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Microcalorimetric, reaction kinetics and DFT studies
of Pt—Zn/X-zeolite for isobutane dehydrogenation
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Microcalorimetric measurements of the adsorption efathd GH4 were carried out at 300 K on a Pt—Zn/X-zeolite catalyst (Pt:Zn
atomic ratio equal to 1 :1). The initial heats of lind GH,4 adsorption were equal to 75 and 122 kJ/mol, respectively, and these values are
weaker than the values of 90 and 155 kJ/mol typically observed for supported Pt catalysts. Reaction kinetics measurements for isobutane
dehydrogenation over the Pt—Zn/X-zeolite catalyst were carried out at temperatures from 673 to 773 K, at isobutane pressures from 0.01 to
0.04 atm, and at hydrogen pressures from 0.1 to 0.7 atm. The catalyst shows high activity and selectivity for dehydrogenation of isobutane
to isobutylene. The reaction kinetics can be described with a Horiuti—Polanyi reaction scheme. DFT calculations were carried out for the
adsorption of ethylene on slabs of Pt(111)3A1(111) and PtZn(011). Results from these calculations indicate that addition of Zn to Pt
weakens the binding energiesofbonded ethylene, di-bonded ethylene, and ethylidyne species on atop, bridged, and three-fold Pt sites,
respectively. These effects are most significant for the bonding of ethylidyne species, and they are least signitidamded ethylene
species. Results from DFT calculations for the adsorption of formaldehyde show that addition of Zn to Pt weakenaskbedig at
Pt-Pt sites; however, this weakening effect of Zn on formaldehyde adsorption is less significant than the effect on ethylene adsorption.
Moreover, the preferred location for adsorption of formaldehyde on PtZn(011) is a Pt—Zn site, whereas the preferred location for adsorption
of ethylene is a Pt—Pt site. Thus, formaldehyde is adsorbed more strongly by 53 kJ/mol on PtZn(011) comparedtatsagition of
ethylene, whereas formaldehyde and ethylene adsorb in thdaims with comparable energies on Pt(111). This preferred adsorption of
formaldehyde compared to ethylene on PtZn(011) may be at least partially responsible for the enhanced selectivity of Pt—Zn-based catalysts
for hydrogenation of €0 groups compared to=6C bonds inx,8-unsaturated aldehydes.
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1. Introduction The addition of tin to Pt supported on Zn&), has been
used to improve the activity and selectivity in isobutane de-
The addition of Zn to supported platinum catalysts iBydrogenation [33,34]. In this context, it has been reported
currently used to control the selectivity of various catalytithat Pt/ZnO catalysts can achieve 99% selectivity at 45%
processes. For example, the addition of Zn to P@AI conversion in the dehydrogenation of isobutane to isobuty-
catalysts promotes the selective reduction of NO [1] arléne at 723 K [35].
improves the resistance of these systems in waste gas treatAnother interesting class of reactions for which platinum
ment processes [2]. Catalysts based on Pt—Zn supportedcétlysts modified with tin or zinc have shown good applica-
ZSM-5 are effective for the conversion of propane to ardlity is the selective hydrogenation efg-unsaturated alde-
matic hydrocarbons [3], and Pt-Zn supported in L-zeolite fiydes [36]. The hydrogenation of these compounds can lead
used for the selective dehydrogenation of alkanes [4]. Als®, the saturated aldehyde through the hydrogenation of the
mordenite-supported Pt-Zn catalysts are used for dehydfe=C bond, to the unsaturated alcohol by hydrogenation of
isomerization ofi-butane to isobutane [5]. the C=0 group, or to the saturated alcohol if total hydro-
Platinum—-tin-based catalysts are also widely used g,gnati_on takes plac_e: The production of thg unsaturated al-
alkane dehydrogenation processes [6]. For example, alufghol is generally difficult, since hydrogenation of theC
na-supported Pt-Sn catalysts have been used for the deffpup is favored thermodynamically and kinetically [37].
drogenation ofi-decane [7], isobutane [8—11kbutane [12, Silica-supported Pt-Sn is one of the mqst studied catalytic
13] and propane [8,14-19]. The use of silica-supportéé{StemS for such selective hydrogenation processes. For
Pt-Sn catalysts for the selective dehydrogenation of isolftk@mMple, Pt=Sn catalysts have been used for the gas-phase
tane has also been reported [8,9,20-32]. Additional studid¥drogenation of acrolein [38,39], hydrogenation of cro-
suggest that Pt-Sn/L-zeolite and Pt-Sn/K-L-zeolite catalydf1aldehyde in either the vapor phase [38,40-43] or lig-
exhibit high activity and selectivity for isobutane dehydrolid Phase [40,41,44,45], and liquid-phase hydrogenation of

genation and high resistance to deactivation [22’23’28'3%'_methylcrotonaldehyde, methacrolein and methy| vin_yl ke-
tone [38]. In a study of the vapor-phase hydrogenation of

* To whom correspondence should be addressed. crotonaldehyde over Pt—Sn catalysts supported on activated
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carbon, Colomat al. [46,47] have shown that the catalyticport. The surface area of the zeolite was 52&grand
activity and selectivity depended on the Pt/Sn atomic ratthe pore volume was 0.25 &fg. The 13X-zeolite was
and on the preparation method used, which determined tbaded with Zn by ion-exchange, using an aqueous solution
surface chemical composition of the catalysts and the extefitZn(NOz),-6H,0 (Aldrich). A ratio of 10 cn? of impreg-
of tin reduction, with the possible formation of Pt—Sn alloyating solution per gram of support was used. The exchange
phases. It appears that Zn may have similar effects as 6ok place during 24 h at room temperature and under con-
for the modification of Pt catalysts in selective hydrogenainuous agitation. The zeolite was dried overnight at 393 K
tion processes. Specifically, Consoehal. [48] suggested and treated in air for 4 h at 673 K. The Zn/X-zeolite sam-
the use of Pt/ZnO catalysts for the selective vapor-phase e was then impregnated with Pt by evaporative impregna-
drogenation of crotonaldehyde, where selectivity to crotyion using an aqueous solution obPtClk-6H,0 (Aldrich)
alcohol (the unsaturated alcohol) increased with the extemith a ratio of 10 cm of impregnating solution per gram of
of Pt—-Zn alloy formation. support. The excess solvent was removed at 333 K by flow-
In general, the selective dehydrogenation of alkanes ovrg nitrogen through the suspension, and the remaining solid
modified Pt catalysts is achieved by the suppression of isgas dried overnight at 393 K. The resulting Pt—Zn/X-zeolite
merization and hydrogenolysis, whereas the selective hydeatalyst contained 0.69 wt% Pt and 0.23 wt% Zn (analyzed
genation ofx,-unsaturated aldehydes involves the prefeby Galbraith Laboratories), corresponding to an atomic ratio
ential hydrogenation of a €0 group over a &C group of Pt: Zn equalto 1:1. The Pt—Zn/X-zeolite catalyst was re-
in the same molecule. The addition to Pt of such promaduced at 773 K in flowing hydrogen for 10 h prior to further
ers as Sn leads to the formation of Pt—-Sn alloy particlesudies.
which reduces the size of surface Pt ensembles and inhibits
the formation of highly dehydrogenated surface species 82, Microcalorimetry
quired for isomerization, hydrogenolysis and coking reac-
tions [16,20,26,32]. Moreover, the addition of promoters Microcalorimetric measurements were performed at room
presumably alters the relative accessibility and chemiag@imperature using a Setaram BT2.15D heat-flux calorime-
bond strengths of the©C and G=0 groups to the active ter. Details of the procedures for microcalorimetric meas-
species on the catalyst surface [38,49]. urements can be found elsewhere [57,58]. In short, each
Several studies have been conducted to characterize gagnple was treated first in flowing hydrogen at 773 K, fol-
properties of Pt and Pt-Sn catalysts in terms of structuegved by treatment in flowing helium for 2 h. Both gases
and adsorption behavior [50-55]. Also, modification ofvere of ultrahigh purity. The sample was then sealed in
the chemical properties of Pt by Zn has been studied @nPyrex capsule, and the capsule was loaded into a set of
Zn/Pt(111) surface alloys [56]. It is thus appropriate to congalorimetric cells [58]. After the sample has reached thermal
pare the catalytic performance of supported Pt-Zn catalygiuilibrium with the calorimeter, the capsule was broken and
with respect to supported Pt-Sn catalysts. Such a compaiicrocalorimetric measurements were taken by sequentially
ison would provide information about possible differenceftroducing small dosescd. 1 wmol) of probe molecules
in the effects caused by the addition of these promotersdgto the sample. The heat signal was recorded as a function
Pt, and it would help to address the potential of materiad time, and this signal was integrated to obtain the energy
based on Pt-Zn for the selective dehydrogenation of alkangfeased per dose. Volumetric measurements were made to
and for the selective hydrogenation of unsaturated aldelyetermine the amount of gas adsorbed during the dose, using
des. Accordingly, a Pt-Zn/X-zeolite catalyst has been syfhe dosing pressure, equilibrium pressure, system volumes,
thesized and studied for isobutane dehydrogenation. In agq temperature.
dition, microcalorimetric studies of the adsorption of hydro- The maximum apparent leak rate of the calorimetric cells
gen and ethylene were conducted to determine the numbeéﬁfj the gas hand"ng System, measured by a Baratron capac-
surface sites and to probe the interaction of these molecujgg ce manometer{0.5 x 10~% Torr), was 10 Torr/min
with the surface sites. Density functional theory (DFT) calp 5 system volume of~70 cn? (i.e, 1076 umol/min).
culations were also carried out to investigate the electronjge contamination over a typical run- h) is less than

effects of adding Zn on Pt, using ethylene and formaldehydg-3 |, mol, which is low compared with the total uptake
as probe molecules to study their interactions with Pt(11%¢ sample ¢a. 1.5mol).

Pt3Zn(111) and PtZn(011) surfaces. These effects of adding
Znto F_’t will then be compared to previously reported effectsy |goputane dehydrogenation reaction kinetics studies
of adding Sn to Pt.

Reaction kinetics studies of isobutane dehydrogenation
on the Pt-Zn/X-zeolite catalyst were carried out using a
stainless-steel apparatus and a quartz, down-flow reactor op-
2.1. Catalyst preparation erating at atmospheric pressure. The Pt-Zn/X-zeolite cat-

alyst was mixed with zeolite at a dilution ratio equal to

The Pt—-Zn/X-zeolite catalyst was prepared by sequentiE3.5. All experiments were conducted using approximately
addition of Zn and Pt, using a 13X-zeolite (Aldrich) sup100 mg of the catalyst mixture at a total gas flow rate of

2. Experimental
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276 cn¥(NTP)/min. Prior to the collection of reaction kinet-
ics data, the catalyst was reduced with hydrogen at 773
for 10 h and then cooled to the reaction temperature. Tt
feed to the reactor consisted of controlled molar ratios ¢
hydrogen (Liquid Carbonic) and isobutane (AGA, 99.5%)
Helium was employed as a carrier gas and it was purified
flowing through activated molecular sieves at 77 K. Hydro- (a) (b)

gen was purified by flowing through a Deoxo Unit (Engel-

hard), followed by a bed of molecular sieves at 77 K. Isobu- ~ Figure 1. Models of (a) BZn(111) and (b) PtZn(011) slabs.
tane was useq WIFhOUt fu_rther pur|f|cat_|on. The equilibrium lattice constant determined from DFT

Reaction kinetics studies were carried out at a total pres-

lculations for Pt is 4.00 A [59]. The calculated equilib-
sure of 1 atm and at temperatures of 673, 723 and 773 ?i?jm lattice constant for BZn is 3.96 A, and the experimen-

The effect of the isobutane pressure was determined at Pl value is 3.89 A [60]. The equilibrium lattice constant of

stant hydrogen initial pressure of 0.1 atm by varying tht‘?é? tetragonal PtZn unit cell was determined by fixing the

isobutane feed level between 0.01 an_d 0.04 atm. The_ eﬁ% lal ratioc/a at the experimental value (1.223), and then
of the hydrogen pressure was determined from experlmerrlrfs

. . . inimizing the electronic energy by varying the lattice con-
in which the hygrogen f_eed Ie\{el was varied between 0 ant. The calculated value of the lattice constant is 2.89 A,
and 0.7 atm, while keeping the isobutane feed level at 0.

. d the corresponding experimental value is 2.86 A [61].
0.02 and 0.04 atm. The inlet and effluent gas streams fromDFT calculations were performed using the Dacapo pro-

the reactor were analyzed by a HP 5890 gas chomatogr lt&m, developed at the Danish Technical University [62].

. . EPprine 0
g?]wpped Wgrl;AaV{IIamle |0n|23at|o|n de’:]ector. A 12?’ squale 1% all calculations, ultrasoft pseudopotentials [63] are used
romosor column (3 m length) was used for gas S describe ionic cores, and the Kohn—Sham one-electron

aration and i_t was operate_d isoth_ermally at 303 K. valence states are expanded in a basis of plane waves with
The fractional conversion of isobutane to isobutene qeic energies below 25 Ry. The exchange—correlation en-
the Pt—Zn/zeolite catalyst was maintained lower than 45%9 gy and potential are described by generalized gradient ap-

th_e expected equilib_ri_um conversion._For example, at 673ﬁ$oximation (PW-91) [64,65]. We have used the non-spin
with & feed composition of 0.01 atm isobutane and 0.7 alify|arized version of the exchange—correlation functional.

hydrogen, the expected equilibrium conversion was 0.99%¢ 5 rface Brillouin zone is sampled at 18 special k-points.
and the observed isobutane conversion was 0.45%. Simi-

larly, at 773 K with a feed composition of 0.04 atm isobu-

tane and 0.1 atm hydrogen, the expected equilibrium com- Results and discussion

version was 50.1%, and the observed isobutane conversion

was 8.3%. The isobutane dehydrogenation selectivity wad. Microcalorimetry

100% at the lower conversion levels of this study and higher

than 95% at the higher conversion level. Experiments on the Figure 2 shows a plot of differential heat versus adsorbate
X-zeolite support prior to addition of Pt and Zn indicateg¢overage for hydrogen adsorption on the Pt-Zn/X-zeolite
that the blank support did not lead to measurable conversiegialyst. The initial heat was 75 kJ/mol, which is compa-
of isobutane under the conditions of the present study.  rable with the values of 85 kJ/mol on a 3Pt/Sn/5icata-
lyst and 65 kJ/mol on Pt/2Sn/SiOhowever, this value of
75 kJd/mol is lower than the value of 94 kJ/mol on a Pt/5iO

2.4. DFT calculations
140 +

Self-consistent, gradient-corrected, DFT calculations we- o
re carried out to investigate the electronic effects of adding = | O
zinc to Pt for the adsorption ofl4, CH,O and H atoms. In
this study, we used three layer slabs of Pt(1113ZR{111)
and PtZn(011), periodically repeated in a super cell geom-
etry with four equivalent layers of vacuum between succes-
sive metal slabs. AR2 unit cell was used in all calculations,
corresponding to M monolayer coverage. The structures of |
the Pt(111) and BEn(111) slabs are shown in figure 1(a) 20 + OO
(for Pt3Zn, the black atom represents Zn), and the geometry
of the PtZn(011) slab is shown in figure 1(b). Adsorption oc-
curs on one side of the slab to avoid errors originating from
the interactions of adsorbates through the slab. In all cases,
the top layer and the adsorbate species were allowed to relayyre 2. Differential heatersus adsorbate coverage for+adsorption ¢)
while the bottom two layers are fixed at their bulk positiongnd GH, adsorption(J) on 0.69 wt% Pt/0.23 wt% Zn/X-zeolite at 300 K.
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catalyst with similar loading (1.2 wt%) [51]. The saturation
uptake of hydrogen was 2,1mol/g, which is smaller than
the theoretical uptake of approximately Z&ol/g, assum-

ing 100% dispersion of Pt. As shown below in this paper,
results from DFT calculations indicate that the heats of hy-
drogen adsorption on atop and bridge sites of Pt(111) are
—87 and —83 kJ/mol, respectively. The corresponding values
for the heats of hydrogen adsorption on atop and bridge sites
of PtZn(011) are —61 and 76 kJ/mol, respectively. There-
fore, the low uptake of hydrogen on the Pt—Zn/X-zeolite cat-
alyst is most likely caused either by significant enrichment
of the surface with Zn, or by inhibition of the rate of hydro- .1
gen dissociation upon addition of Zn to Pt. In this latter re- -
spect, a similar large inhibition of hydrogen adsorption was
observed on Sn/Pt(111) surface alloys [66], on unsupported
Pt—Sn polycrystalline alloys [67] and on supported Pt—Sn al-
loy catalysts [68], and it was shown that the inhibition of H
adsorption on the Sn/Pt(111) surface alloy was caused by a

kinetic effect [66]' . Figure 3. Isobutylene TOF as a function of isobutane initial pressure
The results of ethylene adsorption on the Pt—Zn/Xgt (o) 673, (A) 723 and () 773 K. The kinetic data were collected at hy-
zeolite catalyst at room temperature are also shown in figregen initial pressure 0.1 atm. Solid lines correspond to predictions of the

ure 2. Ethylene adsorption on this catalyst gave an ini- kinetic model.
tial heat of 122 kJ/mol, which is comparable with the
value of 115 kJ/mol for a Pt/Sn/Sixatalyst with a Pt: Sn 8
atomic ratio of 1:1.5 and having a similar Pt loading
(1.2 wt%) [20]. Initial heats of ethylene adsorption on
3Pt/Sn/SiQ and Pt/2Sn/Si@catalysts were measured to be
129 and 94 kJ/mol, respectively [51]. In general, the dis- E‘E
sociative adsorption of ethylene on Pt to give ethylidyne &=
species and adsorbed atomic hydrogen leads to a heat of af &=
proximately 155 kJ/mol [20]; therefore, the lower heat of
122 kJ/mol measured on the Pt—Zn/X-zeolite catalyst sug-
gests that most of the ethylene is adsorbed in the moleculal
state {.e., asr-adsorbed or diz-adsorbed ethylene species). "~ i+
Figure 2 also shows a plateau near 40 kJ/mol for ethyl-
ene adsorption on the Pt—Zn/X-zeolite catalyst. The isosteric s
heat of ethylene adsorption for X-zeolite has been measurec W)
to be 37 kJ/mol [69], which is the same value as determined ' ' ' '
for the desorption of ethylene from X-zeolite [70]. As shown 000125 00013 0.00135  0.0014  0.00145  0.0015
below in this paper, results from our DFT calculations indi- 1/T(K"
cate that the energy changes for adsorption of ethylene on
PtZn(011) to formr-bonded ethylene and di-bonded eth- Figure 4. Isobutylene TOF as a function of temperature at different isobu-

tane feed pressuren)(0.01, () 0.02 and [J) 0.04 atm. The kinetic data
ylene are both equal te41 kJ/mol. Therefore, the plateal’\/vere collected at hydrogen initial pressure 0.1 atm. Solid lines correspond

Isobutylene TOF (sec")

=

0.005 0.015 0.025 0.035 0.045

Isobutane Initial Pressure (atm)

Isobutylene TO

in figure 2 at~40 kJ/mol for the heat of ethylene adsorption to predictions of the kinetic model.
is likely to be caused from adsorption on both the PtZn alloy
and the X-zeolite support. ied between 0.01 and 0.04 atm. The kinetic orders of isobu-

tane dehydrogenation with respect to the isobutane pressure
3.2. Isobutane dehydrogenation reaction kinetics studies were 0.88, 0.76 and 0.80, for the experiments at 673, 723

and 773 K, respectively.

The rate of isobutane dehydrogenation was calculated asFigure 4 shows the effect of temperature on the TOF at

a turnover frequency (TOF) based on the saturation uptakebutane inlet pressures of 0.01, 0.02 and 0.04 atm, while
of Hy on the catalyst obtained from our calorimetric measkeeping the hydrogen pressure at 0.1 atm. The apparent ac-
urementsice., 4.2 umol of sites per gram). Figure 3 showsivation energies of isobutane dehydrogenation at these re-
the dependence of the TOF with respect to the inlet isobutaaetion conditions were 61.2, 72.7 and 76.4 kJ/mol, respec-
pressure at temperatures of 673, 723 and 773 K. These dately. The apparent activation energies are lower than the
were collected at a constant hydrogen pressure of 0.1 atmerall enthalpy change of the isobutane dehydrogenation
For each temperature, the inlet isobutane pressure was vagaction (122.5 kJ/mol at 723 K).
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Figure 5. Isobutylene TOF as a function of hydrogen initial pressure at

(o) 673 K and 0.01 atm of isobutane in the feed) 723 K and 0.02 atm of

isobutane in the feed andlj 773 K and 0.04 atm of isobutane in the feed.
Solid lines correspond to predictions of the kinetic model.

Figure 6. Side and top views for adsorption of faponded ethylene on

. atop site, (b) dis-bonded ethylene on bridge site and (c) ethylidyne species
Figure 5 shows the effect of the hydrogen pressure on the on three-fold site on BZn(111). Bond lengths are in angstroms.

TOF at various temperatures and isobutane feed pressures.
There different cases are shown: 0.01 atm of isobutane and
673 K, 0.02 atm of isobutane and 723 K, and 0.04 atm of
isobutane and 773 K. The kinetic orders of isobutane dehy-
drogenation with respect to hydrogen pressure wede36,
—0.55 and—-0.06, respectively.

Cortright and Dumesic [28] conducted kinetic studies of
isobutane dehydrogenation over a Pt—Sn/L-zeolite catalyst,
under the same temperature range and similar isobutane and
hydrogen pressures used in the present study. The kinetic
orders with respect to isobutane were 0.8, 0.8 and 0.9 at
673, 723 and 773 K, respectively. Our results are in close
agreement with these values. Similarly, the kinetic order
with respect to hydrogen at 673 K wa$).6 over the Pt—Sn/

L-zeolite catalyst, which is also in good agreement with the
results of the present study. Figure 7. Side and top views for adsorption of faponded ethylene on
atop site and (b) di=-bonded ethylene on bridge site on PtZn(011). Bond
lengths are in angstroms.

3.3. DFT calculations
Calculated energy changes for adsorption eHg on

Figure 6 shows the primary adsorbed configurations pt;zn(111) and PtZn(011) are listed in table 1. For com-
CoHs4 on PgZn(111). These species arebonded ethylene, parison, this table also shows calculated values of energy
di-o-bonded ethylene, and ethylidyne species, occurring @hanges for @H4 adsorption on Pt(111) and #8n(111)
atop, bridge, hcp-hollow and fcc-hollow three-fold sites, rg71,72]. The energy changes for formingbonded ethyl-
spectively. Figure 7 shows the geometriessfebonded and ene, die-bonded ethylene and ethylidyne species on Pt(111)
di-o-bonded ethylene on PtZn(011). We note that three-folote —73, —117 and—95 kJ/mol (hcp and fcc sites), respec-
sites for the adsorption of ethylidyne species are not preségly. The corresponding values ongPh(111) are—64,
on the PtZn(011) surface. Figure 8 shows the geometrie98, —99 (on hcp sites) ane-77 kJ/mol (on fcc sites), re-
for di-o-bonded formaldehyde on Pt(111)aPi(111) and spectively. Thereforex-bonded species and di-bonded
PtZn(011). The formation of di~bonded formaldehyde oc- ethylene species are bonded more weakly ofZtl11)
curs on bridge sites formed by two Pt atoms on Pt(111), atithn on Pt(111) by 9 and 19 kJ/mol, respectively. In con-
on bridge sites formed by two Pt atoms or a Pt atom anmst, 7-bonded species and ai-bonded ethylene species
an adjacent Zn atom on4Zn(111) and PtZn(011), with the are bonded more weakly by 21 and 31 kJ/mol, respectively,
oxygen atom oriented toward the Zn atom. on PgSn(111) compared to Pt(111). Thus the electronic ef-
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fect of Zn is not as strong as for Sn, though similar weak-
ening trends with respect to atop and bridge sites are ob-
served. Calculations on the PtZn(011) slab show that the
higher concentration of Zn lowers the energy changes for
forming 7-bonded and di-bonded ethylene to the same
value of—41 kJ/mol.

Bonding of ethylidyne species on fcc sites ofA1(111)
is weaker than on Pt(111) by 18 kJ/mol, whereas energy
changes for bonding these species on hcp sites are similar
on PgZn(111) and Pt(111). These results for the adsorption
of ethylidyne species on $4n(111) differ from results on
Pt3Sn(111), where significant weakening of the bonding at
three-fold sites is observedd., weaker bonding by 84 and
50 kJ/mol on hcp and fcc sites, respectively).

Selected bond lengths are shown in figures 6 and 7 for
various adsorbates on thesPh(111) and PtZn(011) slabs.
Lengths of C—Pt and C-C bonds for these adsorbates are
compared in table 2 with values calculated on Pt(111) and
P3Sn(111) slabs. For a given adsorbate, the C—Pt bond
becomes elongated as the interaction with surface becomes
weaker. The C—C bond lengths forétbonded ethylene on
PtZn(111) and P#Sn(111) are both 1.47 A, and the value
on PtZn(011)is 1.46 A; these values are slightly shorter than
the value of 1.48 A on Pt(111).

The energy changes for adsorption of formaldehyde to
form di-o-bonded species on Pt—Pt bridge sites of Pt(111),
Pt3Zn(111) and PtZn(011) arel22,—124 and-83 kJ/mol,
respectively. Thus, whereas addition of Zn to Pt weakens
the bonding of die-bonded ethylene species by 76 kJ/mol
on PtZn(011), the di=-bonded formaldehyde species are
weakened by only 39 kJ/mol. The energy changes for
adsorption of formaldehyde to form di-bonded species
on Pt-Zn sites of BZn(111) and PtZn(011) are 97 and
—94 kJ/mol. Accordingly, the Pt—Pt bridge sites are pre-
ferred by 27 kJ/mol for adsorption of formaldehyde on
PtZn(111), whereas the Pt-Zn bridge sites are preferred
by 11 kJ/mol on PtZn(011). Given that formaldehyde ad-
sorption is preferred on the Pt-Zn site of PtZzn(011), ad-
Figure 8. Side and top views for adsorption of formaldehyde on (a) brid jtion of Zn to Pt now weakens the bonding of -
site of Pt(111), (b) Pt—Pt bridge site org2h(111), (c) Pt-Zn bridge site on DONded formaldehyde species by only 27 kJ/mol compared
Pt3Zn(111), (d) Pt-Pt bridge site on PtZn(011), and (e) Pt-Zn bridge site Pt(111), which is significantly smaller than the extent of

on PtZn(011). Bond lengths are in angstroms. weakening for adsorption of di-bonded ethylene species
Table 1

Results from DFT calculations for changes in electronic energies (kJ/mol) for interaction of adsorbates
with Pt(111f, PZn(111), PtSn(111% and PtZn(011) slabs.

ReactioR Pt(111)  P§zZn(111)  P§Sn(111)  PtzZn(01l)
CoHg + * = *CoHy () -73 —64 -52 —-41
CoHa + * = *CyHy (di-o) -117 —98 -86 —41
CoHg + % = *CCHg (hep) + 3H, -95 -99 -11

CoHg + = *CCHg (fec) + $H2 —95 77 —45

CH0 + % = *CH,0 (Pt-Pt bridge sites) —122 —124 -83
CH50 + % = *xCH»0 (Pt-Zn bridge sites) -97 —-94

Hs 4 2% = 2«H (atop sites) —87¢ —61

Hy + 2% = 2xH (bridge sites) -83° —-76
aril.

b« denotes the metal surface.
crr2l.
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Table 2
Bond lengths (A) from DFT calculations for interaction opld, with
Pt(111f, PZn(111), P§Sn(111% and PtZn(011) slabs.

crocalorimetric measurements and DFT calculations to de-
scribe the surface chemistry in terms of a Horiuti—Polanyi
mechanism shown below [23,28]:

Bond Slab GHgy CoHy CCHgP
() (di-o) (ethylidyne) C4H10 + 2% — C4Hox + Hx Q)
Pt(111) 2.18 2.11 2.02 CaHo* + 2% — C4Hgssk + Hax ()
C-Pt PsZn(111) 2.18,2.22 2.14 2.03 CyHg#s — C4Hg + 2% 3)
PigSn(111) 2.21 2.15 2.05
PtZn(011) 2.23,2.24  2.16,2.18 H2 + 2% — 2Hx (4)
Pt(111 1.41 1.48 1.49 . i . .
c-C Pg;(n(ll)l) 141 147 14g  Thedissociative adsorption of isobutane has_b_een shov_vn fqr
P3Sn(111) 1.40 1.47 1.47 Pt—Sn-based catalysts to be the rate-determining step in this
PtZn(011) 1.41 1.46 mechanism [23]. Accordingly, we have assumed that steps
a7 (2)—(4) are quasi-equilibrated for the experimental condi-

tions of this study, and the following rate expression can be

b On hep sites. ‘ 1 e _
used to describe the kinetics of the dehydrogenation process:

Table 3

Bond lengths (A) from DFT calculations for interaction of @Bl with — k02| P. _ PicyHg Phy 5
roH = k105 | PicsHy o — ——— | (5)
Pt(111), P$Zn(111) and PtZn(011) slabs. Keq
Pt(111) P4Zn(111) PtZn(011) whererpy is the net dehydrogenation rate, is the rate
Pt-Ptsite  Pt-Ptsite Pt-Znsite Pt-Ptsite  Pt-Znsitgonstant for the dissociative adsorption of isobutakigy
c-0 1.35 1.34 1.33 1.33 133 IS the_ overall equilibrium constant f_or isobutane dehydro-
Pt—O 2.09 2.14 2.17 genation and, is the fraction of sites free of adsorbed
Zn-0 2.02 2.04  species. Cortrighet al. [23] reported that the fractional cov-
P-C 212 213 214 2.25 2.23  erage of isobutyl species is very small under similar reaction

&_onditions for a 0.5 wt% Pt—Sn/L-zeolite (Pt: Snl1:2.5);

76 k ). Thi i i havior i i
(76 kd/mol) 's trend in adsorption behavior is consi refore, the value di, is dependent on the adsorption—

tent with the suggestion that crotonaldehyde adsorbs by

carbonyl group rather than by the<C double bond during desorption quasi-equilibria of steps (3) and (4), as given by
selective hydrogenation of crotonaldehyde on Pt/ZnO cata-

lysts [48]. = K3 114 JKaP,
Lengths of C-O, Pt-O, Zn-0O and Pt-C bonds are listed 4PicuHg
in table 3 for die-bonded formaldehyde species on Pt(111),
PtZn(111) and PtZn(011). The distances of C—-O bond I 8PiCHg
range from 1.33 to 1.35, which is considerably longer than B \/1+ KaPr, + KaPrip + K3 - 6
the length of a normal double bond in a carbonyl group
(1.2 A). The variations of Pt-O, Zn—O and Pt—C bond disvhere K3 is the equilibrium constant for isobutene desorp-
tances show trends with respect to binding energy. For dien andKy is the equilibrium constant for hydrogen adsorp-
ample, as Zn is added to Pt, the C-O length decreases, tiha.
Pt—O length increases, and the Pt—C length increases. InAs seen in equations (5) and (6), the rate of isobutane
general, Zn-0O bonds are shorter than Pt—O bonds. Lastlghydrogenation depends on the valueg1QfK3, and K4
the C—O bond is tilted 6°4and 8.3 relative to the surface (as well as the known value dfeq). These kinetic para-
plane for die-bonded formaldehyde species oaZ/t(111) meters can be described in terms of physically meaningful
and PtZn(011), respectively. guantities such as standard entropies and enthalpy changes.
Finally, table 1 shows values of the energy changes fdhe standard entropy changes were expressed in terms of
dissociative adsorption of Hon Pt(111) and PtZn(011). known entropies for gaseous species, and unknown entropies
These values are equal t687 and—83 kJ/mol on Pt(111) for adsorbed species and the activated complex for step (1).
to form H atoms at atop sites and bridge-bonded sites, rEhe standard enthalpy changes were also set as kinetic pa-
spectively, whereas the corresponding values are equakameters and were constrained according to the results of
—61 and—76 kJ/mol on PtZn(011). We note that the enmicrocalorimetric measurements and DFT calculations. Ac-
ergy change for dissociative adsorption of &h Pt(111) to cordingly, a quantitative description of isobutane dehydro-
form H atoms at three-fold sites is equal to —88 kJ/mol, argenation can be made in terms of six parametéfSZSH*,

these sites are not present on PtZn(011). SiC4Hgw» AH{ , AHz andA Hy. The values for this set of pa-
rameters were determined by using the apparent reaction rate
3.4. Analysis of reaction kinetics for isobutane expression/py), combined with PFR reactor design equa-
dehydrogenation tions to fit the experimental results of the kinetic studies.

The kinetic parameters involved with steps (3) and (4)
The results from our reaction kinetics studies of isobishowed low sensitivity for fitting the reaction kinetics data.
tane dehydrogenation can be combined with results from nfier this reason, the values Sfc,Hg«, and Sy, were set to
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Table 4

Fitted kinetic parameters for Pt_Zn/xzeolite catalst. least significant forr-bonded ethylene species. Importantly,

comparisons of BZn(111) and R#Sn(111) slabs indicate
Elementary step Parameter Value 95% confidence limthat the electronic effects of adding Zn to Pt are less sig-

1) o 299 292307 nificant than the effects of adding Sn; and, comparisons of
E - 1. PtzZn(111) and PtZn(011) slabs indicate that the electronic
orward activation AH] 58.6 52.9-64.4 . - .
_ effects of adding Zn to Pt are more significant at higher Zn
oM SicqHgs 262 Fixed concentrations.
Quasi-equilibrated A H3 4l Fixed Results from DFT calculations for the adsorption of
4 SHx 35 Fixed formaldehyde on slabs of Pt(111)3Rh(111) and PtZn(011)
Quasi-equilibrated AHy -50 Fixed show that addition of Zn to Pt weakens theodbonding
2Entropies are given in J/molK and enthalpy changes in kJ/mol. Staﬁ—t Pt—PF SIt?S; how'eve.r., this effect of Zn on formaldehyde
dard entropies at 723 K and 1 atrﬁ?c4H10 = 421 J/mol K;S?C4H8 — adsorption is less significant than the effect on ethylene ad-
405 J/mol K;SE,2 =157 J/mol K. sorption,i.e.,, di-o-adsorbed formaldehyde is weakened by

39 kJ/mol on PtZn(011) compared to Pt(111), whereas di-
o-adsorbed ethylene is weakened by 76 kJ/mol. Compar-

dson of DFT results from BZn(111) and PtZn(011) slabs

the values reported by Cortrigétal. [28] for a 0.5 wt% Pt—
Sn/L-zeolite catalyst. The value fax H3 was set equal to
41 kJ/mol, as given by the results from DFT calculation L .
and the value forA H, was set equal to-50 kd/mol, as shows that the b_lndlr_lg_energy_of diradsorbed formaldef
given by the average heat of hydrogen adsorption determir@ﬁjehatbl?ta,zn sites IS msensmvelto tg? Zn dcgoAane/ntralnon,
from our microcalorimetric measurements. Table 4 sho/§ (€ Pinding energies are equal to 97 an J/mol, re-

SO ; _
the fitted kinetic parameters and their corresponding 95§$?Ct've%‘ Ihgrefore, the prefgrred '°°"’“‘°T‘ for ?\dsorptu?]n
confidence limit. The value o] corresponds to a surface?’ formaldenyde on PtZn(011) is a Pt-Zn site, whereas the

species having between and 2 of translational freedom, preferred location for adsorpti_on of ethylene is a Pt—Pt site.
which suggests a fairly mobile transition state. The solfforeover, the formaldehyde is adsorbed more strongly by
lines in figures 3-5 represent the predictions of the mod&s kd/mol on PtZn(011) compared to thediadsorption )
and it can be seen that the kinetic model provides a good‘?ft ethylene, whereas formaldehyde and ethylene adsorb in
of the experimental data. the dio-forms Wlth comparable energies on Pt(111). This
The value of the rate constant for step (1) at 720 K (th%referred adsorption of formaldehyde pompared to. ethyl-
average temperature of the present study) is about five ti on PtZn(011) may be at least partially responsible for
smaller than the rate constant for a 0.5 wt% Pt—Sn/L-zeoli{a€ €nhanced selectivity of Pt-Zn-based catalysts for hydro-
catalyst [28]. Since both of these rate constants were deriighation Ogc_”lg) ErzuPS compared t0-€C bonds ina, -
using the same rate expression and using the same metHBgRturated aldehydes.
to count sitesi(e., Ho adsorption), it appears that the Pt—
Sn/L-zeolite catalyst is slightly more active than the preseftcknowledgement
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