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Abstract

The early stages of propane activation over Zn-modified H-MFI catalysts were studied by in situ 13C MAS NMR and IR spectroscopic tech-
niques. Propane 2-13¢, propane 1-13C, deuterated propane, and deuterated dihydrogen were used as labelled reactants. Both techniques pointed
to the formation of zinc propyl species at the onset of propane conversion. Moreover, formation of ZnOH groups simultaneously to zinc propyl
species was evidenced by IR spectroscopic techniques. The results point to the propane activation through dissociative adsorption over zinc oxide
species, followed by propene evolution and recombinative desorption of dihydrogen. Propene further oligomerizes over acidic sites, while dihy-
drogen either evolves as a final product or participates in propane hydrogenolysis into ethane and methane. At low partial pressure of reactants,
H»> recombinative desorption and hydrogen evolution are favoured, whereas at high pressures, the hydrogenolysis route is preferable.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The conversion of light alkanes to aromatics requires bi-
functional catalysts involving both acidic and dehydrogenation
functions. The best catalysts proposed so far are based on acidic
MFI zeolites modified with Ga or Zn. Understanding the in-
terplay between the acidic and dehydrogenation catalytic func-
tions in these catalysts is of key importance to further improving
their selectivity, activity, and lifetime. But despite numerous ex-
tensive studies, the catalytic role of acidic sites as well as Ga
and Zn species, especially at the early stages of alkanes activa-
tion, remains controversial.

According to Ono et al. [1], the initial step in propane acti-
vation involves acidic sites only implying carbonium ion mech-
anism, while the “metal” sites are participating in olefin-to-
aromatics conversion with no influence on the initial stages of
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propane transformation. In contrast, Guisnet et al. [2] proposed
that “metal”-containing sites play the main role in the initial
propane dehydrogenation leading to propene, which is further
converted to higher hydrocarbons over acidic sites. Price et al.
[3] proposed that on MFI catalyst fully exchanged with gallium,
acid-base pairs of Ga™ and neighbouring basic oxygen anions
associated with the zeolite framework could be responsible for
propane dehydrogenation and further propene oligomerization
and aromatization. Mole et al. [4] pointed out that zinc oxide
can produce heterolytic cleavage of the carbon—hydrogen bond,
leading to (Zn-H) species. Kazansky et al. proposed that the ini-
tial step on Zn-containing catalysts proceeds through propane
dissociative adsorption, resulting in formation of zinc alkyl and
acidic hydroxyl fragments [5].

In addition, numerous studies have determined a synergetic
action of metal-containing and acidic sites at the initial stages
of propane activation. Naccache et al. [6] and Buckles et al.
[7] suggested that the first step in propane activation involves
dissociative adsorption with the formation of gallium hydride
(Ga—H) and gallium alkoxide (Ga—O-C3Hy), after which rapid
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exchange of the propyl carbenium ions with zeolite protons
through an alkyl surface migration occurs. The final step is
propylene desorption and liberation of acidic sites.

Another type of synergetic mechanism was proposed by Inui
et al. [8], le van Mao et al. [9], and Iglesia et al. [10], who
performed kinetic and isotopic tracer studies on Zn- and Ga-
modified H-MFI catalysts. These studies suggested that metal
cations catalyze the recombinative desorption of H atoms as H»
through formation of the intermediate “metal”-H species, while
the initial CH cleavage occurs on the acid sites. The recom-
binative desorption of hydrogen species shifts the equilibrium
towards the formation of propylene and suppresses hydrogen
transfer to hydrocarbon species, leading to ethane and methane.

The development of in situ MAS NMR spectroscopic tech-
niques [11] has allowed monitoring of the catalytic transfor-
mations directly on a catalyst surface during the course of the
reaction. These techniques have turned out to be very infor-
mative in the mechanistic catalytic studies over heterogeneous
catalysts, particularly zeolite catalysts.

Application of in situ 13C MAS NMR spectroscopy has
enabled identification of the proposed detailed bifunctional
mechanism of propane activation over Ga-modified acidic MFI
zeolite [11a,11c,11e,12]. This mechanism implies synergetic
action of acidic and (Ga®*—-0~2) ion pair sites in the forma-
tion of the protonated pseudocyclopropane (PPCP) intermedi-
ate, which further decomposes into propene and dihydrogen,
methane and ethene or recombines back to propane [11a,11c,
11e,12].

In contrast to Ga-containing zeolites, only few in situ 13C
MAS NMR data are available for zinc-modified catalyst [13].
These data point to a different reaction pathway on Zn/H-MFI
catalysts, involving hydrogenolysis of propane. Further studies
are needed to gain deeper insight into the mechanism of these
transformations.

This paper is devoted to the investigation of the initial stages
of propane transformations over Zn/H-MFI and Zn/silicalite
catalysts using in situ 1*C MAS NMR and IR spectroscopic
techniques. The results are compared with those obtained pre-
viously over H-MFI and Ga/H-MFI catalysts.

2. Experimental

Preparation of Zn-containing MFI catalysts (Zn/H-MFI,
Zn/silicalite) was carried out by the impregnation with aque-
ous solution of Zn(NO3)2, subsequent drying at 393 K for 15 h,
and calcination at 823 K for 12 h. Zeolites with Si/Al = 35
(H-MFI) and Si/Al = 2000 (silicalite) were used as starting
materials. The hydrogen form (H-MFI) was obtained from the
sodium form through triple ion exchange with a 0.1 M aqueous
solution of NH4NO3 and subsequent calcination at 823 K for
6 h. The zinc content was 8.0 wt% in both samples. Ga/H-MFI
catalyst was prepared from H-MFI by aqueous impregnation
with Ga(NO3)3 - 9H,0, followed by drying for 16 h at 393 K
and calcination at 823 K for 4 h in air. The final catalyst con-
tained 1.5 wt% of gallium.

The materials were characterized by elemental analysis;
XRD; SEM; UV-vis diffuse reflectance spectroscopy; solid-

state 1H, 27 Al, and 2°Si MAS NMR spectroscopy; nitrogen ad-
sorption; and FTIR of adsorbed pyridine and CO. The elemen-
tal analysis of zeolites was performed by atomic absorption.
The XRD patterns were obtained with a DRON-3M diffrac-
tometer, using Cu-K,, radiation. SEM images were obtained on
CAMSCAN electron microscope. UV-vis diffuse reflectance
spectra were measured on a Specord M-40 equipped with re-
flectance accessories. 1H, 2’Al and 2°Si MAS NMR experi-
ments were performed on a Bruker MSL 400 spectrometer.
Sorption-desorption isotherms of nitrogen were measured at
77 K using an automated porosimeter (Micromeritics ASAP
2000).

13C MAS NMR measurements were carried out on ADX-
200 and ADVANCE DSX400 Bruker spectrometers operating
at 50.3 and 100.6 MHz, respectively. Quantitative conditions
were achieved using high-power gated proton decoupling with
suppressed NOE effect (90° pulse, 6 s recycle delay). The ex-
periments involving cross-polarization from protons to carbon
(*H-13C CP MAS) were recorded with a 1-ms contact time and
a 3.0-s recycle delay. Chemical shifts were referenced relatively
to the CH; group of solid adamantane [14,15].

Controlled-atmosphere experiments were performed in seal-
ed pyrex NMR cells containing catalysts and adsorbates and
fitting precisely into 7-mm Bruker zirconia rotors. Propane 1-
13C (99,9% enriched) and propane 2-13C (99,9% enriched),
purchased from ICON Services, were used as labelled reac-
tants. In a typical NMR experiment, the sealed NMR cell was
rapidly heated to the selected temperature and maintained at
this temperature for a given period. In all NMR experiments,
the amount of adsorbed labelled compound was calculated on
the basis of 1 molecule of adsorbate per unit cell of zeolite.
The NMR spectrum was recorded after quenching of the sam-
ple cell down to 293 K. A more detailed description of in situ
MAS NMR experiments has been given elsewhere [16].

IR spectra were recorded on a Nicolet Protégé FTIR spec-
trometer at 4 cm~1 optical resolution with one level of zero-
filling for the Fourier transform. Before measurement, the cata-
lysts were pressed in self-supporting discs (diameter: 1.6 cm,
7 mgem~2) and activated in the IR cell (attached to a vac-
uum line) at 723 K for 4 h up to 10~° Torr. The adsorption
of gaseous hydrogen, CO, propylene, and propane was carried
out at ambient temperature. Pyridine was adsorbed at 423 K.
Propane and propylene were purified before the adsorption by
three pump—freeze cycles. The pressure of the adsorbed gases
was measured by a Varian gauge. The spectra were recorded
after adsorption, after heating to a selected temperature and sub-
sequent evacuation at ambient temperature, to monitor the most
strongly adsorbed species. The sample temperature during the
treatment was monitored by a chromel-alumel thermocouple
inserted into the heater of the cell.

Deuterated zeolite samples were prepared directly in the
IR cell through H/D exchange with D,O. The samples were
activated as described above, cooled to 523 K, subjected to
10 Torr of D0, and maintained at these conditions for 30 min.
Then the cell was evacuated up to 10~3 Torr. This procedure
was repeated four times, and then the samples were activated
once again before adsorption of reactants. Deuterated propane
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(98%), purchased from Cambridge Isotope Laboratories, was
used as a reactant in experiments over deuterated catalysts.

3. Resultsand discussion
3.1. Characterization of Zn/MFI catalysts

The starting materials used for the preparation of Zn-
containing catalysts were characterized by XRD, SEM, 2Al
and 'H MAS NMR, nitrogen adsorption, and FTIR spec-
troscopy of adsorbed pyridine. The XRD data confirmed the
MFI type structure of both starting materials. SEM images
revealed that H-MFI and silicalite samples had the same mor-
phology and crystal size, ~0.5 pm. 2’ Al MAS NMR indicated
the absence of extra-framework aluminum. FTIR spectra in the
OH stretching region (Fig. 1) suggested that H-MFI contained
Bronsted acid groups (3610 cm~1) associated with frame-
work aluminum [Si(OH)AI], isolated external silanol groups
(3745 cm~1), free internal silanol groups (3730 cm~1), and

3730

3745I

delocalized hydrogen-bonded groups (3500 cm~1) of lattice
defects:
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The bands assignment was as described previously [17]; *H and
29Si MAS NMR data confirmed these assignments. Chemisorp-
tion of pyridine on H-MFI led to a conversion of Bronsted
acid sites into pyridinium ions characterized by the band at
1546 cm~?, and indicated the formation of a small amount
of Lewis sites (1455 cm~1) due to zeolite dehydroxylation
(Fig. 2). The silicalite sample exhibited only silanol groups,
which do not interact with pyridine.

Modification with zinc led to the appearance of two bands
in the UV-vis diffuse reflectance spectra of H-MFI at about
265 and 375 nm. According to [18], these bands correspond
to subnanomeric ZnO clusters inside zeolitic pores and large
ZnO crystals on the external surface of the zeolite, respectively.
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Fig. 1. FTIR spectra of hydroxyl groups of H-MFI (A), Zn/H-MFI (B), and Zn/silicalite (C) after evacuation at 723 K for 4 h.
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Fig. 2. FTIR spectra of pyridine adsorbed on H-MFI (A), Zn/H-MFI (B), and Zn/silicalite (C) after evacuation at 723 K for 4 h.
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The content of large ZnO crystals was determined from XRD
as described previously [19]. In Zn/H-MFI, it amounted to 5%
of the total amount of Zn introduced (0.4 wt% in the sample),
whereas in Zn/silicalite it corresponded to ~25% of Zn (2 wt%
in the sample). The nitrogen adsorption data confirmed the de-
crease of pore volume by ~10% due to deposition of ZnO
particles inside the pores of H-MFI and silicalite. 2’ Al MAS
NMR indicated that after dealumination of H-MFI occurred af-
ter modification with zinc.

The FTIR spectra in the OH stretching region (Fig. 1) and
'H MAS NMR data (not shown) obtained on Zn/H-MFI sample
pointed to a significantly decreased number of Brgnsted acid
groups (Si(OH)AI) on modification with Zn, suggesting con-
sumption of zeolite protons in the exchange process. Moreover,
modification led to disappearance of the internal silanol groups
(3730 and 3500 cm~1). EI-Malki et al. [17] proposed that this
is due to the interaction of internal SiOH groups with ZnOH™
cations located in cationic positions of the zeolite, leading to
formation of (ZO)~ Zn*-0-Si species

(ZO)-ZnOH+ + HO-=Si — (ZO)~Zn*-O-Si.

For Znisilicalite, the appearance of a new band at 3675 cm—1!
was observed, most likely due to the formation of external
Zn—OH groups on ZnO clusters. Small numbers of such groups
were also observed on Zn/H-MFI.

The FTIR spectrum of pyridine adsorbed on Zn/H-MFI
(Fig. 2) also points to the consumption of Brgnsted acid sites
after modification and indicates the formation of Lewis acid
sites induced by the presence of zinc ions, evidenced by the
appearance of the intensive band at 1455 cm~1. These obser-
vations confirm that ion exchange for zinc ions occurs after
modification. The comparison of relative intensites of the bands
at 1546 cm~on H-MFI and Zn/H-MFI suggests that ~80%
of protons are involved in ion exchange for zinc cations. As-
suming that each Al atom generates a Brgnsted site in H-MFI
(an hypothesis supported by the absence of extra-framework
aluminum) and supposing that the protons are replaced by
monopositive ZNOH™ cations, the maximum content of Zn in
cationic positions was estimated. It appears that it may amount
to 2.6 wt% in Zn/H-MFI zeolite.

Adsorption of CO on Zn-silicalite and Zn/H-MFI resulted in
the appearance of bands at 2220 and 2206 cm~on the former
and bands at 2230, 2220, and 2206 cm~! on the latter (Fig. 3).
As described previously [20,21], the band at 2206 cm~! can
be attributed to CO adsorption on large ZnO crystals, whereas
the band at 2230 cm~! could be due to CO adsorption on zinc
cations. The band at 2220 cm~! may arise from CO complexes
with small ZnO clusters.

Analysis of the foregoing results suggests that Zn/silicalite
sample contains two Zn species: small ZnO clusters inside the
pores and large ZnO crystals on the external surface. In con-
trast, Zn/H-MFI involves three types of Zn species: small and
large ZnO clusters and zinc cations. The simple estimations de-
rived from XRD data and FTIR data suggest that most of the
Zn species in both samples is contained in the form of sub-
nanomeric ZnO clusters inside the zeolitic pores.
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Fig. 3. FTIR spectra of CO adsorbed on Zn/H-MFI (A) and Zn/silicalite (B)
after evacuation at 723 K for 4 h.

With respect to cationic species, it is difficult to determine
the types of cations present in Zn/H-MFI. The literature data
suggest that the most likely cationic species formed after ion ex-
change with nitrate solutions is ZnOH™, but this species is not
stable and undergoes dehydration on calcination [22]. At low
Zn loading, ZnOH™ couples with nearby protons to form Zn%+
and water, which desorbs. At high Zn loadings (<1.3 wt%),
ZnOH™ may interact with another ZnOH™ or a SiOH group,
leading to the formation of (OZ)~(Zn-0-Zn)?*t(0Z)~ [22]
or (ZO)~Zn*-0-Si [17], respectively. The Zn/H-MFI sample
used in this study has a high Si/Al ratio and a high Zn con-
tent, and thus (0Z)~ (Zn-0-Zn)?>*+(0Z)~ or (ZO)~Zn*t-O-Si
cations should preferably form based on the literature data;
however, the presence of Zn2t or ZnOH* cannot be excluded.

3.2. Mechanistic studies

Fig. 4a shows ¥C MAS NMR spectra obtained during
propane 2-13C reaction over the Zn/H-MFI catalyst. The ini-
tial spectrum observed immediately after adsorption of propane
2-13C contains the only resonance, at about 17.7 ppm, corre-
sponding to the initially labelled methylene group of propane.
After the sample was heated to 523 K, a small NMR line at
ca. 19.5 ppm appeared; the origin of which is discussed later in
the paper. Further heating to 548 and 573 K led to the appear-
ance of labelled ethane (§ = 6.5 ppm), the amount of which in-
creased with increasing temperature. The labelled methane was
observed only at 598 K (§ = —7.3 ppm) along with 13C label
scrambling in propane, as evidenced by the line at ca. 16.2 ppm
corresponding to the labelled methyl group in propane. Finally,
at 623 K the NMR lines of propane disappeared, and the only
observable signals corresponded to ethane and methane.

With propane 1-13C used as a starting reactant (Fig. 4b), res-
onance at ca. 20.3 ppm instead of the peak at ca. 19.5 ppm
was observed at the onset of the reaction. Moreover, labelled
methane and ethane appeared simultaneously at 548 K in
equimolar amounts, and selectivity to the labelled methane at
the end of the reaction was higher than that found when using
propane 2-13C as the starting reactant.

The formation of equal amounts of initially labelled methane
and ethane from propane 1-13C and labelled ethane from
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Fig. 4. 33C{1H} MAS NMR spectra observed in the course of propane 2-13C (a) and propane 1-13C(b) reactions over Zn/H-MFI catalyst.

propane-2-13C points to propane hydrogenolysis at the initial
steps of the reaction:

13CH3CH2CH3 + Hz = 33CHy4 + CH3CH;,
13CH3CH,CH3 + Hy = 13CH3CH3 + CHa,
CH313CH,CH3 + Hy = CH313CH3 + CHa.

This reaction pathway is significantly different that the path-
ways observed previously over H-MFI [16,23] and Ga/H-MFI
[11a,11c,11e,12] catalysts. For comparison, Fig. 5 shows the
13C MAS NMR spectra obtained during reaction of propane-2-
13C over the H-MFI and Ga/H-MFI samples, prepared from the
same starting zeolite. The following differences emerge:

1. The reaction starts at much higher temperature (at 598 K
on H-MFI and at 548 K on Ga/H-MFI).

2. The line at ca. 19.5 ppm is not observed at the onset of the
reaction on either H-MFI or Ga/H-MFI.

3. The 13C scrambling, evidenced by the appearance of the
line corresponding to propane methyl group (16-17 ppm),
is the only primary pathway of propane conversion.

4. Ethane is formed simultaneously with butanes, as evi-
denced by the lines at ca. 6.5, 24.0, and 26.0 ppm.

Therefore, it is evident that the mechanisms proposed pre-
viously for propane activation over H-MFI [16,23] and Ga/H-
MFI [11a,11c,11e,12] catalysts cannot be transferred to Zn-
containing catalysts. As mentioned earlier, the reaction path-
way on the latter should involve propane hydrogenolysis. Such
a reaction pathway can occur on Zn-containing species; how-
ever, the source of the dihydrogen required for this reaction is
not clear. Understanding the nature of the intermediate species

formed at the onset of the reaction may provide the key to an-
swering this question.

To reveal the nature of the resonances at ca. 19.5 and
20.3 ppm, H-13C CP/MAS NMR spectra were recorded at
the onset of propane 1-13C and propane 2-13C conversion over
Zn/H-MFI (Fig. 6). The relative intensities of the lines at 19.5
and 20.3 ppm were significantly higher for the CP/MAS spec-
tra compared with the 13C{1H} spectra, suggesting that these
signals correspond to very rigid species attached to the zeolite
surface. In addition, another line at ca. 12.2 ppm became visible
during propane 1-13C conversion.

In previous work [13], we suggested that such signals may
correspond to propylene oligomers formed on propane dehy-
drogenation followed by propylene oligomerization over zeolite
acid sites. To verify this suggestion, propylene 2-13C and propy-
lene 1-13C were adsorbed over Zn/H-MFI and heated to 523 K
(Fig. 7). The initial spectra obtained at ambient temperature
indeed contained the lines at ca. 12 and 19-20 ppm, but the
chemical shifts of these lines were not exactly the same as in
the case of propane spectra (Fig. 6). Furthermore, the main res-
onance line, corresponding to propene oligomers, was observed
at ca. 32.7 ppm, similar to the results of other research groups
for propylene oligomers formed over acidic zeolites [24]. How-
ever, no such signal was detected in experiments with propane
(Fig. 6). Finally, heating of the samples to 523 K caused crack-
ing of the oligomers into propane and butanes, as evidenced by
the lines at ca. 17.7 and 26.0 ppm, respectively (Fig. 7). But
these lines were not detected at the onset of propane activation
(Fig. 6); consequently, the hypothesis of propylene oligomer
formation does not explain all of our results.
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Fig. 5. 13C{1H} MAS NMR spectra observed in the course of propane 2-13C reaction over H-MFI (a) and Ga/H-MFI (b) catalyst.
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Fig. 6. 1H-13C CP/MAS NMR spectra observed after reaction of propane 2-13C (a) and propane 1-13C (b) over Zn/HMFI at 523K for 5 min.

To determine which active sites are responsible for the for-
mation of the species corresponding to the lines at ca. 12.2
and 19-20 ppm, we carried out experiments over the catalysts
containing only acidic (H-MFI) or only Zn sites (Zn-silicalite)
(Fig. 8). Propane 1-13C adsorbed over H-MFI did not show any
new signals after heating at 523 K for 5 min (Fig. 8a). In con-
trast, the lines at ca. 20.3 and 12.2 ppm were observed over
Zn/silicalite (Fig. 8b), similar to the findings of experiments
over Zn/H-MFI (Fig. 7b). These results show unambiguously
that Zn sites are responsible for the observed lines and suggest
that the latter may correspond to the alkyl species attached to
Zn sites.

Analysis of the chemical shifts of propyl groups attached to
metal in different organometallic compounds [25-27] (Table 1)
shows that the carbon atoms closest to metal are characterized
by chemical shifts in the range of ca. 9-12, while the second
and third atoms — by the chemical shifts in the range of 20—
25 ppm. These findings suggest that the lines observed in our

experiments can be indeed attributed to zinc propyl species. Our
observation of the lines at ca. 12.2 and 20.3 ppm in the case of
propane 1-13C initially labelled in the methyl group and only
one line at ca. 19.5 ppm in the case of propane 2-13C indicates
that the detected species more likely correspond to n-propyl
zinc than to iso-propy! zinc species. Our NMR results thus point
to propane activation through dissociative adsorption over zinc
oxide species.

The dissociative adsorption of hydrogen and light alkanes
has been addressed in the literature for both bulk zinc oxide
[28] and Zn-modified MFI catalysts [21,29-31]. In early IR
spectroscopic studies, Dent and Kokes [28] observed the for-
mation of Zn-OH (3489 cm~1) and Zn-H (1709 cm~1) species
on dihydrogen adsorption over bulk zinc oxide. These species
were not very stable and were easily removed by recombina-
tive desorption after evacuation procedure. Using DRIFT tech-
niques, Kazansky et al. showed that dissociative adsorption
of dihydrogen over HMFI modified by zinc vapor led to the
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Fig. 7. 1H-13C CP/MAS NMR spectra observed after adsorption and reaction of propylene 1-13C (a) and propylene 2-13C (b) over Zn/HMFI.
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Fig. 8. 1H-13C CP/MAS NMR spectra observed after reaction of propane 1-13C over HMFI (a) and (b) Zn/silicalite at 523 K for 5 min.

Table 1
13¢ chemical shifts of propyl and isopropyl groups in organometallic com-
pounds

Formula Chemical shift of 13C Refs.
in C3H7 group (ppm)
C-1 C-2 C-3
ﬁr
Pr. N
\f Mo CHy CHs  11.6-119 n/a n/a [25]
e
N
Ar
—-0. CH
\ / 3
- —O7Zn—0< 10.7 24.9 - [26]
-0 CH3
CHy CH
e 3
Mg AN CHz/ 11.3 22.1 22.1 [27]
/CH3
J’Mg—CHz\ 8.9 22.9 -
CHs

formation of more stable hydroxyl SIOHAI (3610 cm~1) and
hydride (1934 cm~1) species on zinc cations [30]. The same
group also observed dissociative adsorption of methane and
ethane [31] at moderately elevated temperatures over acid—base

pairs with distantly separated Zn®* cations and basic oxygen
atoms of the zeolite framework in Zn/MFI catalysts with a
high content of Zn2* cations. In these studies, the simultaneous
formation of acidic bridging hydroxyls SiOHAI (3610 cm—1)
and zinc ethyl (2874, 2910, 2958 cm~1) or zinc methyl (2890,
2927, 2980 cm~1) fragments was confirmed by DRIFT spec-
troscopy. The possibility of the dissociative adsorption of hy-
drogen, methane, and ethane over acid-base Zn’+-0%~ pairs
has also been confirmed by theoretical studies [29].

It should be noted that dissociative adsorption has also been
mentioned in the case of propane activation over Zn/MFI cata-
lysts [21]; however, no direct experimental evidence of the pres-
ence of zinc propyl species has been provided. To the best of
our knowledge, such information is not available for bulk zinc
oxide as well. In contrast, there are data on zinc ethyl species
formation over bulk zinc oxide. Thus, Dent and Kokes obtained
direct evidence of the action of zinc ethyl species as intermedi-
ates of ethylene hydrogenation by gaseous hydrogen [32]. The
formation of such species was detected and proven by IR spec-
troscopy.

To identify the positions of IR bands corresponding to zinc
propyl species over zeolite catalysts modified by zinc oxide,
we performed experiments similar to those carried out by Dent
and Kokes [32] over Zn/silicalite catalyst. The experimental
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procedure included three steps: (1) conducting adsorption of
propylene over Zn/silicalite at an equilibrium pressure of 2 Torr,
followed by evacuation at ambient temperature; (2) subjecting
the sample with strongly adsorbed propylene species to 100
Torr of hydrogen and heating it to selected temperature for a
selected time; and (3) evacuating the resulting sample to ob-
serve strongly adsorbed species. In a series of experiments, the
temperature of hydrogen interaction with adsorbed propylene
was varied from 298 to 383 K; the results on propylene hydro-
genation over Zn-silicalite are presented in Fig. 9.

The IR spectrum observed after adsorption of propylene
and subsequent evacuation (Fig. 9, spectrum 1) shows four
well-resolved bands in the 1350-1500 cm~? region, at 1376
and 1451 cm~1! and at 1411 and 1428 cm~1. These vibrations
correspond to the CH3 bending modes and in-plane deforma-
tion of the vinylic group, respectively. The preservation of the
bands after evacuation points to strong propylene adsorption
over Zn/silicalite catalyst. Subsequent adsorption of hydrogen
at ambient temperature does not lead to any significant changes
(spectrum not shown). Complete hydrogenation of adsorbed
propylene into propane occurred only at 383 K, as evidenced
by the appearance of the bands at 1370 and 1457 cm~! and at
1385 and 1465 cm~1 (Fig. 9, spectrum 3), corresponding to the
bending modes of CH3 and CH> groups, respectively. Note that,
in contrast to propylene, propane is weakly adsorbed and can
be easily removed after evacuation (spectrum not shown). In
the intermediate stage of hydrogenation, species characterized
by five new bands at 1384, 1392, 1434, 1463, and 1469 cm~1
were detected (Fig. 9, spectrum 2). These bands belong to nei-
ther propylene nor propane; they show intermediate behaviour
in propylene hydrogenation and correspond to species strongly
attached to the surface, as confirmed by the preservation of their
intensity on evacuation. In analogy with previous work [32],
thee bands were attributed to zinc propyl species.

1465

1500 1450 1400 1350
Wavenumbers (cm™)

Fig. 9. FTIR spectra observed after adsorption of 2 Torr of propylene and evac-
uation at ambient temperature over Zn/silicalite (1), after consequent subjecting
to 100 Torr of hydrogen and heating either at 373 K for 5 min with following
evacuation (2) or at 383 K for 10 min without evacuation (3).

To verify whether these species are observed during propane
activation over Zn-containing zeolites, we studied the initial
stages of propane conversion over Zn/H-MFI and Zn/silicalite
catalysts by IR spectroscopic techniques. Fig. 10 shows the IR
spectra obtained in the range of 1320-1650 cm~! after adsorp-
tion of propane at ambient temperature and after reaction at
523 K for 30 min and subsequent evacuation at ambient temper-
ature over Zn/H-MFI (Fig. 10a) and Zn/silicalite (Fig. 10b), re-
spectively. In the initial spectra, four bands at 1370, 1385, 1455,
and 1465 cm~1, corresponding to propane, were observed over
both samples (Fig. 10a, spectra 1). Heating to 523 K produced
no visible changes in the case of Zn/silicalite (Fig. 10b, spec-
trum 2). In the case of Zn/H-MFI, a weak band at 1587 cm~!
was detected (Fig. 10a, spectrum 2); this band could correspond
to the stretching vibration of a C=C bond linked to Zn [33]. The
evacuation of the samples at ambient temperature allowed ob-
servation of another strongly adsorbed species (Fig. 10, spectra
3,4). As mentioned earlier, the bands at 1376, 1411, 1428, 1451,
and 1587 cm~1 corresponded to strongly adsorbed propylene
over Zn-containing species, whereas weak bands at 1384,1392,
1434, 1463 and 1470 cm~! can be attributed to the forma-
tion of zinc propyl species. The IR spectroscopic experiments
thus confirm the formation of zinc propyl species at the onset
of propane conversion. Moreover, propylene formation, which
was not observed in the NMR experiments, was detected under
the conditions of the IR experiments.

To help understand the mechanism of zinc propyl species
formation further, considering the fate of the H-atom, which
should be cleaved during dissociative adsorption of propane,
could be helpful. The simplest hypothesis for this is that dissoci-
ation occurs hetrolytically, and the positively charged hydrogen
atom moves to the oxygen atom, which is located close to Zn,
forming an OH group. To prove this, the formation of new OH
groups at the onset of propane conversion should be examined.

Because the amount of newly formed OH groups was rather
low and the OH region of the spectrum was rather noisy, no
definite conclusions about the appearance of new OH groups
could be drawn from the IR spectroscopic experiments on
propane conversion. Therefore, the same type of experiments
were performed on deuterated samples with propane-Dg. The
OD regions of the spectra recorded for initial Zn/H-MFI and
Zn/silicalite catalysts, deuterated catalyst samples, and deuter-
ated samples after reaction with deuterated propane are shown
in Fig. 11.

No bands on the initial nondeuterated samples were detected
in the OD region (Fig. 11, spectra 1). After H/D exchange with
D,0, bands at 2664, 2705-2710, and 2758 cm~! appeared,
corresponding to Si-OD-Al, Zn-0OD, and Si-OD vibrations
(Fig. 11, spectra 2). No bridging acidic sites were observed
on Zn/silicalite. The reaction of C3Dg with deuterated zeolite
samples at 523 K led to enhanced intensity of the band corre-
sponding to Zn-OD (Fig. 11, spectra 3), as evidenced by the
differences between the spectra of the initial deuterated sample
and the sample after the reaction with propane (Fig. 11, spec-
tra 4). This result indicates that propane dissociative adsorption
occurs on zinc oxide species.



130 Yu.G. Kolyagin et al. / Journal of Catalysis 238 (2006) 122-133

a

1600 1500 1400 1600 1500 1400
Wavenumbers (cm-1) Wavenumbers (cm™)

Fig. 10. FTIR spectra observed for reaction of propane over Zn/H-MFI (a) and Zn/silicalite (b) after propane adsorption (20 Torr) (1), after consequent heating at

523K for 30 min (2), and evacuation at ambient temperature (3). Spectrum 4 is enlarged part of spectrum 3.
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Fig. 11. FTIR spectra observed over Zn/H-MFI (a) and Zn/silicalite (b) in non-deuterated forms (1), in deuterated forms (2), after subjecting deuterated zeolites to
2 Torr of C3Dg, heating at 523K for 30 min and evacuation (3) after subjecting of deuterated zeolites to 100 Torr of Do and evacuation at ambient temperature (5).

Difference spectrum 4 is obtained by subtraction of spectrum 2 from spectrum 3.
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Fig. 12. Initial products and intermediates observed at the initial steps of propane reaction over Zn/HMFI catalyst.

Our results are somewhat different from the observations of
Kazansky et al. [31] obtained during the investigation of dis-
sociative adsorption of methane and ethane over Zn/MFI cat-
alysts. Instead of the appearance of additional ZnOH groups,
those authors observed an increased intensity of acidic bridging
hydroxyls. Moreover, they found that dissociative adsorption
occurred at lower temperatures, 473 K for methane and 423 K
for ethane. These discrepancies could be due to the varying na-
ture of the Zn species in the catalysts used for these studies.
Whereas Kazansky et al. [31] used high-temperature reaction
with zinc vapour to achieve greater incorporation of zinc in
cationic positions, our samples were prepared by wet impreg-
nation, leading to both zinc oxide species and zinc cations.
Moreover, the content of Zn was four times higher in our stud-
ies. Consequently, in our samples the main part of zinc was in
the form of oxide, in contrast to the samples of Kazansky et al.
[31], in which special precautions were undertaken to ensure
zinc incorporation in cationic positions of the zeolite. These
factors explain why the reaction occurs on zinc oxide species
in our samples, but on acid-base pairs with distantly separated
Zn?t cations and basic oxygen atoms of the zeolite framework
in Kazansky et al.’s samples. The weaker strength of zinc oxide
species further accounts for the higher temperature for propane
dissociation required in our experiments.

To obtain more information on the sites involved in propane
dissociation, we carried out additional experiments on the in-
teraction of D, with the same zeolites (Fig. 11, spectrum 5).
Similar to the experiments with deuterated propane, the inten-
sity of the band corresponding to Zn—OD groups increased.
In addition, new bands at 1371 and 1391 cm~! appeared si-
multaneously with the Zn-OD-groups over Zn/silicalite and
Zn/H-MFI catalysts, respectively. These bands could be due to
Zn-D-species. Indeed, the wavenumbers of these bands are in
good agreement with the value of 1934 cm~! obtained for Zn—
H species by Kazansky [30]. The values differ by only an iso-
tope shift constant (around 0.7). These experiments suggest that
D, dissociative adsorption also occurs on zinc oxide species
on our catalysts. The observation of Zn-D bands only with D,
confirms that in the case of propane, zinc sites are occupied by
propyl species.

It should be mentioned that binuclear ions with bridging
oxygen (0Z)~(Zn-0-Zn)?*(0Z)~, which are possibly present

in our Zn/H-MFI sample, may also be responsible for the for-
mation of zinc propyl species and generation of ZnOH groups
in this catalyst. Further work is needed to identify the role of
different cations in propane dissociation, and such investiga-
tions currently underway in our laboratories.

In summary, the results of 22C MAS NMR and IR spectro-
scopic in situ studies point to the formation of zinc propyl and
ZnOH groups at the onset of propane reaction over Zn/H-MFI
catalysts with high zinc content. These findings demonstrate
that the initial step of propane conversion over Zn-containing
zeolites is dissociative adsorption over Zn oxide species.

The overall reaction mechanism presented in Fig. 12 ra-
tionalizes all of the foregoing observations. The first step in
propane activation over Zn/H-MFI is dissociative adsorption
over zinc oxide sites, leading to the formation of propyl zinc
species and Zn—-OH groups. The subsequent dehydrogenation
of propyl groups and recombination of hydrogen over Zn sites
leads to propylene and dihydrogen formation and regenera-
tion of an active catalytic site. Propylene undergoes further
oligomerization over the neighbouring acidic site, whereas di-
hydrogen may participate in propane hydrogenolysis under cer-
tain reaction conditions. Thus, under the batch conditions of the
NMR experiment, implying elevated pressures, dihydrogen par-
ticipates in propane hydrogenolysis to methane and ethane over
Zn sites. Under the conditions of IR experiments or continuous-
flow experiments [10], implying lower or ambient pressures, di-
hydrogen is a final reaction product. The recombinative hydro-
gen desorption shifts the reaction equilibrium toward propylene
formation, which further undergoes oligomerization, cycliza-
tion, and aromatisation, accounting for the higher aromatization
activity of Zn-containing zeolites with respect to pure acidic
sites.

The mechanism proposed for propane activation over Zn/H-
MFI catalysts is quite different from those proposed previously
[11a,11c,11e,12] for Ga/H-MFI catalysts. On Ga/H-MFI, the
acidic and Ga sites purportedly work in synergy at the very
early stages of propane activation, leading to the cyclic PPCP
intermediate, accounting for 13C scrambling in propane as the
main reaction pathway. In contrast, on Zn/H-MFI catalysts,
only Zn sites are found to be responsible for the initial propane
activation, leading to propane dissociative adsorption and de-
hydrogenation, while acidic sites participate in subsequent re-
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action steps, such as propene oligomerization, cyclization, and
S0 on. Zn sites are also very active in propane hydrogenolysis,
accounting for the ethane and methane formation at the very
early stages of the reaction. These findings explain the higher
activity of Zn/H-MFI catalysts in propane conversion and the
lower selectivity toward aromatics, due to the enhanced ethane
and methane formation [34].

4. Conclusion

In situ 13C MAS NMR and IR spectroscopic techniques
revealed zinc propyl species at the onset of propane conver-
sion over Zn/H-MFI catalyst. Simultaneous formation of ZnOH
groups was evidenced by IR spectroscopic techniques. The re-
sults were accounted for by propane dissociative adsorption
over zinc oxide species.

The mechanism proposed for propane activation involves
propane dissociation, followed by propene evolution and re-
combinative desorption of dihydrogen. Propene further oligo-
merizes over acidic sites, while dihydrogen either evolves as
a final product or participates in propane hydrogenolysis into
ethane and methane. At low partial pressure of the reactants, H»
recombinative desorption and hydrogen evolution is favoured,
whereas at high pressures, implied under NMR batch condi-
tions, the hydrogenolysis route is preferred. This mechanistic
pathway explains the higher activity of Zn/H-MFI catalysts
with respect to H-MFI and the lower selectivity to aromatics
in comparison to Ga/H-MFI.
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