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The effect of molybdenum content on the structure and performance of fMolHO; catalysts in olefin
metathesis was examined. The optimal performance was obtained with a catalysé oft46 Mo on a
composite support of 70%/Hzeolite and 30% AlOs. The interfacial interaction between the Mo species and

the H5—AI, O3 composite support was carefully studied by X-ray diffraction (XRD), adsorption, and
multinuclear magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy. XRD, and N
adsorption results indicate that some interactions may occur between the Mo species and the composite support
during the sample preparatioffAl and 2°Si MAS NMR spectra show that this kind of interaction becomes
more severe and leads to the dealumination of the framework and subsequent appearance of aluminum
molybdate with increasing Mo loadings. Two-dimensioffal MQ MAS NMR spectra further demonstrate

that the framework Al on A zeolite at the specific T sites could be preferentially extracted upon Mo loading,
which may result in the appropriate Brgnsted acidity on the support as evidenced by the quatttitbtiav®

NMR measurements. A moderate interaction of Mo species with the support and the proper acidity may be
advantageous for the cross-metathesis of ethene and 2-butene to propene over heterogeneous catalysts.

Introduction can be discriminated by’Al MAS NMR spectra. Two-
dimensionaP’Al MQ MAS NMR spectra make it possible to
remove the anisotropic line broadening and identify the distribu-

ion of Al sites by the isotropic projectiofi.In this study, H—

Al,O3; was used as the composite support, and different Mo
loading catalysts were prepared by the impregnation method.

A combination of X-ray diffraction (XRD), N adsorption?’-

Olefin metathesis is one of the most important organic
reactions discovered in the past 40 years, and it opens up
new route to many important chemicél$he 2005 Nobel Prize
in Chemistry was awarded to Chauvin, Grubbs, and Schrock
for their development of homogeneous catalysts for olefin

24 ; . .
metathesig-4 Heterogeneous catalysts for this reaction will be | MAS NMR, two-dimensional”’Al MQ MAS NMR, 2°Si

of great interest because of easy separation, good persistence, . .
o " AS NMR, and'H MAS NMR was performed to identify some
and recyclability: Many supported transition-metal compounds of the chemical species when Mo is present within the composite

can catalyze olefin metathesis, and the most successful ones :
are those based on Re, W, and RMdsually these metal oxide support. This may be related to the performance of Mo/H

catalysts are supported on high surface area silica or aIumina.AI 203 catalysts in the metathesis reaction of ethene and 2-butene

Among them, alumina is the most popular support for molyb- to propene.
denum-based metathesis catalysts, and several studies have also )
dealt with amorphous silicaalumina (ASA) supports, which ~ Experimental Section
showed better performance than the single sugpdRecently

our laboratory reported Mo loaded on #HAI,O3; composite
support exhibited high activity in the metathesis of ethene and
2-butene to properneThis provides an alternative way to meet
the increasing demand of propene in the chemical world. While
Mo/Hp catalyst showed poor activity in this reaction, there is
strong interaction between Mo species an@ 2¢olite, which
leads to the appearance of aluminum molybdatéerefore,

the catalytic performance depends strongly on the nature of thegrounol to 16-32 mesh after calcination at 50 for 2 h.

Mo species and the support. Clarification of the interaction : . ;
betwepen molybdenum ogi%e and the support is also important _Catalysts .W'th different Mo Ioa_dlngs_, were prepared by_ wet
for shedding light on the function mechanism of the catalysts. impregnation of the H—Al20s strips with an aqueous solution

It is well-known that multinuclear solid-state magic-angle Of (NHq)sM07O244H:0, then dried at 120C, and finally

- . . calcined at 680C for 2 h. The catalysts were denotednféo/
spinning nuclear magnetic resonance (MAS NMR) is a poweriul HB—30Al, wheren (wt %) stands for the concentration of Mo
tool for studying the local structures of zeolites and other solid ¥

catalvstsOl Framework and nonframework aluminum soecies atoms in the catalysts during preparation. The real Mo contents
ysts: P were checked by XRF and are listed in Table 1.

* To whom correspondence should be addressed. Re86-411-8469 The catalysts 2.0 g) were tested in a fixed-bed flow
4447. E-mail: wpzhang@dicp.ac.cn (W.Z.); xhbao@dicp.ac.cn (X.B.).  microreactor of 10 mm diamet@rAfter activation fo 1 h at

Catalyst Preparation and Evaluation. The H5 andy-Al O3
composite support was prepared by extruding a mixture of
y-Al,0; and H3 zeolite (Si/Al = 15 provided by Fushun
Petroleum Co., China) powder into strips with a diameter of
about 2 mm. The support was designed as+3BAl, which
meant the concentration of alumina in the support was 30 wt
%. As shown previously3 this is the best support that we used
in the olefin metathesis reaction. The composite support was

10.1021/jp710632u CCC: $40.75 © 2008 American Chemical Society
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TABLE 1: Texture Properties, Relative Crystallinities, Si/Al Ratios, and Brgnsted Site Concentrations of if—Alumina
Composite Supports with Different Mo Loadings

sample HB-30Al 1Mo/HB—30Al 4Mo/HB—30Al 6Mo/HB—30Al 9Mo/HB—30Al
Mo content (%) 0 1.1 4.0 6.2 10.2
relative crystallinity (%) 100 80 68 60 42
BET surface area (#g) 483 403 376 309 241
pore volume (mL/g) 0.45 0.42 0.40 0.28 0.24
framework Si/Al ratié 17 20 28 32 42
Cgd (umol/g) 235 215 151 105 70

aDetermined by X-ray fluorescence spectroscdietermined by XRD patterns, and the intensity of the signal6at=222.4 was used to
evaluate the crystallinity of thg zeolite.¢ Framework Si/Al ratio of i zeolite in the composite support determined?#§ MAS NMR spectra.
4 The concentration of Brgnsted acidic sites was determined by quantitative analjidisvV#{S NMR spectra.
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4Mo/HB-30Al

1Mo/HB-30A1 1Mo/HB-30Al

HB-30Al HB-30Al

I M T M T M T T T T 1
T T T T T v T T T 150 100 50 0 -50 -100
10 20 30 40 50 ppm
2 theta/degree Figure 2. 27Al MAS NMR spectra of HB—alumina composite supports
Figure 1. XRD patterns of H—alumina composite supports with  With different Mo loadings.
different Mo loadings.

field of 200 kHz was used for the creation (0 +3Q) and

550°C under nitrogen to remove the moisture, they were cooled e first conversion£3Q—0Q) pulses. For the last conversion
to the reaction temperature at 120. The reaction products step (0Q— +1Q), which was the central transition selective

were analyzed by a Shimadzu GC-8A gas chromatograph with SOft 90 pulse, an rf field of 18 kHz was used. A 2D Fourier

an FID detector. The conversion of ethene and 2-butene wast'@nsformation followed by a shearing transformation gave a
ure absorption mode 2D contour plét?° The second-order

calculated on the basis of the carbon number using methaneP . ) -
and butane as the internal standards. guadrupolar effect (SOQE) and isotropic chemical shifi,)
; ) ; : values were calculated according to the procedures in ref 19.
XRD and N Ads_,orpuon Measurements.X-ray dlffractlon 2951 MAS NMR spectra with high-power proton decoupling
patterns were obtained at room temperature on a Rigaku D/Max- k h
RB diffractometer using Cu & radiation. Powder diffracto- ~ Were recorded at 79.4 kHz using a 7.5 mm MAS probe with a

grams of the samples were recorded over a range ofaflies spinning rate of 4 kHz. 4,4-Dimethyl-4-silapentanesulfonate
from 5° to 50° under the conditions of 40 kV and 100 mA ata Sodium salt (DSS) was used as the chemical shift reference for

scanning rate of 8 deg/min. The integrated intensity of the signal - o' MAS NMR spectroscopy. A total of 1024 scans were
at 20 = 22.&# was used to evaluate the crystallinity of the accumulated with ar/4 pulse width of lus and a 4 secycle
zeolites# Nitrogen sorption experiments were performed at delay. Before theH MAS NMR measurements, the samples

—196°C on an ASAP 2000 system in the static measurement Were dehydrated at 400 and a pressure below 10Pa for
mode. Samples were outgassed at 360for 10 h before the 20 h to remove the water moistufel MAS NMR spectra were

measurements. Specific surface areas were calculated by th&ollected at 399.9 MHz using a S|.ngle-pu_lse. sequence with a
BET method, and the pore volume was determined by N /4 Pulse ad a 4 srecycle delay with a spinning speed of 10
adsorption at a relative pressure of 0.98. k_Hz. Cheml_cal _shlfts were referenced to DSS. For the quantita-
NMR Measurements. All NMR spectra were recorded on Ve determination of théH MAS NMR results, all samples
Varian Infinity plus-400 spectrometéfAl MAS NMR experi- were weighed, and the spectra were calibrated by measuring a
ments were carried out using a 2.5 mm MAS NMR probe with Known amount of 1,1,1,3,3,3-hexafluoro-2-propanol performed
a spinning rate of 25 kHz. Chemical shifts were referenced to in the same (_:ondlt!on’é_. The Dmf't. softwar(_a was employed
(NH4)AI(SO4),»12H,0 at—0.4 ppm as a secondary reference. for deconvolution using fitted Gaussiahorentzian line shapes.
The spectra were accumulated for 1024 scans witila flip
angle ad a 2 spulse delay. For a quantitative comparison, all
samples were weighted and hydrated completely in a desiccator XRD and Nz Adsorption Data. XRD patterns of HB-30Al
with saturated NENO;3; solution, and the spectra were calibrated composites support with different Mo loadings are shown in
by measuring a known amount of (WAI(SOg)2-12H,0 under Figure 1. It can be seen that typical diffraction peaks ¢f H
the same condition'$:16 2A| 3Q MAS NMR experiments were  zeolite are present on the composite suppbithe weak and
performed using a three-pulse sequence incorporating a z-filterbroad line assigned to alumina at°46 also clearly observed.
at a spinning speed of 25 kHz with a 2.5 mm prédbén rf As listed in Table 1, the relative crystallinity decreases to 42%

Results and Discussion
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Figure 3. Two-dimensionalF’Al MQ MAS NMR spectra of the samples: (A) HB30AI, (B) 1Mo/HB—30Al, (C) 4Mo/HB—30Al, (D) 6Mo/
HB—30Al, (E) 9Mo/HB—-30Al. The corresponding’Al MAS NMR spectrum is given on top of the MQ MAS plot. THg projection is the pure

isotropic spectrum.
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TABLE 2: NMR Parameters Determined from 27Al MQ MAS NMR for nMo/HB —30Al Samples

sample Al(IV) Al(IV) Al(IV) ¢ Al(IV) g Al(VI) 4 Al(VI) b Al(VI)
HB-30Al 58.4 (1.8 54.8 (1.6) 73.2 (3.5) 0.9 (1.4) 13.9 (3.2)
1Mo/HB—30Al 59.1 (1.9) 55.1 (1.6) 72.7 (3.5) 1.0 (1.3) 13.8(3.3)
4Mo/HB—30Al 58.8 (2.1) 54.7 (1.7) 58.3 (3.2) 73.3(3.6) 0.9 (1.4) 13.1(3.3) 15.8 (1.6)
6Mo/HB—30Al 59.5 (1.9) 54.8 (1.6) 58.4 (3.0) 73.1(3.6) 0.9 (1.4) 13.3(3.2) 15.6 (1.5)
9Mo/HB—30Al 54.7 (1.7) 59.8 (3.6) 72.7 (3.8) 1.0 (1.5) 13.4(3.2) 15.2 (1.5)

2 diso (PPM). ° Py (MHZ).

on Mo loading up to 9.0 wt %, indicating that Mo species loading. In the octahedral region, a strong peak corresponding
obviously interact with the composite support. There is no XRD to octahedral Al species in alumina is observed and designated
evidence for the presence of a crystalline Magthase. This as Al(VI),. In addition, the isotropic projection reveals a small
suggests that the Mo species must be dispersed in some formine (Al(VI) 5) at 0 ppm indicating the presence of nonframework
over the support. However, we cannot rule out the formation Al in Hf zeolite.
of disordered Mo@ or Al;(MoOy); phases, which cannot be After introduction of 1.0 wt % Mo, the Al(IV3 and Al(1V)p
detected by XRD. Table 1 also lists the BET surface areas andsignals can still be resolved in Figure 3B while the relative ratio
pore volumes of Mo/HB-30Al samples. It is found that the  lagv)a/lagvp decreases. Therefore, the Mo species interact
incorporation of Mo species causes a loss in the total surfacepreferentially with the specific T sites Al(IY)of Hj zeolite in
area and pore volume of the support, implying that the the composite support. When the Mo loading is as high as 4.0
interaction between the Mo species and the composite supportwt %, a new signal, Al(IV), appears. From its position in the
causes a partial collapse of the pore network during the sampleisotropic dimension of 3Q MAS NMR spectra in Figure 3C,
preparation. Al(IV) ¢ should be regarded as that from four-coordinated
27Al MAS and Two-Dimensional MQ MAS NMR. Z7A| aluminum species. This peak represents only a small fraction
MAS NMR has been widely used to determine the coordination of the total spectral intensity but experiences a large quadrupolar
and local structure of specific aluminum species in zeolites and interaction Pq = 3.2 MHz) as summarized in Table 2. This
alumina since different’Al sites can be readily resolved by large anisotropic quadrupolar broadening makes it difficult to
one-dimensionat’Al MAS NMR combined with two-dimen- identify in the usual’Al MAS NMR spectra; however, it is
sional MQ MAS NMR spectroscopit.Figure 2 shows the one-  clearly noticeable in the isotropi€; projection. This species
dimensionaf’Al MAS NMR spectra of H8—alumina composite may be a locally distorted aluminum atom associated with a
supports with different Mo loadings. Two peaks in the tetra- defective site in the B framework, which could be generated
hedral region were observed in tA&l MAS NMR spectrum by high-temperature calcination, acid leaching, or steam treat-
of the support. The signal at 54 ppm is assigned to framework ment2%27In our case, it is the introduction of Mo species that
tetrahedral aluminum in Bizeolite®23 The broad one centered leads to the formation of such a third Al(Iyat the expense of
at ca. 64 ppm comes from the four-coordinated aluminum in Al(IV) .. The decrease in the amount of the Al(}\9pecies
alumina?* In the octahedral region, only a broad signal centered further indicates that Mo species remove preferentially the
at ca. 5 ppm is observed, which can be attributed to the six- aluminum atoms from the crystallographic position represented
coordinated aluminum in alumina. This signal is also overlapped by Al(1V) .. At the same time a new signal, Al(\)is seen in
with that from the nonframework Al in Bl zeolite. After Mo the octahedral region besides Al(¥&nd Al(VI),. In accordance
loading, the intensity of the peak at 54 ppm decreases accord-with the one-dimension&lAl MAS NMR spectra, this signal
ingly. When Mo loading is up to 9.0 wt %, two new peaks is assigned to the hydrated form of aluminum molybdate.
appear at-14 and+14 ppm, corresponding to the nonhydrated Introduction of 6.0 wt % Mo leads to a more pronounced Al-
and hydrated forms of the aluminum molybdate pHe8e. (IV). peak and the loss of the tetrahedrally coordinated
Therefore, there can be a chemical reaction between the Moaluminum Al(IV), species. Figure 3E displays tRél MQ
species and the support, which leads to the appearance oMAS NMR spectra of the 9Mo/HB 30Al sample. Compared
aluminum molybdate at higher Mo loadings. However, it is with 6.0 wt % Mo loading, the peak of aluminum molybdate is
difficult to separate the contribution of aluminum with different more evident, suggesting that the Mo species interact strongly
isotropic shifts and quadrupolar coupling constants in the one- with the support to produce more £MoQO,); upon Mo loading.
dimensionaP’Al MAS NMR spectra; one possibility is to use  In the meantime not only were the Al(ly3pecies fully removed
the two-dimensional multiple quantum technidde. from the H3 zeolite, but also part of the Al(I\§)aluminum
The 2’Al MQ MAS NMR spectrum of the —alumina species were extracted from the framework. As indicated in
composite support is shown in Figure 3A. Shearing the Table 2, the Al(IV) species in the tetrahedral region experiences
projection of the 2D frequency domain along thg axis gives a larger quadrupolar interaction when the Mo loading is up to
the purely isotropic spectrum free of second-order quadrupolar 9.0 wt %. Therefore, different crystallographic T sites ofi H
broadening. At least three different contributions are distin- zeolite have different resistance abilities for Mo loading. The
guished in the 5870 ppm region attributed to tetrahedrally  Al(IV) o species may interact more easily than the Al{Isfecies
coordinated aluminum species. The Al(;\and Al(1V),, signals with the Mo species so that it can be extracted readily from the
come from the framework tetrahedral Al ingHeolite similar framework of HB zeolite. This is probably because the Al(LV)
to that previously reported in ref 23. Table 2 lists the isotropic species experiences a larger quadrupolar effect in the tetrahedral
chemical shiftsdiso and quadrupolar parametdps. It can be region (cf. Table 2).
deduced from Figure 3A that at least two groups of crystallo-  2°Si MAS NMR. The 2°Si MAS NMR spectra of —
graphically distinct T sites exist in the AHframework. The alumina composites with different Mo loadings are shown in
crystallographic T sites corresponding to the tetrahedral peak Figure 4. Three major resonances at arourid 7, —113, and
Al(IV) , are more populated than the T sites corresponding to —107 ppm are observed. The first two lines are attributed to
the tetrahedral peak Al(I\{)for the H3—alumina composite the inequivalent framework sites of thefHzeolite, which
support. The ratio of the two is, however, a function of the Mo correspond to Si(OAl) groupings. The line atl07 ppm is
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catalysts with different Mo contents in the metathesis of ethene and
2-butene to propene (reaction temperature 393 K, pressure 1.0 MPa,
ethene/2-butenes 3/1, WHSV of ethene 1.2H).

Figure 5. *H MAS NMR spectra of l—alumina composite supports
with different Mo loadings. The spinning rate was 10 kHz, and 200
single-pulse scans were accumulated.
hydroxyl groups, i.e., Brgnsted acidic sites i8.F? In the

supposed to come from the contribution of Si(1Al) groupings. deconvoluted spectra a broad line centered at ca. 5.1 ppm could
The downfield peak at aroundl103 ppm is associated with Si pe identified. It is ascribed to a second Brgnsted acidic site
atoms in Si(OSHOH environment$? As shown in our previous  interacting electrostatically with the zeolite framework since it
study? the line at—107 ppm is supposed to come from the could be significantly suppressed after Al irradiatfoRigure 5
contribution of Si(1Al) groupings. The framework Si/Al ratio j|lustrates that the totalH signal intensity decreases upon Mo
can be calculated by deconvolution of tRSi MAS NMR loading, and the peaks at0.2 and 1.7 ppm are preferentially
spectra, and the results are listed in Table 1. It can be seen thateduced compared to those at 3.9 ppm. This indicates that during
the framework Si/Al ratio increases with increasing Mo loading. the catalyst preparation the Mo species first react with the basic
This fact further proves that introduction of Mo species causes Al hydroxyls and silanols on the surface of the support. A similar
the dealumination of the/B-Iframework, which is in accordance prior reaction between basic ADH and Mo Species was also
with the above results froffAl MAS NMR. observed on Mo/AlD; samples! When the Mo loading is as

IH MAS NMR. High-resolution'H MAS NMR is a useful high as 4.0 wt %, the peak intensity of the Bransted acidic sites
and direct method to characterize the Brgnsted acidic sites inis clearly reduced. Quantitative results concerning the amounts
catalysts. Figure 5 shows thel MAS NMR spectra oMo/ of Brgnsted acidic sites on the catalysts after Mo loading are
HB—30AI catalysts. Due to the addition of alumina into the reported in Table 1. It is found that the content of Bransted
support, the spectrum offH-alumina composites is a little more  acidic sites on the support surface obviously decreases as the
complex than that of A zeolite? As demonstrated, the signal Mo loading is increased up to 9.0 wt %, indicating that Mo
at about—0.2 ppm is assigned to the basic hydroxyls in alumina; species strongly interact with the framework Al with subsequent
the peak at ca. 2.4 ppm may contain the contribution of dealumination of the framework and loss of Brgnsted acidic
nonframework AIOH in H zeolite and the acidic hydroxyls in  sites.
aluminal32° Additionally, two other peaks at about 0.8 and 1.7 Catalytic Performance of Cross-Metathesis of Ethene and
ppm can be observed, which are respectively attributed to the2-Butene to Propene.The catalytic performance of olefin
nonacidic unperturbed extraframework aluminum hydroxyls and metathesis onnMo/HS—30Al catalysts, as a function of
silanol groups in 4. At the same time the peak at 3.9 ppm molybdenum content, is presented in Figure 6. It is clear that
could be clearly resolved and should be assigned to the bridging1.0 wt % Mo loading on the B—alumina composite support



5960 J. Phys. Chem. C, Vol. 112, No. 15, 2008 Li et al.

shows the lowest performance; i.e., the 2-butene conversion isextraction of framework Al species at specific T sites ofi H
47%, and the propene selectivity is about 87%. When the Mo zeolite upon Mo loading. Quantitatiéi MAS NMR spectra
content increases to 4-.0 wt %, the catalysts show the highest indicate an appropriate Brgnsted acidity when the Mo loading
metathesis activity. Under this condition the 2-butene conversionis 4.0-6.0 wt %. A moderate interaction of Mo species with
is up to 80% and the propene selectivity is about 95%. At the the support and the proper acidity may be advantageous for the
same time these catalysts have high stability, which show no metathesis of ethene and 2-butene to propene over heterogeneous
obvious deactivation within 7 h. With the Mo content further catalysts.
increasing to 9.0 wt %, however, the activity of the catalyst
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