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Abstract

Mesoporous MCM-41 molecular sieves substituted with various amounts of Cu(ll) and Al(lll) were synthesized by the
hydrothermal method. The resultant materials were characterized by XRD, XANES, surface area and pore size measurement,
EPR and?’Al solid state NMR. The Cu(ll)-substituted MCM-41 was found to be an efficient catalyst in the oxidation of
trimethylphenol (TMP) to trimethylbenzoquinone (TMBQ) at mild reaction conditions. The latter is an intermediate in the
manufacture of Vitamin E. The optimal activity was obtained when MCM-41 was concomitantly substituted with small
amounts of Cu(ll) and Al(Ill). The liquid phase reactions were extremely sensitive to the oxidant and solvent used. With
acetonitrile as solvent, hydrogen peroxide aexd-butyl hydrogen peroxide were effective oxidants but with benzaldehyde
as solvent, oxygen gas was also an effective oxidant. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction synthesized; it shows potential in oxidation of bulky
molecules which cannot enter the micropores of TS-1
The discovery of mesostructures of M41S family by or Ti-g [6-8]. In contrast, only a very limited num-
the researchers of Mobil in 1992 has attracted much ber of reports deal with Cu-substituted mesoporous
attention [1,2]. Among them, MCM-41 of uniform  molecular sieves [9]. In this work, Cu(ll)-substituted
hexagonal arranged tunnel-shaped pores with pore MCM-41 was prepared by hydrothermal reaction and
diameter ranging between 20-100 A is most studied. the material was found to be an efficient catalyst in
The high surface area and highly ordered uniform liquid phase oxidation of trimethylphenol (TMP) to
mesopores make it a potential candidate for appli- trimethylbenzoquinone (TMBQ).
cations in catalytic conversions of bulky molecules  TMBQ is a key intermediate in making Vitamin E
encountered in the cracking of heavy crude oil or the [10]. The latter is expected to experience constantly
manufacture of fine chemicals and pharmaceuticals increasing demand in the pharmaceutical and food
[3] as well as in adsorption and host-guest chem- industries in the coming decade [11]. In the literature,
istry [4,5]. The Ti-substituted MCM-41 has been various catalysts and oxidants have been declared in
the oxidation of TMP to TMBQ. The disclosed cat-
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halides [18-20]. The effective oxidants used in the SiO,:(0-0.05)AL03:(0-0.05)Cu0:0.48CTMA:0.67-
literature included percarboxylic acids [17], organic TPA*:0.39Ng0:0.29HS(04:50-110H0. The gel
hydroperoxides, hydrogen peroxide [12,15], TI(Ill) mixture was stirred for 2 days at room temperature
compounds [14], manganese dioxide [21], and oxy- and then transferred to polypropylene bottles and
gen gas [15,18-20]. Most of these systems were statically heated at 10C€ for 7 days under auto-
homogeneous phase reactions, and the process mageneous pressure. The final solid material obtained
be improved by using stable heterogeneous catalystswas washed with plenty of water, dried and calcined
to achieve easier work-up. Toward this direction, a (heating rate 1C/min) at 560C for 6 h.
carbon-supported heteropoly anion (HPA) was exam-

ined as a catalyst [22]. However, leaching of HPA
during the reaction was the drawback. Recently,
Ti-substituted AIPQ-5 molecular sieve was reported

to be an effective catalyst in oxidation of alkyl substi-

2.1.2. AIPQ-5

Cu-substituted AIP@5 molecular sieves were
prepared by hydrothermal method. The molar compo-
sition in synthesis gel was Al:P:Cx 1:1:0.02-0.04.

tuted phenols to give the corresponding benzoquinone5.5g of psudoboemite (73.5%A&D; VISCA) was

using HO, as oxidant and acetic acid as solvent
[23]. However, carboxylic acids were reported to be
the catalysts for this reaction [14], and acetic acid
which was used as the solvent in most of the de-

hydrolyzed with 15 g of HO. Phosphoric acid (9.2 g,
85% Janssen) was diluted with 10g of water and
added to the Al source under stirring. After addition
of the desired amount of Cu(N$®-3H,O (Hanawa)

closed processes, could also catalyze the reaction todissolved in 5 g of water, 4.2 g triethylamine (Janssen)
some extent [23]. In the present study we found that was added. The precursor gel was transferred to an

Cu-substituted MCM-41 could efficiently catalyze the
reaction with various oxidants in acid free solvents.
Moreover, it was found that the catalytic activity was
enhanced when a small amount of Al(lll) was also
incorporated in the framework of MCM-41.

2. Experimental methods
2.1. Synthesis of Cu-substituted molecular sieves

2.1.1. MCM-41
Cetyltrimethylammonium (CTMA) bromide was

autoclave and heated in static condition for 48h at
200°C. The resultant crystals were washed and dried
at 100C followed by calcination at 55 for 8 h.

2.1.3. Characterization

XRD patterns were recorded in thed Zrange
1.5-10 using a Scintag X1 diffractometer with Cu
Ka radiation operated at 30 mA and 40kV. The pore
structures of MCM-41 samples were analyzed by ni-
trogen physical adsorption at liquidoNemperature
using a Micromeritics ASAP 2100 system. Prior to
the experiments, samples were outgassed &tGadr
about 6-8 h under vacuum (1®Torr). The elemental

used as the surfactant template. The hydrothermal contents in bulk were determined by ICP-MS (ELAN

crystallization procedure was modified by adding
tetrapropylammonium (TPA) bromide salt to the
synthesis gel to increase the hydrothermal stabil-
ity of the resultant MCM-41 material [24]. In a
small flask, a required amount of NaAlOn 15¢g
water was mixed with 5.33g sodium silicate so-
lution (~14% NaOH,~27% SiQ) in 15g water.
To another flask was charged 4.25g CTMABr and
2.13g TPABr and 45g water. The latter solution
and a desired amount of copper(ll) nitrate dissolved
in a minimum amount of water were added to the
silicate-containing flask. With stirring, the pH of the
mixture was adjusted to 9.5-10 using diluted sulfuric
acid. The molar ratio of the final gel composition is

5000) on the HF dissolved samples. The EPR spectra
were measured using a Bruker ESP 300 X-band spec-
trometer. Theg value was determined using DPPH
as the standard. TH€Al MAS NMR spectra were
measured using a Bruker MSL-500 spectrometer with
zirconia rotors spun at 12kHz. Data were acquired
at 130.32MHz, Jus pulse width and 0.3s recycle
delay. The chemical shifts are given in ppm, using
3 M AICI3 agueous solution as the standard. The Cu
K-edge X-ray absorption spectra were obtained in
the transmissoin mode at the Synchrotron Radiation
Research Center, Hsinchu, Taiwan. The ion chambers
which were used for measuring the incident and trans-
mitted photon intensities were filled with a mixture of
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nitrogen and helium, and argon and helium gases, re-
spectively. The photon energies were calibrated using
the known absorption edge of Cu foil.

2.1.4. Catalytic reactions

The catalytic activities of the Cu,Al-MCM-41
molecular sieves in oxidation of 2,3,6-trimethylphenol
(TMP) were examined using a batch reactor which
was composed of a three-neck flask connected with a
reflux condenser and a thermometer. A 0.2 g portion
of the catalyst suspended in solvent containing 19
of TMP was heated to 6€ and then the oxidant
was introduced into the system. Hydrogen peroxide
(35%, Acros Organics}ert-butyl hydrogen peroxide
(70%, Acros Organics) and oxygen (a flow rate of
20 ml/min) were used as the oxidants. The reaction
was operated under atmospheric pressure. The liquid
products were separated with a Ritx-1 capillary col-
umn and detected by a FID detector in a Shimadzu
GC-14. Toluene was used as an internal standard to
calculate the TMP conversion and TMBQ yield.

3. Results and discussion
3.1. Catalyst characterization

The chemical compositions of the metal-substituted
MCM-41 samples determined by ICP-MAS are tabu-
lated in Table 1. Generally speaking, the metal con-
tents in the crystals based on the M/Si molar ratios
are proportional to but lower than those added into the
gels. Exceptions were found for Al-substituted sam-
ples of low loading. The Al/Si molar ratios in the
solids were slightly higher than those in gels. That
was because Siin gel was not completely precipitated.
It is also noticeable that the amount of Al(lll) incor-
porated in the solids seem to increase when Cu(ll)
is also present. Fig. 1 compares tHe\l solid state
MAS NMR spectra of the AI-MCM-41 samples with
and without Cu. For the samples incorporated with
both Al(Ill) and Cu(ll), a single peak which appeared
around 56 ppm implies that the Al(lll) ions are in a
tetrahedral environment. However, for the sample in-
corporated with Al(lll) only, there is an additional
small peak appearing at 0 ppm which corresponds to
octahedral-coordinated Al or the extra-framework Al.
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Table 1
Compositions and symbols of Cu,Al-substituted MCM-41

Catalyst Cu/Si atomic ratio (%) Al/Si atomic ratio (%)
symbol In gel In solict In gel In solic®
MCM-41 0 0 0 0
OCulAl 0 0 1 1.29
0Cu2Al 0 0 2 2.16
O0CubAl 0 0 2 3.31
1CuOAl 1 0.72 0 0
1CulAl 1 0.78 1 0.92
1Cu2Al 1 0.83 2 1.35
2Cu0Al 2 1.65 0 0
2CulAl 2 1.71 1 1.44
2Cu2Al 2 1.74 2 1.71
2CubAl 2 1.79 5 4.70
3Cu3Al 3 2.68 3 2.73
5Cu2Al 5 4,74 2 1.83
5Cu3Al 5 4.67 3 2.84
5CubAl 5 4.49 5 4.68

aAnalyzed by ICP-MAS.

the concomitant presence of Cu(ll) helps Al(lll) sub-
stitution into the framework of MCM-41.

In order to examine the nature of copper species
incorporated in MCM-41, the Cu K-edge X-ray
absorption spectra of the co-precipitated sample
2CulAl (Fig. 2A) were compared with that of Cu(ll)
ion-exchanged 1%AI-MCM-41 (Fig. 2B). CuO, gD
and Cu foil were used as references fe2, +1 and
0 oxidation states, respectively, and their spectra are
shown in Fig. 2C. Before reduction, the Cu K-edge
spectra of 2CulAl and ion-exchanged sample were
similar, and both edge energies were close to that
of CuO, implying that the Cu species in both sam-
ples were irH-2 oxidation state. After reduction with
10% H/Ar flow at 200°C for 15 min, the spectrum
and the edge position were not much changed for
ion-exchanged sample, while the co-precipitated sam-
ple 2CulAl had a small shoulder which appeared
around 8983 keV. When the reduction temperature
was raised to 30, the ion-exchanged sample was
reduced to copper metal and its spectrum was almost
the same as that of copper foil. In contrast for the
co-precipitated sample 2CulAl, the copper species
were not completely reduced and the spectrum was
a mixed pattern of those of Cu(ll) and Cu(l). These
results confirmed that the Cu(ll) ions substituted in
MCM-41 were not in the ion-exchange sites but were

These results indicate an interesting phenomenon thatmore likely in the framework. The counter ions in
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Fig. 1.2Al solid state MAS NMR spectra of MCM-41 containing 2%Al and various amounts of Cu(ll): (a) 0%, (b) 1%, and (c), (d) 2%
(from different batches).

extra-framework of MCM-41 to balance the charge comparison, impregnated samples were also pre-
caused by Cu(ll) and Al(lll) substitution might be pared by wetting calcined MCM-41 with solutions of
Na* ions or protons. The former are abundant in Cu(NQ3), and NaAlGQ or Alx(SQy)s, followed by
sodium silicate, and protons are generated by the de-drying and calcination. The XRD patterns of the im-
composition of CTMA™ template during calcination.  pregnated samples, in contrast, showed no broadening
The XRD patterns in Figs. 3 and 4 show that the of the peaks. These results are considered evidence
hexagonal-arranged structure of MCM-41 was little that most of the Cu(ll) and Al(lll) ions introduced
affected by the incorporation of Cu(ll) and Al(lll) in the synthesis gel and co-precipitated with silicon
ions. However, the long range order of the struc- oxide were in the framework of MCM-41.
ture was disturbed and the X-ray diffraction peaks Fig. 5 compares the EPR spectra of the MCM-41
broadened with the increase in metal content. For samples containing 1%Cu and 2%Al prepared by
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Fig. 2. Cu K-edge X-ray absorption spectra @)(Cu(ll)-exchanged 1%AI-MCM-41,R) calcined 2%Cu,1%AI-MCM-41: (a) before
reduction, and reduction with 10%,H\r at (b) 200C, (c) 300C and C) references: (a) CuO, (b) @@ and (c) Cu foil.

co-precipitation and impregnation, respectively. The for the impregnated sample. When cooling the sam-
spectra taken at ambient temperature show a broadples to liquid N temperature, the broad peak of

peak atg = 2.193 for the co-precipitated sample the co-precipitated sample was greatly intensified
but no peak other than that of DPPH @t= 2.0036 and split into several peaks which were assigned as
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Fig. 3. XRD patterns of calcined MCM-41 containing 3%Al and  Fig. 4. XRD patterns of calcined MCM-41 containing 2%Cu and
various amounts of Cu(ll): (a) 0%, (b) 1%, (c) 2%, (d) 3%, and various amounts of Al(lll): (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e)
(e) 5%. 5%, and (f) 10%.
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Fig. 5. EPR spectra of 1%Cu,2%Al-MCM-41 prepared by (A) co-precipitation and (B) impregnation; spectra taken at (a) RT and (b) liquid
N> temperature.

g1 = 2.470,g2 = 2.167 andgz = 2.088. In addition, by the strong spin-spin interaction. On the other hand,
hyperfine splitting of they; peak into four peaks due the Cu(ll) ions in the co-precipitated sample are rel-
to electron-nucleusi(= 3/2 for Cu) spin interaction  atively well dispersed in the framework of MCM-41

is clearly seen. In contrast, the impregnated sample with anisotropic coordination environment.

still did not show obvious peaks. These results are  The physical properties of the MCM-41 samples in-
elucidated by the explanation that Cu(ll) ions on an corporated with different amounts of cations are given
impregnated sample are aggregated in the form of in Table 2. It can be seen that the BET surface areas
copper oxide where the distances between Cu(ll) ions of these samples were in the range of 871-1034¢m
are so close that the EPR signals are broadened oufThe nitrogen adsorption—desorption isotherms of
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Table 2
Surface area and pore size of Cu,Al-substituted MCM-41
Catalyst Surface Pore Pore
area (n/g) size (nm) volume
(cmPlg)
MCM-41 1034 2.4 0.918
1CuOAl 979 2.4 0.846
2Cu0Al 943 2.4 0.779
2CulAl 1006 2.6 0.914
2Cu2Al 999 2.4 0.874
2Cu3Al 948 2.4 0.799
2CubAl 907 2.4 0.757
3Cu0Al 913 2.4 0.766
3Cu3Al 925 2.4 0.774
5Cu3Al 873 25 0.745
5CubAl 871 2.6 0.745

several of the Cu,Al-substituted MCM-41 samples
are shown in Fig. 6. A very narrow distribution of
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Table 3
Effect of oxidant and solvent molar ratios in TMP oxidafton
Reactant: Conversion (%) TMBQ
H202:CHsCN Yield (%)  Selectivity (%)
1:1:3 64 47 73
1:1:1 59 41 70
1:0.5:3 54 38 70
1:0.5:1 27 6 22

240.2g 2%Cu,2%Al-MCM-41 as catalyst, 1g TMP, reaction
period 20 min.

3.2. Catalytic activities

In oxidation of 2,3,6-TMP to 2,3,5-TMBQ, Cu,Al-
substituted MCM-41 samples were found to be effi-
cient catalysts when #D, was used as oxidant and
CH3CN as solvent at temperatures around®0n an

the mesopores with average pore diameter around€ffortto minimize the amount of solvent used, Table 3
2.4-2.6nm and the pore volume in the range of Shows the results of varying the molar ratio of reac-

0.745-0.918 ciig were obtained. A slight decrease

tant:oxidant:solvent using sample 2Cu2Al (MCM-41

only when relatively large amounts of Cu(ll) and
Al(I) ions were incorporated in MCM-41.
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Fig. 6. N adsorption—-desorption isotherms of Cu,Al-MCM-41
samples (a) 5C3A, (b) 3C3A, (c) 2C10A, and (d) 2C2A.

conversions greater than 50% and TMBQ selectivities
around 70% were obtained except for the very vis-
cous mixture of TMP:HO,:CH3CN = 1:0.5:1. The
by-products found in the gas phase were CO and,CO
and those in liquid phase included 2,3-dimethylmaleic
anhydride, tetramethyl benzoquinone and some poly-
meric compounds. The TMP conversion and TMBQ
yield were higher when larger amounts of oxidant
and solvent were used. Although large amounts of
solvent lowered the concentrations of the reactants,
the TMP:HO,:CH3CN ratio of 1:1:3 was the op-
timal condition in order to achieve good dispersion
of the catalyst powders and thorough mixing of the
liquid-solid phases. Therefore, this ratio was used for
the later experiments hereafter.

The reaction pattern as a function of time course
is shown in Table 4. In 20 min, the TMP conversion
reached 64% and TMBQ yield was 47%. The latter
reached a maximum after 40 min then decreased with
time course. Because several of the by-products were
formed through the secondary reactions of the TMBQ
product, 20 min reaction period was used in the exper-
iments hereafter in order to achieve maximum TMBQ
selectivity.

The effects of Cu and Al contents in MCM-41
on the catalytic activity are demonstrated in Table 5.
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Table 4

Effect of reaction period in TMP oxidatién

Reaction Conversion (%) TMBQ

period (min) Yield (%) Selectivity (%)
20 64 47 73

30 80 50 63

40 81 58 72

60 82 51 63

aCatalyst: 2%Cu,2%Al-MCM-41.

MCM-41 itself has little catalytic activity in the reac-
tion. Cu-substituted MCM-41 samples were active in
TMBQ formation while Al-substituted samples only
converted TMP to some products other than TMBQ.
The catalytic activity of CUMCM-41, however, was
found to enhance when a small amount of Al was also
incorporated. Fig. 7 shows that there is an optimal
amount of Al content to achieve the maximum TMP
conversion and TMBQ yield. The maximum TMP
conversion was obtained over the 2%Cu-MCM-41
catalyst also containing 5%Al while the maximum
TMBQ vyield was achieved over the catalyst contain-
ing 2%Al.

The effect of varying Cu content in the 3%AI-MCM-
41 catalyst was somewhat different. Fig. 7 shows
that an abrupt increase in TMP conversion from 23

Table 5
Effect of Cu and Al contents in TMP oxidatin
Catalysts Conversion TMBQ

(%) Yield (%) Selectivity (%)
MCM-41 11 0 0
O0CulAl 19 0 0
0Cu2Al 23 0 0
0CulOAl 45 0 0
1CulAl 65 17 27
1Cu2Al 69 19 28
2CuOAl 52 28 54
2Cu0Al (uncalc) 30 7 24
2CulAl 61 41 67
2Cu2Al 64 47 73
2Cu2Al (uncalc) 41 11 27
2Cul0Al 63 17 27
2Cu20Al 60 11 19
2Cu2Al (regenerated) 59 43 72

a8Reactant:HHO2:CH3CN = 1 : 1 : 3; reaction period 20 min.

to 75% and TMPQ yield from 0 to 24% was ob-
served when 1%Cu was also incorporated. Then, the
TMP conversions flattened out and stayed almost
unchanged when the Cu content varies from 1 to
5% while TMBQ yield reached a maximum over the
2%Cu sample. These results demonstrate again that
Cu(ll) on the framework is the active site for the
catalytic oxidation of TMP to TMBQ. The role of
AIl(Il) in the reaction is unclear. It is suspected that
the small amount of Al(lll) present on the framework
may increase the polarity of the MCM-41 framework
and facilitate the absorption of TMP onto the catalyst
surface. Too much Al(Ill) would, however, compete
with Cu(ll) for the sites exposed on the surface.

Table 5 also compares the catalytic activities of
Cu,Al-MCM-41 samples before and after calcina-
tion. The uncalcined catalyst gave TMP conversion
and TMBQ yield much lower than the calcined cata-
lyst. Therefore, the catalytic reaction should proceed
mainly inside the pores of MCM-41 molecular sieve.
Furthermore, for the purpose of examining any leach-
ing of the metal ions into the solvent during the re-
action, a used catalyst was regenerated by separation
from the reaction mixture and calcination at 560
for 6 h to burn off any surface coking species. Table 5
shows that the catalytic activity of the regenerated
catalyst was close to that of the original catalyst. The
slight decrease in conversion and TMBQ yield were
attributed to the loss of some catalyst powders during
the regeneration and transfer process.

Table 6 compares the -catalytic activities of
Cu,Al-MCM-41 samples prepared by co-precipitation
with those prepared by impregnation. The MCM-41
sample impregnated with Cu(N® solution gave
very low yield of TMBQ. The latter was greatly
improved by co-impregnation of Al(lll) with either
NaAlO, or Al(SOy)3 solution. However, the TMBQ
yields were still less than half of the values obtained
over the co-precipitated samples. When 0.2 g o34l
fine powders was used as the catalyst, no TMBQ
was detected in the products. In another experiment,
an aqueous Cu(N£), solution containing the same
molar number of Cu(ll) as that in sample 2C2A was
used as the catalyst. Very low yield and selectivity
of TMBQ were observed, implying that the catalytic
activity of Cu,AI-MCM-41 was not due to Cu(ll) ions
leaching into the solution. These results confirm that
well-dispersed Cu(ll) on the framework is the active
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Fig. 7. Effect of (A) Cu content in 3%AI-MCM-41 and (B) Al content in 2%Cu-MCM-41 in TMP catalytic oxidatilllly TMP conversion,
and ©) TMBQ yield.

Table 6
TMP oxidation over various Cu(ll) containing catalysts
Catalysts Conversion (%) TMBQ

Yield (%) Selectivity (%)
2%Cu-MCM-41 52 28 54
2%Cu,2%AI-MCM-41 64 47 73
2%Cu-MCM-41-imp 53 43 8.1
2%Cu,2%AI-MCM-41-imp with NaAIQ 56 23 41
2%Cu,2%AI-MCM-41-imp with Ab(SOy)3 65 17 27
Al;,03 35 0 0
CU(NGs)2(ag 65 5.3 8.2
1%Cu-ZSM-5 32 0 0
Cu-ZSM-5 (exchange) 61 0 0
1%CuAPO-5 85 20 24
2%CuAPO-5 85 30 36

aReactant:lH0,:CH3CN = 1 : 1 : 3; reaction period 20 min.
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Table 7
Effect of solvent and oxidant in TMP oxidation over catalyst 2%Cu,2%Al-MCN-41
Solvents Oxidant Rxn period Conversion TMBQ

(%) Yield (%) Selectivity (%)
CyHs50OH H,O2 20 min 2.0 0 0
CH3CHO H,O, 20 min 68 1.3 1.9
CH3CN H,O2 20 min 64 47 73
CH3CN TBHP? 20 min 98 83 85
CH3CN (7} 6h 17 0 0
Ph-CHO HO, 20 min 87 69 79
Ph-CHO TBHP 20min 98 88 89
Ph-CHO Q 2h 43 22 52
Ph-CHO Q 4h 71 41 57
Ph-CHO Q 6h 82 45 54

aTBHP: tert-butylhydroperoxide.

center on Cu-MCM-41 in catalytic oxidation of TMP
to TMBQ.

The catalytic activities of other Cu-substituted
molecular sieves were also examined. Table 6
shows that no TMBQ formation was obtained over
Cu-ZSM-5 prepared either by co-precipitation or ion-
exchange. For Cu-incorporated AlRG molecular
sieve, some activities in TMBQ formation were ob-
served, yet the selectivities were relatively low. These
results are elucidated by noting that the reaction is
restricted by the relatively small pore diameters of
ZSM-5 and AIPQ-5.

The liquid phase TMP oxidation reaction was ex-
tremely sensitive to the oxidant and solvent used.
Table 7 shows the effect of solvent and oxidant over
MCM-41 incorporated with 2%Cu and 2%Al. With

formation of benzoic peracid which is considered a
strong oxidant. Although the latter was not observed,
a small amount of benzoic acid which should be the
precursor of peracid was detected in the products.

4, Conclusions

Cu(ll)-incorporated MCM-41 was an efficient
catalyst for partial oxidation of trimethylphenol to
trimethylbenzoquinone in non-acidic solvents under
mild reaction conditions. The product TMBQ is an
important intermediate for making Vitamin E in in-
dustry. Well dispersed Cu(ll) on the framework of
MCM-41 was found to be the active center for the
catalytic reaction. The catalytic activity was enhanced

H20, as the oxidant and among the solvents used when a small amount of Al(lll) was also incorpo-

including ethanol, acetaldehyde, acetonitile and ben-
zaldehyde, benzaldehyde gave the highest TMP con-

version and TMBQ selectivity while no activity or very
little TMBQ was formed in ethanol or acetaldehyde.
The activities in both acetonitrile and benzaldehyde
were markedly enhanced tert-butylhydroperoxide
(TBHP) was used as the oxidant instead ofCd. A
98% TMP conversion and higher than 85% TMBQ
selectivity were obtained in 20 min. Another advan-

rated in the framework. The meso-porous structure
of MCM-41 was important for this reaction involving
relatively large molecules, and the oxidation reac-
tion proceeded mainly inside the pores of MCM-41.
The stability of the Cu,Al-MCM-41 catalysts was
high. The regenerated catalyst retained similar activ-
ity to that of the original catalyst. The liquid phase
reaction was extremely sensitive to the oxidant and
solvent used. A 98% TMP conversion and higher

tage of using benzaldehyde solvent is that oxygen gasthan 85% TMBQ selectivity were obtained in 20 min
could be used as the oxidant, although the reaction when acetonitrile or benzaldehyde was the solvent

proceeded more slowly and the TMBQ selectivity
was not as high as with other strong oxidants. In

and tert-butylhydroperoxide was the oxidant. Dif-
ferent from Ti- or V-substituted molecular sieves,

this system, benzaldehyde solvent was consideredoxygen gas could also be an effective oxidant with

to participate in the oxidation reaction through the

Cu,Al-MCM-41 catalyst. In this case, benzaldehyde
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was the only effective solvent among the solvents stud-

ied, and the reaction was slower and TMP conversion
and TMBQ selectivity were lower than those obtained
with other strong oxidants such as®, and TBHP.
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