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Abstract

The exchange of hydrogen for deuteriumy(Hexchange) in cyclopentane was measured for Pt catalysts with supports of various acidity.
With an earlier developed Monte-Carlo model the contributions of the various possible intermediates jiDthrcHange can directly be
measured. It was shown that the activity and the selectivity in {2 ékchange over the supported Pt catalysts strongly depend on the support
acid/base properties. The activities of the various catalysts show a compensation effect. The compensation effect can directly be correlate
to the contribution of the various exchange mechanisms, which proceed via different intermediates. The contribution of each intermediate
depends on the electronic properties of the Pt particles, which in turn depend on the support acidity. This shows that the compensation effe
is caused by support-induced changes in the adsorption modes of cyclopentane.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction understood, it promises the prospect of tailor-made catalysts.
However, there is a lot of discussion on the relations between
The influence of the support acid/base properties on the support material and electronic properties on one hand and
catalytic properties of supported metal particles has beenthe catalytic properties on the other. The direct relation be-
studied extensively [1,2]. It has been established that thetween the changes in electronic properties and its effect on
rate of hydrogenolysis and hydrogenation over supported Ptthe catalytic properties is not well understood.
particles increases with the acidity of oxidic supports [3,4]. Thus, the need for a good test reaction is obvious. An
A large amount of work has been dedicated to relate changesmportant feature for a proper test reaction is that it should
in catalytic properties to changes in the electronic properties be metal-catalyzed only. The isotopic exchange of hydro-
of the Pt particles [5-10]. The support is believed to inter- gen with deuterium in hydrocarbons (B exchange) is a
act with the Pt particles via the oxygen atoms of the oxidic typical metal-catalyzed reaction [13-16]. During i ex-
supports. In line with the definition of Lewis acidity, acidic change, hydrogen atoms of a hydrocarbon are replaced by
supports are associated with a low-electron richness on thedeuterium atoms. The advantage offHexchange of cy-
support oxygen atoms, whereas basic supports are associateclopentane (CP) as a test reaction is that its product distrib-
with a high-electron richness. Recently, based on the resultsution gives direct information about the different modes of
of atomic X-ray absorption fine structure spectroscopy (AX- adsorption of the intermediates during the reaction. These
AFS) and ab initio multiple scattering calculations, it was adsorption modes are proposed to be dependent on the elec-
found that a lower electron richness of the support oxygen tronic properties of the metal [16—18].
atoms leads to a higher ionization potential of the Pt parti-  In order to fully understand the HD exchange mecha-
cles. At the same time, a charge rearrangement from within nism of CP, the kinetics, selectivities and adsorption modes
the Pt particle toward the metal-support interface was ob- of CP in the HD exchange were studied in detail in an ear-
served for acidic supports [10-12]. If the relation between [ier paper [19]. It was shown that the D1 product is produced
support material and changes in activity/selectivity is well by the exchange of a single hydrogen atom via-honded
n-cyclopentylintermediate (called-n*, Fig. 1A). The D2—
msponding author. D5 products consi_st of cyplopentane yvith deutgrium atoms
E-mail address: d.c.koningsberger@chem.uu.nl all located on a single side of the ring, and is produced
(D.C. Koningsberger). via a rotation mechanism of a-bondedn?-cyclopentene
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H\/ H H\ /H model for the understanding of observed orders and reaction
; C\CL/H H " H rates was developed [19].
\ / \C/ \C/ This paper focuses on the influence of the support on
e S \ \H the H/D exchange of CP over supported Pt catalysts. It will
H H\C/C\H H\C J- be shown that kinetics and selectivities are largely affected
*/ S \, by the support material. Particle size effects are separated
(A) (B) from support effects. The activity shows a compensation ef-
fect, and the apparent activation energy and pre-exponential
H\ /H i | H Y factor show an isokinetic relationship [23,24]. This can be
*{/c\ /H ~¢ L explained by different adsorption modes of the CP on the
d . u H metallic Pt surface. The change in adsorption modes is at-
H/HC\ / " \C/ \C/\ tributed to a change in the electronic structure of the Pt par-
N—~L" W \C/ : ticles, which in turn is induced by changes in the acid/base
* I properties of the support.
(©) (D)

2. Methods
Fig. 1. Different adsorbed intermediates, leading to different products. (A)

o-Bondedn-cyclopentyl ¢-51), leading to D1; (B) a double-bonded
a, B-n?-cyclopentyl (de-n2); and (C)x-bondedy2-cyclopentene£-,2),
both leading to D2-D5 products, and (D) doultebonded nl-cyclo-
pentylidene (dis-n) leading to rollover. Several supported Pt catalysts were prepared. The sup-

ports used are Mg hydrotalcite (HT), SiOamorphous
SiOx—Al,03 (ASA), and LTL zeolite. The support charac-
2 o teristics are shown in Table 1. The acidity of the LTL zeolite
(called 7-n%, Fig. 1C) [16,20]. The D2 product can also yaq varied by either impregnating a K-LTL zeolite with
be for;ned via a secqnd |2ntermed|ate, a dqublbonded KNOs(aq), or exchanging it with NENOs to give K/Al ra-
a, p-n*-cyclopentyl (die-n<, Fig. 1B) [21]. With the D6— 45 ranging from 0.47 to 1.53. The zeolites were calcined at
D10 products, the CP must be rolled over from one side 225°C and analyzed for K and Al contents. The catalysts are
of the ring to the other, leading to the possibility that the gesignated LTL*.**] with *.** representing the KAl ratio.
atoms on the second side of the ring are also exchanged. Therhe HT support was prepared and activated (calcination at
only species that can roll over is then? intermediate via  450°C in N») according by Roelofs et al. [25].
a doubles -bondedy*-cyclopentylidene (diz-n*, Fig. 1D). Pt was added by incipient wetness impregnation (LTL ze-
A Monte-Carlo model was developed, which can be used to glites, PySiO, [big] and PYASA [11.3]) or ion exchange
accurately determine the relative contributions of the above- (Pt/SiO, [small], using a pH of~ 9, and PtASA [2.5]) of
noted intermediates. The Monte-Carlo model reveals that thean aqueous Pt(NgJ4(NOs), solution, resulting in a 1 wt%
multiplicity parameter as defined in the literature does not Pt/LTL catalyst. Pt was added to HT by addingPCl
represent the relative contribution of each intermediate, al- to the hydrotalcite support during the rehydration procedure
though it has been generally used for this purpose [22]. In following the activation. The Pt loading after ion exchange
addition to an understanding of the selectivity, also a kinetic was determined with AAS.

2.1. Catalyst preparation

Table 1
The characteristics of the supports
Support SiAl No. of acid sites BET surface Pore volume (i) Average pore
(mmol/g)2 area (n%/g) Total Micropore diameter (nrR)

SiO n.a. n.a. 405 1.10 0 26:15 nm
ASA [2.5] 25 1.2 355 0.59 0 ‘=2 nm
ASA[11.3] 11.3 0.28 321 0.50 0 &1 nm)
K-LTL 3.0 K/Al =0.47:1.76 0.25 a1 0.7f

K/Al =0.82:0.58 1.30

K/Al > 1:none
Hydrotalcite MgAIl =3.0 n.a. 105 0.57 00 18(+3 nm)

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

b Determined from the Bl desorption plot, according to the Broekhoff | method for GeBHyO. The values between brackets represent the distribution
in pore diameter.

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

These catalyst precursors were all calcined and prere-

duced. For the calcination/reduction, a sieve fraction (225
dp < 450 pm) was placed in a downflow fixed-bed reactor.
Details of the pretreatment are given in Fig. 2. The prere-

duced catalysts were stored in air. The Pt particle size was

determined by K chemisorption, high-resolution transmis-
sion electron microscopy, and EXAFS analysis. Details of
H> chemisorption [26], HRTEM [27] and EXAFS [26] are
given elsewhere.

2.2. H/D exchange of cyclopentane

2.2.1. Experiments

Details of the HD exchange experiments are described
elsewhere [19]. A downflow fixed-bed reactor (diameter of
4 mm) was loaded with- 5—-10 mg of the catalyst and di-
luted with 60 mg of Si@, both with a sieve fraction of
90 < dp < 150 pm. The basic catalysts (KT and PLTL
[K/Al>1] showed extremely low activities, and the reactor
was loaded with 70-90 mg pure catalyst.

The catalyst was prereduced for 1 h at 2Q0(Pi/HT),
300°C (LTL [*.**]), or 400°C (Pt/SiOy [**] and PYASA
[*.**]) in hydrogen. The catalyst was cooled down in 50%
D, in Ar to 75°C. Typical HD experiments were performed
at 75°C at atmospheric pressure, witty, = 0.5 bar, Pcp =
0.025 bar (resulting in PH=20) and Pa, = 0.475 bar,

a GHSV of 7200 h! and conversions below 10% with no

significant side reactions. It was checked that internal and

external diffusion limitations were absent. Therefore, the
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This Monte-Carlo model also reveals the true number of ro-
tations eachr-»? intermediate experiences, giving the real
number of exchange steps. For example, a CP molecule ob-
served as €HsDs has not only exchanged 5 H atoms for 5

D atoms, but the introduced D atoms can also be exchanged
for other D atoms. This D-D exchange cannot be directly
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 number
of molecules CP that is converted perdatface atom per
second. The number of accessible Pt surface atoms is based
on the total amount of hydrogen chemisorbed. Orders in CP
and D» were determined by varying the applicable partial
pressures while the total flow was kept constant.

Activation energies were determined by heating the cat-
alyst 4-5 times from 65 to 9UC. The following form of
Arrhenius formula was used,

TOF = Agpe Factane/RT (1)

where TOF is the turnover frequency, mol CP converted per
mol surface Pt, per seconfiactapp the apparent activation
energy (kJmol); 7, the reaction temperature (K); ardpp,
the pre-exponential factor.

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

(1) CsHio(Q) +* L5 CoHaor),

(I) D2(g) +2* <2 2D("),
(A) CsHio(*) +* <2 CsHo(*) + H(®),
(I11B) CsH,Do_y(*) + D(*) <= CsH,D1o s (*)

leading to a reaction rat® given by
k_3K1K3Pcp
(1+ Kapep+ e N £+ JEK2Po,)?

where it assumed thatzl-and D are chemically similar and
thus H() is also similar to Df) and GH,Dg_, (*) similar
to CsHg(*), and thus-; 3 andr_3 are equal in a steady-state
reaction.

The observed orders in CP ang Depend on the equi-
librium constantsk;, K2, and K3, and in principle can be
anything betweer-1 and—1 for CP and between 0 anel
for D,. The selectivity in the HD exchange is determined
in a processfter the rate-determining step.

The activation energy for the rollover reaction was de-
termined from the above-noted Monte-Carlo-based meth-

R=r_3=

()

observed kinetics and selectivities reflect the ture, intrinsic od [19]: the Monte-Carlo method was used to accurately

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 devel-

determine the contribution of the-;? intermediate leading
to D2-D10 and the amount of this-5? intermediate that
rolls over, giving D6—-D10. The ratio of the two intermedi-
ates indicates how much of ther? intermediate rolls over

oped, which was used to accurately determine the relativevia the div-n! intermediate. This rollover is an activated

contributions of the various intermediates shown in Fig. 1.

mechanism, and by measuring the amount of rollover as a
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Table 2

The results of K chemisorption, HRTEM, and EXAFS analysis for the reduced Pt catalysts

Catalyst, HPt Diameter (nm;£0.2) Nptpt Npi_o Estimated
Py Weak Strong Total (HRTEM) No. atoms
LTL [0.47, small] 0.42 0.64 1.07 n.d. ) 10 10-15
LTL [0.47, big] 0.27 0.16 0.43 n.d. 10 0 500-1000
LTL [0.82] 0.41 0.76 1.17 n.d. 8 04 8-12

LTL [1.04] 0.47 0.59 1.06 n.d. ¥ 07 8-12

LTL [1.53] 0.18 0.78 0.97 n.d. 8 0.8 15-20
ASA [2.5] 0.52 0.58 1.10 n.d. .. n.d. 8-12
ASA[11.3] 0.58 0.36 0.94 15 .8 05 8-12

SiO; [small] 0.65 0.61 1.26 1.2 8 04 30-50
SiOy, [big] 0.44 0.43 0.87 1.7 k] 02 60-80

HT 0.62 0.54 1.16 1.1 3 0.7 10-15

function of temperature the activation energy for rollover can Table 3

be determined. The activity* and orders for B and CP in HD exchange for the various
catalysts
Catalyst, TOF at 73C Eapp  InAgpp’ Order
3. Results Pt/ [molcp/(molps)]  (kJ/mol) D, CP
LTL [0.47, small] 48 73.7 275 -0.32 0.18
3.1. Particle sizes of the reduced catalysts LTL [0.47, big] 100 66.4 252 —0.79 0.49
LTL [0.82] 75 67.1 25.2 —0.46 0.28
: . b
In Table 2, the results from HRTEM, zthemisorption, ~ LTL13.041" 02 n.d. nd. nd  nd
the final Pt—Pt and Pt-O coordination number, and the es-:T- 12531 03 nd. nd. nd nd
. f in the cl . hi ASA[2.5] 7.9 56.2 216 nd nd
timated number of Pt atoms in t ec uster are given. This Asa[11.3] 104 56.9 220 —082 0.69
average number of atoms was estimated with the help of asijo, [small] 75 64.7 244 —060 0.58
computer program. This program cuts spheres from a fcc SiO; [big] 8.0 55.0 211 -0.82 0.87
bulk structure and calculates the corresponding Pt—Pt coor-HT° 16x10°3 669 167 nd. nd.

dination number and dispersion (the ratio of the amount of The TOF is defined as the number of converted CP atomsupéace Pt
coordinatively unsaturated Pt atoms and the total amount ofatom per second. _ _
Pt atoms). A series of spheres with increasing radii was cal- _ . 1 OF Fapp and Indapp were determined wittPp, = 0.5 bar, Pcp =
. . . 0.025 bar, andPar = 0.475 bar.
culated. By comparing the HRTEM,-themisorption, and b - .
, . ! ) Due to the low activity.Eapp, Eapp,rolloves IN Aapp, and the orders in
EXAFS observed par'ucl'es sizes with the theoretical values p, ang cp could not be determined accurately.
of the calculatgd, spherical clusters, an average number of ¢ unit of Aapp molcp/(molpts).
atoms was estimated.

The PYLTL [0.47, small], the other PLTL [*.**] cata- , .
lysts, both PtASA catalysts, and the BT all show a high catalysts are given in Table 3. The TOF (turnover frequency)

H/Pt number with kbta/Pt> 1.0 and a Pt—Pt coordination ~ Was qf the same order of magnitude., irrgspective qf the par-
of approximatelWepi= 5. The number of Pt atoms in these ticle size. However, the apparent qctlvatlon energy is clearly
particles was estimated at approximately 8-15 atoms in all Smaller for the larger particles. This low€gpp is compen-
cases. For the PASA [11.3] catalyst, the particle size deter- Sated by a smaller pre-exponential facton kpp

mined with HRTEM (1.5 nm) is a little higher than the par-

ticle size that is expected based on thedHemisorption or ~ 3.2.2. Selectivity asa function of particle size

Pt—Pt coordination number.The/BiO; catalysts all showed In Fig. 3, the exchange patterns as measured for the cata-
larger Pt—Pt coordination number®/gp;= 6.9 and 7.8). lysts with the different particle sizes are shown. The selectiv-
The PYSiO, [small] catalyst, prepared via ion exchange, ity was analyzed using the Monte-Carlo model. The results
shows a high HPt number (kbta/Pt= 1.26) in combination ~ are given in Table 4.

with a small particle size as revealed with HRTEM (1.2nm). ~ For both supports it was found that the average number
The PYLTL [0.47, big] catalyst showed a large particle size, of rotations for eachr -n? intermediate, and, related to this,

with Heotal/Pt=0.43 andVpipy= 10.1. the desorption probability, is unaffected by the particle size.
Also for both supports, larger particles lead to an increased
3.2. Particle size effectsin H/D exchange rollover activity via the die-n? intermediate, whereas the
contribution of the dis -2 intermediate is unaffected within
3.2.1. Activity as a function of particle size the limits of accuracy.

The particle-size effect on the activity was measured for ~ The effect of the particle size on then' intermediate
two supports, LTL [0.47] and Si© The results for these  (leading to D1) and the total contribution of then? inter-
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Fig. 3. The influence of the particle size on the exchange pattern. Each first bars represefifithedtlysts, the last two bars the/BiO, catalysts.
Table 4 veals that, in addition to the above noted changes, both the

The selectivities and activity for the rotation mechanism for the different total contribution of ther—nz intermediate and the average
catalysts, determined at 78, with Pp, = 0.45 andPcp = 0.024 bar number of rotations for this intermediate decrease with in-

Catalyst, ot di-o-n? m-n? (D2-D10) creasing CP partial pressure.
Pt/ (D1)  (D2) Selectivity No.rotations di-pt The influence of the P partial pressure is similar for
(%,£1) (%,£1) (%,£1)  (£05 (D6-D10) all catalysts as can be seen in Fig. 4B. The Monte-Carlo
(%, £1) analysis of this selectivity is given in Table 6. These analy-
LTL[0.47, smal] 336 57 60.8 8 99 ses reveal that increasing the partial pressure resulted in
:ﬁt {g'g;]' big] ;g? j'g gi'g g Eg an increased contribution of then® intermediate, whereas
ASA [2'.5] 271 38 691 1p 106 the amount of the di=-»? intermediate was unaffected. The
ASA[11.3] 28.1 3.7 68.3 I3 95 contribution of ther-»? and dio -5t intermediates was de-
Si0y [small] 21.5 3.0 75.4 13 154 creased with increasingXpartial pressure, but the average
SiO; [big] 178 23 79.9 15 255 number of rotations of the -»2 intermediate was increased

For a description of the different intermediates, see Fig. 1 and Ref. [19].  with higher D» partial pressures.

mediate (D2—D10) is different for the two supports. With the 3.3. Support effectsin H/D exchange
LTL [0.47] support, larger particles do not affect these inter-
mediates. With the Si©support, however, larger particles 3.3.1. Activity as a function of support

lead to a decrease of then® intermediate accompanied by In Table 3, the turnover frequency (TOF, rapf(molp; S))

an increase of the -, intermediate. and apparent activation energies /ikwbl) for the conver-
sion of CP and the rollover mechanism are given. With the

3.2.3. Order in D, and CP for activity and selectivity asa exception of the basic catalysts (ETL [K /Al > 1.0] and

function of particle size Pt/HT), the TOF at 75C for the different catalysts are all of

In Table 3, the observed orders in CP angldbe given.  the same magnitude, approximately 5-10 gag(molp:s).
For both the LTL [0.47] and the Sisupport, an increase in ~ The basic catalysts show activities that are up th tides
particle size results in a significant increase of the positive smaller. The low activity of the basic catalysts prevented the
order in CP and a more negative order i D accurate determination of selectivities, activation, energies,
The experimentally observed influence of the CP partial and orders in Pand CP for these catalysts.
pressure on the selectivity as a function of particle size is  The basic catalysts do not only show a relatively low ac-
shown in Fig. 4A. The PSIO; [big] catalyst showed no tivity, but in addition they initially produce a large amount
significant changes in the selectivity as a function of the of HD (g) when CP is added to the gas mixture. When this
CP partial pressure. For the other catalystgSRd, [small] used catalyst is heated to higher temperattrd$0°C) in
and both PtLTL [0.47, **] catalysts, an increase in the D1  Hz, CHs, and CH is observed. This indicates the desorption
and D2 product and a decrease in the D3-D5 products wereof CHs. These observations are representative for all basic
observed for higher CP partial pressures. The observed secatalysts.
lectivities were analyzed with the Monte-Carlo model. The
results of this analysis are given in Table 5. Also from this 3.3.2. Selectivity asa function of support
analysis follows that for the P8I0, [big] catalyst the contri- The experimental selectivity patterns are shown in Fig. 5,
butions of the various intermediates and the average numbethe results of the Monte-Carlo analyses are given in Table 4.
of rotations do not show a trend with the CP partial pres- Going from acidic to neutral supports, the contribution of
sure. For the other catalysts, the Monte-Carlo analysis re-the 7-»? intermediate is increased. This is accompanied by
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Fig. 4. The influence of the partial pressure of (A) CP and (B)BD the exchange pattern. Four catalysts are show&i®i [big], Pt/SiO, [small], P{LTL
[0.47, big], and PLLTL [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, Pcp Pp, o-nt di-o-n? 7-n2 (D2-D10)

Pt/ (bar) (bar) (D1) (D2) Total selectivity No. rotations din?

(%, +1) (%, +£1) (%, £1) (+£0.5) (D6-D10)

SiOy[big] 0.015 0.44 25.0 3.3 71 129 14.8
0.021 23.0 37 73 125 18.4
0.029 24.5 3.7 78 132 16.9
0.036 24.8 3.6 78 127 17.2

SiO; [small] 0.016 0.46 18.8 2.6 It 136 17.3
0.021 19.4 2.6 79 132 17.5
0.027 20.4 2.9 79 132 17.2
0.033 20.9 2.9 7@ 130 17.4

LTL [0.47, big] 0.017 0.46 28.4 4.2 4 97 12.4
0.022 29.4 4.3 683 9.2 13.3
0.027 31.9 4.7 63 9.6 11.8
0.032 32.7 4.7 6B 9.4 12.8

LTL [0.47, small] 0.014 0.45 21.8 3.2 B 102 18.5
0.026 26.1 3.7 pivs 99 17.8
0.037 28.5 4.2 62 9.4 16.8
0.048 30.7 4.6 64 93 16.1

a decrease in the production of the D1 product viadtheg' 3.3.3. Ordersin CP and D> as a function of support
intermediate and by a decrease in the amount of D2 prod- The observed orders inJfand CP are given in Table 3.
uct formed via the diz-;? intermediate. Within the zeolites,  The order in B increases from-0.82 for the H/D exchange

the total number of exchange steps eachonded interme-  over PYASA[11.3]to—0.32 over PLLTL [0.47, small]. The
diate undergoes is considerably less than on the mesoporoukatter catalyst contains the most acidic support. The increase
supports. in the order in B is accompanied by a decrease in the or-
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Table 6
The selectivity as a function of partial pressures ef D
Catalyst Pcp(bar)  Pp, (bar) o-pt(D1)  dio-n? (D2) 7-n2 (D2-D10)
Pt/ (%, £1) (%, £1) Selectivity (%,+£1)  No. rotations £0.5)  di-o-n1 (D6-D10) (%,£1)
SiO, [big] 0.023 0.34 24.3 34 72 125 18.1
0.43 25.4 3.6 9 129 16.7
0.52 26.6 3.7 69 142 14.2
0.62 28.8 3.8 B 159 11.3
SiO, [small] 0.024 0.33 18.6 25 8 129 20.8
0.42 19.8 2.8 A 134 17.7
0.51 20.2 2.7 A 132 17.0
0.55 21.0 2.9 ® 133 16.6
LTL [0.47, big] 0.024 0.35 28.3 4.3 67 94 154
0.41 30.3 4.6 62 94 12.8
0.49 32.0 4.7 63 102 11.6
0.55 32.7 5.3 6D 103 9.9
LTL [0.47, small] 0.022 0.32 22.2 3.9 B 89 18.8
0.43 224 3.9 73 95 17.9
0.54 22.7 4.2 73 9.8 16.9
0.65 231 3.8 73 102 15.7
EPYLTL [0.47, small]
0n. DPYLTL [0.82]
T HPYASA[11.3]
850 . o EIPt/A?A[Z.S]
o B Pt/SiO2 [small]
—
5
3
210

1 2 3 4 5 6 7 8 9 10
# D atoms

Fig. 5. The influence of the support in the exchange pattern.

der in CP from 0.69 (PASA [11.3]) to only 0.18 (PfLTL means that only about 20% results in acid sites. Only Al
[0.47, small]). In Fig. 4A, it is shown that increasing the CP atoms incorporated into the tetrahedral Sféamework will
partial pressure over catalyst/BTL [0.47, small] results  result in acid sites. The low number of acid sites makes it
in large changes in the selectivity. In contrast, the catalyst unlikely that two acid sites influence each other, and the acid
with the highest order in CRH0.87, catalyst PASIO; [big]) sites are locally (within the distance of a few atoms) similar
shows no effect of the CP partial pressure on the selectivity. for poth ASA supports. The main difference between those
two ASA support materials is the number of acid sites, not
the intrinsic acidity of the site.

The LTL zeolites have a &Al ratio of 3.0 [29]. Based
upon the crystallographic formula of LTL (gH20)21]
[Al gSi>7072]), the number of Brgnsted acid sites in the LTL

On order to understand the effect of support acidity, it is With @ K/Al = 0.47is 1.76 mmolg. In the case of the LTL
important to clearly understand the acidities of the support [0-82], thisis 0.57 mmalg. The LTL zeolites with KAl > 1
that are used in this study. have no Brgnsted acid sites, and after calcination at elevated
The number of acid sites of the two amorphous, meso- temperatures, the excess K is probably present as KOH or
porous SiG—Al,03 (ASA) supports was determined with K20. Increased amounts of K result in a more basic support,
the combination of thermographic analysis and temperature-With an increased electron richness on the support oxygen
programmed desorption of isopropylammine [28]. The num- atoms [30-32].
ber of Brgnsted acid sites was 1.20 (ASA [2.5]) and  The number of Brgnsted acidic sites is similar for the
0.28 mmojg (ASA [11.3]). Based upon the Bl ratio, this ASA and LTL [K/Al < 1.0] supports. However, the Pt parti-

4. Discussion

4.1. The acidity of the support materials
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cles are influenced rather by the electron richness of the sup-on the HRTEM pictures taken only a small amount of parti-
port oxygen than by the number of Brgnsted acid sites [12], cles was visible. In other words, with HRTEM the smallest
as has been shown earlier [9,10]. In the covalent zeolite particles, which make up the majority of all Ptin thg RBA
framework, the electron richness on the oxygen atom is catalyst, are invisible. The relation between particle sizes as
much lower than on a support like ASA [31,33,34]. In that determined with HRTEM, K chemisorption, and EXAFS
sense, a zeolite is much more acidic. was extensively described by de Graaf et al. [35].

SiO is a neutral material, and has no acid sites. TheSiO
used was highly amorphous and contains a high surface area. ) )

A hydrotalcite is regarded as a very basic support. It con- 4-3. Particle-size effects
sists of platelets in a brucite structure, with fgions octa-
hedrally coordinated by O atoms. Part of theMdons are 4.3.1. Activity asa function of metal particle size
isomorphically exchanged for At ions, creating a positive
charge on the framework. Between the platelets, this pOSitivevation energy for the D exchange is significantly higher

pharge is compensated with gOor OH™ ions. Thg O,H . (Table 3). This is observed with both support materials ¢SiO
ions located at the edge of the platelets are active in basmand LTL [0.47]). However, with both support materials, the
catalysis. Also Pt parti.cles are located at the edges of therqr L 75¢ is of the sam’e magnitude, irrespective of’par-
platelets, near the OHions, and they experience the sup- ticle size. At first sight, this seems contraintuitive as the

port material as basic. apparent activation energy is approximately 15-20% higher
When all the noted support materials are compared, and if PP . gyls app y . 9
for the smaller particles. However, as can be seen in Table 3,

the electron richness of the support oxygen atoms is taken as

a measure of acidity, then the acidity for the applied support th|§ Increase n activation energy was compensated for by
materials increases in the order HT LTL [1.53] < LTL an increase in the pre-exponential factor. This suggests that

[1.04] < SiO; < ASA [11.4] = ASA [2.5] < LTL [0.82] < a compensation effect is present, as will be discussed later
LTL [0.47]. [23,24].

For larger supported metal particles, the apparent acti-

4.2. Final metal particle sizes 4.3.2. Selectivity asa function of metal particle size
Fig. 3 (experiments) and Table 4 (results of Monte-Carlo
For the SiQ support material, two different particle sizes  gnalysis) give the selectivities in the/B exchange of CP
were obtained. All techniques used reveal a smaller final ity the same two support materials. On the SEpport,
metal particle size for the ion-exchanged catalysts comparedine presence of larger particles leads to slightly decreased
to the impregnated catalyst. This is probably caused by anounts of ther-n! intermediate, the di-n2 intermedi-

better anchoring of the Pt complex during ion exchange ;e is unaffected, whereas the total contribution ofrthe?
than during impregnation. HRTEM,ij—themlsorptlon, a“?' intermediate is slightly increased. In contrast to the latter,
EXAFS showed somewhat contradl_ctory result_s for the ion- the average number of rotations of the? intermediate is
exchanged catalyst (Table 2). The higlaihi/ Pt ratio of 1.26 insensitive to the particle size of the catalyst. Apparently,

is in contrast with the diameter (1.2 nm) as revealed by : 2 o .
o the formation of ther-n< intermediate is structure sensi-

HRTEM and Pt—Pt coordination number of 6.9. The latter . 5. .
tive, but once ther-»< is formed it can rotate freely. On the

two are in perfect agreement; n spherical particl . .
/o are In pertect agreeme ; based upo shherical pa Ceﬁ_TL [0.47] support, larger particles do not affect the relative
with a diameter of 1.2 nm an average coordination number - 1 o+ 2 5. .
contributions of ther-n+, di-o-n<, andx-n* intermediates.

of 7.0 would be expected (see, e.g., Ref. [35]). The origin of o L the infl £ th icle si th lati
the discrepancy with pichemisorption is unclear. verat, he Infiuence of he particie size on these refative
contributions is minimal for both supports.

The particle sizes for both P$IO, catalysts are higher ) : X
than for the other catalysts. The larger particle size for the The particle-size effect s for both supports the largest for

Pt/SiO; catalysts illustrates that it is very difficult to achieve thle. selectivity toward the rollover mechanism (via thereli-
highly dispersed metal particles on an inert support mater- 1~ intermediate, Fig. 1D), which is strongly increased with
ial. When no interaction between the support and the metal the larger particles. Hence, also the rollover mechanism is a
particles is present, the support material loses its primary clearly structure-sensitive reaction. It is facilitated by large
function: to keep the metal particles highly dispersed. particles, and probably an ensemble of catalytically active,
The PYLTL [*.**], Pt/LTL [0.47, small], PYASA and empty sites is needed for the formation of thexdis! inter-
Pt/HT catalysts all have highly dispersed Pt particles. Based mediate.
on the Hota)/Pt and Nppy results, the average particle size  If the PYSIiO; [big] is compared with LTL [0.47, big],
for all these catalysts was estimated<al. nm. The parti-  then the particles are the largest on the LTL [0.47] support,
cle size for the PIASA catalyst as revealed with HRTEM  but the rollover mechanism is much more important on the
(1.5 nm) seems in contradiction with the other techniques. Pt/SiO, support. Probably, the freedom of the CP is limited
However, it must to be noted that with HRTEM the lower de- within the constraints of the pores in the LTL zeolite and
tection limit for PYASA is approximately 8-10 A, and that  rolling over is sterically hindered.
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4.3.3. Ordersin CP and D, as a function of metal particle production of CP. Moreover, a desorption of g£i#as ob-
size served when these basic catalysts were heated to High

The orders in CP and Dfor H/D exchange over the temperatures. These observations suggest an immediate de-
Pt/LTL [0.47] and P{SiO, [**] catalysts are given in Ta-  activation of the basic catalysts due to coking. This indicates
ble 3. For both supports, the order i Decreased (it was  that the CP molecule is strongly bonded on the Pt particles
more negative) and the order in CP increased when a catalyssupported by a basic material, and it does not desorb any-
with a larger particle size was used. When these observationsnore.
are correlated to Eq. (2) for the reaction rate, the lower order ~ The activation energies for the remaining acidic and neu-
in D7 indicates that for larger particles the ratty/K1 is tral catalysts show a continuous decline for the apparent acti-
increased for larger particles. In other words, for larger par- vation energies in the order RiTL [0.47, small]> Pt/LTL
ticles the surface of the Pt particles is mainly covered with [0.47, big]> Pt/LTL [0.82] > Pt/ASA ~ Pt/SiO; [small] ~
(atomic) D», whereas for smaller particles, the surface con- Pt/SiO; [big]. The pre-exponential factor increases in the
tains more adsorbed CP. Although the particles were largestopposite direction. These observations indicate an apparent
in the case of the PLTL [0.47, big] catalyst, the order in  compensation effect, as will be discussed later.
CP was the highest for the /8iO, [big] catalyst. Clearly,
the orders also depend on the support material. 4.4.2. Selectivity as a function of support

In general, a high order in CP (e.g¢-0.87, as was found As is shown in Fig. 5 (experiments) and Table 4 (Monte-
in the case of the PSIO; [big] catalyst) indicates that the  Carlo analysis), a general trend is that Pt catalysts with sup-
surface contains on average a very low concentration of CP:ports of higher acidity lead to a higher contribution of the
by doubling the amount of CP molecules in the gas phase,o-nt (D1) and die-5? (D2) intermediates. As the ASA and
the surface concentration is doubled. This can only occur if LTL supports have similar metal particle sizes, this cannot
during the adsorption process the CP molecule does not enbe explained by particle-size effects. Apparently, acidic sup-
counter another CP molecule which is already adsorbed. Theports enhance the ability of Pt to form-bonded species,
surface is virtually covered with atomic D (indicated by the whereasr bonded species are preferred for Pt on neutral,
order in D of —0.82 for PY/SiO; [big]), and the surface con-  and probably also on basic, support materials. The latter is
centration of D is unaffected by the CP partial pressure. The not only apparent from the increased selectivity toward D2—
low surface concentration of CP also explains the observa-D10, but also from an increased number of exchange steps
tion that the exchange pattern of CP is unaffected &yfBr (or rotations) ther-5? intermediate experiences. This in-
this PYSiO, [big] catalyst: the surface contains only a small creased number of exchange steps indicates that both the
amount of CP and adsorbed CP molecules do not influencer-n2 and the allylic intermediates adsorb strongly on the
each other due to mutual (lateral) interactions. surface of Pt particles that are supported on neutral supports,

However, decreased orders in CP and increased (less negand remain longer on this surface.
ative) orders in B are found for smaller particles (e.g., when
Pt/SiOy [big] and PYSiO, [small] or both PLLTL [0.47] 4.4.3. Ordersin CP and D> as a function of support
catalysts are compared). When these orders are translated to As is shown in Table 3, the order in CP decreases from
the rate expression Eq. (2), it indicates that the r&g K, +0.87to+0.18 going from Pt particles with neutral to acidic
is decreased, and the surface contains more CP. A high sursupports. This is accompanied by an increase in the order in
face coverage of CP can result in lateral interactions which D2 from —0.82 to—0.32. In general, a low, positive order in
influences the selectivity pattern. These lateral interactionsa reactant indicates that the surface concentration of the reac-
can consist of long-range electronic interactions or of steric tant on the catalytic surface is relatively high. The low order
interactions between two adjacent, adsorbed CP moleculesin CP, in combination with the decreased inhibition by D
Therefore, it is to be expected that a relatively low order in for H/D exchange of CP over Pt with the most acidic sup-
CP is accompanied by an increased amount of lateral inter-port (catalyst PALTL [0.47, small]), shows that—compared
actions by increasing the CP partial pressure, which inhibit to a Pt catalyst with a neutral support—the surface contains
mainly the structure sensitive reactions (rollover via the di- a relatively high concentration of CP and low concentration
o-nt intermediate). This is indeed observed in Fig. 4A and of D.

Table 5. The surface concentrations are related to the bond en-
ergy of D and CP on the Pt surface, and apparently the ratio
4.4, Support effects Ecp-py Ep—ptis higher for Pt on the acidic support materials
than it is for the neutral supports. It was shown earlier [19]
4.4.1. Activity as a function of support (see also Table 6) that the rotation of they? intermediate
As is shown in Table 3, the TOF at 7€ is several or- is facilitated by an increased surface coverage of D. Also,

ders of in magnitude lower for the basic/BTL [1.53] and in agreement with this, the catalysts (BtO, [**]) which
Pt/HT catalysts compared to the acidic and neutral cata- have the lowest &_p{Ep_pt ratio and thus the highest sur-
lysts. In addition, the basic catalysts showed a consumptionface coverage of D also have the highest number of average
of Dy in the initial stages of the HD exchange without a  rotations petr-52 intermediate (Table 4).
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Fig. 6. A constable plot for the HD exchange. The estimated errors are ap- _ . )
proximately=+2 k/mol for Eactappand=0.5 for In Aapp. Fig. 7. A series of extrgpolated Arrhgnlqs plots for the HD exchange of
) cyclopentane, intersecting &t the isokinetic temperature.

4.5. Compensation phenomena by the Temkin equation [23,37],

When the Arrhenius parametefpp and InAapp Of @ R— Aap&—AEapp/RT’ (4)
variety of catalysts obey the Constable—Cremer isokinetic
relation [23,24,36], where
+
In Aapp=m Eapp+ ¢, (3) Eapp= AHjpyinsic + @A Hadsp + BA Hadscp, (5)

then an increase iffapp is compensated by an increase in and

In Agpp This is called the compensation effect. In Fig. 6, — p pP (AST+aASagsp+BASadsce)/ R (6)

a Constable plot for all catalysts is shown. The observa- = 2P~ " D27 CP

tion that all Arrhenius parameters for all catalysts obey the whereR the reaction rate per Pt surface site (TQ, the
Constable—Cremer relation indeed suggests that compensaintrinsic rate constant of the reaction over the catalyst;
tion behavior is present. According to the standards set bythe observed order in deuterium, which was negative in all
Bond et al. [23] the range iffapp should ideally be at least ~ cases; ang, the observed order in CP, which is positive.
50% of the smalles¥app measure, which is close to our Thus, changes in the pre-exponential factapp repre-
35%. sent mainly changes in the adsorption entropy and in the

If Eappand InAappindeed obey to the Constable—Cremer order of the reactants, and changeg&ip,reflect changes in
relation, then there must be an isokinetic relation between all the adsorption enthalpy and the order of the reactants. The
catalysts. At the isokinetic temperature, the activities for all observed obedience to the linearity of Constable—Cremer re-
catalysts are the same. However, it is very difficult to estab- lation [Eq. (3)] indicates thahS andA H are correlated. In
lish this isokinetic relation with statistical certainty. There- otherwords, stronger adsorbed species have a higher adsorp-
fore, a second, more reliable way to establish the presencdion enthalpy, but they also have less degrees of freedom and
of an isokinetic behavior is to plot all activity plots in one thus a lower entropy. The phenomenon th&tandA H are
graph, and to check if there is an isokinetic temperaftire  linearly correlated is known as “Linear Free-Energy Rela-
where all activity plots intersect. Since the parameters in tions,” (LFER) [38].
such a plot (X7 and InTOF) are measured independently, The adsorption enthalpy has a large influence on the reac-
it is statistically more reliable than a Constable plot. Such tion order, as can be seen in Eqg. (5): if the adsorption energy
a plot is constructed in Fig. 7. All Arrhenius plots for the of a reactant is high, the surface coverage will be high and
different catalysts appear to intersect, approximately aroundnearly independent of temperature or pressure, which leads
T; =90-100C°C. to a low order of this reactant.

Both the Constable plot (Fig. 6) and the intersecting Ar- Thus, it is very likely that different chemisorption
rhenius plots (Fig. 7) strongly suggests that indeed an isoki- strengths of the reactants on the catalyst’s surface are the ori-
netic relation (IKR) betweem app and Eapp exists. The er-  gin of the observed isokinetic relationship. In the previous
rors in the determination of these Arrhenius plots and its paper [19], it was shown that the activity and selectivity are
derived variables prevent the establishment of this IKR with independent of each other: the selectivity is only determined
absolute certainty. According to Bond et al. [23], an IKR is after the rate-determining step. The rate-determining step is
most likely caused by changes in the surface coverage of thethe dissociation of molecularly adsorbed CP intd' H{nd
reactants, and the true activation energy is unaffected. TheCsHo(*), leading to ther-n* intermediate, and the following
relation of the chemisorption of reactants (and inhibitors) steps include the formation of the other possible intermedi-
with the activation energy and reaction rate is basically given ates liker -n? (see the energy scheme in Fig. 8). This means
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\ R and the die-»? intermediate, and a lower contribution of

e 14 + A thex-n2 intermediate. Remarkably, even though no relation
!
[

app true

between the activity and selectivity was observed, there is
Py a clear correlation betweehapp and the selectivity. This
\ o clearly illustrates that the metal-support interaction has a
'-', \ * ;o dramatic influence on the Pt particles and on the chemisorp-
tion of reactants on this Pt. Chemisorption of reactants on
I ¥ R the Pt surface involves the donation and sharing of elec-
1 [ » trons between the Pt particles and the reactants. Therefore,
\ A changes in the chemisorption must be caused by changes in
the electronic properties of either the Pt particles or the reac-
tants. Since the reactants are always the same molecules, the
CoHyo () CsHy () CsHg () C4H;D, (%) changes in the chemisorption strengths must be caused by
o' 2 2 changes in the electronic properties of the supported Pt par-
ticles. This is discussed in more detail in an other paper [39].
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Fig. 8. The energy scheme for thg Bl exchange of CP. The apparent acti-
vation energyEapp is influenced by the bonding properties of CP. If CP is
bonded strongly on the Pt surface (represented by the dashed—dotted lines),

the Eappis small even though the true activation energy is unaffected. 5. Conclusions

35 4.0 45 5.0 55 6.0 [ dion? (D2)

The influence of the support on the catalytic properties
of supported Pt particles was investigated via a test reac-
tion: the H/D exchange of cyclopentane. The acidity of
the support largely influences the activity and selectivity of
supported Pt particles in the/B exchange of cyclopen-
tane. The activities for the different catalysts show an iso-
kinetic relation (IKR): the Arrhenius parametefsp, and

E, (kJ/mol)
(]
[$,]
}

(2]
o
T

55 |- ‘ . E app Show a compensation, and at the isokinetic tempera-
o5 30 35 O o (1) ture of ~ 100°C all catalysts show similar activities. This
60 65 70 A - (D2-D10) IKR is caused by variations in the adsorption strengths of
Selectivity (%) the reactants CP and:@n the Pt surface. The resulting ra-
tios of the surface coverages CPD(*) are high for acidic
Fig. 9. The relation betweeBappand the exchange via tlaenl intermedi- Supports and low for neutral and basic Supportsl as is ap-

ate (leading to D1, circles and dashed—dotted line), thed?—intermediate
(D2, triangles and dotted line), and ti'neqzintermediate (D2-D10, squares
and solid line).

parent from the observed reaction orders. The variations in
the chemisorption strengths of CP on the Pt are also appar-
ent from changes in selectivity. On Pt with acidic supports,

, ) the formation of thes-bondedn!-cyclopentyl intermedi-
that the compensation effect is only correlated to the adsorp- 5¢q is favored, whereas with neutral and basic supports the

tion strength of molecularly adsorbed intermediate and theformation of arx-bondeds?-cyclopentene intermediate is

nli i i i - . . .
on |nter|r|neg|ateb, adn_d not nedc_essarlly to the a}dsro]rptlon enf preferred. When particle-size effects are eliminated, the ap-
ergies ofall adsorbed intermediates. However, in the case of ., ent activation energyap, directly correlates with the

]((:atalyst with S|m|.Ia_r plgkru::Ie s 'Ze.? n con&bmatl_o n with dd'f.' selectivity. This is caused by support-acidity induced differ-
erent supports, it is likely that if one adsorption mode is o< in the electronic properties of the Pt.

influenced by the acidity of the support, the other adsorption
modes also are influenced in a similar manner by the support
and that some trend between selectivity @&hgpshould ex-

ist. If the particle sizes vary, other effects like the number of References
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