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Abstract

The exchange of hydrogen for deuterium (H/D exchange) in cyclopentane was measured for Pt catalysts with supports of various
With an earlier developed Monte-Carlo model the contributions of the various possible intermediates in the H/D exchange can directly b
measured. It was shown that the activity and the selectivity in the H/D exchange over the supported Pt catalysts strongly depend on the s
acid/base properties. The activities of the various catalysts show a compensation effect. The compensation effect can directly be
to the contribution of the various exchange mechanisms, which proceed via different intermediates. The contribution of each int
depends on the electronic properties of the Pt particles, which in turn depend on the support acidity. This shows that the compens
is caused by support-induced changes in the adsorption modes of cyclopentane.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The influence of the support acid/base properties on
catalytic properties of supported metal particles has b
studied extensively [1,2]. It has been established that
rate of hydrogenolysis and hydrogenation over supporte
particles increases with the acidity of oxidic supports [3
A large amount of work has been dedicated to relate cha
in catalytic properties to changes in the electronic prope
of the Pt particles [5–10]. The support is believed to in
act with the Pt particles via the oxygen atoms of the ox
supports. In line with the definition of Lewis acidity, acid
supports are associated with a low-electron richness on
support oxygen atoms, whereas basic supports are asso
with a high-electron richness. Recently, based on the re
of atomic X-ray absorption fine structure spectroscopy (A
AFS) and ab initio multiple scattering calculations, it w
found that a lower electron richness of the support oxy
atoms leads to a higher ionization potential of the Pt pa
cles. At the same time, a charge rearrangement from w
the Pt particle toward the metal-support interface was
served for acidic supports [10–12]. If the relation betwe
support material and changes in activity/selectivity is w
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understood, it promises the prospect of tailor-made catal
However, there is a lot of discussion on the relations betw
support material and electronic properties on one hand
the catalytic properties on the other. The direct relation
tween the changes in electronic properties and its effec
the catalytic properties is not well understood.

Thus, the need for a good test reaction is obvious.
important feature for a proper test reaction is that it sho
be metal-catalyzed only. The isotopic exchange of hy
gen with deuterium in hydrocarbons (H/D exchange) is a
typical metal-catalyzed reaction [13–16]. During H/D ex-
change, hydrogen atoms of a hydrocarbon are replace
deuterium atoms. The advantage of H/D exchange of cy
clopentane (CP) as a test reaction is that its product dis
ution gives direct information about the different modes
adsorption of the intermediates during the reaction. Th
adsorption modes are proposed to be dependent on the
tronic properties of the metal [16–18].

In order to fully understand the H/D exchange mecha
nism of CP, the kinetics, selectivities and adsorption mo
of CP in the H/D exchange were studied in detail in an e
lier paper [19]. It was shown that the D1 product is produ
by the exchange of a single hydrogen atom via aσ -bonded
η1-cyclopentyl intermediate (calledσ -η1, Fig. 1A). The D2–
D5 products consist of cyclopentane with deuterium ato
all located on a single side of the ring, and is produ
via a rotation mechanism of aπ -bondedη2-cyclopentene
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Fig. 1. Different adsorbed intermediates, leading to different products
σ -Bondedη1-cyclopentyl (σ -η1), leading to D1; (B) a doubleσ -bonded
α,β-η2-cyclopentyl (d-σ -η2); and (C)π -bondedη2-cyclopentene (π -η2),
both leading to D2–D5 products, and (D) doubleσ -bonded η1-cyclo-
pentylidene (di-σ -η1) leading to rollover.

(called π -η2, Fig. 1C) [16,20]. The D2 product can als
be formed via a second intermediate, a doubleσ -bonded
α,β-η2-cyclopentyl (di-σ -η2, Fig. 1B) [21]. With the D6–
D10 products, the CP must be rolled over from one s
of the ring to the other, leading to the possibility that t
atoms on the second side of the ring are also exchanged
only species that can roll over is theπ -η2 intermediate via
a doubleσ -bondedη1-cyclopentylidene (di-σ -η1, Fig. 1D).
A Monte-Carlo model was developed, which can be use
accurately determine the relative contributions of the abo
noted intermediates. The Monte-Carlo model reveals tha
multiplicity parameter as defined in the literature does
represent the relative contribution of each intermediate
though it has been generally used for this purpose [22
addition to an understanding of the selectivity, also a kin
e

model for the understanding of observed orders and rea
rates was developed [19].

This paper focuses on the influence of the suppor
the H/D exchange of CP over supported Pt catalysts. It
be shown that kinetics and selectivities are largely affec
by the support material. Particle size effects are separ
from support effects. The activity shows a compensation
fect, and the apparent activation energy and pre-expone
factor show an isokinetic relationship [23,24]. This can
explained by different adsorption modes of the CP on
metallic Pt surface. The change in adsorption modes is
tributed to a change in the electronic structure of the Pt
ticles, which in turn is induced by changes in the acid/b
properties of the support.

2. Methods

2.1. Catalyst preparation

Several supported Pt catalysts were prepared. The
ports used are Mg hydrotalcite (HT), SiO2, amorphous
SiO2–Al2O3 (ASA), and LTL zeolite. The support chara
teristics are shown in Table 1. The acidity of the LTL zeo
was varied by either impregnating a K-LTL zeolite wi
KNO3(aq), or exchanging it with NH4NO3 to give K/Al ra-
tios ranging from 0.47 to 1.53. The zeolites were calcine
225◦C and analyzed for K and Al contents. The catalysts
designated LTL[∗.∗∗] with ∗.∗∗ representing the K/Al ratio.
The HT support was prepared and activated (calcinatio
450◦C in N2) according by Roelofs et al. [25].

Pt was added by incipient wetness impregnation (LTL
olites, Pt/SiO2 [big] and Pt/ASA [11.3]) or ion exchange
(Pt/SiO2 [small], using a pH of∼ 9, and Pt/ASA [2.5]) of
an aqueous Pt(NH3)4(NO3)2 solution, resulting in a 1 wt%
Pt/LTL catalyst. Pt was added to HT by adding H2PtCl6
to the hydrotalcite support during the rehydration proced
following the activation. The Pt loading after ion exchan
was determined with AAS.
tion of iso-

tion

rconnecte
Table 1
The characteristics of the supports

Support Si/Al No. of acid sites BET surface Pore volume (ml/g) Average pore

(mmol/g)a area (m2/g) Total Micropore diameter (nm)b

SiO2 n.a. n.a. 405 1.10 0 25(±15 nm)

ASA [2.5] 2.5 1.2 355 0.59 0 7(±2 nm)

ASA [11.3] 11.3 0.28 321 0.50 0 5(±1 nm)

K-LTL 3.0 K/Al = 0.47:1.76 0.25 0.11 0.71c

K/Al = 0.82:0.58 1.30
K/Al > 1:none

Hydrotalcite Mg/Al = 3.0 n.a. 105 0.57 0.00 18(±3 nm)

a The number of acid sites for the ASA was determined with the combined thermographic analysis and temperature-programmed desorp
propylamine. For the LTL zeolites it was calculated based upon crystallographic data [29].

b Determined from the N2 desorption plot, according to the Broekhoff I method for CeO2–3H2O. The values between brackets represent the distribu
in pore diameter.

c LTL zeolites have pores in a single direction along the [001] axis [29]. The pores are constructed of cages with a diameter of 13 Å, and are inted
with 12-membered rings with a diameter of 7.1 Å.
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Fig. 2. The calcination-reduction schemes for the various catalysts: (A
the Pt/LTL catalysts, (B) for Pt/HT, (C) for Pt/SiO2 [big], (D) Pt/SiO2
[small] and Pt/ASA. Typical GHSV values range from 7000 h−1 (SiO2,
ASA, and HT) to 25,000 h−1 (LTL).

These catalyst precursors were all calcined and pr
duced. For the calcination/reduction, a sieve fraction (22<

dp < 450 µm) was placed in a downflow fixed-bed reac
Details of the pretreatment are given in Fig. 2. The pre
duced catalysts were stored in air. The Pt particle size
determined by H2 chemisorption, high-resolution transm
sion electron microscopy, and EXAFS analysis. Details
H2 chemisorption [26], HRTEM [27] and EXAFS [26] ar
given elsewhere.

2.2. H/D exchange of cyclopentane

2.2.1. Experiments
Details of the H/D exchange experiments are describ

elsewhere [19]. A downflow fixed-bed reactor (diamete
4 mm) was loaded with∼ 5–10 mg of the catalyst and d
luted with 60 mg of SiO2, both with a sieve fraction o
90< dp < 150 µm. The basic catalysts (Pt/HT and Pt/LTL
[K/Al>1] showed extremely low activities, and the reac
was loaded with 70–90 mg pure catalyst.

The catalyst was prereduced for 1 h at 200◦C (Pt/HT),
300◦C (LTL [ ∗.∗∗]), or 400◦C (Pt/SiO2 [∗∗] and Pt/ASA
[∗.∗∗]) in hydrogen. The catalyst was cooled down in 50
D2 in Ar to 75◦C. Typical HD experiments were perform
at 75◦C at atmospheric pressure, withPD2 = 0.5 bar,PCP=
0.025 bar (resulting in D/H=20) and PAr = 0.475 bar,
a GHSV of 7200 h−1 and conversions below 10% with n
significant side reactions. It was checked that internal
external diffusion limitations were absent. Therefore,
observed kinetics and selectivities reflect the ture, intrin
values of the catalysts.

2.2.2. Analysis of the selectivity: the Monte-Carlo model
In an earlier paper [19] a Monte-Carlo model was dev

oped, which was used to accurately determine the rela
contributions of the various intermediates shown in Fig
This Monte-Carlo model also reveals the true number of
tations eachπ -η2 intermediate experiences, giving the re
number of exchange steps. For example, a CP molecul
served as C5H5D5 has not only exchanged 5 H atoms fo
D atoms, but the introduced D atoms can also be excha
for other D atoms. This D–D exchange cannot be dire
measured, but is determined by this Monte-Carlo model

2.2.3. Analysis of reaction rates and orders
The turnover frequency (TOF) is defined as the num

of molecules CP that is converted per Ptsurface atom per
second. The number of accessible Pt surface atoms is b
on the total amount of hydrogen chemisorbed. Orders in
and D2 were determined by varying the applicable par
pressures while the total flow was kept constant.

Activation energies were determined by heating the
alyst 4–5 times from 65 to 90◦C. The following form of
Arrhenius formula was used,

(1)TOF=Aappe−Eact,app/RT ,

where TOF is the turnover frequency, mol CP converted
mol surface Pt, per second;Eact,app, the apparent activatio
energy (kJ/mol); T , the reaction temperature (K); andAapp,
the pre-exponential factor.

It was shown that the reaction rate can be modeled
the following reactions and corresponding rates [19]:

(I) C5H10(g)+ ∗ K1←→C5H10(
∗),

(II) D2(g)+ 2∗ K2←→ 2D(∗),
(IIIA) C 5H10(

∗)+ ∗ k+3←→C5H9(
∗)+H(∗),

(IIIB) C5HnD9−n(
∗)+D(∗) k−3←→C5HnD10−n(

∗)

leading to a reaction rateR given by

(2)R = r−3= k−3K1K3PCP
(
1+K1PCP+ K1K3PCP√

K2PD2
+√

K2PD2

)2 ,

where it assumed that H2 and D2 are chemically similar an
thus H(∗) is also similar to D(∗) and C5HnD9−n(∗) similar
to C5H9(∗), and thusr+3 andr−3 are equal in a steady-sta
reaction.

The observed orders in CP and D2 depend on the equ
librium constantsK1, K2, andK3, and in principle can be
anything between+1 and−1 for CP and between 0 and−1
for D2. The selectivity in the H/D exchange is determine
in a processafter the rate-determining step.

The activation energy for the rollover reaction was
termined from the above-noted Monte-Carlo-based m
od [19]: the Monte-Carlo method was used to accura
determine the contribution of theπ -η2 intermediate leading
to D2–D10 and the amount of thisπ -η2 intermediate tha
rolls over, giving D6–D10. The ratio of the two intermed
ates indicates how much of theπ -η2 intermediate rolls ove
via the di-σ -η1 intermediate. This rollover is an activat
mechanism, and by measuring the amount of rollover
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Table 2
The results of H2 chemisorption, HRTEM, and EXAFS analysis for the reduced Pt catalysts

Catalyst, H/Pt Diameter (nm,±0.2) NPtPt NPt–O Estimated

Pt/ Weak Strong Total (HRTEM) No. atom

LTL [0.47, small] 0.42 0.64 1.07 n.d. 5.2 1.0 10–15
LTL [0.47, big] 0.27 0.16 0.43 n.d. 10.1 0 500–1000
LTL [0.82] 0.41 0.76 1.17 n.d. 4.8 0.4 8–12
LTL [1.04] 0.47 0.59 1.06 n.d. 4.9 0.7 8–12
LTL [1.53] 0.18 0.78 0.97 n.d. 5.4 0.8 15–20
ASA [2.5] 0.52 0.58 1.10 n.d. n.d. n.d. 8–12
ASA [11.3] 0.58 0.36 0.94 1.5 4.8 0.5 8–12
SiO2 [small] 0.65 0.61 1.26 1.2 6.9 0.4 30–50
SiO2 [big] 0.44 0.43 0.87 1.7 7.8 0.2 60–80
HT 0.62 0.54 1.16 1.1 5.2 0.7 10–15
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function of temperature the activation energy for rollover c
be determined.

3. Results

3.1. Particle sizes of the reduced catalysts

In Table 2, the results from HRTEM, H2 chemisorption,
the final Pt–Pt and Pt–O coordination number, and the
timated number of Pt atoms in the cluster are given. T
average number of atoms was estimated with the help
computer program. This program cuts spheres from a
bulk structure and calculates the corresponding Pt–Pt c
dination number and dispersion (the ratio of the amoun
coordinatively unsaturated Pt atoms and the total amou
Pt atoms). A series of spheres with increasing radii was
culated. By comparing the HRTEM, H2 chemisorption, and
EXAFS observed particles sizes with the theoretical va
of the calculated, spherical clusters, an average numb
atoms was estimated.

The Pt/LTL [0.47, small], the other Pt/LTL [ ∗.∗∗] cata-
lysts, both Pt/ASA catalysts, and the Pt/HT all show a high
H/Pt number with Htotal/Pt� 1.0 and a Pt–Pt coordinatio
of approximatelyNPtPt= 5. The number of Pt atoms in the
particles was estimated at approximately 8–15 atoms in
cases. For the Pt/ASA [11.3] catalyst, the particle size dete
mined with HRTEM (1.5 nm) is a little higher than the pa
ticle size that is expected based on the H2 chemisorption or
Pt–Pt coordination number.The Pt/SiO2 catalysts all showed
larger Pt–Pt coordination numbers (NPtPt= 6.9 and 7.8).
The Pt/SiO2 [small] catalyst, prepared via ion exchang
shows a high H/Pt number (Htotal/Pt= 1.26) in combination
with a small particle size as revealed with HRTEM (1.2 nm
The Pt/LTL [0.47, big] catalyst showed a large particle siz
with Htotal/Pt=0.43 andNPtPt= 10.1.

3.2. Particle size effects in H/D exchange

3.2.1. Activity as a function of particle size
The particle-size effect on the activity was measured

two supports, LTL [0.47] and SiO2. The results for thes
f

Table 3
The activitya and orders for D2 and CP in H/D exchange for the variou
catalysts

Catalyst, TOF at 75◦C Eapp lnAapp
c Order

Pt/ [molCP/(molPt s)] (kJ/mol) D2 CP

LTL [0.47, small] 4.8 73.7 27.5 −0.32 0.18
LTL [0.47, big] 10.0 66.4 25.2 −0.79 0.49
LTL [0.82] 7.5 67.1 25.2 −0.46 0.28
LTL [1.04]b 0.2 n.d. n.d. n.d. n.d.
LTL [1.53]b 0.3 n.d. n.d. n.d. n.d.
ASA [2.5] 7.9 56.2 21.6 n.d. n.d.
ASA [11.3] 10.4 56.9 22.0 −0.82 0.69
SiO2 [small] 7.5 64.7 24.4 −0.60 0.58
SiO2 [big] 8.0 55.0 21.1 −0.82 0.87
HT b 1.6× 10−3 66.9 16.7 n.d. n.d.

The TOF is defined as the number of converted CP atoms persurface Pt
atom per second.

a TOF,Eapp, and lnAapp were determined withPD2 = 0.5 bar,PCP=
0.025 bar, andPAr = 0.475 bar.

b Due to the low activity,Eapp, Eapp,rollover, ln Aapp, and the orders in
D2 and CP could not be determined accurately.

c Unit of Aapp: molCP/(molPt s).

catalysts are given in Table 3. The TOF (turnover frequen
was of the same order of magnitude, irrespective of the
ticle size. However, the apparent activation energy is cle
smaller for the larger particles. This lowerEapp is compen-
sated by a smaller pre-exponential factor lnAapp.

3.2.2. Selectivity as a function of particle size
In Fig. 3, the exchange patterns as measured for the

lysts with the different particle sizes are shown. The selec
ity was analyzed using the Monte-Carlo model. The res
are given in Table 4.

For both supports it was found that the average num
of rotations for eachπ -η2 intermediate, and, related to thi
the desorption probability, is unaffected by the particle s
Also for both supports, larger particles lead to an increa
rollover activity via the di-σ -η1 intermediate, whereas th
contribution of the di-σ -η2 intermediate is unaffected withi
the limits of accuracy.

The effect of the particle size on theσ -η1 intermediate
(leading to D1) and the total contribution of theπ -η2 inter-
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Fig. 3. The influence of the particle size on the exchange pattern. Each first bars represent the Pt/LTL catalysts, the last two bars the Pt/SiO2 catalysts.
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Table 4
The selectivities and activity for the rotation mechanism for the diffe
catalysts, determined at 75◦C, with PD2 = 0.45 andPCP= 0.024 bar

Catalyst, σ -η1 di-σ -η2 π -η2 (D2–D10)

Pt/ (D1) (D2) Selectivity No. rotations di-σ -η1

(%,±1) (%,±1) (%,±1) (±0.5) (D6–D10)
(%,±1)

LTL [0.47, small] 33.6 5.7 60.8 9.4 9.9
LTL [0.47, big] 27.5 4.2 68.3 9.0 12.6
LTL [0.82] 30.7 4.8 64.5 8.6 12.5
ASA [2.5] 27.1 3.8 69.1 11.2 10.6
ASA [11.3] 28.1 3.7 68.3 9.5 9.5
SiO2 [small] 21.5 3.0 75.4 13.1 15.4
SiO2 [big] 17.8 2.3 79.9 12.6 25.5

For a description of the different intermediates, see Fig. 1 and Ref. [19

mediate (D2–D10) is different for the two supports. With
LTL [0.47] support, larger particles do not affect these in
mediates. With the SiO2 support, however, larger particle
lead to a decrease of theσ -η1 intermediate accompanied b
an increase of theπ -η2 intermediate.

3.2.3. Order in D2 and CP for activity and selectivity as a
function of particle size

In Table 3, the observed orders in CP and D2 are given.
For both the LTL [0.47] and the SiO2 support, an increase i
particle size results in a significant increase of the pos
order in CP and a more negative order in D2.

The experimentally observed influence of the CP pa
pressure on the selectivity as a function of particle siz
shown in Fig. 4A. The Pt/SiO2 [big] catalyst showed no
significant changes in the selectivity as a function of
CP partial pressure. For the other catalysts, Pt/SiO2 [small]
and both Pt/LTL [0.47, ∗∗] catalysts, an increase in the D
and D2 product and a decrease in the D3–D5 products
observed for higher CP partial pressures. The observe
lectivities were analyzed with the Monte-Carlo model. T
results of this analysis are given in Table 5. Also from t
analysis follows that for the Pt/SiO2 [big] catalyst the contri-
butions of the various intermediates and the average nu
of rotations do not show a trend with the CP partial pr
sure. For the other catalysts, the Monte-Carlo analysis
-

r

veals that, in addition to the above noted changes, both
total contribution of theπ -η2 intermediate and the avera
number of rotations for this intermediate decrease with
creasing CP partial pressure.

The influence of the D2 partial pressure is similar fo
all catalysts as can be seen in Fig. 4B. The Monte-C
analysis of this selectivity is given in Table 6. These ana
ses reveal that increasing the D2 partial pressure resulted
an increased contribution of theσ -η1 intermediate, wherea
the amount of the di-σ -η2 intermediate was unaffected. Th
contribution of theπ -η2 and di-σ -η1 intermediates was de
creased with increasing D2 partial pressure, but the avera
number of rotations of theπ -η2 intermediate was increase
with higher D2 partial pressures.

3.3. Support effects in H/D exchange

3.3.1. Activity as a function of support
In Table 3, the turnover frequency (TOF, molCP/(molPt s))

and apparent activation energies (kJ/mol) for the conver-
sion of CP and the rollover mechanism are given. With
exception of the basic catalysts (Pt/LTL [K /Al > 1.0] and
Pt/HT), the TOF at 75◦C for the different catalysts are all o
the same magnitude, approximately 5–10 molCP/(molPts).
The basic catalysts show activities that are up to 104 times
smaller. The low activity of the basic catalysts prevented
accurate determination of selectivities, activation, energ
and orders in D2 and CP for these catalysts.

The basic catalysts do not only show a relatively low
tivity, but in addition they initially produce a large amou
of HD (g) when CP is added to the gas mixture. When
used catalyst is heated to higher temperature (∼ 450◦C) in
H2, CH4, and CH3 is observed. This indicates the desorpt
of CH4. These observations are representative for all b
catalysts.

3.3.2. Selectivity as a function of support
The experimental selectivity patterns are shown in Fig

the results of the Monte-Carlo analyses are given in Tab
Going from acidic to neutral supports, the contribution
theπ -η2 intermediate is increased. This is accompanied
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Fig. 4. The influence of the partial pressure of (A) CP and (B) D2 on the exchange pattern. Four catalysts are shown, Pt/SiO2 [big], Pt/SiO2 [small], Pt/LTL
[0.47, big], and Pt/LTL [0.47, small]. From left to right for a single product and catalyst represents an increase in partial pressure.

Table 5
The selectivity as a function of partial pressures in CP

Catalyst, P CP PD2 σ -η1 di-σ -η2 π -η2 (D2–D10)

Pt/ (bar) (bar) (D1) (D2) Total selectivity No. rotations di-σ -η1

(%,±1) (%,±1) (%,±1) (±0.5) (D6-D10)

SiO2[big] 0.015 0.44 25.0 3.3 71.7 12.9 14.8
0.021 23.0 3.7 73.3 12.5 18.4
0.029 24.5 3.7 71.8 13.2 16.9
0.036 24.8 3.6 71.6 12.7 17.2

SiO2 [small] 0.016 0.46 18.8 2.6 78.7 13.6 17.3
0.021 19.4 2.6 78.0 13.2 17.5
0.027 20.4 2.9 76.7 13.2 17.2
0.033 20.9 2.9 76.2 13.0 17.4

LTL [0.47, big] 0.017 0.46 28.4 4.2 67.4 9.7 12.4
0.022 29.4 4.3 66.3 9.2 13.3
0.027 31.9 4.7 63.4 9.6 11.8
0.032 32.7 4.7 62.6 9.4 12.8

LTL [0.47, small] 0.014 0.45 21.8 3.2 75.1 10.2 18.5
0.026 26.1 3.7 70.2 9.9 17.8
0.037 28.5 4.2 67.2 9.4 16.8
0.048 30.7 4.6 64.7 9.3 16.1
rod-
,

-
orou

.

ase
or-
a decrease in the production of the D1 product via theσ -η1

intermediate and by a decrease in the amount of D2 p
uct formed via the di-σ -η2 intermediate. Within the zeolites
the total number of exchange steps eachπ -bonded interme
diate undergoes is considerably less than on the mesop
supports.
s

3.3.3. Orders in CP and D2 as a function of support
The observed orders in D2 and CP are given in Table 3

The order in D2 increases from−0.82 for the H/D exchange
over Pt/ASA [11.3] to−0.32 over Pt/LTL [0.47, small]. The
latter catalyst contains the most acidic support. The incre
in the order in D2 is accompanied by a decrease in the
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Table 6
The selectivity as a function of partial pressures of D2

Catalyst P CP (bar) PD2 (bar) σ -η1 (D1) di-σ -η2 (D2) π -η2 (D2–D10)

Pt/ (%,±1) (%,±1) Selectivity (%,±1) No. rotations (±0.5) di-σ -η1 (D6–D10) (%,±1)

SiO2 [big] 0.023 0.34 24.3 3.4 72.4 12.5 18.1
0.43 25.4 3.6 70.9 12.9 16.7
0.52 26.6 3.7 69.7 14.2 14.2
0.62 28.8 3.8 7.3 15.9 11.3

SiO2 [small] 0.024 0.33 18.6 2.5 78.8 12.9 20.8
0.42 19.8 2.8 77.4 13.4 17.7
0.51 20.2 2.7 77.1 13.2 17.0
0.55 21.0 2.9 76.0 13.3 16.6

LTL [0.47, big] 0.024 0.35 28.3 4.3 67.4 9.4 15.4
0.41 30.3 4.6 65.2 9.4 12.8
0.49 32.0 4.7 63.3 10.2 11.6
0.55 32.7 5.3 62.0 10.3 9.9

LTL [0.47, small] 0.022 0.32 22.2 3.9 73.9 8.9 18.8
0.43 22.4 3.9 73.7 9.5 17.9
0.54 22.7 4.2 73.1 9.8 16.9
0.65 23.1 3.8 73.0 10.2 15.7

Fig. 5. The influence of the support in the exchange pattern.
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ti-
der in CP from 0.69 (Pt/ASA [11.3]) to only 0.18 (Pt/LTL
[0.47, small]). In Fig. 4A, it is shown that increasing the C
partial pressure over catalyst Pt/LTL [0.47, small] results
in large changes in the selectivity. In contrast, the cata
with the highest order in CP (+0.87, catalyst Pt/SiO2 [big])
shows no effect of the CP partial pressure on the selecti

4. Discussion

4.1. The acidity of the support materials

On order to understand the effect of support acidity,
important to clearly understand the acidities of the sup
that are used in this study.

The number of acid sites of the two amorphous, me
porous SiO2–Al2O3 (ASA) supports was determined wi
the combination of thermographic analysis and tempera
programmed desorption of isopropylammine [28]. The nu
ber of Brønsted acid sites was 1.20 (ASA [2.5]) a
0.28 mmol/g (ASA [11.3]). Based upon the Si/Al ratio, this
means that only about 20% results in acid sites. Only
atoms incorporated into the tetrahedral SiO2 framework will
result in acid sites. The low number of acid sites make
unlikely that two acid sites influence each other, and the
sites are locally (within the distance of a few atoms) sim
for both ASA supports. The main difference between th
two ASA support materials is the number of acid sites,
the intrinsic acidity of the site.

The LTL zeolites have a Si/Al ratio of 3.0 [29]. Based
upon the crystallographic formula of LTL ([K9(H2O)21]
[Al 9Si27O72]), the number of Brønsted acid sites in the LT
with a K/Al = 0.47 is 1.76 mmol/g. In the case of the LTL
[0.82], this is 0.57 mmol/g. The LTL zeolites with K/Al > 1
have no Brønsted acid sites, and after calcination at elev
temperatures, the excess K is probably present as KO
K2O. Increased amounts of K result in a more basic supp
with an increased electron richness on the support oxy
atoms [30–32].

The number of Brønsted acidic sites is similar for
ASA and LTL [K/Al < 1.0] supports. However, the Pt par
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cles are influenced rather by the electron richness of the
port oxygen than by the number of Brønsted acid sites [
as has been shown earlier [9,10]. In the covalent ze
framework, the electron richness on the oxygen atom
much lower than on a support like ASA [31,33,34]. In th
sense, a zeolite is much more acidic.

SiO2 is a neutral material, and has no acid sites. The S2
used was highly amorphous and contains a high surface

A hydrotalcite is regarded as a very basic support. It c
sists of platelets in a brucite structure, with Mg2+ ions octa-
hedrally coordinated by O atoms. Part of the Mg2+ ions are
isomorphically exchanged for Al3+ ions, creating a positive
charge on the framework. Between the platelets, this pos
charge is compensated with CO3

− or OH− ions. The OH−
ions located at the edge of the platelets are active in b
catalysis. Also Pt particles are located at the edges o
platelets, near the OH− ions, and they experience the su
port material as basic.

When all the noted support materials are compared, a
the electron richness of the support oxygen atoms is take
a measure of acidity, then the acidity for the applied sup
materials increases in the order HT< LTL [1.53] < LTL
[1.04] < SiO2 < ASA [11.4]= ASA [2.5] < LTL [0.82] <

LTL [0.47].

4.2. Final metal particle sizes

For the SiO2 support material, two different particle siz
were obtained. All techniques used reveal a smaller fi
metal particle size for the ion-exchanged catalysts comp
to the impregnated catalyst. This is probably caused b
better anchoring of the Pt2+ complex during ion exchang
than during impregnation. HRTEM, H2 chemisorption, and
EXAFS showed somewhat contradictory results for the i
exchanged catalyst (Table 2). The high Htotal/Pt ratio of 1.26
is in contrast with the diameter (1.2 nm) as revealed
HRTEM and Pt–Pt coordination number of 6.9. The la
two are in perfect agreement; based upon spherical part
with a diameter of 1.2 nm an average coordination num
of 7.0 would be expected (see, e.g., Ref. [35]). The origin
the discrepancy with H2 chemisorption is unclear.

The particle sizes for both Pt/SiO2 catalysts are highe
than for the other catalysts. The larger particle size for
Pt/SiO2 catalysts illustrates that it is very difficult to achie
highly dispersed metal particles on an inert support ma
ial. When no interaction between the support and the m
particles is present, the support material loses its prim
function: to keep the metal particles highly dispersed.

The Pt/LTL [ ∗.∗∗], Pt/LTL [0.47, small], Pt/ASA and
Pt/HT catalysts all have highly dispersed Pt particles. Ba
on the Htotal/Pt andNPtPt results, the average particle si
for all these catalysts was estimated at< 1 nm. The parti-
cle size for the Pt/ASA catalyst as revealed with HRTEM
(1.5 nm) seems in contradiction with the other techniqu
However, it must to be noted that with HRTEM the lower d
tection limit for Pt/ASA is approximately 8–10 Å, and tha
-

.

on the HRTEM pictures taken only a small amount of pa
cles was visible. In other words, with HRTEM the small
particles, which make up the majority of all Pt in the Pt/ASA
catalyst, are invisible. The relation between particle size
determined with HRTEM, H2 chemisorption, and EXAFS
was extensively described by de Graaf et al. [35].

4.3. Particle-size effects

4.3.1. Activity as a function of metal particle size
For larger supported metal particles, the apparent a

vation energy for the H/D exchange is significantly highe
(Table 3). This is observed with both support materials (S2
and LTL [0.47]). However, with both support materials, t
TOF at 75◦C is of the same magnitude, irrespective of p
ticle size. At first sight, this seems contraintuitive as
apparent activation energy is approximately 15–20% hig
for the smaller particles. However, as can be seen in Tab
this increase in activation energy was compensated fo
an increase in the pre-exponential factor. This suggests
a compensation effect is present, as will be discussed
[23,24].

4.3.2. Selectivity as a function of metal particle size
Fig. 3 (experiments) and Table 4 (results of Monte-Ca

analysis) give the selectivities in the H/D exchange of CP
with the same two support materials. On the SiO2 support,
the presence of larger particles leads to slightly decre
amounts of theσ -η1 intermediate, the di-σ -η2 intermedi-
ate is unaffected, whereas the total contribution of theπ -η2

intermediate is slightly increased. In contrast to the lat
the average number of rotations of theπ -η2 intermediate is
insensitive to the particle size of the catalyst. Apparen
the formation of theπ -η2 intermediate is structure sens
tive, but once theπ -η2 is formed it can rotate freely. On th
LTL [0.47] support, larger particles do not affect the relat
contributions of theσ -η1, di-σ -η2, andπ -η2 intermediates
Overall, the influence of the particle size on these rela
contributions is minimal for both supports.

The particle-size effect is for both supports the largest
the selectivity toward the rollover mechanism (via the di-σ -
η1 intermediate, Fig. 1D), which is strongly increased w
the larger particles. Hence, also the rollover mechanism
clearly structure-sensitive reaction. It is facilitated by la
particles, and probably an ensemble of catalytically act
empty sites is needed for the formation of the di-σ -η1 inter-
mediate.

If the Pt/SiO2 [big] is compared with LTL [0.47, big],
then the particles are the largest on the LTL [0.47] supp
but the rollover mechanism is much more important on
Pt/SiO2 support. Probably, the freedom of the CP is limit
within the constraints of the pores in the LTL zeolite a
rolling over is sterically hindered.
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4.3.3. Orders in CP and D2 as a function of metal particle
size

The orders in CP and D2 for H/D exchange over th
Pt/LTL [0.47] and Pt/SiO2 [∗∗] catalysts are given in Ta
ble 3. For both supports, the order in D2 decreased (it wa
more negative) and the order in CP increased when a ca
with a larger particle size was used. When these observa
are correlated to Eq. (2) for the reaction rate, the lower o
in D2 indicates that for larger particles the ratioK2/K1 is
increased for larger particles. In other words, for larger p
ticles the surface of the Pt particles is mainly covered w
(atomic) D2, whereas for smaller particles, the surface c
tains more adsorbed CP. Although the particles were lar
in the case of the Pt/LTL [0.47, big] catalyst, the order in
CP was the highest for the Pt/SiO2 [big] catalyst. Clearly,
the orders also depend on the support material.

In general, a high order in CP (e.g.,+0.87, as was found
in the case of the Pt/SiO2 [big] catalyst) indicates that th
surface contains on average a very low concentration of
by doubling the amount of CP molecules in the gas ph
the surface concentration is doubled. This can only occ
during the adsorption process the CP molecule does no
counter another CP molecule which is already adsorbed
surface is virtually covered with atomic D (indicated by t
order in D2 of−0.82 for Pt/SiO2 [big]), and the surface con
centration of D is unaffected by the CP partial pressure.
low surface concentration of CP also explains the obse
tion that the exchange pattern of CP is unaffected by PCP for
this Pt/SiO2 [big] catalyst: the surface contains only a sm
amount of CP and adsorbed CP molecules do not influ
each other due to mutual (lateral) interactions.

However, decreased orders in CP and increased (less
ative) orders in D2 are found for smaller particles (e.g., wh
Pt/SiO2 [big] and Pt/SiO2 [small] or both Pt/LTL [0.47]
catalysts are compared). When these orders are transla
the rate expression Eq. (2), it indicates that the ratioK2/K1
is decreased, and the surface contains more CP. A high
face coverage of CP can result in lateral interactions w
influences the selectivity pattern. These lateral interact
can consist of long-range electronic interactions or of st
interactions between two adjacent, adsorbed CP molec
Therefore, it is to be expected that a relatively low orde
CP is accompanied by an increased amount of lateral i
actions by increasing the CP partial pressure, which inh
mainly the structure sensitive reactions (rollover via the
σ -η1 intermediate). This is indeed observed in Fig. 4A a
Table 5.

4.4. Support effects

4.4.1. Activity as a function of support
As is shown in Table 3, the TOF at 75◦C is several or-

ders of in magnitude lower for the basic Pt/LTL [1.53] and
Pt/HT catalysts compared to the acidic and neutral c
lysts. In addition, the basic catalysts showed a consump
of D2 in the initial stages of the H/D exchange without a
t
s

t

-

-

to

-

.

production of CP. Moreover, a desorption of CH4 was ob-
served when these basic catalysts were heated in H2 to high
temperatures. These observations suggest an immedia
activation of the basic catalysts due to coking. This indica
that the CP molecule is strongly bonded on the Pt parti
supported by a basic material, and it does not desorb
more.

The activation energies for the remaining acidic and n
tral catalysts show a continuous decline for the apparent
vation energies in the order Pt/LTL [0.47, small]> Pt/LTL
[0.47, big]> Pt/LTL [0.82] > Pt/ASA≈ Pt/SiO2 [small]≈
Pt/SiO2 [big]. The pre-exponential factor increases in
opposite direction. These observations indicate an app
compensation effect, as will be discussed later.

4.4.2. Selectivity as a function of support
As is shown in Fig. 5 (experiments) and Table 4 (Mon

Carlo analysis), a general trend is that Pt catalysts with
ports of higher acidity lead to a higher contribution of t
σ -η1 (D1) and di-σ -η2 (D2) intermediates. As the ASA an
LTL supports have similar metal particle sizes, this can
be explained by particle-size effects. Apparently, acidic s
ports enhance the ability of Pt to formσ -bonded species
whereasπ bonded species are preferred for Pt on neu
and probably also on basic, support materials. The latt
not only apparent from the increased selectivity toward D
D10, but also from an increased number of exchange s
(or rotations) theπ -η2 intermediate experiences. This i
creased number of exchange steps indicates that bot
π -η2 and the allylic intermediates adsorb strongly on
surface of Pt particles that are supported on neutral supp
and remain longer on this surface.

4.4.3. Orders in CP and D2 as a function of support
As is shown in Table 3, the order in CP decreases f

+0.87 to+0.18 going from Pt particles with neutral to acid
supports. This is accompanied by an increase in the ord
D2 from−0.82 to−0.32. In general, a low, positive order
a reactant indicates that the surface concentration of the
tant on the catalytic surface is relatively high. The low or
in CP, in combination with the decreased inhibition by2
for H/D exchange of CP over Pt with the most acidic s
port (catalyst Pt/LTL [0.47, small]), shows that—compare
to a Pt catalyst with a neutral support—the surface cont
a relatively high concentration of CP and low concentra
of D.

The surface concentrations are related to the bond
ergy of D and CP on the Pt surface, and apparently the
ECP–Pt/ED–Pt is higher for Pt on the acidic support materi
than it is for the neutral supports. It was shown earlier [
(see also Table 6) that the rotation of theπ -η2 intermediate
is facilitated by an increased surface coverage of D. A
in agreement with this, the catalysts (Pt/SiO2 [∗∗]) which
have the lowest ECP–Pt/ED–Pt ratio and thus the highest su
face coverage of D also have the highest number of ave
rotations perπ -η2 intermediate (Table 4).
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Fig. 6. A constable plot for the HD exchange. The estimated errors ar
proximately±2 kJ/mol for Eact,appand±0.5 for lnAapp.

4.5. Compensation phenomena

When the Arrhenius parametersEapp and lnAapp of a
variety of catalysts obey the Constable–Cremer isokin
relation [23,24,36],

(3)lnAapp=mEapp+ c,

then an increase inEapp is compensated by an increase
lnAapp. This is called the compensation effect. In Fig.
a Constable plot for all catalysts is shown. The obse
tion that all Arrhenius parameters for all catalysts obey
Constable–Cremer relation indeed suggests that comp
tion behavior is present. According to the standards se
Bond et al. [23] the range inEapp should ideally be at leas
50% of the smallestEapp measure, which is close to ou
35%.

If Eappand lnAapp indeed obey to the Constable–Crem
relation, then there must be an isokinetic relation betwee
catalysts. At the isokinetic temperature, the activities for
catalysts are the same. However, it is very difficult to es
lish this isokinetic relation with statistical certainty. Ther
fore, a second, more reliable way to establish the pres
of an isokinetic behavior is to plot all activity plots in on
graph, and to check if there is an isokinetic temperaturTi
where all activity plots intersect. Since the parameter
such a plot (1/T and lnTOF) are measured independen
it is statistically more reliable than a Constable plot. Su
a plot is constructed in Fig. 7. All Arrhenius plots for th
different catalysts appear to intersect, approximately aro
Ti = 90–100◦C.

Both the Constable plot (Fig. 6) and the intersecting
rhenius plots (Fig. 7) strongly suggests that indeed an is
netic relation (IKR) betweenAapp andEapp exists. The er-
rors in the determination of these Arrhenius plots and
derived variables prevent the establishment of this IKR w
absolute certainty. According to Bond et al. [23], an IKR
most likely caused by changes in the surface coverage o
reactants, and the true activation energy is unaffected.
relation of the chemisorption of reactants (and inhibito
with the activation energy and reaction rate is basically gi
-

Fig. 7. A series of extrapolated Arrhenius plots for the HD exchang
cyclopentane, intersecting atTi : the isokinetic temperature.

by the Temkin equation [23,37],

(4)R =Aappe−�Eapp/RT ,

where

(5)Eapp=�H±intrinsic+ α�Hads,D + β�Hads,CP,

and

(6)Aapp= Pα
D2

P
β

CPe(�S∓int+α�Sads,D+β�Sads,CP)/R

whereR the reaction rate per Pt surface site (TOF);kint, the
intrinsic rate constant of the reaction over the catalystα,
the observed order in deuterium, which was negative in
cases; andβ , the observed order in CP, which is positive.

Thus, changes in the pre-exponential factorAapp repre-
sent mainly changes in the adsorption entropy and in
order of the reactants, and changes inEappreflect changes in
the adsorption enthalpy and the order of the reactants.
observed obedience to the linearity of Constable–Creme
lation [Eq. (3)] indicates that�S and�H are correlated. In
other words, stronger adsorbed species have a higher ad
tion enthalpy, but they also have less degrees of freedom
thus a lower entropy. The phenomenon that�S and�H are
linearly correlated is known as “Linear Free-Energy Re
tions,” (LFER) [38].

The adsorption enthalpy has a large influence on the r
tion order, as can be seen in Eq. (5): if the adsorption en
of a reactant is high, the surface coverage will be high
nearly independent of temperature or pressure, which l
to a low order of this reactant.

Thus, it is very likely that different chemisorptio
strengths of the reactants on the catalyst’s surface are th
gin of the observed isokinetic relationship. In the previo
paper [19], it was shown that the activity and selectivity
independent of each other: the selectivity is only determi
after the rate-determining step. The rate-determining ste
the dissociation of molecularly adsorbed CP into H(∗) and
C5H9(∗), leading to theσ -η1 intermediate, and the followin
steps include the formation of the other possible interm
ates likeπ -η2 (see the energy scheme in Fig. 8). This me
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Fig. 8. The energy scheme for the H/D exchange of CP. The apparent ac
vation energyEapp is influenced by the bonding properties of CP. If CP
bonded strongly on the Pt surface (represented by the dashed–dotted
theEapp is small even though the true activation energy is unaffected.

Fig. 9. The relation betweenEappand the exchange via theσ -η1 intermedi-
ate (leading to D1, circles and dashed–dotted line), the di-σ -η2intermediate
(D2, triangles and dotted line), and theπ -η2intermediate (D2–D10, square
and solid line).

that the compensation effect is only correlated to the ads
tion strength of molecularly adsorbed intermediate and
σ -η1 intermediate, and not necessarily to the adsorption
ergies ofall adsorbed intermediates. However, in the cas
catalyst with similar particle sizes in combination with d
ferent supports, it is likely that if one adsorption mode
influenced by the acidity of the support, the other adsorp
modes also are influenced in a similar manner by the sup
and that some trend between selectivity andEappshould ex-
ist. If the particle sizes vary, other effects like the numbe
available ensembles of sites may start to play a role in
selectivity.

In Fig. 9, the relation between the contribution of t
different exchange mechanisms and the apparent activ
energy for H/D exchange of CP over four catalysts with v
ious acidities but similar particle sizes is shown. By cho
ing these four catalysts, particle-size effects are elimina
There is a clear correlation visible: a higherEapp is accom-
panied by a higher contribution of the exchange via theσ -η1
),

t

and the di-σ -η2 intermediate, and a lower contribution
theπ -η2 intermediate. Remarkably, even though no rela
between the activity and selectivity was observed, ther
a clear correlation betweenEapp and the selectivity. This
clearly illustrates that the metal-support interaction ha
dramatic influence on the Pt particles and on the chemis
tion of reactants on this Pt. Chemisorption of reactants
the Pt surface involves the donation and sharing of e
trons between the Pt particles and the reactants. There
changes in the chemisorption must be caused by chang
the electronic properties of either the Pt particles or the r
tants. Since the reactants are always the same molecule
changes in the chemisorption strengths must be cause
changes in the electronic properties of the supported Pt
ticles. This is discussed in more detail in an other paper [

5. Conclusions

The influence of the support on the catalytic proper
of supported Pt particles was investigated via a test r
tion: the H/D exchange of cyclopentane. The acidity
the support largely influences the activity and selectivity
supported Pt particles in the H/D exchange of cyclopen
tane. The activities for the different catalysts show an
kinetic relation (IKR): the Arrhenius parametersAapp and
Eapp show a compensation, and at the isokinetic temp
ture of∼ 100◦C all catalysts show similar activities. Th
IKR is caused by variations in the adsorption strength
the reactants CP and D2 on the Pt surface. The resulting r
tios of the surface coverages CP(∗)/D(∗) are high for acidic
supports and low for neutral and basic supports, as is
parent from the observed reaction orders. The variation
the chemisorption strengths of CP on the Pt are also ap
ent from changes in selectivity. On Pt with acidic suppo
the formation of theσ -bondedη1-cyclopentyl intermedi-
ate is favored, whereas with neutral and basic support
formation of aπ -bondedη2-cyclopentene intermediate
preferred. When particle-size effects are eliminated, the
parent activation energyEapp directly correlates with the
selectivity. This is caused by support-acidity induced dif
ences in the electronic properties of the Pt.
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