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Abstract

Ž .The heteropolyacid H PMo V O HPA was encapsulated in MCM-41 and VPI-5. When HPArMCM-41 is used in the6 9 3 40

direct oxidation of benzene to phenol, the heteropolyacid leaches from the MCM-41 and oxidation takes place in the
homogeneous phase. VPI-5 retains the HPA and palladium acetate more efficiently than MCM-41, and can be used as a
heterogeneous oxidation catalyst for benzene. However, its activity is very low since only the active species at the pore
entrances of VPI-5 are accessible to the reactants. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

w xIn a recent paper 1 , we described the direct
oxidation of benzene to phenol by molecular
oxygen, catalyzed by palladium acetate in the
presence of molybdovanadophosphoric het-

Ž .eropolyacids HPA with the general formula
w xH PMo V O , where xs2, 3, 4 or 6.3qx 12yx x 40

Using 0.02 mmol palladium acetate, 0.3 g
H PMo V O , 10 mmol lithium acetate and6 9 3 40

150 mmol benzene in 200 mmol acetic acid and
400 mmol water, at 1308C, and an oxygen
pressure of 60 bar, 12 mmol of phenol are
produced with 75% selectivity, which corre-
sponds to a turnover number of 800. However,
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the system deactivates after 4 h of reaction time
due to the irreversible reduction of the HPA and
the palladium acetate. The addition of a fresh
portion of HPA results in a non-selective oxida-
tion to overoxidation products. Here, we de-
scribe attempts to heterogenize the catalytic sys-
tem by incorporation of the HPA and palladium
acetate in mesoporous MCM-41 and microp-
orous AIPO -VPI-5 molecular sieves. This is, to4

the best of our knowledge, the first report of the
encapsulation of a heteropolyacid into the VPI-5
aluminophosphate molecular sieve.

2. Experimental

The H PMo V O was synthesized accord-6 9 3 40

ing to a procedure described by Tsigdinos and

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1169 98 00040-5



( )L.C. Passoni et al.rJournal of Molecular Catalysis A: Chemical 134 1998 229–235230

w xHallada 2 and characterized by X-ray diffrac-
tion and X-ray fluorescence. Following a modi-

w xfied procedure of Beck et al. 3 , mesoporous
MCM-41 containing HPA with and without pal-
ladium were prepared from gels with the follow-
ing molar composition: SiO : 0.5; CTMABr:2

3.5; HCl: 52; H O: 0.01; HPA: 0 or 0.0012 Pd,2

which were reacted at 1008C under autogenous
Ž .pressure for 72 h. Tetraethoxysilane sample A

Ž .and sodium metasilicate sample B were used
as silica sources, and cetyltrimethylammonium

Ž .bromide CTMABr as template. In the palla-
Ž .dium-containing molecular sieve sample C ,

palladium acetate was used as the Pd source.
The solid obtained was filtered, washed exhaus-
tively with water, dried and characterized by
X-ray diffraction, scanning electron microscopy
and X-ray fluorescence. Microporous VPI-5
containing palladium and HPA was prepared
following a procedure based on that described

w xby Davis et al. 4 , from a gel containing the
HPA and palladium acetate. The gel, with the
molar composition P O :Al O :DPA:402 5 2 3

H O:0.24 HPA:0.16 Pd, was crystallized at2

1408C for 4 h in a PTFE-lined steel autoclave.
Ž .Phosphoric acid 85% and pseudoboehmite

Condea were used as the P and Al sources,
respectively, palladium acetate as the Pd source

Ž .and di-n-propylamine DPA as template. The
solid material obtained was filtered, washed,
dried in an oven for 2 h at 1008C under atmo-
spheric pressure, and characterized by X-ray
diffraction, scanning electron microscopy, X-ray
fluorescence, and 31P MAS NMR. The 31P MAS
NMR spectra were recorded at room tempera-
ture on a Bruker AC 300 spectrometer operating
at 121.5 MHz, using zirconia rotors and allow-
ing spinning rates up to 4000 Hz. A single pulse
and high power decoupling were used and the
delay between scans was fixed to 20 s. The
chemical shifts are given with respect to H PO3 4

using NH H PO as an external reference.4 2 4

The oxidation of benzene was carried out in a
PTFE-lined Parr 4842 reactor under an oxygen
pressure of 60 bar using 1.02 g of lithium
acetate, 11.7 g of benzene, 0.5 g of HPA-con-

taining MCM-41 and 0.07 mmol of palladium
acetate or 2 g of VPI-5 loaded with HPA and Pd
suspended in a mixture of 12 g of acetic acid
and 7.2 g of water. The reaction mixture was
stirred at 600 rpm at 1308C for 4 h. The prod-
ucts were analyzed by HPLC using a Waters
system equipped with two model 510 piston
pumps, a 100 mm=5 mm i.d. C-18 Radial Pak
Cartridge, and a PDA 991 detector to record the
UV-VIS spectra. A methanolrwater gradient,

Ž .starting at 60r40 vrv and reaching 100%
methanol within 9 min was used for elution.
The samples were prepared by dissolution in

Ž .methanolrwater 60r40, vrv . The products
were quantified using calibration curves. The
UV-VIS spectra of the products were recorded
and compared with those of authentic samples.
The identification of the reaction products was
carried out by GC-MS.

3. Results and discussion

In preliminary experiments, HPA and palla-
dium acetate were impregnated onto active car-

Ž .bon, alumina and silica Aerosil 200 and tested
as catalysts in the oxidation of benzene. How-
ever, both the impregnated HPA and palladium
were found to leach completely from these sup-
ports under the reaction conditions employed.
The conversions of benzene, as well as the
selectivities for phenol formation were identical
to the values found for the analogous reaction in

w xthe homogeneous phase 1 . We, therefore, de-
cided to heterogenize the HPA and palladium
acetate in molecular sieves with pore sizes large
enough to accommodate the bulky Keggin ions.

The X-ray diffractograms of MCM-41 pre-
pared in the presence of HPA and palladium
acetate, and in the absence of the later, are
shown in Fig. 1. The 2u reflections at 2.38

Ž . Ž .100 and 4.68 110 observed for the samples
Žprepared without palladium acetate samples A

.and B point to the existence of ordered meso-
pores, which are typical for MCM-41 type ma-
terials. The broad reflection observed at 2u;98
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Fig. 1. X-ray diffractograms of MCM-41 prepared in the presence
Ž .of HPA sample A and B and of HPA and palladium acetate

Ž .sample C .

cannot be attributed to the MCM-41 structure.
However, this reflection has been reported by

w xKozhevnikov et al. 5 for MCM-41 containing
H PW O and can be attributed to the incor-3 12 40

poration of the HPA into the MCM-41 struc-
ture. The lack of any reflection associated with
mesopores and the very low specific surface

Ž 2 .area 5 m rg of sample C obtained in the
presence of palladium acetate indicate that only
a dense-phase silicate is produced in this case.
Scanning electron microscopy studies support
these observations. While the micrograph of

Ž .sample C Fig. 2b shows only amorphous ma-
terial, the micrograph of sample A prepared

Ž .without palladium acetate Fig. 2a shows uni-
form particles shaped as ca. 10 mm long cylin-
ders. The Mo:V ratio of sample A measured by
X-ray fluorescence indicates that the HPA is
preserved after its encapsulation into MCM-41

Ž .and that 0.13 g 0.07 mmol of HPA are incor-
porated per gram of MCM-41. Although the
procedure described above allows the incorpora-
tion of HPA into MCM-41, all attempts to
include palladium acetate as well resulted in
amorphous material.

The X-ray diffractogram of HPArPdrVPI-5,
recorded after drying the sample at 1008C under
atmospheric pressure for 2 h, is given in Fig. 3.
It shows that only crystalline VPI-5 was formed,
free of any contamination with other crystal
phases. Due to adsorbed water, VPI-5 trans-

forms into AIPO -8 under these drying condi-4

tions, so that the preservation of the structure
under these conditions indicates the replacement
of the adsorbed water by the HPA in the
HPArPdrVPI-5 sample, which is confirmed by

31 Ž .the P NMR spectroscopy see below . The
Ž .scanning electron micrograph Fig. 4 shows

that the HPArPdrVPI-5 material crystallizes in
a single phase consisting of long needles ag-
glomerated into sphere segments with a length
of approximately 70–80 mm, typical for molec-
ular sieves with the VFI structure. The existence
of both tetrahedral and octahedral aluminum, as
well as four and six-membered rings in VPI-5
originates phosphorus atoms having three differ-
ent types of neighborhood, which causes the
three 31P NMR signals at ca. y23, y27 and

Žy33 ppm shown in the spectrum of VPI-5 Fig.
.5a . In the spectrum of HPArVPI-5, shown in

Fig. 5b, the peak at y23 ppm disappears, while
the peaks originally at y27 and y33 ppm
broaden and become one single peak centered at

w xca. y29 ppm. Ryoo and Chon 6 , and Parton et
w xal. 7 reported similar observations after load-

Ž .ing Co saloph and phthalocyanine, respec-
w xtively, into VPI-5. Parton et al. 7 attributed the

loss of resolution to a local deformation of the
framework, caused by a tight fit between the
encapsulated species and the walls of the VPI-5
channels. A tight fit can also be expected be-

w xtween the 1.23-nm wide VPI-5 channels 8 and
the HPA, which is reported to measure 1.2 nm

w xin diameter 5 . On the other hand, Akporiaye
w x w xand Stocker 9 , Martens et al. 10 , and Perez et¨

w xal. 11 followed the reversible dehydration of
VPI-5 by 31P NMR and observed the reduction
of the peak at ca. y23 ppm and the broadening
of the peaks at ca. y27 and y33 ppm into a
large peak centered at ca. y30 ppm. All these
findings point to the same direction, i.e., the
removal of water from the channels either by
extraction or by its replacement for an encapsu-
lated species causes a loss of resolution in the
NMR spectrum, as observed in this work, and
can be considered as a strong evidence of the
successful incorporation of the HPA into the
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Ž . Ž . Ž .Fig. 2. a Scanning electron microscopy of HPArMCM-41 sample A and b of sample C, prepared with HPA and palladium acetate.

VPI-5 structure. No signal due to the phospho-
rus atom of the Keggin-type HPA, which would
be expected between y3 and y4 ppm, was
observed. However, the concentration of HPA
phosphorus is only ca. 0.4% of the concentra-
tion of the VPI-5 lattice phosphorus. Further-

w x 31more, Sulikowski et al. 12 showed that the P

signal is largely broadened for heteropolyacids
encapsulated in zeolites with FAU structure.
Therefore, the absence of the HPA signal can-
not be considered contradictory to the incorpo-
ration of the HPA into the VPI-5 structure. The
HPA-VPI-5 sample submitted to X-ray fluores-
cence contained relative quantities of Mo and V
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Fig. 3. X-ray diffractograms of VPI-5 prepared in the presence of
HPA and palladium acetate.

similar to those found in the HPA added to the
synthesis gel, thus confirming the incorporation
of the HPA into VPI-5.

The results of the oxidation of benzene cat-
alyzed by palladium acetate in the presence of
HPA and HPArMCM-41 are summarized in
Table 1. These results show that both the free
HPA and the HPA incorporated in MCM-41
catalyze the production of phenol with a similar
selectivity. However, phenol production is 2–3

31 Ž . Ž . Ž .Fig. 5. P MAS NMR spectra of a VPI-5 40 scans and b
Ž .HPArPdrVPI-5 95 scans .

times higher when the HPA is used in homoge-
neous solution instead of incorporated in MCM-
41, which can be explained by the reduced
quantity of HPA incorporated. Analysis of the
HPArMCM-41 recovered after the reaction
showed that most of the HPA leached to the
solution. The oxidation of benzene should there-
fore be considered homogeneous.

Fig. 4. Scanning electron microscopy of HPArPdrVPI-5.
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Table 1
Results of the oxidation of benzene catalyzed by Pd in the presence of HPA and HPArMCM-41

Ž . Ž . Ž . Ž .Catalyst HPA content g Phenol mmol Other products mmol Phenol selectivity % Turnover number

0.07 mmol Pd 0.3 13.8 5.9 70 282
aŽ .HPArMCM-41 A 0.06 4.5 1.2 79 82
aŽ .HPArMCM-41 B 0.08 7.1 1.6 82 124

Ža.150 mmol of benzene, 60 bar O , 1308C, 4 h and 0.07 mmol Pd.2

Table 2
Oxidation of benzene catalyzed by PdrHPArVPI-5

Ž . Ž . Ž .Reaction cycle Phenol mmol Others mmol Phenol selectivity % Turnover number

1 0.63 0.25 72 7
2 0.21 0.06 78 2
3 0.12 0.04 75 1
4 0.02 0 y y

150 mmol of benzene, 60 bar O , 1308C, 4 h.2

When the amorphous silica prepared in the
Žpresence of HPA and palladium acetate sample

.C is used as catalyst, the activity is very low
Ž .turnover numbers26 and no phenol is ob-
served. Hydroxybenzoic acids, cresols, hydrox-
ybiphenyls and other coupling products become
the main products. Since the palladium is het-
erogenized in the silica, the loss of selectivity is
probably due to a closer interaction between the
initially formed phenol and the hydroxyl groups
of the silica surface. This interaction allows
methyl radicals and formaldehyde, formed in a

w xside reaction from acetic acid 1 , to attack the
immobilized phenol, producing the overoxida-
tion and coupling products.

The results of the oxidation of benzene cat-
alyzed by HPArPdrVPI-5 are given in Table
2. This catalyst produces phenol as the main
product, with a selectivity comparable to that

w xfound in the homogeneous system 1 . Neverthe-
less, the activity is very low and a turnover
number of only 7 is observed. It must be noted,
however, that the pores of the VFI structure are
blocked by the occluded HPA and that only the
palladium atoms located near the surface of the
VPI-5 aggregates are catalytically active. Esti-
mating that less than 1% of the palladium is
located at the surface of the VPI-5 aggregates

w xwith diameters around 70 mm 7 , one can

calculate a turnover number that reaches 700,
which is in the same range as that observed for

w xthe optimized homogeneous system 1 .
HPArPdrVPI-5 cannot be recycled without

loss of activity and turns inactive after the third
reaction cycle, as shown in Table 2. The results
of the elemental analysis, shown in Table 3,
reveal that the building elements of the HPA
Ž .Mo and V leach slowly during the catalytic
cycles. However, V leaching is more significant
than that of Mo, causing the HPA formula to

Ž .ch an g e fro m H P M o V O I to6 9 3 4 0
Ž .H PMo VO II . Consequently, the redox po-4 11 40

Ž .tential decreases from 0.7 V in I to 0.4 V in
Ž . w xII 13 . This decrease may account for the loss
of activity observed, since a strong oxidant is

Ž . Ž .needed to oxidize Pd II to the Pd IV which is
w xinvolved in the oxidation of benzene 1 . It is

interesting to remark that no Pd leaching oc-
curred during the four reaction cycles. This

Table 3
Content of HPA, Mo, V and Pd of PdrHPArVPI-5 as a function
of the reaction cycles

Ž . Ž . Ž . Ž .Reaction cycle HPA wt.% Mo wt.% V wt.% Pd wt.%

1 5.5 2.9 0.4 0.7
2 5.2 2.8 0.3 0.7
3 5.0 2.7 0.3 0.7
4 4.7 2.6 0.2 0.7
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stability might be an indication that the palla-
dium was incorporated into the VPI-5 structure,
replacing Al andror P in the lattice. Further-
more, most of the VPI-5 underwent transforma-
tion to AIPO-8 after four reaction cycles.

4. Conclusions

Addition of the heteropolyacid H PMo V O6 9 3 40

to the synthesis gels of MCM-41 and VPI-5
allows its successful incorporation into the
molecular sieves. However, under the condi-
tions of benzene oxidation, the heteropolyacid
leaches from the MCM-41 and the oxidation of
benzene takes place in the homogeneous phase.
VPI-5 retains the heteropolyacid to a larger
extent and, if palladium acetate is also added to
the synthesis gel, it heterogeneously oxidizes
benzene to phenol. However, its activity is
strongly reduced as the heteropolyacid blocks
the pores of the molecular sieve and the oxida-
tion takes place only at the pore entrances.
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