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Abstract

The dehydreogenation and hydrogenclysis of cyclohexane catalyzed by
platinum single crystal surfaces has been investigated at total reactant
pressures of 115 to 760 Tovr and temperatures of 533 to 573 K. The flat (111},
stepped (557), and kinked (25,10,7) and (10,8,7) surfaces used in this study
were characterized in ultrahigh vacuum by low energy electron diffraction and
Auger electron spectroscopy, before and after reaction experiments, Benzene,
¢_yclohexene, n-hexane, and alkane fragments with carbon number less than six
were observed as reaction products. The rate of dehydrogenation to benzene on
the four surfaces increased in the ovder (111) > (557} > (10,8,7) > (25,10,7).
On the other hand, the hydrogenolysis rates,and the rate of cyclohexene produc-
tion were highest on the (111} surface. In general, the reaction rates de-
creased with increasing vreaction time. The decrease of the dehydrogenation
rates was due to reversible product inhibition by benzene as well as the irre-

carbonaceous

versible adsorption of tightly bound A deposits. The hydrogenolysis rates
did not exnibit product inhibition and decreased solely as the result of the irre-

species
versibly adsorbed Carb@naceous A . The strength of inhibition by benzene

A

increased in the order (25,10,7)<(10,8,7)<(557)<(111).

&

)

These high pressure results using single crystal catalysts are compared to
5

similar studies previously performed at pressures of less than 1077 Torr.

A comparison is aisc made to studies by others using dispersed platinum catalysts.






Iintroduction

The relationship between catalyst structure and catalytic activity,
selectivity, and stability is a major concern in the study of heterogeneous
catalysis. A catalyzed reaction is considered structure sensitive if its
specific rate varies with particle size and structure insensitive if its
specific rate is invariant with changing particie gizev} These effects are most
apparent in the particle size range of 10-40 3 where the surface structure i

N . . 2~h
expected to depend most strongly on particle size.

10-12

Cyclohexane dehydro-

. 6-9 _ . N ,
genation and benzene hydrogenation over platinum have been found to be
structure insensitive reactiens. On the other hand, hydrogenolysis reactions

13-15 e interpretation

have generally been observed to be structure sensitive.
of such structure sensitivity studies is difficult since the actaual surface
structure and composition of the metal particles can only be inferred indirectly.
Also, metal-support interactions and nonuniform particle size distributions
further add to the difficulties of interpretation.

Single crystal platinum catatysts offer the distinct advantage of
allowing direct determination of surface structure and composition. Such sur-
faces can be prepared with variable concentrations of low coordination step and
kink sites. These may be the structural features whose concentrations vary as
the particle size of dispersed catalysts is varied., Previous studies in this
laboratory have demonstrated the importance of these special sites in controlling
the activity and selectivity for several catalyzed hydrocarbon reactionseiéfjg
These single crystal surfaces are amenable to direct determination of surface
structure by low energy electron diffraction (LEED) and elemental composition by

Auger electron spectroscopy (AES).

We report here a study of cyclohexane dehydrogenation and hydrogenolysis
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catalyzed by well characterized platinum single crystal surfaces. This inves-
tigation has been carried out at total reactant pressures of 115 to 760 Torr.

This pressure regime will be reférred to throughout this paper as high pressure.

As a result of the high pressures employed, it is possible to directly compare

the rates, selectivities, and deactivation behavior of the single crystal catalysts

of varied atomic structure to similar results with dispersed metal catalysts.

Since we have also studied these reactions on piatinum single c¢rystal surfaces at
8 5 16,17

Tow reactant prassures (V107 °-1077 Torr) , the pressure dependence of cyclo-
hexane dehydrogenation and hydrogenoiysis can also be explored. In addition, we
have studied the influence of preoxidation of the single crystal catalysts
on the rates and selectivities at high pressure,since previous low pressure

' behavior
studies'’ revealed important changes in catalytic A due to the presence

of surface oxide.

Experimental
Apparatus

The experimental apparatus used in the majority of our studies is shown
schematically in Figure 1 and has been described in detail e?sewhewe,zg Using
this system the single cyrstal surfaces are prepared and characterized under
ultrahigh vacuum;aﬂd catalytic studies performed at pressures up to 1 atm. This
isaccomplished by means of a movable reaction cell capable of enclosing the
sample in a small volume,thus isolating it from the main chamber. Reaction
. studies are performed by introducing the reactants into this volume and resistively
heating the crystal to reaction temperature. The gases are circulated by a
metal bellows pump and analyzed by flame ionization gas chromatography. The

system operates as a well stirred batch reactor with a volume of 744 cm35



Sur?ace analysis is accomplished by means of a standard Varian four
grid electron optics. This analyzer allows display of the LEED pattern as well
as serving as an electron energy analyzer for AES measurements. Figure 2
illustrates typical AES spectra before and after reaction.

The crystals were mounted in the rveactor as depicted in Figure 1. This
arrangement allowed the sample to be heated to greater than 1500 K for cleaning
and annealing, did not introduce any contamination to the crystal, and contri-
buted no move than 5% of the total activity. The temperature was monitored by

a chromel-alumel thermocouple spotwelded to the edge of the crystal.

Many of the experiments reported here were also performed in a second
high pressure-Tow pressure reaction apparatus described in detail eWsewhereQZ693Z
The experiments performed in the second system utilized different reagents,
slightly different procedures, and different single-crystal samples. Rather than
use the gold-ptatinum mounting scheme as shown in Figure 1, the samples were
mounted in the second apparatus by spotwelding them directly to tantalum support
leads. Comparison of the two sets of data thus affords an excellent check on
the veliability of our structure sensitivity studies.

Materials

The one millimeter thick platinum crystals were prepared by usual
metallographic procedures with both faces polished to within 1° of the desired
orientation. However, still present are the multifaceted edges which account
for about 25% of ithe total area of each crystal. It is assumed here that this
unoriented avea is about the same from crystal to crystal. As a result, diff-
erences in results on various surface structures appear smalleyr than they
would be if all the active surface had the same orientation, The surface area
used to calculate specific rates is the total macroscopic geometric area of
the crystal.

The four surfaces used in this study are the (111), (557}, (10,8,7),
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and (25,10,7) in simple Miller index notation, or more illustratively = as the

Pt(111), P’t(S){SS(?ﬂ)JrZ.}(‘IGO)]5 Pt{s){;?m{‘n‘i)+1(,Ho)+22(100)35 and the



Pt{S)w[7?4(]i1)+1515(10®}%33(310)] in microfacet notation. Idealized schematic
vegreseﬂtaiigng of these surfaces are presented in Figure 3. The (111) surface
is /nexagonally close-packed array of atoms. The (557) crystal face is a

steppad surface consisting of 6 atom wide terraces of (111) orientation separated
by highly unsaturated 1 atom high steps. The other two crystal surfaces have

high concentrations of kink sites which are more highly unsaturated than the

step atoms. The (10,8,7) surface has approximately 7 atom wide terraces and steps
of (310) orientation resulting in a density of kink sites of about 6% of the

total surface atom concentration. The (25,10,7) surface has (610) orientation
steps, 2 atom wide terraces, and a kink density of about 9%. Thase surfaces all

appear to be structurally stable under the conditions of these experiments.

The cyclohexane was obtained from Phillips Petroleum Company and further
purified by repeated freez ing-degassing cycles. The resultant hydrocarbon was
shown by gas chromatography to have a purity of greater than 99.99% . The

hydrogen and nitrogen were both 99.99% pure and used as received.

Procedure

The single crystal surfaces were cleaned in vacuum prior to reaction
studies by argen ion bombardment and annealing, oxygen treatment at elevated
temperatures and annealing or a combination of these two techniques. The
specific method of surface preparation had no influence on catalyst behavior
as long as the surfaces were well annealed and judged to be clean by AES.

Once the surface had been prepared and an Auger spectrum obtained of
each side, the crystal was flashed to about 1123 K to remove any adsorbed
background gases, As the temperature of the crystal decreased past 573 K,the

reaction cell was closed and 400 Torr of hydrogen was admitted as rapidly as

possible to cool the crystal and crystal holders and minimize the adsorption
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of background gases. The hydrogen was pumped out after the crystal had cooled to
below 315 K,and then the reaction mixture fntroduced. Theorder in which the re-
actants were added did not matter, but generally the cyclohexane was admitted
first by evaporation followed by admission of the hydrogen. The total pressure
was then increased to 760 Torr by addition of nitrogen as an inert diluent.

At Teast one chromatograph sample was taken before heating the catalyst

to check that no reaction occurred while the crystal remained at room tempera-
ture. The catalyst was then heated to reaction temperature in a perifod of about
two minutes and zero time taken as the time the crystal reached this temperature.
The temperature was maintained to + 2 K during kinetic studies. After the
reaction had proceded for the desired length of time, the crystal was cooled in
the reaction ymixture and then the reactor pumpkd out. The cell was then opened
and the crystal flashed momentarily to reaction temperature. An Auger spectrum
was then recorded as rapidly as possible since the electron beam and the high
hydrocarbon background caused deposition of additional carbon. As
evidenced byspectrum b in Figure 2, contamination of the surface by sulfur was
not observed.

The calibration used for the gquantitative estimation of the concentra-
tion of surface carbon s that of Biberian and Samarjaiuig Their method consists
of plotting adsorbate Auger peak heights versus substrate Auger peak heights and
relating a break in the resulting curve to completion of the first monolayer.
Application of this calibration to the present study assumes that no carbon is
deposited below the surface.

Initial reaction rates were determined by graphically estimating the
initial slopes of product versus time curves. This was not difficult in general

from the hydrogenclysis data since these curves were nearly linear. However,



due to the rapid deactivation of the dehydrogenation rates, this procedure was
more uncertain when applied to this data. An attempt was made to find a simple
analytical expression to fit the data. No such expression was found which con-
sistently fitall the data. Since the deactivation mechanism is not known in
detail, it is more prudent to estimate the initial rates graphically which

introduces an uncertainty of about +20%.

Results

Initial Rates of Cyclohexane Dehydrogenation and Hydrogenolysis.

Reaction studies have been performed at tempergtures from 503 K to
573 K and total pressures from 115 Torr to 760 Torr, The hydrogen to hydro-
carbon mole ratio has been varied from 6 to 50. Under these conditions hydro-
genolysis as well as dehydrogenation of cyclohexane is observed. The major de-
hydrogenation product is benzen@}with cyclohexene produced at yates several
orders of magnitude less than benzene formation rates. Cyclohexane hydrogenoiysis
results in n-~hexane formation via ving opening in addition to more extensive
degradation to products containing less than six carbon atoms. Products with
carbon number less than six will be summed and considered collectively as one
type of hydrogenoiysis product. These Tight alkane fragments have been cali-
brated as methane, n-Hexane will be considered separately from the other
hydrogenolysis products.  This separation of the two types of hydrogenolysis
products is based on differences in apparent activation energies and hydrogen
pressure dependencies. Both hydrogenolysis reactions occur at rates several
orders of magnitude siower than benzene production rates. Typical results
obtained with the (10,8,7) surface depicted in Figure 4,illustrate the selec-

tivity and deactivation behavior of the four vreaction products.



The structure sensitivity of these reactions are illustrated in Figures
5, 6, 7, and 8., TInitial rates based on this data are listed in Table I. In
general, the rate of production of benzene increases and the rate of hydrogen-
olysis decreases as the surface becomes more coovrdinatetively unsaturated.
Cyclohexene production is somewhat higher on the (111) surface than on the
other three surfaces. While initial rates vary by factors of 2 to 4, selectivities
show a greater structure sensitivity as illustrated in Figure 9.

The reliability of this structure sensitivity determination is demonstrated
by comparison of Figure 10 to Figure 5, and Figure 11 to Figure 7. The data shown
in Figures 10 and 11 were obtained using the second experimental system and
different (111) and (557) single crystal samples. The (25,10.7) crystal was the
same in both cases. Dehydrogenation to benzene exhibits excellent reproducibility.
The rates of formation of the minor reaction products do not agree quantitatively
between the two sets of data as well as the rates of benzene formation do. This
is illustrated by Figures 11 and 7 for hydrogenolysis to n-hexane. However,
the same qualitative structure sensitivity is observed,with the (111) surface
producing the most n-hexane in both cases. The rate of production of light
alkanes shows similar quantitative differences between the two sets of data,
but, once again, the qualitative structure sensitivity is reproduced.

Figures 12 and 13 illustrate the dependence of initial rates on hydrogen
pressure on the (111) and (10,8,7) surfaces, respectively. On both surfaces,at
- hydrogen pressures less than 400 Torr, benzene production is positive order in
hydrogen. Above 400 Torr the reaction becomes zero order in hydrogen pressure
on the (10,8,7) surface, but remains positive order up to at least 745 Torr on

~the (111) surface. Hydrogenolysis Teading to ring opening is positive order in



hydrogen on both surfaces at low hydrogen pressure, but becomes negative order

st pressures greater than 400 Torr. Light alkane production is slightly negative
order in hydrogen pressure. Cyclohexene production decreases in all cases as
hydrogen pressure increases. Dehydrogenation to benzene is approximately first
order in cyclohexane pressure. The apparent activation energies for benzene
productien and ring opening ave 17+2 kcal/mele and 33+4 kcal more, respectively,
on both the (111) and (10,8,7) surfaces. At temperatures below 573 K the rate
for light alkane and cyclohexene pradgction is very low, which results in a large
uncertainty in rate measurements forihese products. As a consequence, activation

energies for these species are not available.

The Effects of Strongly Bound Oxygen

The effect of the presence of strongly bound surface or subsurface oxygen
on catalyst activity and selectivity has been investigated. The surfaces were
oxidized at_Sx?O“é Torr oxygen and 1073 K. Table II Tists initial rates deter-
mined as a function of oxygen concentration on the (10,8,7) surface. The effect
of the presence of this surface oxide is to decrease the initial rate of dehy-
drogenation while increasing hydrogenolysis rates at moderate oxygen coverages.
At the highest oxygen coverage, the hydrogenolysis rates also decreased. During
the course of a reaction experiment the surface remained oxidized as evidenced

by AES measurements.

Catalyst Deactivation

Several experiments were performed to identify the deactivation processes.
Product inhibition was demonstrated by the addition of toluene to the reactor

at the start of a cyclohexane reaction experiment. Toluene produces inhibition



similar to benzene and is readily separable from benzene by gas chromatography,
thus allowing accurate determination of the dehydrogenation rate in the presence
of an aromatic inhibitor. Results of such experiments on the Pt{111) surface
show that as the toluene concentration is increased from 0 to 0.6 to 2 Torr,
the initial rate of benzene formation decreases from 2 to 0.4 to 0.2 u moles-
min”1cmmzn The addition of toluene had very Tittle effect on hydrogenclysis
rates., Figure‘ié illustrates a restart experiment in which the reaction is
stopped, after about 90 minutes, by cooling the crystal in the reaction mixture.
The cell 1is then evacuated and a fresh reaction mixture introduced. A run is
then started in the normal fashion. In such an experiment, about 1/3 to 1/2 of
the initial dehydrogenation activity is recovered. Such an experiment also
produces a surface with a much higher selectivity for cyclohexene formation.

These experiments demonstrate that the decrease of the dehydrogenation
rates with increasing reaction time is due to at least two deactivation pro-
cesses. The first is reversible and due to inhibition by the aromatic product
benzene. The term reversible implies that the benzene surface concentration is
in equilibrium with the gas phase benzene concentration, Removal of the benzene
from the gas phase results in recovery of the reversible part of the deactivation.
~The second process is reversible and results from the

¥deposition of strongly adsorbed carbonaceous species. An irreversible loss of

activity is defined as a loss that cannot be vecovered by simply heating the
catalyst in vacuum or hydrogen, at or below reaction temperature. The decrease
of the hydrogenolysis rates is slower than that of the dehydrogenation rates,
is Targely irreversible and does not exhibit product inhibition.

Our experimental results do not allow us to accurately determine the
relative contributions of the two deactivation processes to the decrease of the

dehydrogenation rates with time. However, estimation of the relative importance
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of the two processes is possible. After about two hours of reaction time, at
573 K, the dehydrogenation rates generally exhibited a decrease of about a factor
of 20. At this point the partial pressure of benzene in the reactor was about
1.5 Torr,.which represents a conversion of about 10%. As discussed above,
experiments were performed in which toluene was added to the reactor at the
start of a run. Addition of 2 Torr of toluene resulted in a decrease of about
a factor of 10 in the initial vate of benzene formation. Assuming that inhibition
and irreversibie deactivation are separable effects, the irreversible component
of dehydrogenation deactivation is roughly a factor of Z or 3 in a period of two
hours. Also, a restart experiment demonstrated that 1/2 to 1/3 of the initial
dehydrogenation activity was recovered when benzene was removed from the gas
phase. The decrease of the hydrogenolysis rates over a period of two hours was
also about a factor of 2 or 3. It appears that the irreversible component of the
dehydrogenation deactivation and the deactivation of hydrogenclysis are of
about the same magnitude. Thus it will be assumed throughout the remainder of
this paper that the decrease of the hydrogenolysis rates with time is indicative
of the general irreversible deactivation of the surface.

The amount of carbon irreversibly adsorbed during a run did not ex-
hibit an obvious dependence on surface structure and exhibited only a weak
dependence on veaction conditions. At 15 Torr cyclohexane prssure, 100 to 745
Tory hydrogen pressure, and 533 to 573 K, the amount of carbon deposited was
0.7+0.2 monolayers. Table IIT 1ists the carbon coverage as a function  of
surface structure, while Table IV 1ists the carbon coverage as a function of
reaction conditions. This strongly bound carbonaceous residue deposited

during the reaction forms an amorphous surface layer, as determined by LEED,
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on all of the surfaces studied. There is no evidence from LEED that this
carbon is graphitized. Higher temperatures are required to produce ordered
domains of graphite.

| As a measure of deactivation, Tables IIT and IViTlist the ratio of the
initial rate over the rate at two houvrs for the various reaction products. A
larger ratio indicates a greater amount of deactivation. The ratios for dehy-
~drogenation are difficult to interpret since at two hours of reaction time, the
concentration of benzene in the reactor is not constant as the reaction condi-
tions or the catalyst sample is varied. The (557) crystal was nearly twice as
large as the other three crystal samples. Because of the large size of this
sample, the amount of benzene in the reactor increased more rapidly causing a
Targer amount of inhibition. This effect can be seen in the data for the (557)
surface in Table ITI. The data pregented earlier in which toluene was added
to the reactor at the start of a run suggests that inhibition can be nodeled by
the following inhibition expression:

Rate = 4mwigmxm«
T+K[BZ]

where Ra‘is the initial rate and [BZ] is the benzene concentration. Also, data
obtained at lTow temperatures could nearly be fit to such an expression. At low
temperature, ¥rreversible deactivation is minimized relative ti inhibition.

Rearranging this expression yields:

R
Kz<? 3( 0 4>
(82] /\ R

thus allowing calculation of a parameter which compensates for variations in

benzene concentration and allows estimation of the dependence of the strength

of inhibition on crystal structure, and on reaction conditions. Values of this



inhibition parameter are listed in Tables III and IY. A Yarger value of K
indicates a greater amount of inhibition. The strength of inhibition as a
function of surface structure decreases in the order (111)>(557)>(10,8,7)>(25,10,7}.
The data in Table IV indicates that inhibition becomes less severe with increasing
temperature and increasing hydrogen pressure. Irreversible deactivation does not
seem to depend on structure and increases with increasing temperature and de-
creasing hydrogen pressure.
DISCUSSION

Comparison of Cyclohexane Reactions at High and lLow Préssures

Somorjai and coworkers have stidued the dehydrogenation and hydrogenolysis
of cyclohexane catalyzed by platinum single crystal surfaces at total pressures
of Tess than ?OMS Tar?e365§7 Those studies used a standard ultrahich vacuum
chamber as a differential reactor with mass spectrometric detection of reaction
products. A comparison of the two pressure extremes yields significant differences
in structure sensitivity, activation energies, deactivation behavior, and effect
of oxidative pretreatments.

Smith et al. have reported that the specific rate of benzene production
at 423 K, 3Om5 Torr hydrogen, and ZXEOmg Torr cyclohexane varies by no more than
+15% in a comparison of the (111}, {557}, and (10,8,7) surfaces. The (557) and
(10,8,7) samples used in that Tow pressure study are the same as those used in
the present high pressure study. In contrast to the Tow pressure results, we find
at high pressure that the initial rate of benzene production does depend signifi-
cantly on surface structure, with the (10,8,7) surface at least a factor of 3
movre active than the (111) surface.

The apparent activation energy of dehydrogenation at Tow pressurezz is

Tess than 4 kcal/mole, while at high pressure this parameter is 17+2 kcal/mole,



indicating a possible difference in reaction mechanism. The present study has
found that dehydrogenation to benzene is approximately first order in cyclo-
hyxane pressure and positive fractional order in hydrogen pressure. Similar
reaction orders were found at Tow pressure. |

Another significant difference apparent over this large pressure range
is the deactivation behavior of the single crystal catalysts., After an initial
induction period at Tow pressure, the dehydrogenation rate reaches a maximum and
then decays approximately exponentially by about an order of magnitude in two
hours of reaction time, Since those experiments were carried out in a differential
flow reactor at very low pressure, the dehydrogenation reaction does not exhibit
product inhibition, as is the case in the batch reactor at high pressure. As a
result, it is not possible to directly compare the deactivation behavior of de-
hydrogenation at the two pressure extremes. However, as discussed earlier, it
is possible to estimate the contribution of product inhibition to the decay of
the dehydrogenation rates at high pressure, After this contirubiotn is sub-
stracted out, the residual deactivation is about a factor of 2 or 3. Thus it
appears that the deactivation, as measured during the course of a run, is much
faster at low pressure than at high pressure when the comparison is made on a
product inhibition free basis.

At Tow pressure, preoxidation of the catalyst surface can lead to en-
handement of dehydrogenation activity. The degree of enhancement depends on
surface structure, and is largest on the (10,8,7) surface. A very thorough
search was made with all four surfaces used in the present study for the same
effect at high pressure. However, no such enhancement was observyed,

Finally, there is a marked difference in the structure sensitivity of

the hydrogenolysis of cyclohexane in the two pressure regimes. At low
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pressure n-hexane production from cyclohexane increases with increasing surface
kink atom concentration. This is in sharp contrast to high pressure, where
hydrogenolysis is fastest on the (111) surface.

Clearly the catalytic behavior of the platinum single crystals is quite
different at the two reactant pressurve extremes. This different behavior may
be the result of large differences in the relative concentrations of adsorbed
species over this large pressure range., For example, reversibly adsorbed species
with Tow heats of adsorption_(Tless than 15 kcal/mole) have negligible surface
concentrations under Tow pressure conditions. Because of the high rate of
impingement of molecules on the surface at high pressure, significant steady
state concentrations of such weakly chemisorbed molecules could be present. It
is well known that hydregen has multiple binding states on platinum with heats
of adsorption as Tow as 7-8 kcal/mole and as high as 22-25 kcai}ma?eezgmzs’

The weakly bound hydrogen species have been referved to in the literature as
reversibly adsorbed hydrogen and have been implicated as the hydrogen species

most important in benzene hydr@gemat%sn,ig

This reversibly adsorbed hydrogen
would have negligible surface concentrations at Tow pressure. The difference
in surface concentration of this reversibly adsorbed hydrogen might have a
large effect on the rate of catalyst deactivation and might explain some of the
selectivity differences cbserved over this pressure range. The relative con-
centrations of adsorbed cyclohexane, cyclohexene, and benzene should also be
strongly dependent on reactant pressure. The absclute surface coverage by these
species should also be greater at high pressure than at low pressure.

We propose that, at high pressure, the surface becomes covered by a

complex organic overlayer before the first data point can be taken. This over-

layer would be composed of adsorbed reactants, reaction intermediates, reaction



products, and irreversibly adsorbed carbonaceous species. Thus the initial
rates reported here were most 1ikely not determined on a "bare" platinum
surface. At low pressure the platinum surface remains relatively "clean" as

the first data points are taken. This may explain the difference in reaction
probability at the two pressure extremes. The reaction probability is simply
the specific rate of the reaction divided by the rate of incidence of cyclo-
hexane molecules on the surface. The reaction probability for benzene formation

43 while at high pressure it is about 5x30”99

at Tow pressure is about 10~
The difference in structure sensitivity of dehydrogenation at high and
lTow pressure might be related to the difference in the concentration of adsorbed
carbonaceous species at the two pressure extremes. At Tow pressure)the rate of
deactivation is rapid and increases in the order (10,8,7)<(557)<(111). After
approximately 10 minutes at lTow pressure the dehydrogenation activity increases
in the order (10,8,7)<(555)<(111), which is the same structural ordering observed
in the initial rates at high pressure. Possibly the structure sensitive deac-
tivation, as seen at low pressure, occurs rapidly at high pressure before the
first data point can be taken. If this is true, then the structure sensitivity
observed at high pressure is not the regu3t of an inherently higher activity
of Tow corrdination step and kinksites versus sites on the (111) terraces.
Rather, it results from a decreased tendency for these step and kink sites to
be blocked by the carbonaceous overlayer relative to the sites on f1ai (1
planes. In fact, at high pressure the strength of inhibition by benzene
decreases in the order (111)>(557)>(10,8,7),>(25,10.7), which is exactly the
inverse order of the structure sensitivity of the initial rates of dehydro-
genation. It is also possible that this diffarence in structure sensitivity

is the result of different rate determining steps operative at the two pressure



extremes. The substantial difference in apparent activation energies at low

and high pressure suggests that different reactions steps might be rate Timiting

in the two cases. Possibly the rate Timiting step at Tow pressure is structure in-
sensitive, while the rate limiting step at high pressure is structure sensitive.

A detailed discussion of the mechanism of cyclohexane dehydrogenation can be

. 32
found elsewhere.”

Comparison of Single Crystal Studies to Dispersed Catalyst Studies

The dehydrogenation rates obtained on platinum single crystal surfaces
in our studies can be compared to rates on dispersed platinum catalysts using
the results obtained by Cusumano §§M§jj8 Employing a 2 weight% platinum/alumina

catalyst, 127 Torr cyclohexane, 633 Torr hydrogen, and 588 K, an activity of

=
H
H

0.59 moles benzene hour™ gram = was found at a conversion of 3.3%. Assuming

1caﬂ he

a dispersion of 50%, a turnover number of 3.2 molecules Pt atom™ .S
calculated from theivr results. At 80 Torr cyclohexane, 538 Torr hydrogen, and
573 K on the (557) surface a turnover number of 27 in the present study.
One possible explanation of the much higher rate on single crystals versus
supported platinum catalysts is the different methods used to determine the
active surface area on the two types of catalysts. It is also possible that
the degree of surface cleanliness, or coverage by carbonaceous species, is not
the same in the two types of experiments. Initial surface cleanliness is ensured
in the case of the single crystal studies of the use of AES. Kahn gﬁwgl?§ using
platinum single crystals to catalyze cyclopropane hydrogenolysis, also found
specific rates significantly higher than those reported on dispersed platinum
catalysts.

Cyclohexane dehydrogenation on supported platinum catalysts has generally

. , . . . . 69 i
been found to be a structure insensitive reaction. The present study, however,



hasfound that this reaction does exhibit a certain degree of sensitivity to
‘syrface structure with specific initial rates varying by at least a factor of
four. As discussed earlier the presence of the unoriented edges of the single
crystai catalysts results in smaller experimentally determined differences in
rates between different surface structures, If the contribution of the edges
couid be made negligible, then the difference in initial rates of benzene pro-
duction would probably be significantly greater than a factor of 4 as the
structure is varied from the (111) orientation to the (25,10,7) orientation.

It is not clear at the present time why this difference in structure sensitivity
hetween single crystal catalysts and dispersed metal catalysts exists.

The hydrogenolysis of cyclohexane has not been studied as a function of
particle size on supported platinum catalysts. However, Lam and Sinfa1t27 have
investigated the reaction on vuthenium catalysts of widely varying dispersion
and found that the specific rate of methane production increased by over an
order of magnitude as the dispersion decreased from close to one to close to
zero. On platinum signal crystals, we also found this reaction structure sensi-
tive with the highest rate on the (111) surface, Larger crystallites should
héve relatively more (111) surface area. Although this study was on a
different metal, the results correlate well with results obtained on single

crystal surfaces,

~Catalyst Deactiyiation

The strength of inhibition of dehydrogenation by benzene decreases as

the surface becomes more coordinatively unsaturated. This result agrees well

30

with a study by Lehwald and Ibach™ which demonstrated that benzene is adsorbed

préfereﬂtaii?y on the terraces of a stepped nickel surface. Thus the more



highly stepped a surface, the more it should be resistent to iﬂhibition by
benzene. Also, Mitrofonova and cew&rkersg determined that on dispersed
platinum catalysts product inhibition was stronger on catalysts with large
particle sizes than small particle sizes.

Untike product inhibition, irrveversible deactivation does not exhibit
an obvious trend as a function of surface structure. Also, this type of de-
activation process does not show a well defined correlation with the amount of
irreversibly adsorbed carbonaceous material. This is in spite of the fact that

concentration
the / of carbonaceous species deposited during reaction is dependent on
temperature and hydrogen pressure as demonstrated by the data in Table IV. This
could indicate that the structure of the carbonaceous deposit or the types of
species forming this deposit are also functions of vreaction conditions. No
information in this regard could be obtained by LEED or AES.

Qur distinction of reversible and irreversible deactivation may not be

£

as clear cut as has been implied thus far. Avomatic molecules have been
implicated as precursors to coke f@?matignﬁzg Thus a high aromatic content in
the das phase may lead to more extensive irrveversible deactivation of the
catalyst surface. In a study of methylcyciohexane dehydrogenation, W 1f and
Petewgeﬂ2§ concluded that irreversible dextivation occurred through a reversibly
adsorbed species, This may explain the high rate of deactiviation of Tight
alkane production with the (557) surface as shown in Table III, The (557) was

the large crystal, and thus caused a very rapid buildup of benzene in the

reactor relative to the other crystals.

Selectivity for Cyclohexene Formation

The selectivity for cyclohexene versus benzene production appears to

be intimately related to the presence of carbonaceous surface deposits. As
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indicated by Figure 14, restarting the reaction on a partially deactivated
‘surface resulted in a high selectivity for cyclohexene production. A similar
increase in this selectivity could also be produced by pretreating the crystal
in a mixture of n-heptane and hydrogen at 573 K. At very high space velocities,

Haensel gﬁ'ai,31

observed an increase in this selectivity as a supported
platinum Qataiyst deactivated under reaction conditions.

This change 1in selectivity is 1ikely to be realted to a change in the
bonding of cyclohexene in the presence of the carbon deposit. Weaker bonding
canvreduce the residence time of the cyclohexene molecule on the surface, resulting
in a higher rate of desnrpthHB Destabilization of the intermediate, adsorbed
cyclohexene, could results from a change in the electronic properties of the
surface resulting from the presence of the tightly bound carbonaceous species,
Alternatively, the size of the site at which the reaction occurs might be important
in regulating cyclohexene production. A larger site may be required to m-bond
cyclohexene, m- allylic intermediates and benzene to the surface than to «-bond
dissociatively adsorbed cyclohexane. If the size of a site is 1imited by the
presence of tightly bound carbOHaceous species on the surface, the strength of
adsorption of w bonded species might be reduced relative to the strength of
adsorption of 4 bonded species, due to steric constraints. Then there might be
an increased probability for desorption of cyclohexene than for its further de-

hydrogenation to benzene. Further studies are needed to clarify the role of

surface carbonaceous species on the selectivity of this reaction.
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TABLE 1

STRUCTURE DEPENDENCE OF INITTAL RATES AT 15 TORR CYCLOHEXANE,
100 TORR HYDROGEN AND 573 K in units of (mo?@g/cmzmin)

Surface Benzene Cyclohexene n-Hexane Lignt Alkanes
(111) 1.3x10°° 3.1 % 1077 2.2 x 10710 1.3 x 1079
(557) 2xx107° 2.1 x 1077 9.4 x 1071 1.4 x 1077
(10,8,7) 4.1 x 1078 2.9x 107 13x 1070 9.6 x 10710
(25,10,7) 4.7 x 107 1.9x 1077 9.8 x 107" 7.2 x 10710
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TABLE IT

DEPENDENCE OF INITIAL RATES ON OXYGEN COVERAGE FOR THE (10,8,7)
SURFACE AT 573 K, 15 TORR CYCLOHEXANE AND 100 TORR HYDROGEN

INITIAL RATES (moles/cmmin)

Oxygeﬂa Benzene n-hexane light alkanes
(AES) (x10%) (x10'9) (x10'"y
0 4.1 1.3 1.0
o 3.4 1.2 1.9
10620 1.4 2.2 1.4
0.59 1.2 1.0 1.9
0.89 0.7 1.3 0.8

& patio of oxygen 510 eV peak to platinum 237 eV peak.
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STRUCTURE DEPENDENCE OF DEACTIVATION AT 573 K, 15 TORR
CYCLOHEXANE, AND 100 TORR HYDROGEN

Initial Rate/ Final Rate

Surface Carbon Benzene Cyclohexene nwcf Light

' Alkanes
(111) 0.65 32 47 1.6 3.5
(557) 0.74 a7 9.4 1.0 11.7
(10,8,7) 0.90 22 8.8 1.6 4.2

(25,10,7) 0.78 18 6.3 2.0 3.8



TABLE 111

STRUCTURE DEPENDENCE OF DEACTIVATION AT 573 K, 15 TORR
CYCLOHEXANE, AND 100 HYDRDGEN
, ' Final b . e . r Light
Surface Carbon Ranzena’ K Benzene  Cyclohexene n C6 Alkanes
Initial Rate
Final Rate ™
(111) 0.65 27.3 1.1 32 47 1.6 3.5
(557) 0.74 72.9 .63 47 9.4 1.0 11.7
(10,8,7) 0.90 55, 5 .38 22 8.8 1.6 4.2
(25,10,7) 0.78 101.9 17 18 6.3 2.0 3.8

% Benzene concentration in the reactor at 2 hours in units of p molesg=?t,

b

¢ Rate at 2 hours.

Inhibition parameter as discussed in text.






TABLE 1V

CARBON COVERAGE AND DEACTIVATION OF THE (10,8,7} SURFACE AT
YARIOUS TEMPERATURES AND HYDROGEN PRESSURES

Temp.  Hydrogen  Carbon Final Kb Benzene n-Hexane Light Alkanes
() Pressure C@verage Benzene E@?t%a% Rate
(Torr) {monolayers) Final RateC

573 480 0.76 177 .04 7.8 3.3 3.1

573 400 0.74 171 .05 10.1 1.0 1.5

573 300 0.74 127 .06 2.5 2.0 2.9

573 100 0.90 55 .34 19.7 1.5 2.3

553 300 0.75 111 .15 17.3 1.9 1.0

533 300 0.53 83 .24 20.8 1.0 1.2

1

a . ‘ . . -
Benzene concentration at 2 hours in units of umole-2 .

b Inhibition parameter K as discussed in text.

¢ Rate at 2 hours.



Figure Captions

Figure 1.  Schematic diagram of high pressure-low pressure surface analysis
reaction apparatus.

Figure 2.  Typical Auger spectra; (a) clean surface before reaction, (b) surface
after reaction covered with about 0.6 monolayer of carbon.

Figure 3.  Schematic representation of the four surface structures used
in this study.

Figure 4.  Typical results on the (10,8,7) surface.

Figure 5.  Benzene production as a function of surface structure,

Figure 6. Cyclohexene production as a function of surface structure.

Figure 7. n-Hexane production as a function of surface structure.

Figure 8.  Light alkane production as a function of surface structure.

Figure 9.  Selectivity on the four surface structures for the minor products
retative to benzene production

Figure 10. Benzene production as a function of surface structure as
determined in the second reactor system.

Figure 11. n-Hexane production as a function of surface structure as
determined in the second reactor system.

Figure 12. Effect of hydrogen pressure on dehydrogenation and hydrogenolysis
rates on the (111) surface.

Figure 13. Effect of hydrogen pressure on dehydrogenation and hydrogenolysis
rates on the (10,8,7) surface.

Figure 14, Restart of reaction on a partially deactivated surface.
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