Lawrence Berkeley National Laboratory
LBL Publications

Title

CORRELATION OF CYCLOHEXENE REACTIONS ON PLATINUM CRYSTAL SURFACES OVER 10-
ORDERS OF MAGNITUDE PRESSURE RANGE: VARIATIONS OF STRUCTURE SENSITIVITY,
RATES, AND REACTION PROBABILITIES

Permalink
https://escholarship.org/uc/item/0b8299t{

Author
Davis, S.M.

Publication Date
1979-09-01

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/0b8299tf
https://escholarship.org
http://www.cdlib.org/

&

. e—

UG wus 5 Uousy g ve- 4
) LBL-9869c-\
Preprint

Lawrence Berkeley Laboratory

UNIVERSITY.OF CALIFORNIA

Materials & Molecular

Research Division T e

1% 4 '
Submitted to the Journal of Catalysis NOV 16 1978

LIBRARY AND
) DOCUMENTS SECTION
CORRELATION OF CYCLOHEXENE REACTIONS ON PLATINUM

CRYSTAL SURFACES OVER 10-ORDERS OF MAGNITUDE PRESSURE
RANGE: VARIATIONS OF STRUCTURE SENSITIVITY, RATES, AND

REACTION PROBABILITIES s 5 ™\
S. M. Davis and G. A. Somorjai For Reference
September 1979 Not to be taken from this room

/l’7 ﬂ//‘/ _7! ‘

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




OG5 08508495 9
LBL 9869

CORRELATION OF CYCLOHEXENE REACTIONS ON PLATINUM CRYSTAL
-, » - SURFACES OVER 10-ORDERS OF MAGNITUDE PRESSURE RANGE:

~ : Variations of Structure Sensitivity, Rates, and

Reaction Probabilities -

S.M. Davis and G.A. Somorjai

Materials and Molecular Research Division, Lawrence Berkeley Laboratory,

and Départmenf of Chemistry, University of California, Berkeley, CA 94720
September 1979

Prepared for the U.S. Department of Energy
under contract W-7405-ENG-48

i



Abstract

- The hydrogenation and dehydrogenation of cyclohexene have been studied

7 2 ) . : .
to 10 torr pressure range. The reaction of cyclohexene in

in the 10~
excess hydrogen over the Pt(223) stepped platinum crystal surface at 25-150°C
preddminaﬁtly produées benzene at low préssures (’\lem7 torr)bénd cyclohexane
at high'pressurés (% 102 torr). While the low pressure reactions are
sfructure.sensitive and proceed on the clean metal surface, the high pressure
reaction is apparently structure insensiti&e due to‘the continuous presence
of a ﬁear ﬁonolayer of carbonaceous species. Widely differing coverages of -

reactive, weakly adsorbed hydrdgen influence the reversal in selectivity

between high and low pressures. The catalytic efficiency (reaction

: probability) decreases markedly with increésing pressure.



Introduction

5

The reactions of cyclohexene at low total pressures ( 10_8—10_ Torr)
over platinum crystal surfaces have been investigated .extensively (1—3). The
hydrogenation and dehydrogénation reactions are struqture sensitive as indicated
by the striking variatidns in cafalytic'behavior‘which exist between crystal.

3

surfaces of different atomic structure. .At much higher pressures‘( 10-10" Torr)
ovgr siiica‘supported platinum catalysts, Boudart aﬁd coworkers (k) have.
convincingly shown that cyclohexene hydrogenation is stfucture insensitive.

The change of the reaction réte dependence on surface structure as the.pressure
is increased indicates that the reaction mechanism has changed. - In order to
explore how the réactibn mechanism was altgred wethave investigated the catalyzed
hydrogenation and dehydrogenation of cyclohexene over 10-orders of magnitude
pressure range, from 10—8—102'Torr. Our cataiyst was a Pt(223) single crystal
of surface area of about 1-cm2. The atomic éurface structure of this sample
consisté of terraces of (111) orientation that are 5 atéms wide, separated by
steps, one atom in height and of (100) orientation. The structure and composition
of the surface was monitored by low energy electron diffréction (LEED) and Auger
electron spectroscopy (AES) before_énd after the reaction studies, in situ, in
the reaction chamber. :

Cur reéults indicate that at low reactant ﬁressures the reactioﬁ
occurs on an.initially clean platinum surface and the kinetics are characteristic
of the uncovered metal. The catalysf deactivates rapidly however, due to the
build-up of a monolayef of carbonaceous deposit on the metal surface. Platinum
in the presehcevofvthis carbon-containing overlayer is quite active however, at
high reactant pressures. At high pressures the deposit builds up within seconds

and steady state rates are. obtained in its presence. It appears that while the
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hydrogenation and dehydrogenation of cyclohexene are structure sensitive on fhe
clean platinum surfaﬁe these réactiéns are strﬁcture insensitive in the presence
of thiS‘carbonacédus deposit. This explains in part, the.pressure-dependence of
thé-strﬁctufe sensitivity of these reactions.

T£e furnover numbers iﬁcrease by four>to'six orders of magnitude for
the dehydrogenation and hydrogenation reactions, respectively; as the reactant
. pressure is increased from 10-8 to 102 Torr. The reaction probabilities however,
decrease by orders of magnitude with increasing pressure. Thus; the platinum
surface becomes muchvléss efficient-to catalyze the surface reactions at high

pressures.
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Exéerimental
| High and low pressure experiments were performed in e UHV.apparetue
equipped with electron opties for LEEDfand Auger‘electron spectroscopy, én argon
ion-sputter gun, a quadrupole mass analyzer; and an internal isolation cell which
operates as a micro-batch reactor ( V= 160 cmB) in the:10-4—1‘atm pressure range (5).
The high pressure enclosure was attached to an externei gas recirculafion_loop
which was fitted With en isolable Wallace & Tiernan gauge, metering valves for
gas admission and mass spectrallanalysis, a gear pump for gas circulation, and a
gas chromategraph sampling valve. Reseerch grede hydfogen ( Matheson ) and
.cyclohexene ( Matheson "Spectfoquality"; 99.5+ mol% ):were mixed in the circulation
loop.before expansioﬁ into the isolation cell. |
Turnover frequencies for the batch‘reactions_ﬁefe celculated from the
slopes of initiallyllinear product accumulation versus reaction time curves.
Reaction rates did not depend on the recirculation rate, and initial rates were: ’

reproducible to within about.i10%; At 150°C and 77 Torr (1 Torr = 133 N m-z)

the maximum hydrogenetion rate of 33 molec siter1secv repfesented a cyclohexene
conversion rate-of@~4% min—q; however, total conversion after 100 minutes of
reaction never exceeded ~75% as a result of self-poisoning. The sample was
cooled to 25°C before evecuating the reaction mixture and then flashed to the
reaction temperature prior te Auger»analysis. The pumpdown time requifed for
Auger analysis was about 3% minutes. Detailed procedures followed for low

pressure flow reactions, crystal preparation and cleaning, and surface

characterization have been described previously (2,3).
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Results and Discussion

The Build-up of the Carbonaceous Overlayef:
The pfodﬁét accumulétion as a function of reaction time for the'stepped

platinum crystal surface is shown in Figure 1 for a tqtal pressure of 77 Torr;
At temperatures below ~100°C, selffpoisohing does not occur at 77 Torr or is slow
and largely reversible at 10—6'Torr (2). After reactions at these low temperatures
‘most (~80% or more at 25°C ) of the adsofbate that accumulates on the surface
can be revéfsibly desorbed at ~420'¢ és molecular benéene. At higher temperatures
éelf—poisdning geéomes fapid and irreversible. Between O.4 and 1;1 monolayer of
disorderedvcarbonaqeous.material is deposited during the first 10-200 seconds of
“the reaction esséntiaily independent of the cyélohgxene pressure. This overlayer
is strongly chemisorbed and'decomposés on,furtﬁer heating with the evolution of
hydrogen and only traces of benzene. .The overlayer coverage depends significantiy
6n thelreaction temperature iﬁcreasing from ~ 0.4 at 25°C and 10"6 Torr to

A;1.ﬂ at 150°C and 77 Torr ( 0273/Pt237_= 2.8 corresponds-tobmonolayer coverage
fof this sufface (6)). In Figure 2 the rate of the'dehydrogenation reacfion as
a function of time is shown at loW'pressu?es'along with the build-up of the
carbonaceous deposit with time. The overall rate of sglf—poisoning at low
pfessures éorrelétes cloSelj with the build-up of the carbon containing irre-
versibly chemisorbed overlayer. The rapid self-poisoning at 150'C'aemonstrates
that the irrevefsibly chemisorbed overlayer is particularly‘effective in
blocking sites that cafalyze deﬁydrogenation. . The reaction rates at low pressures

were obtained before the buiid—up_of the deposit. The catalytid activity

observed at low pressures is therefore characteristic of the clean metal surface.

At high pressures, the initially clean surface rapidly becomes covered with a

monolayer of reversibly and.irreversibly chemisofbed species. The catalytic

behavior is then characteristic of an extensively precovered platinum surface.




In Figure 3 the initial turnover frequencies obtained for the
hydrogenation ;eaction as a function of temperaturé over the sfepped_crystal
surface are compared with those reported by Segal et al (4) for dispersed
platinum. The two sets of data agree well éupporting the view (4) that the
reaction at high pressures ié structure insensitive. The apparent actiVatidn
energy for hydrogenatién is 5.0t0.5 kcal/mole on the stepped surface at 77 Torr.

The transition of the active platinum surface from being clean to
continuously covered by the carbonaéedusvdepOSit is accompénied-by a change from
struéture sensitive to structure insensitive catalytic behavior for thé'hydroa
genation of cyclohexene. A change in mechanism is also iﬁdicated by the changing'
apparent éctivation energy for this reaction. It is less than 1 kcal/mole at
lovaressuresiwhile it is 5 kéal/mole at high pressures. Similarly, the apparent
activation energy for the dehydrogenation of»cyclohexene is at least 8 kcal/mole
at 77 Torr, while it is near zero'at low pfessures in the same temperature regime.
A more pronounced increase in apparent activation energy with increasing pressure
has also been observed.during éyclohexané hydrogenolysis and dehydrogenation (7).
- The apparent activation energy for metalfcatalyzed hydroéarbon reactions always
.appears'to increase with increasihg reacfant pfessures (8). |

The Hydrogenation and Dehydrogenation Rates of Cyclohexene Over Ten Orders of

Magnitude Pressure Range:

The turnover frequencies and reaction probabilities at 150°C for the
hydrogenation and dehydrogenation of éyclohexene in excess hydrogen are
summarized in Figure 4, A1l the results were qbtained on the stepped Pt(223)
grystal face. The error bars_at low pressures span the range of structure
sensitivity for 2-6 different platinum crystal faces. Overall, the turnover

N 7

numbers for hydrogenation and dehydrogenation vary by factors of 10" and 104,

respectively, for a 109-fold increase in the cyclohexene pressure. The fraction
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of reacting molecules dehydrogenating to benzene decreases from 94-100% at low
pressures té just over 1% at a total pressure of 77 Torr. The dehydrogenation
reaction.probability - that is,.the fraction of incident cyclohexene molecules
converted to benzene - declines steadiiy from'VO.CB at 10-7 Torr to less than

-6

10 © at 77 Torr. In contrast, the_hydrogenation'probability varies by only two

3

orders of magnitude ( ~10~ -10_5) over the entire range of pfessure, surprisingly
éxhibits_a minimum at a total pressure of 10‘2—10_1 Tdrr, and thereafter increases
with increasing total pressure. _In the pressure range of increasing reaction
probability the hydrogenation rate is 1.3 order with respect to total pressure. [

The enormous decline in the dehydrogenation probability with increaéing
pressure is mainly associated with fhe leﬁgthy mean reaction time which is required
for the dehydrogenation and desqrptionlprocesses to occur. The 2-5 minute induction
period observed before appreciable benzene desorptioﬁ in our low pressuré
experiments ( cf. Fig 2‘)(1;3) indicates that the mean reaction fime_is on the
ordervof 10 sec at 150°C and certainly no shorter than 16—1 sec. When fhe

7

‘cyclohexene presSure is 10~ Torr, the dehydrogenation probability is high (~0.05)
because the time required for adsorption, surface reaction, and product transport
away from the surface is short in comparison to the time between collisions. of

7 Torr). At

the}reéctant molecules with the surface ( ca. 10;1Asec cm2 at 10~
higher pressures the dehydrogenation effiéiency decreases rapidly as the inter-
collision period‘bécomes much shorter than the mean reaction time. Under these
conditions, most of the adsérption sites are continuéusly blocked from incident
'cyclohexgne ﬁolecules by carbonaceous deposits..

\ In order to assure that thermodynémic equilibrium considerations do
not influence the rate data that are shown iﬁ Figure 4, the equilibrium éonstants
and cbnversion concentrations of cyclohexane and benzene were calculated at

2

low pressures (~10" Torr) and high pressures ( 77 Torr) at two temperatures,
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25°C and 150°C. These data along with turnover frequencies are listed in Table 1.

It can be seen that at 150°C there are no thermodynamic boundary conditiohs.that

influence the rates reported in Figure 4 with the exception of the low pressure
hydrogenation rate.
There could be another reason, in addition to the presence of‘the

carbonaceous deposit, for the change of hydrégenation mechanism and reversal in

selectivity at higher pressures. . Reactive, weakly adsorbed hydrogen ( with heats

of adsorption in the range of 8-10 kcal/mole ) is identifiable on platinum only

at pressures exceeding av10—1_TOrr (9-12). At about this pressure the cyclohexene

hydrogenation probability begins_to increase, and hydrogenation becomes the
prevailing reaction pathwaj. While weakly adsorbed hydrogen.hydrogenates
benzene readily (10,13), studies by Basset gz;gl,(10)'indicate that strongly
chemisorbed_hydrogen‘( —A&Héz 15 kcal/mole ) does not add to benzene at all, or
at least not at an easily accessible rate. ‘More general considerations (8)
suggest that at pressures of practical application thié new type of weakly
adsorbed hydroéen is reéponsible fér most, perhaﬁs,all, metal-catalyzed hydro-
génation reactions. Reversibly chemisorbed hydrogen must also be present under
low pressure reaction coﬁdifions. However, the surface concentration, cr,_ét
’10-5 Torr will be exceedingly small because its residence time,‘f: Zk_‘AHa/RT:'

10-8—10_5sec; is short compared to the period between'H2 collisions with the

surface ( 1/F T 10_155ec cm2 at 1Of6 Torr ), so that 0= FT is less,thanl~1oqoc

ie. less than 10_3%'6f a monolayer; At high pressurgs the steady state conceﬁ—
tration of weakly adsofbed hydrogen will become appreciable as a resﬁlt of the
increased H2 flux, and as a consequence, hydroggnation will become kinetically
facile.
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Table I: Equilibrium Constants and Turnover wwmpcmcowmm for Cyclohexene Reactions at High

and Low Pressures over Pt(223)

‘Reaction T (°C) ™w* - IN® _ ,Hommw | owpﬁ&v opr&v

| low P . high P low P high P.

Hydrogenation . 25 ulmxAOtm 2.8 . AW.Om ' 99.9 99.9
150 u-mxgolm 33 6.95 0.8 99.9

Dehydrogenation 25 2x10”t - -3.96 99.9 0.2
150 :on-r 0.4 o.mm 99.9 - 99.7

a) Turnover frequencies (uncertainty + 10%) and mmcwHWUcha conversions referred to initial .
8 Torr ommAm and 6x10~ Torr H, at low P; 7 Torr C/H,  and 70 Torr H
at high P ( 1 Torr = 133 Nm ) ‘

pressures of 6x10

m;o 2

b) Referred to ideal gas state at 1 atm (14).
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Figure Captions

Product accumulation versus reaction time for cyclohexene hydrogenation

over Pt(223) at several temperatures. Rapid sampling was facilitated by

the combined use of a mass spectrometer and gas chromatograph.

A comparison at 150°C of the cyclohexene dehydrogenatlon rate over Pt(223)

"at low pressures with the simultaneous build-up of the 1rrever51bly

chemisorbed carbonaceous oberlayer. ' 273/P ratio of 2. 8 ‘corresponds

f237 T

to monolayer coverage.

Arrhenius plot for cyclohexene hydrogenation over Pt(223) .For comparison,

“the results of Segal, Madon, and Boudart (4) are included for PHC=‘13 Torr

and P 76 Torr.
H,”

Correlation of cyclohexene reaction rates and reaction probabilities over

10~-orders of magnitude pressure range. The feactions were performed at 150°C

over the stepped Pt(223) crystal surface with H2/HC= 10.
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