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The deactivation mechanism of Pd/HZSM-5 catalysts in the conversion of methylcyclopentane
{MCP) has been studied. Results obtained with EXAFS and TEM show that agglomeration of Pd
particles is the dominant cause of catalyst deactivation: no coke deposition is detected by TPO,
BC-NMR. or TEM. In a freshly reduced 0.88-wt% Pd/HZSM-5 catalyst, triatomic Pd particles are
stabilized by protons bridging between Pd; and the cage wall. During MCP reaction at 250°C the
Pd, clusters coalesce, forming much larger Pd particles of about 20 A, This agglomeration induces
significant changes in the product distribution pattern of the isotope exchange between cyclopentane
(CP) and D,. The agglomeration is attributed to ““de-anchoring.” i.e., the replacement of the
protons in Pd,—~H™ -0~ by carbenium ions. This concept is confirmed by exposing the reduced
catalyst to NH,: proton neutralization induces formation of 50-A large Pd particles. Metal agglomera-
tion is much smaller after exposure to CP instead of MCP;, this evidence illustrates the crucial role
of the tertiary C atom in MCP. [t is concluded that the easy formation of a tertiary carbenium ion
is essential for extensive deanchoring. The agglomerated Pd particles are still inside the zeolite
for a low-Pd-loading catalyst, but for a catalyst with high Pd loading a significant portion of the
secondary Pd particles are on the external surface. In this case the distribution of the isotope-

exchange patiern of CP + D, becomes similar to that of Pd/SiO..

I. INTRODUCTION

Zeolites are capable of encapsulating
small, catalytically active metal particles.
This phenomenon is generally attributed to
the geometric limitations imposed on the
growth of metal particles by the dimensions
of zeolite cages or channels. However, we
recently showed that Pt and Pd metal parti-
cles as small as 1-6 atoms can be generated
and stabilized in zeolite cages (/). As such
metal clusters are smaller than the cage win-
dows, geometric restrictions do not apply
to their migration. We proposed a novel
model, i.e.. “*proton anchoring,”’ to explain
the unusual stabilization of primary metal
particles (/). Several sets of independent ex-
perimental data obtained in our lab substan-
tiate this model. Protons are formed as
charge-compensating cations during the re-
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duction by H, of metal ions. These protons
strongly interact with the reduced transition
metal atoms or particles, while they are also
bonded to oxide ions of the cage walls. The
proton bridge between transition metal and
cage wall is at the base of the anchoring
phenomenon which stabilizes small metal
particles. For zeolite-Y-supported Pd, rapid
de-anchoring of the primary Pd particles
takes place when the catalysts are exposed
to CO at room temperature (/, 2). This re-
lease of the proton anchors is detected by
an increase in FTIR intensity of the band
due to the zeolite OH groups (3). Carbonyl
clusters are thus formed which coalesce
with each other to the extent limited by the
geometric restrictions of the apertures be-
tween cages. While Pd;(CO), prevails at
room temperature in zeolite Y, (/, 2), hexa-
nuclear Pdy(CO), clusters are entrapped in
zeolite SA (4), the subscripts x and y de-
pending on the CO partial pressure. The pro-
ton-anchoring model is confirmed by
EXAFS data of the Pd particle size in HY
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and NaHY (5). After calcination at 500°C
and reduction by H, at 350°C, the average
nearest Pd-Pd coordination number CNpy
is 4 for Pd/NaHY, which can be interpreted
as octahedral Pd, clusters, but for Pd/HY
CNypy itis 2.4, corresponding to trigonal and
tetrahedral Pd, and Pd,. Although the Pd
particles in Pd/HY are smaller than in Pd/
NaHY, Pd/HY chemisorbs less hydrogen
due to a higher x/n value of the
[Pd,-H,]'*-0_ adducts. A recent XPS
study suggests that the x-value increases
with proton concentration (6).

Protons that bond directly to metal parti-
cles can significantly affect the catalytic per-
formance of the metal. Electron-deficient
proton adducts of Pt and Pd particles in zeo-
lite Y have been found to be much more
active in certain hydrocarbon reactions than
the same metals in the absence of protons
(7). In addition, the selectivity can be sig-
nificantly altered by the participation of the
protons. It is conceivable, that protons of
the metal-proton adduct are chemically in-
volved in the catalytic reaction. This leads
to the question motivating the present
study, how such involvement would affect
the anchoring function of the same protons.
If, e.g., a carbenium ion is formed by chemi-
cal interaction between a hydrocarbon mol-
ecule and a proton, bridging between a metal
cluster and an oxide ion of the cage wall,
this could reduce the anchoring eftect for the
metal cluster. The present work attempts
to verify the validity of this concept. The
conversion of methylcyclopentane (MCP) is
used as a probe reaction over PA/HZSM-5
catalysts. Cyclopentane (CP) is used in the
characterization stage to clucidate the effect
of carbon type in the reaction mechanism.

I1. EXPERIMENTAL

Ha. Catalyst Preparation

A diluted solution of PA(NH,); " ions (0.05
mol/1000 cm') was added dropwise into a
slurry of NH,ZSM-5 (5 g in 1000 cm?* deion-
ized distilled water). The ion exchange was
performed for 24 h at room temperature.
The P4 loadings, as determined by atomic
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absorption, are 0.88 and 3.5 wt%, respec-
tively. The catalysts were then filtered and
dried in air.

11b. Methylcyclopentane Conversion

The catalysts (0.1000 g each) were cal-
cined in O, flow (200 cm*/min) at 500°C for
2 hafter ramping at 0.5°C from room temper-
ature. They were subsequently purged with
He at 500°C for 20 min before being cooled
to room temperature. Reduction with H,
was carried out at a heating rate of 8°C/min
from 21°C to 230°C and then at 1°C/min from
230 to 250°C. Samples were kept at 250°C
for 20 min in H,; then a flow of H, loaded
with methylcyclopentane (MCP) by passing
through an MCP reservoir held at 0°C was
led over the catalysts. The H,/MCP ratio
was 16 and the total flow 20 cm*/min. The
effluent gases were analyzed by an on-line
HP5794 gas chromatograph with a 50 m
crosslinked methylsilicone fused capillary
column and a FID detector. Conversions
are used to depict catalyst activities; due
to substantial changes of metal dispersion
during reaction, use of turnover frequencies
is not meaningful.

lc. Temperature-Programmed
Oxidation (TPO)

The TPO technique was applied to follow
the coke oxidation products of used cata-
lysts. TPO runs were carried out using an
on-linc Dycor M200 mass spectrometer
downstream as a detector and an interfaced
computer for data recording. A leaking
valve was used for continuous sampling.
The used catalysts were purged with He at
room for 20 min after reaction. A mixture
of 5% O-/Ar was used with a flow of 60 cm?®/
min. Each TPO experiment was started at
20°C and was stopped at 550°C using a pro-
grammed heating rate of 8°C/min.

ld. Nuclear Magnetic Resonance (NMR)

*C-NMR spectroscopy was applied to de-
termine the type of coke in the used cata-
lysts. A used PA/HZSM-5 (0.88 wt% Pd)
was loaded into a boron nitride rotor in a
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glovebox under N, atmosphere from a
sealed reactor. The rotor was immediately
loaded into a probe that was kept at N, atmo-
sphere during measurement. *C-NMR ex-
periments were performed at 75.4 MHz on
a VXR-300 solid-state NMR spectrometer at
room temperature. Cross-polarization and
magic-angle-spinning (CP-MAS) are used
with a spin rate of 6.7 kHz, a 90° pulse of
4.5 us for *C and a 90° pulse of 17.5 us
for 'H. The contact time was 2.5 us. Data
acquisition took about 3 h.

Ile. Cyclopentane H/D Exchange

Exchange of the H atoms in cyclopentane
(CP) with D, is used as a qualitative probe
for the accessibility of Pd particles in
HZSM-5 pores and for the sites catalyzing
this exchange. Exchange measurement
were performed in a recirculation flow sys-
tem as described previously (8). The isotope
exchange was monitored by a mass spec-
trometer (Dycor M100) with a variable leak
valve from the reaction system. All samples
were reduced in a flow of D, prior to H/
D exchange. The exchange reactions were
carried out at 100°C with a molar ratio D,/
CP of 25/1 and a total pressure of 52 Torr.
The initial product distribution (at leas than
10% conversion) was calculated according
to the method of van Broekhoven and Ponec
(9). The initial rate for the disappearance of
CP [ —d(d,)/dt] was calculated by standard
means (/0) and was corrected for physisorp-
tion of CP in zeolite. The d, fraction is de-
fined as the ratio of the deutero-CP mole-
cules with i D atoms to the total number of
all CP molecules. Samples were probed
after exposure for | h to D,/CP or D,/MCP
gas mixtures at 250°C. After each exposure
to such a mixture. the reaction vessel was
evacuated for 1 h at 250°C until no more
hydrocarbons were detected by the mass
spectrometer.

1If. Extended X-rav Absorption Fine
Structure (EXAFS) Spectroscopy

EXAFS spectroscopy was used to deter-
mine the Pd particle size for a PdA/HZSM-5
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sample with Pd loading of 0.88 wt%. This
technique is particularly useful to determine
particle sizes below the detection limit of
HRTEM of XRD. After reduction at 250°C
in H, for 40 min and purging at the same
temperature with He for 20 min, a sample
is sealed in a glass reactor; subsequent pellet
formation and transfer into an EXAFS
holder is done in a glovebox. Half of the
same batch is used as a catalyst in MCP
conversion for I h at the conditions specified
above. After use, the catalyst is prepared
for characterization by EXAFS in the same
fashion as the fresh catalyst. The total time
that the catalyst was maintained at 250°C in
H, and He was equal to that during which
the catalyst was exposed to MCP.

EXAFS data collection at the Pd K-edge
was performed in transmission mode at
CHESS. A typical beam energy is 5.2 GeV
and the beam current is 70-90 mA. A stain-
less EXAFS cell was used in the transmis-
sion mode, as described previously (/). Dur-
ing data collection samples were kept at
90 K. A Pd foil of 0.025 mm and PdO pow-
der were used as reference structures for
EXAFS data analysis. The coordination
number (CN) of Pd in the reference foil is
taken as 12, and the nearest neighbor Pd-Pd
bond distance Rpy_p, in the foil is 2.75 A.
The Debye—Waller factor for the Pd foil is
0.011 A. The CN in PdO reference is as-
signed to 4 and Rpy_, t0 2.01 A. The Debye-
Waller factor for PdO is 0.005 A.

Ig. Transmission Electron
Microscopy (TEM)

Electron micrographs were taken using a
Hitachi HF-2000 High-Resolution Ana-
lytical Electron Microscope (HRAEM)
equipped with a field emission gun electron
source. The instrument is operated at a 200
kV accelerating voltage. Magnification of 10°
in conjunction with a suitable aperture per-
mits imaging without large scale beam dam-
age to the susceptible zeolite. Samples are
prepared as powders dispersed on holey car-
bon grids or are embedded in a hard resinand
microtomed with a glass knife, Thin sections
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FiG. 1. Deactivation pattern of 3.5-wt% Pd/HZSM-
S in MCP conversion.

in the “‘gold region’” (ca. 90 nm) are sup-
ported on holey carbon grids or sandwiched
between 200-300 mesh folding grids to elimi-
nate sample drift in the electron beam.

Four samples were examined by TEM:
(1) freshly reduced Pd/HZSM-5 (0.88-wt%
Pd) at 250°C (40 min in H, and 20 min in He);
(2) same after MCP conversion at 250°C for
1 h; (3) after CP conversion at 250°C for |
h; and (4) a sample reduced in pure H, at
250°C as sample (1), but subjected to a flow
(60 cm*/min) of a 3/1 H,/NH; mixture.

11I. RESULTS
Hlu. MCP Conversion
In the present paper, we mainly focus on
the catalyst deactivation and Pd agglomera-

tion in HZSM-5. Observed changes in sclec-
tivity of converting MCP to the ring-opening

Conversion, £
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F1G. 2. Deactivation pattern of 0.88-wt% Pd/HZSM-
S in MCP conversion.
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products (n-hexane, 2- and 3-methylpen-
tane) and the ring-enlargement products
{benzene and cyclohexane) will be dis-
cussed elsewhere. In brief, n-hexane selec-
tivity and the 2-MP/3-MP ratio increase dra-
matically, corresponding to the growth of
Pd nuclearity with time on stream. In the
extreme case, the 2-MP/3-MP ratio ap-
proaches 4. Figures 1 and 2 show the con-
version as a function of time on stream
(TOS) for catalysts with Pd loading of 3.5
and 0.88 wt%, respectively. Deactivation is
rapid for the first 60 min but slower after-
ward. Cyclopentane is chosen in a treatment
of a freshly reduced catalyst for the purpose
of investigating its effect on Pd particle ag-
glomeration: no attempt was made to follow
its catalyzed conversion in detail.

HIb. Temperature-Programmed
Oxiduation (TPO)

After MCP conversion for 3 h the cata-
lysts are characterized by TPO. Since the

02
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F1G. 3. Temperature programmed oxidation profiles

of O, consumption, and CO, and H,O evolution for
used 0.88-wt% Pd/HZSM-S5 catalyst.



HYDROCARBON-INDUCED AGGLOMERATION IN Pd/HZSM-5

485

4 CHy a 207

& b %5
< ¢ 348

d 349

FiG. 4. 'C NMR spectrum of used 0.88-wt% PA/HZSM-5 catalyst.

TPO profiles are found very similar for cata-
lysts of different Pd loading. we only show
those obtained with 0.88 wt% Pd/HZSM-S
in Fig. 3. The consumption of O, and the
evolution of CO, and H,O mainly occurred
below 200°C.

Hic. Nuclear Magnetic Resonance
(NMR)

The *C NMR spectrum of a 0.88 wt% Pd/
HZSM-5 catalyst after MCP conversion of
3 h is displayed in Fig. 4. The three peaks
have chemical shifts of 19.3, 25.0, and 34.6
ppm. The relative intensities are, in the
same order, 25.5, 84.0, and 120.5, respec-
tively. No unsaturated carbon atoms that
would appear above 80 ppm are observed.
The inset in Fig. 4 displays the *C NMR
spectrum of pure MCP for comparison with
the spectrum obtained for the used catalyst
(13).

Hid. EXAFS

The EXAFS x(k) data are shown in Fig.
5 for 0.88-wt% Pd/HZSM-5 after reduction
at 250°C (a) and for the same catalyst after

MCP conversion for 1 h (b). While the cata-
lysts show a strong signal after MCP conver-
sion, the intensity of the reduced catalysts
is close to the noise level in the A-range
where metal phase oscillation maximum is
expected, indicating extremely low Pd-to-
Pd coordination. Fourier transforms of &°-
weighted EXAFS data arc presented in
Figs. 6a and 6b for reduced and used cata-
lysts respectively (phase shift uncorrected).
The Fourier transforms were preformed in
the k-range of 4-10 A~ for the reduced cata-
lystand 4—14 A ' for the used catalyst. The-
oretical fitting to inverse Fourier transforms
was performed on the first Pd-Pd shell for
both the reduced and used catalysts (Fig.
7). The R-range for the inverse Fourier
transform is taken between 2.0 and 3.0 for
reduced catalyst; and that for used catalyst
1s taken between 2.0 and 2.8. The fitted coor-
dination number, CNp;, and atomic dis-
tance (R) of nearest Pd-Pd neighbors, for
reduced Pd/HZSM-5, are 1.9 and 2.73 A,
respectively. For 0.88-wt% Pd/HZSM-5
after MCP conversion the values of CN and
R are 7.4 and 2.75 A, respectively. The val-
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FiG. 5. EXAFS x(k) functions of (a) PdA/HZSM-5
after calcination at 500°C for 2 h, reduction at 250°C
for 20 min, and purging in He at 250°C for 20 min; and
(b) same as (a) after MCP conversion at 250°C for 1 h.

ues of the Debye—Waller factor are 0.017
and 0.016 A for the reduced catalyst and the
used catalyst, respectively. The Pd-O shell
of the reduced catalyst was also analysed.
The fitted results show Rp,_o of 2.11 A,
CNypy_o 0f 0.65, and Debye—Waller factor of
0.0014 A. The error in CN typical for EX-
AFS is 15%; the uncertainty in R is 0.02 A
(17).

Ile. Transmission Electron

Microscopy (TEM)

Shown in Fig. 8 is a micrograph of 0.88-
wt% Pd/HZSM-5 after reduction in H, at
250°C for 20 min and purging in He for 20
min. Even though zeolite lattice fringes are
very clear, Pd particles in this sample are
barely resolved as their size is so small that
only a few appear as speckles in the micro-
graph. The theoretical nominal probe width
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of the beam is about 2 A. Under our collec-
tion conditions the acceptable limit of error
is that objects less than 4 A of unknown
periodicity may not be resolved accurately.
Inspection of the exterior surface did not
show any metal outside the zeolite after re-
duction.

After MCP conversion for 1 h, Pd parti-
cles larger than 20 A are observed, as visible
from the electron micrograph in Fig. 9.
Metal particles located inside zeolites with
particle sizes larger than the dimensions of
the channels or cages have been reported
several times before (/9-22). 1t is important
to note that even after reaction lattice
fringes of the zeolite are still clearly resolv-
able, indicating that only an extremely small
amount of coke, if any, is present on the
catalyst.

For a sample that was reduced at 250°C
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F1G. 6. Fourier transforms corresponding to (a) and
(b) of Fig. 5.
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FiG. 7. EXAFS curve-fittings of nearest Pd—Pd shell
for samples corresponding to (a) and (b) of Fig. §.

for 20 min but subsequently subjected to a
stream of H,/NH, at the same temperature
for 1 h, the electron micrograph as shown
in Fig. 10 shows that Pd particles are in the
order of 50 A. Electron micrographs were
also taken for a catalyst reduced at 250°C
but was subsequently treated in a mixture
of cyclopentane and H, for 1 h. The largest
Pd particles in this sample are on the order
of 6 A, but many smaller ones are also dis-
cernible (Fig. 11).

IHIf. Cyclopentane H/D Exchange

Figure 12 shows the initial product distri-
butions of the H/D exchange with cyclopen-
tane at 100°C on a 0.88 wt% Pd/HZSM-3
catalyst. Figure 12a was obtained after re-
duction at 250°C in D,, Fig. 12b after expo-
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sure of the catalysts to a D,/CP gas mixture
for 1 h at 250°C, and Fig. 12¢ after exposure
to a D,/MCP mixture for 1 h at 250°C.

The initial product distribution for the re-
duced 0.88-wt% Pd/HZSM-S shows an ap-
parent equilibrium pattern with a maximum
at d,. None of the usual features of H/D
exchange with CPin the kinetic regime, viz.,
peaks at d; and at d,,, are observed in this
case. After exposure to CP for { h at 250°C,
the same catalyst displays a similar distribu-
tion pattern (Fig. 12b) with a maximum at
dq, but the d,—d, fractions are higher than
for the untreated catalyst. A drastically dif-
ferent exchange pattern is observed after
exposure to MCP (Fig. 12¢). The highest
peak is at d,, followed by an almost binomi-
nal decrease to ds; then a steep drop to d.
Qualitatively it appears that the five H atoms
at the same side of the C ring are exchanged
against D atoms in an almost stepwise fash-
ion; flipping over to the other side of the C;
ring seems more difficult.

The initial rates for the disappearance of
the d, fraction are listed in Table 1 for vari-
ous catalysts. For the 0.88-wt% Pd/HZSM-
§ catalyst, the rate decreased significantly
after MCP treatment but the change is small
after the CP treatment. For the 3.5-wt% Pd/
HZSM-5 the effect on the exchange rate of
exposing the catalyst to MCP is much
smaller than for the low-loading sample.

The high metal load catalyst differs from
the low load sample also in the initial prod-
uct distribution. For the 3.5-wt% Pd/
HZSM-5 catalyst the distributions before
and after MCP treatment are shown in Fig.
13. For the untreated catalyst the distribu-
tion shows, again, a maximum for d,, which
might be interpreted as an equilibrium distri-
bution for a very high extent of exchange
due to long residence of the CP molecules
inside the zeolite pores. After exposure to
MCP the pattern is totally different: maxima
at ds and d,, are symptomatic for H/D ex-
change of CP in the kinetic regime with a
high activation energy for flipping over of
the adsorbed molecule (Fig. 13b).

Reduced Pd/SiO, samples were used as
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references. The dispersion of these catalysts
has been well characterized (/). Figure 14
shows the initial product distributions of
two samples with different dispersions, one
with 22.5% (Fig. 14a) and another in 65.5%
(Fig. 14b). Both samples show the similar
maxima for ds and d,y. The similarity with
the initial product distribution obtained with
the MCP treated 3.5-wt% Pd/HZSM-5 cata-
lyst (Fig. 13b) is striking.

IV. DISCUSSION

In a previous study of MCP conversion
on Pd/NaHY it was found that this catalyst
loses most of its initial activity within 15 min
(12). TPO revealed substantial deposition of
coke, some associated with the metal, but
the majority is ascribed to acid sites. It was
assumed that coke deposition is the major
cause of deactivation for that catalyst.

The present PA/HZSM-5 catalyst also de-
activates, as is apparent from Figs. 1 and 2.
Deactivation is, however, much slower than
with the Pd/NaHY; a steady state conver-
sion is reached at about 2 h. Most remark-
ably, the 0.88-wt% Pd/HZSM-5 catalyst is
more active in this stage than the 3.5-wt%
Pd/HZSM-5 catalyst; coke is, apparently,
not the major cause of deactivation. With
Pd/NaHY a TPO peak at about 200°C has
been identified with oke associated to Pd,
and a TPO peak above 300°C with coke asso-
ciated to acid sites (/2). With the present
Pd/HZSM-5 catalyst TPO maxima for O,
consumption and CO, formation are small
and occur at a much lower temperature near
100°C (see Fig. 3). The peak for H,O is
shifted to higher temperature due to adsorp-
tion of H,O by the zeolite. The *C-NMR
spectrum in Fig. 4 confirms that the material
which is responsible for the TPO peaks is
not coke, but most likely adsorbed MCP.
No unsaturated hydrocarbons are detected
in the NMR spectrum; reported *C-NMR
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chemical shifts for MCP are: 20.7 ppm for
the single methyl carbon and 25.5 ppm for
the two secondary carbons opposite to the
tertiary carbon. The peak for the tertiary
carbon at 34.8 ppm nearly coincides with
that of the two neighboring secondary car-
bons at 34.9 ppm (/3). Considering the line
broadening and the uncertainty due to the
external calibration in the present work, the
intensity ratios and the chemical shifts of
the “C-NMR spectrum for the used Pd/
HZSM-5 catalyst are in satisfactory
agreement with the corresponding literature
data for MCP. The absence of unsaturated
carbon from the “C-NMR spectrum sup-
ports the TPO result that coked residues are
not present in the used catalyst.

Besides the TPO and the *C-NMR evi-
dence, the TEM data also indicate the ab-
sence of substantial amounts of coke. In
samples with coke the zeolite lattice fringes
become obscured, as we observed on other
zeolite catalysts, such as Pd/mordenite (/8)
the fringes are, however, clearly visible in
the original micrographs of the present Pd/
HZSM-5 catalyst after use. In fact, when
rapid coking takes place for MCP conver-
sion in acidic zeolites such as H-mordenite,
the channel path was found to be blocked
so that Pd agglomeration is not significant.
Pd particles agglomerate, however, in Na-
mordenite where less coke was detected
(18).

In the absence of appreciable amounts of
coke in used PA/HZSM-5 we conclude that
the dominant cause for the observed cata-
lyst deactivation in the present work is ag-
glomeration of Pd particles. In the reduced
0.88-wt9% Pd/HZSM-5 sample, prior to reac-
tion, the Pd particles are too small to be
resolved by TEM (with resolution of 4 A)
and the coordination number of 1.9 for the
nearest Pd-Pd shell obtained from EXAFS
data shows that triatomic Pd, clusters pre-

F1G. 8. Electron micrograph of 0.88-wt% Pd/HZSM-5 after calcination at 500°C for 2 h, reduction at
250°C for 20 min, and purging in He at 250°C for 20 min.
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vail. Considering the error associated with
CN values obtained from EXAFS in the ab-
sence of an appropriate reference for small
Pd clusters, it is quite likely that the true
cluster sizes will scatter around the average
value of Pd;; still the largest particles are
smaller than 4-5 A, the resolution limit of
the TEM. The difference in particle size
after catalysis with CP or MCP is striking.
EXAFS analysius shows that after MCP ca-
talysis the Pd—Pd coordination number has
increased to 7.4; i.e., the Pd particles have
become even larger than the Pd ; icosahedra
with CN = 6, observed in other work (/,
2). In accordance with these EXAFS re-
sults, the TEM micrographs show particles
with diameters in the order of 20 A. All data
unambiguously prove Pd agglomeration and
suggest this to be the dominant cause of
catalyst deactivation. It should be pointed
out that the effect of time on stream during
MCP conversion is of minor importance for
the agglomeration of Pd particles, because
the reduced catalyst had been pretreated at
250°C for 60 min before TEM and EXAFS
examination. Exposure to MCP has the
most remarkable effect on the Pd agglomer-
ation in the first 30 min on stream as shown
by the conversion profile of the catalyst
sample that was reduced in H, for 20 min
before MCP reaction.

As to the mechanism of this metal agglom-
eration induced by MCP conversion, two
possibilities are considered. First, one
could assume that methylcyclopentadiene
(MCPD) is produced by MCP dehydrogena-
tion and that this molecule forms clusters
with Pd in analogy to the known cyclopenta-
dienyl Pd clusters. Such clusters might be
mobile and coalesce with each other, al-
though it is difficult so see, how triatomic
Pd; could form a mobile cluster with one
MCPD molecule, or how the larger com-
plexes resulting from coalescence of such
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MCPD-Pd, clusters would be capable of mi-
grating through the narrow pores of ZSM-5
of 5.5-A diameter.

A second model focuses on the anchoring
mechanism of small Pd clusters via zeolite
protons (/, 5, 14). During MCP conversion,
a MCP molecule will be dissociatively ad-
sorbed on a Pd-proton adduct:

{Pd,-H]"-O; + CH,, >
[Pd,~C¢H,,]"~O- + H.,.

In this process the Pd,, particle loses its pro-
ton anchor, it will therefore become mobile
and swiftly coalesce with other Pd,, clusters.
Dissociative chemisorption of MCP, in
other words, destroys the proton anchor of
the original metal-proton adduct. In this
mechanism we have not specified the exact
location of the positive charge in the
[Pd,—C¢H|]7-0O; complex. It will presum-
ably be shared between the Pd atoms and
the C atom bonded to Pd. However, for the
following discussion it may be simpler to
use a terminology familiar from acid cataly-
sis. In that field the adsorption of an olefin
to a zeolite proton is often formally de-
scribed as formation of a carbenium ion,
although Kazansky et al. have shown that
it would be more correct to include the O~
ion of the zeolite and cali the whole complex
an alkoxy group (/5). The carbenium ion is
only the transition state of the organic part
of this complex. Using the same kind of
simplifying terminology, we shall call the
result of dissociative adsorption of a MCP
molecule on the metal-proton adduct a
metal-carbenium ion adduct. In this simpli-
fying terminology we say Pd,-H"-O-
when we mean [Pd,~H]*-O;, and we
say Pd,-CH;-O; when we mean
[Pd,-CcH,,]7-O, . If the carbenium ion in
this adduct is still bridging between metal
cluster and cage oxide ion, the C™~O" bond
will be much weaker than the H"-O~ bond,

Fi16. 9. Electron micrograph of 0.88-wt% Pd/HZSM-5 after calcination at 500°C for 2 h, reduction at
250°C for 20 min, and reaction in MCP at 250°C for 1 h.
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which is another way of saying that the
strong anchor has been replaced by a much
weaker anchor and Pd coalescence will in-
crease.

In the above description we have written
the adduct with only one proton. This is
presumably a realistic description for
HZSM-5 with a Si/Al ratio of 20, but for
zeolites of low Si/Al ratios such as HY, the
number of proton anchors per Pd cluster
will be > 1.

Two independent observations support
the de-anchoring model as a major cause of
Pd agglomeration. First, NH; molecules are
known to associate with protons to form
NH; ions. Our previous work showed that
reduction of amminated Pd ions leads to
larger Pd particles. One of the causes for this
will be that the ammine ligands neutralize
protons during reduction (/, /6). In the pres-
ent study we found that maintaining a con-
stant NH; partial pressure after reduction
in H, led to a rather dramatic Pd particle
growth reaching sizes in the order of 50 A.
We consider this a direct illustration of the
de-anchoring model and its drastic conse-
quences.

The second supporting evidence is based
on the comparison of MCP with CP. It is
well known that the energy of tertiary carbe-
nium ions is much lower than that of second-
ary carbenium ions. It follows that carbe-
nium ion formation and thus deanchoring
should be much weaker with CP, which has
only secondary C atoms, than with MCP,
which possesses a tertiary C atom. The
strong difference in extent of metal agglom-
ertion observed in the present study be-
tween MCP and CP supports the carbenium
ion de-anchoring model. This evidence also
argues against the diene model as MCP and
CP should be dehydrogenated equally well
to the respective cyclo-olefins.

In this discussion we have not mentioned
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that the products of MCP ring enlargement,
in particular benzene, also change the envi-
ronment of the MCP-treated catalysts in
comparison to the CP-treated samples.
However, closer inspection shows that this
is probably not relevant for the present
problem. Complexes of palladium with
cyclopentene and cyclopentadiene or their
methylated homologs are known to be much
more stable than complexes with aromatics.
If any of these complexes were responsible
for the coalescence of Pd clusters, CP and
MCP would be expected to be very similar.
The observed dramatic difference between
CP and MCP is, therefore, most likely due
to the presence of the tertiary C atom in
MCP.

The importance of the tertiary C atom in
metal agglomeration is also illustrated by
the marked differences between exposure to
CP and to MCP, as probed with the isotope
exchange of CP. As the present data show,
exposure to MCP at 250°C results in a sig-
nificant change in the initial product distri-
bution. This indicates, again, a rather dras-
tic change in the morphology as well as the
environment of the metal crystallite. The
dominant stepwise exchange process and
the steric restriction for the diffusion of CP
molecules in the MCP treated 0.88-wt% Pd/
HZSM-5 catalyst suggest that the active
metal sites are within the ZSM-S zeolite
channel. The exchange process is strongly
influenced by the small pore size of the
ZSM-5 channel. The significant drop in the
initial rate of the disappearance of d, is prob-
ably due to partial blocking and decrease in
the number of effective metal sites as a re-
sult of the metal agglomeration due to MCP
treatment. The sudden drop between ds and
d, 1s indicative of the desorption of CP mole-
cules after one side of the C; ring is fully
deuterated inside zeolite channel. In con-
trast to this, exposure to CP at the same

F1G. 10. Electron micrograph of 0.88-w1% Pd/HZSM-5 after calcination at 500°C for 2 h, reduction
at 250°C for 20 min, and exposed to H,/NH; mixture at 250°C for | h.
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4ﬂa

Fi6. 12. Initial product distribution in CP H/D ex-
change with 0.88-wt9% Pd/HZSM-5 (a) after calcination
at 250°C and reduction at 250°C for 20 min: (b) same
as (a) after CP treatment at 250°C for | h; and (C) same
as (a) after MCP treatment at 250°C for 1 h.

temperature does not induce a significant
change in the initial product distribution and
in the initial rate of d, disappearance. The
similarity of the initial product distribution
between the high-Pd-loading catalyst and
Pd/Si0, suggests that a large portion of the
Pd particles in the high-Pd-loading catalyst
after agglomeration in MCP treatment is on
the external surface of the zeolite crystal-
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TABLE 1

Initial Rate of Disappearance of
Undeuterated CP (d,)

Pd loading (w1%), Rate (%/min-15 mg)

treatment
0.88, Reduced 41.4
0.88. CP treated 35.5
0.88, MCP treated 9.1
3.5, Reduced 52.3
3.5, MCP treated 48.8

lites, as may also be inferred from the TEM
images which show metal particles at the
grain boundaries of the zeolite crystal. A
similar criterion for determining the migra-

JOE

FiG. 13. Initial product distribution in CP H/D ex-
change with 3.5-w1% Pd/HZSM-S after (a) calcination
at 250°C and reduction at 250°C for 20 min: and (b)
same as (a) after MCP treatment at 250°C for 1 h.

FiG. [1. Eleciron micrograph of 0.88-wt% Pd/HZSM-3 after calcination at 500°C for 2 h. reduction
at 250°C for 20 min. and reaction in CP at 250°C for | h. The particle distribution involves a minority
such as "*A’" in 6-10 A, and a majority of "B in less than 6 A.
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Fi1a. 14, Initial product distribution of CP H/D ex-
change on Pd/SiO, with Pd dispersions of (a) 22.5%
and (b) 65.5%.

tion of particles to the external surface of
zeolite has been reported by Pan et al. (23).
In contrast, for the 0.88-wt% Pd/HZSM-5
after MCP treatment Pd particles are mainly
occluded inside the zeolite, possibly by local
collapse of the zeolite lattice.

V. CONCLUSIONS

The strong agglomeration of Pd in H-
ZSMS after exposure to reacting MCP is
caused by de-anchoring, via replacement of
the original proton in the palladium-proton
adduct by, formally, a carbenium ion. Simi-
lar de-anchoring by exposure to ammonia
confirms this interpretation. The much
lower extent of metal agglomeration in-
duced by CP is attributed to the lower ten-
dency of this molecule, in comparison to
MCP, to form carbenium ions.
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