-41 (Cu-Na- MCM-41, Si /Al = 55), to-
gether with the BET surface area, with the
amount (wt.%) of the ion-exchanged Cu. The
variation of the XRD pattern was similar to that
of the Cu/MCM-41 of which the Cu species
was supported by impregnation method. Fig. 3
illustrates the variation of the powder XRD
pattern of the Cu ion-exchanged H - MCM-41
(Cu—H-MCM-41, Si/Al=55). The surface
area considerably decreased by ion-exchanging
Na in the Na- MCM-41 by a proton (surface
areas of Na-MCM-41 and H-MCM-41 are
1031 and 856, respectively). The Cu ion-ex-
change in the H- MCM-41 support caused an
appreciable decrease in the diffraction peaks at
26 of ca 4-6°, together with the decrease in
surface area, in the range of the Cu amount of
more than ca. 1 wt.%. Particularly, the peaks of
planes (110) and (200) at a 260 of ca. 4° amost
disappeared when 2.0 and 4.6 wt.% of Cu were
supported in the H-MCM-41, which results
suggest a decrease in the hexagona regularity
of the structure. Luan et al. [24] have reported
that the ion-exchange of Na in Na- MCM-41
with NH, results in the removal of part of the
Al atoms from the Na- MCM-41 followed by a

B.E.T. surface area  Cu content
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m?/g) (
731 4.6
752 2.0
839 1.1
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Fig. 3. Variation of XRD powder patterns of Cu ion-exchanged
H-MCM-41 (Cu-H-MCM-41, Si /Al = 55) with the amount of
the supported Cu.
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weakness in the structura strength. Displace-
ment of H™, of which the radius is smaller than
that of Na*, has been reported [24] to cause the
imbalance in the polarity of the structure, which
imbalance results in the destruction of the uni-
form hexagonal structure. The ion-exchanges of
Na* in the Na- MCM-41 with H* followed by
Cu?* in this study will also make the balance in
the polarity change followed by the partial de-
struction of the regular hexagona array, as
shown in Fig. 3.

3.2. Cu species supported in MCM-41

The powder XRD patterns of Cu/MCM-41,
Cu- NaMCM-41, and Cu- HMCM-41 in the re-
gion of 20 of 35-50° were observed to investi-
gate the dispersion states of Cu species sup-
ported in each MCM-41, together with that of
Cu impregnated in SiO, (Cu/SiO,), as shown
in Fig. 4. The amount of Cu in all the samples
was at an amost similar level (4.5-5.0 wt.%).
The peaks based on CuO species were observed
in the XRD of the Cu/MCM-41 (Fig. 40),
together with the Cu/SiO, (Fig. 4d). The half-
height widths of the CuO peaks of the
Cu/MCM-41 were larger than those of the

B.E.T. surface area (m*/ g)

WW%W]WWW@M (@

W\IM | 731 )

CuO (111)

CuO (111)
CuO (202)
867 (©

Intensity

] 1 1 L 1 1
34 36 38 40 42 44 46 48 S0

20 (deg.)

Fig. 4. XRD patterns of Cu species in Cu-supported MCM-41. (a)
Cu(4.5)-Na- MCM-41, (b) Cu(4.6)-H - -MCM-41, (c)
Cu(5.0)/MCM-41, (d) Cu(5.0)/SiO, (SiO,, Davison).

1.5

X
=~ 0O
Tc__) 1k O/o/—. 9
@ /0/0
<
[o% o/
© o
- 0.5
5 / o :Cu-Na MCM-41
> | e :Cu/MCM-41
o L L 1 1 1 L I 1 1

0 10 20
Reaction time (h)

Fig. 5. Time dependence of phenol yield in benzene oxidation
catalyzed by Cu-supported MCM-41. Reaction temperature, 303
K; benzene, 2 ml; solvent, 20 ml of 1 M acetic acid aqueous
solution; reductant, 4 mmol of ascorbic acid; catalyst, 0.4 g; @,
Cu(1.0)/MCM-41; O, Cu(1.1)-Na-MCM-41.

Cu/SiO, (the haf-height width of CuO (111);
0.60 cm for the Cu/MCM-41, 0.33 cm for the
Cu/SiO,, the half-height width of CuO (111);
0.66 cm for the Cu/MCM-41, 0.60 cm for the
Cu/SiO,). The results suggest that the particle
size of CuO in the Cu/MCM-41 is smaller than
that in the Cu/SiO,. In contrast to the Cu-sup-
ported catalysts (Cu/MCM-41 and Cu/SiO,)
prepared by the impregnation method, no
diffraction peaks attributed to CuO (or Cu,
Cu,0O) were detected in either the XRD of the
Cu-Na- MCM-41 (Fig. 4a) or the Cu-H-
MCM-41 (Fig. 4b), which suggests that the Cu
species supported in Na- MCM-41 or H-
MCM-41 by the ion-exchange method are pre-
sent as Cu®* and/or small particles of CuO.
The uniform mesopores array and the high sur-
face area specified to the MCM-41 structure
will be attributed to the high dispersion of the
supported Cu species.

3.3. Liquid-phase oxidation of benzene

The reaction product obtained in this study
was only phenol, and no other product was
detected. Fig. 5 illustrates the time dependence
of the phenol yield at 303 K using Cu(1.0
wt.%) /MCM-41 and Cu(1.1 wt.%)-Na-
MCM-41 catalysts. The phenol yield increased
with increasing reaction time up to the reaction
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time of 3-5 h, but almost leveled off at a longer
reaction time. The Cu—Na- MCM-41 was found
to have larger catalytic activity for phenol for-
mation than the Cu/MCM-41 catalyst.

The dependence of the phenol yield at the
reaction time of 5 h on the reaction temperature
was investigated using the Cu(1.0)/MCM-41
catayst (Fig. 6). The phenol yield increased
with the increase in the temperature up to ca
303 K and reached a maximum at around 303
K. The decrease in the phenol yield with the
increase in the reaction temperature may be
caused by the decrease in the amount of the
dissolved oxygen with increasing temperature
and /or the consumption of ascorbic acid by its
direct oxidation with the increase in the reaction
temperature. In fact, the increase in the reaction
temperature caused the color change of the reac-
tion solution to dark yellow; this is due to the
dehydroascorbic acid produced by the oxidation
of ascorbic acid itself.

The influence of the amount of impregnated
Cu on phenol yield (at 303 K and for 5 h) was
investigated using the Cu/MCM-41 catayst
(Fig. 7). The phenol yield significantly in-
creased with an increase in the amount of im-
pregnated Cu up to the Cu amount of 1 wt.%,
but further increase in the Cu amount inversely
tended to make the phenol yield dightly de-
crease. The turnover number (Phenol /Cu ratio)
monotonously decreased with the amount of
impregnated Cu. The increase in the particle

Yield of phenol (%)
o
)]
T T T T T T T T T

0 Il 1 1 1 1
283 293 303 313 323 333
Temprature (K)

Fig. 6. Dependence of phenol yield on reaction temperature.
Catalyst, 0.4 g of Cu(1.0)/MCM-41; reaction time, 5 h; benzene,
2 ml (22.5 mmol); solvent, 20 ml of 1 M acetic acid aqueous
solution; reductant, 4 mmol of ascorbic acid.

15

o
Phenol / Cu

Yield of phenol (%)
o o
EN ®

Cu content (wt%)

Fig. 7. Effect of Cu content impregnated on phenol yield. Cata-
lyst, 0.4 g of Cu(1.0)/MCM-41; reaction time, 5 h; reaction
temperature, 303 K; benzene, 2 ml (22.5 mmol); solvent, 20 ml of
1 M eacetic acid agueous solution; reductant, 4 mmol of ascorbic
acid.

size of the Cu species like CuO with the in-
crease in the amount of the impregnated Cu
may be one of the causes of the decrease in the
phenol yield with increasing impregnated Cu.
Fig. 8 shows the effect of the amount of ion-ex-
changed Cu on the phenol yield using Cu—Na-
MCM-41 and Cu-H - MCM-41 catalysts. Both
catalysts were found to have similar cataytic
behavior for benzene oxidation, though the Cu—
H:-MCM-41 catadyst had dightly greater cat-
aytic activity than the Cu—Na- MCM-41. An
increase in the amount of ion-exchanged Cu

lon exchange percent (%)
0200 _ 400 g

Yield of phenol (%)
Phenol / Cu

Cu content (wt%)

Fig. 8. Effect of Cu content ion-exchanged on phenol yield.
Reaction time, 5 h; reaction temperature, 303 K; benzene, 2 ml
(22.5 mmol); solvent, 20 ml of 1 M acetic acid agueous solution;
reductant, 4 mmol of ascorbic acid; phenol yield: O, Cu—H-
MCM-41; a, Cu-Na-MCM-41; phenol /Cu ratio: @, Cu—H-
MCM-41; a, Cu—-Na-MCM-41.



140 J. Okamura et al. / Journal of Molecular Catalysis A: Chemical 135 (1998) 133-142

caused the sharp increase in the phenol yield up
to the Cu amount of ca 1 wt.%. However,
further increase in the Cu amount caused only a
dight increase in the phenol yield. A compari-
son of Figs. 7 and 8 indicates that the Cu—Na-
MCM-41 and Cu-H - MCM-41 catalysts have
larger catalytic activities (larger turnover num-
ber) for benzene oxidation than the Cu/MCM-
41 catalyst in the region of the supported Cu
amount of less than 1 wt.%.

The results of the liquid-phase oxidation of
benzene using Cu catalysts supported on the
various amorphous and crystalline oxides by
impregnation and ion-exchange methods, in ad-
dition to the MCM-41, are summarized in Table
2. Silica—alumina, alumina, and MCM-41 were
found to be good supports among the oxides
used as the support of Cu catalysts prepared by
the impregnation method. Thus, in the case of
the impregnated Cu catalysts, no superiority of
MCM-41 as a support for benzene oxidation
was found among the oxides studied. On the
other hand, H - MCM-41 was the best support
among the oxides used as the support of the Cu
catalysts prepared by the ion-exchange method.
It is of interest to note that regarding the Cu
catalysts prepared by the ion-exchange method,
the oxide support having a larger pore size

tended to have greater catalytic activity for ben-
zene oxidation.

The scheme of benzene oxidation to phenol
using a Cu catalyst has been considered [25—27]
to be similar to the hydroxylation reaction by
the Fenton reagent [28]. In the present oxidation
system, both molecular oxygen as an oxidant
and ascorbic acid as a reductant [29] were found
to be necessary for phenol formation using the
Cu/MCM-41 catalyst. In order to investigate
whether H,O, as an intermediate is in fact
formed during the benzene oxidation catalyzed
by Cu(1.0)/MCM-41, the amount of H,O, ac-
cumulated during the benzene oxidation was
quantitatively analyzed as illustrated in Fig. 9.
H,O, was found to have accumulated during
the benzene oxidation using the Cu/MCM-41
catalyst. The decrease in the amount of H,O,
accumulated during the benzene oxidation at the
reaction time of more than ca. 5 h may be due
to the self-decomposition of H,O, on the Cu-
supported catalyst. To investigate the participa
tion of the hydroxy radical assumed to be formed
by the decomposition of H,O, during the ben-
zene oxidation, the effect of added alcohal,
which is well known as a scavenger for the
hydroxy radical, on phenol formation was inves-
tigated using 1-propanol, ethanol, and methanol

Table 2
Benzene oxidation to phenol catalyzed by supported Cu catalysts
Catalyst Cu content (Wt.%) Si/Al  BET SA (m?/g) Support pore size (A) Yield of phenol (%) Phenol /Cu ratio
Support  Catalyst
Cu/TiO, 1.0 - 73 78 - 0.15 0.53
Cu/MgO 10 - a a - 0.58 21
Cu/Al,04 1.0 - 177 162 - 0.90 32
Cu/SiO,-Al,0; 1.0 4.6 560 432 - 0.96 35
Cu/SiO, 1.0 - 331 276 0.77 28
Cu/MCM-41 1.0 - 1052 900 31 0.88 31
Cu—NazZSM-5 11 84 355 378 55 0.74 24
Cu—-HZSM-5 0.9 84 404 389 55 0.39 15
Cu-KL 12 34 323 332 71 0.96 29
Cu—NaY 10 2.8 746 627 74 0.91 32
Cu-HY 12 2.8 638 607 74 0.81 25
Cu-Na-MCM-41 11 55 1031 909 32 11 35
Cu-H-MCM-41 11 55 856 839 32 13 43

#Not measured.
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as added alcohols. In the smplest form, if the
hydroxy radical produced during the benzene
oxidation is assumed to react with benzene and
the added alcohol, the concentrations of the
formed phenol and the added alcohol will be
related according to following equation:

[Phenol],

[Phenol]

k,[Alcohoal]
_l’_ —_—
k,[Benzene]

where [Phenol], and [Phenol] are concentrations
of phenol produced without and with the added
alcohol, respectively. [Benzene] and [Alcohol]
are concentrations of benzene and the added
alcohol (these concentrations are assumed to be
approximately constant); k; and k, are rate
constants of the reactions between benzene and
the hydroxy radical, and between alcohol and
the hydroxy radical, respectively. The ratio
[Phenol],/[Phenol] was plotted against [Al-
cohol] as shown in Fig. 10. Except for the
region of small concentrations of the added
alcohol, the plots were almost linear, regardless
of the added alcohol. Thus, the participation of
the hydroxy radical during the benzene oxida
tion catalyzed by Cu/MCM-41 is suggested.
The extent of decrease in the phenol yield by
adding alcohol was on the order of 1-propanol
> ethanol > methanol. This order is thought to

d 10 20
Reaction time (h)

Fig. 9. Dependence of accumulated H,0, amount on reaction
time. Catalyst, 0.4 g of Cu(1.0)/MCM-41; reaction temperature,
303 K; benzene, 2 ml (22.5 mmol); solvent, 20 ml of 1 M acetic
acid; reductant, 4 mmol of ascorbic acid.

si //5

[Phenol]l 4/ [Phenol]
£
\i

L () —
e o)
s
2# O/
S A :1—propanol
e : ethanol
o :methanol
1 1 1 1 1
0 2 4 6

[Alcohol] (mol /1)

Fig. 10. Plots of ratio [phenol], /[phenol] against added alcohol
concentration [alcohol]. Catalyst, 0.4 g of Cu(1.0)/MCM-41;
reaction time, 5 h; reaction temperature, 303 K; benzene, 2 ml
(22.5 mmol); solvent, 20 ml of 1 M acetic acid agueous solution;
reductant, 4 mmol of ascorbic acid; added alcohol: O, methanal;
@, ethanol; A, 1-propanol.

be the order of the ability of the corresponding
alcohol for scavenging the hydroxy radical.

4, Conclusions

The Cu-supported MCM-41 (impregnation,
Cu/MCM-41; ion-exchange; Cu—Na- MCM-
41, Cu-H - MCM-41) was prepared using
MCM-41 and Al-containing MCM-41 (Na-
MCM-41, H - MCM-41) as supports by both the
impregnation and ion-exchange methods. The
mesoporous structure of MCM-41 was found to
be almost maintained throughout the preparation
of these Cu-supported MCM-41 catalysts. The
Cu-supported MCM-41, together with the Cu
catalysts supported in zeolites and amorphous
oxides, were used as cataysts for the liquid-
phase oxidation of benzene. The Cu ion-ex-
changed H:-MCM-41 (Cu-H - MCM-41) had
the highest catalytic activity for phenol forma
tion among the catalysts in this study. H,O,
was found to accumulate during the benzene
oxidation catalyzed by the Cu-supported MCM-
4].
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