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The dehydrocyclization and hydrogenolysis of n~b.eptane catalyzed by 

single surfaces have been investigated at temperatures 

from 533 to 603 K in the range of one atmosphere total pressure, The 

flat (111), stepped (557), and kinked (10,8,7) and (25,10,7) surfaces 

used tn this study were characterized in ultrahigh vacuum by low energy 

electron diffraction and Auger electron spectroscopy before and after re--

action The rate of dehydrocyclization to toluene on the 

four surfaces increased in the order (111) (25,10,7) (557) (10,8,7), 

Hydrogenolysis, however, increased in the order (557) (10,8,7) (111) 

(25,10,7), As a result, the selectivity of toluene production versus 

hydrogenolysis increased by an order of magnitude in the order (25,10,7) 

(111) (10,8,7) (557). The sum of the rates of hydrogenolysis and toluene 

production remains relatively constant. The effect of preoxidation of the 

single crystal catalysts was to increase the rate of hydrogenolysis and 

decrease the rate of dehydrocyclization, Iri general, the reaction rates 

decreased with increasing reaction time. This decrease was sho-wn to be 

the result of the depositon of irreversibly adsorbed carbonaceous species. 
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ion 

The conversion of alkanes to cyclic molecules are important, 

reactions which occur over suitably prepared 

catalysts. For example, n~heptane can undergo dehydrocyclization 

to toluene, , and alkyl~cyclopentanes, Hydrogenolys:ls to 

produce light alkane fragments is one of the reactions which competes with 

The structure sensitivities of these reactions have been in·-

us supported ( 1~8 and thin film (9 ,10) catalysts of varied 

, s surfaces ,12), and inum~gold alloys (13, 

14), .Although the results are not always , these studies have 

shown that alkane hydrogenolysis and dehydrocyclization are 

structure sensitive reactions, L e., their rates are dependent on 

particle size, single crystal surface structure, or alloy composition. 

Kraft and Spindler (1), and Maat and Moscou (2) have reported that 

over alumina supported platinum catalysts, the specific rate of n~heptane 

to toluene increases with particle size. The 

structure sensitivity of c6 alkane dehydrocy.clization has been studied in 

more detail than C7 cyclization. Both methylcyclopentane and benzene can 

be formed from hexane and hexane isomers over platinum catalysts. In addi~ 

tion to being a dehydrocyclization product, methylcyclopentane is an im~· 

portant intermediate in one type of skeletal isomerization of hexanes (15). 

by Gault and coworkers (5,6) indicate that C 5 ~cyclic isomeriza~ 

tion is the dominant alkane isomerization mechanism over highly dispersed 

, while bond shift isomerization is more important over poorly 

catalysts. It was concluded (16) that cyclization may require 

only one metal center. ·Likewise, Anderson and coworkers (9,10) used platinum 

films of varied dispersion to catalyze the reactions of several C6 alkanes 

and found that cyclic isomerization and cyclic reaction products were 

favored over the most highly dispersed films. On the other hand, 

and Platteeuw (3, 4) have reported that the rates of isomerization and de~ 

of n~·hexane and 2·-methylpentane are independent of particle 

size over monofunctional platinum catalysts. Van Schail<: et~~±:· (l~J, 

using a series of Pt~~Au alloys of varied composition, observed a maximum in 
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for n"~hexane dehydrocyclization on intermediate dispersion 

(intermediate platinum concentration) catalysts. The surfaces of these 

alloys should be composed mainly of very small ensembles of platinum atoms 

imbedded in an inert matrix of gold atoms. These results indicate that 

probably only one or two platinum atoms are required to form an active site 

for dehydrocyclization. Koslov ~3!-l· (8) also concluded that the specific 

rates of n~hexane dehydrocyclization were highest over intermediate sized 

platinum particles dispersed on non-acidic supports. 

Alkane hydrogenolysis has generally been shown to be a structure 

sensitive reaction over transition metal catalysts (8,9,17,18). The specific 

hydrogenolysis rates of neopentane, n~hexane, and 2-methylpentane have been 

found to increase with i.ncreasing platinum dispersion over supported (7) 

and metal film catalysts (9,10). 

Structure sensitivity studies using supported or thin film cata~ 

lysts are difficult to interpret because of the complex surface structure 

of this form of catalyst and the difficulty of determining the surface 

structure experimentally. While particle size effects cannot easily be 

assigned to specific surface sites, these effects may be applied directly 

to the optimization of industrial catalyst formulations. Oriented films 

may have substantial uncontrolled concentrations of surface defects. 

Single crystal catalysts offer the distinct advantage of allowing 

direct determination of the structure and composition of the active surface. 

Somorjai and coworkers (11,12) have used platinum single crystals to 

catalyze the dehydrocyclization of n··heptane to toluene at pressures less 

than 10-4 Torr. A flat (111) surface and several stepped surfaces with 

(111) terraces of varied width were used. As the terrace width was varied, 

a maximum in activity was observed for the (557) surface which has six-atom

wide terraces. This surface was several orders of magnitude more active 

than the (111) surface or a stepped surface with four-atom-wide terraces. 

The present study has utilized well characterized platinum single 

crystal surfaces of varied structure to catalyze the dehydrocyclization and 

hydrogenolysis of n-heptane at pressures in the range of one atmosphere. 

The single crystals were characterized by Auger electron spectroscopy (AES) 

and low energy electron diffraction (LEED) prior to, and immediately after 
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pressure. ea. w·ere conducted 

constructed isolation cell inserted in the center of 

an ult vacuum chamber. The effec.t. of catalyst surface structure on 

, selectivity, and has been determined. In 

addition, the effect of the presence of strongly bound subsurface oxygen 

on catalyst has been explored. 

The and used here are the same 

as described in detail previously (19). The s crystal platinum 

were and characterized in ultrahigh vaeuum~ and reaction studies were 

an isolation cell housed within the ma:Ln vacuum chamber. AES 

and LEED were used for surface characterization before and after 

reaction :sttid.:i}€18. 

The four surfaces used ln this study are the (111), (557), 

(10,8, 7), and (25,10, 7) ln simple Jlriiller index notation, or more illustratively" 

as the Pt(lll), Pt(S)- 5 (111)+2 1 (100)], Pt(S)-[7 14 (111)+1 1 (110)+2a(100)], 

and the Pt(S(-[7 14 (111)+15 15 (100)+3 3 (110)] in microfacet notation (20). 

Idealized schematic representations of these surfaces are presented in 

:Figure L The (111) surface is a hexagonally closed packed array of atoms. 

The (5.57) crystal face is a stepped surface conslstlng of six-atom~·w:i.de 

terraces of (111) orientation separated by highly unsaturated one-·atom-high 

steps. The other two surfaces have high concentrations of kink sites in 

the steps whlch are even more highly unsaturated than step atoms. The 

(10 8, 7) surface has approxima seven-atom-wide terraces, and of 

(310) orientation, in a densHy of kink s:ttes of about 6% of the 

total surface atom concentration. The (25,10,7) surface has (610) orienta-

tion , two-atom-wide terraces, and a kink surface concentration of 

about 9%. These surfaces appear to be structurally stable under the condi-

tions of the experiments here. The n-heptane was obtained from 

Petroleum Company and was 99,99% pure, \vith 2~methylhexane and 

3···methy 1hexane as the major impu.r i.t ies. 

The 

tion studies 

surfaces vJere cleaned ln vacuum prior to reac~ 

argon ion bombardment and annealing, oxygen treatments at 
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elevated temperatures and annealing, or a combination of these two 

techniques. Oxidized platinum surfaces were prepared by heating the 

crystal in 5xlo~" 7 to Sxlo-"6 Torr oxygen at temperatures of 1023~1123 K for 

various time periods. 

Some of the experiments reported were performed in a second high 

pressure reaction~surface analysis apparatus described in detail else~ 

where (21). The Auger spectrometer used in this apparatus used a non~ 

standard flat grid arrangement (24). As a result, the AES calibration for 

surface carbon used in the primary system is not applicable to the second 

apparatus. Carbon coverage data from this second system will be reported 

in terms of arbitrary units. Unless otherwise specified, the results pre~ 

sented will be from the primary apparatus. 

Results 

The Initial Rates of n~Heptane Dehydrocyclization and Hydrogenolysis. 

Reaction studies have been performed at 15 Torr n~heptane 480 to 

745 Torr hydrogen, and temperatures of 533 to 603 K. Toluene and C1 through 

C6 hydrogenolysis fragments were the only reaction products studied in 

detail. The C1 through C6 alkanes have been summed and are considered 

collectively as the products of hydrogenolysis. These have been calibrated 

such that one mole of light alkanes represents one mole of n-heptane con

sumed. Results on the four surface structures at 15 Torr n-heptane, 480 

Torr hydrogen, and 573 K are depicted in Figures 2 and 3. These plots re

present the accumulation of product in the batch reactor as a function of 

time. As a result, the rate of the reaction at any given time is the slope 

of the curve at that time. Table I lists the initial rates based on this 

data, Multiple data for the various surface structures are included to 

demonstrate the degree of reproducibility of the results, The first entry 

for the (10,8, 7) crystal and the first two entries for the (111) crystals 

represent runs in which the crystal was prepared by sputter anneal cycles 

only, The remainder of the runs utilized oxidation~anneal type cleaning 

procedures. The second entries for the (557) and (25,10,7) surfaces were 

obtained in the second reactor system, Although the rates were some•vhat 

lower in the second system than in the first, the relative activities of 



5 

the two agree well between the two sets of data. The 

ini~ial rates appear to be to within+ 15%, Also listed tn 

Table I are the selectivities, defl.ned as the rate of toluene ion 

divided by the rate of 

sum of the initial is 

, and the total rate defined as the 

dehydrocyclization rates, 4 

illustrates the structure dependencies of the initial rates and select:i.vitieB ,, 

The rat of toluene production varied about a factor of 2.5 and exhibited 

a maximum on the (557) stepped surface. On the other hand, the rate of 

varied by a factor of five <tJith a minimum on the (557) surfaeE' 

and a maximum on the narrow terrace, high kink density (25,10,7) surface. 

The varied by about a factor of 10 and was on the (557) 

surface and lowest on the (25~10,7) surface, As illustrated in 4, 

the sum of the two reactions,dehydrocylization and hydrogenolysis, was 

relatively independent of surface structure, This suggests that these tx.vo 

reactions compete with one another. An increase in the rate of 

leads to a decrease in the rate of dehydrocyclization, and vice versa. 

Table II lists the initial rates and selectivities as a function 

of reactiort temperatures and hydrogen pressure on the (10,8, 7) and (111) 

surfaces. The apparent activation energy for toluene formation vJas 

30+4 kcalimole on the (10,8,7) surface and 33. kcalimole on the (111) 

surfaee. The data point at 603 K w-as not used to calculate the activation 

on the (10,8,7) surface since rapid deactivation at this 

resulted in a large in the initial rate measurements. The 

14+2 

573 

activation energy for hydrogenolysis on the (10,8,7) surface \vas 

and on the Clll) vms 18.6+2 kcalimole. As a result, be1mv 

the selectivity for toluene production increased with increas 

Deact 

Increasing the hydrogen pressure increa.sed both the rates of 

is and dehydrocyclizat:Lon. 

me.asurements to reaction studies indicate that 0. 

to nearly one monolayer of carbonaceous material is 

on the surface under reaction conditions. Since AES is in vacuuw., 

these measurements carbonaceous species that are 
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adsorbed; that is, species which are not removed from the surface upon 

evacuation of the reactor. It is likely that at high pressure significant 

concentrations of reversibly adsorbed species also exist on the catalyst 

surface. As a result, these measured surface carbon concentrations are 

probably lower than is the case under actual reaction conditions. 

This irreversibly adsorbed carbonaceous deposit is quite strongly 

bound to the surface. Heating the crystal in vacuum or in hydrogen (760 

Torr) would not remove this carbon from the surface, Generally, oxidative 

or sputtering treatments were necessary for this purpose. After a reaction 

experime.nt, the LEED pattern from the crystal surface contained only the 

diffraction features of the clean surface with a high background intens:Lty. 

This indicates that within the coherence width of the electron beam the 

carbon does not form an ordered overlayer structure. There was no evidence 

from LEED that this carbon was graphitized. 

The amount of hydrogen contained in the carbonaceous overlayer 

(irreversibly adsorbed) was estimated by thermal desorption spectroscopy 

(TDS), Shown in Figure 5 are TDS spectra of H2 from 1) the carbonaceous 

overlayer deposited during a high pressure reaction experiment~ 2) a layer 

of benzene adsorbed at 10~8 Torr and room temperature, and 3) hydrogen ad~ 
sorbed on a clean surface at 200 Torr and room temperature. Thermal desorp~ 

tion of benzene from platinum generally results in no more than 10% of the 

carbon being removed from the surface. Rather, the benzene decomposes 

yielding the hydrogen TDS shown in Figure 5. Likewise, only thermal desorp

tion of H2 could be detected from the reaction deposited overlayer. Using 

the quantitative determination of surface carbon by AES, the hydrogen TDS 

can be calibrated relative to the carbon by assuming that the benzene de

composes totally, and all of the hydrogen is removed from the surface during 

the flash.·-

-- Using the AES data for the 

carbon coverage in each case, and assuming a stoichiometry of one hydrogen 

atom per carbon atom in the benzene over layer (L e. associative adsorption 

of benzene), a ratio of one hydrogen atom per two carbon atoms in the layer 

deposited during reaction can be calculated. This H/C ratio of 0.5 should 
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be considered as an upper limit since the non~validity of any of the three 

assumptions men.tioned above would likely result in a lower ratio. 

Table III lists the carbon coverages and deactivation behavior 

of the (10,8,7) surface as a function of reaction conditions. The ratio 

of the initial rate versus the :rate after U:vo hours of reaction is used as 

a measure of deactivation. A llarger ratio indicates a greater amount of 

deactivation. Increasing the reaction temperature resulted in the deposition 

of more carbon and a higher rate of deactivation. Increasing the hydrogen 

deactivation behavior of the crystal catalysts. In order to elimin-

ate inhibition by the aromatic product as the cause of deactivation, a 

experiment was performed in which 8. 7 Torr of benzene vvas added to 

the normal reaction mixture at the start of an n-heptane reaction nm. 

Benzene should produce inhibition effects similar to toluene, and is readily 

from toluene by gas chromatography, thus allowing the accurate 

determination of the rate of toluene production in the presence of a large 

concentration of another aromatic compound. In the presence of benzene, 

the initial rates of hydrogenolysis and dehydrocyclization on the (10,8,7) 

surface were 2 .8xl0-9 moles/min-cm 2 and 1. 9xl0-9 mcHes/min-cm 2
, respectively. 

Comparison to the rates presented in Table I reveals that the rate of toluene 

production is unchanged by the addition of benzene, while the hydrogenolysis 

rate may actually have been enhanced some,vhat . 

. An attempt was made to follovJ the carbon deposition process with 

time a reaction, and to correlate carbon coverage with deactivation. 

A serles of six experiments were performed at the same conditions, but for 

varying lengths of time. Table IV lists the results of these 

which 1:vere performed in the second reactor system. Since the spectrometer 

used for AES measurements in this apparatus was not calibrated for carbon 

in a manner similar to the primary apparatus, the carbon coverages 

in Table IV are in artibrary units. Figure 6 is a plot of the relative 

rate (rate at given time divided by the initial rate) versus the amount of 

surface carbon determined at each of the times in Table IV. The 

second set of points in this figure are the relative rates and carbon 
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coverages at the end of several experiments on the same crystal at various 

other temperature and pressure conditions .. 

\~ These show that the 

deactivation which occurs during a run is the result of the deposition 

of irreversibly adsorbed carbonaceous species. Reaction inhibition by 

the aromatic product was not significant. The rate of carbon deposition 

and the rate of deactivation increases with increasing temperature and 

decreasing hydrogen pressure. 

Table V lists the carbon coverages and deactivation as a function 

of surface structure. Carbon deposition did not depend strongly on surface 

orientation. The rate of deactivatton of toluene production va-cied by about 

a factor of three with changes in surface structure, but did not exhibit an 

obvious trend with crystal face. Hydrogenolysis deactivation was rather 

insensitive to surface structural variations. The selectivity for toluene 

production increased with reaction time over the (25,10, 7) surface, but 

decreased with time over the other three orientation surfaces. 

The Effect of Strongly Bound Subsurf?ce Oxygen on Catalytic Selectivity 

The effects of preoxidation of the (10,8,7) surface on dehydro

cyclization and hydrogenolysis are illustrated by the data in Figures 7 and 8, 

and Table VL The 0510 /Pt 237 ratios are the initial AES ratios. In general, 

the intensity of the 0510 Auger peak decreased by no more than 20% during a 

two~hour high pressure reaction experiment. As the initial surface oxygen 

concentration on this surface was increased, the rate of hydrogenolysis 

increased and the rate of dehydrocyclization decreased, As a result, the 

selectivity changed by a factor of 20, while the total rate changed by a 

factor of two. The deactivation behavior of the single crystal catalysts was, 

in general, not affected significantly by the presence of the oxide. An 

exception to this can be seen in Figure 8 for an initial oxygen coverage of 

0 510 /Pt 237=0.82. In thj"s case the hydrogenolysis activity decreased more 

rapidly than in any of the other runs. AES analysis after this experiment 

revealed that the oxygen concentration had decreased by about 40%. Apparently 

some of the oxygen initially present was bound less strongly than usual and 

was more reactive with the reaction mixture. It is unknown at the present 
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time this occurred since the had not been altered. 

Also listed in Table VI is the data for the oxygen effect on the 

of the (25,10,7) surface. In this case the selectivity only 

by a factor of tY"O. 9 is a plot of the normalized selec·~ 

tivit:tes (the selectivity divided the of the clean surface) 

versus the surface oxygen concentration on the (557), (10,8, 7), and (25,10, 7) 

surfaces. In all cases the 

upon oxidation of the crystal. 

order (10,8,7)>(557)>(25,10,7). 

surface was not obtained. 

ion 

for toluene production decreased 

The magnitude of the effect decreased in the 

Data for the effect of oxygen on the (111) 

Examination of the data in Tables I and VI reveals that at constant 

react:i.on conditions, the selectivity can change significantly as a function 

of properties, vlhile the sum of the rates of hydrogenolysis plus 

toluene production remains relatively constant, For example, in Table I the 

selectivity changes by approximately a factor of 12 as the total rate varies 

by a factor of 1.3. This suggests that the two reactions do not occur 

independently, and that a common slow step precedes the reaction steps which 

regulate the selectivity. Not enough molecular structural information exists 

at this time to propose a detailed mechanism that explains these observations. 

Hovmver, it does appear that the two reaction pathways branch from a. common 

intermediate which has a limited surface concentration. The following reaction 

scheme might be applicable to this s:ltuations 

A 

A change in either or k 3 would not cause a change in 

the overall rate, but would result in a change in selectivity. If, for 

, k 2 increases 1:11hile k 3 remains constant, the rate of formation of C 

vvould increase and the rate of form,<Ition of ]2 would necessarily decrease, 

The real situation is certainly more complicated than this simple picture, 

For example, other reactions patln.vays, such as isomerization and cyclization, 



10 

to five membered rings have not been included. However, this model pro~ 

vides a convenient picture of some aspects of the observed kinetic behavior. 

It seems that it is this competitive nature of the two reactions that is 

responsible for the complexity (the non~monotonic dependence on step o:r· 

kink density) of the structurally dependent changes in the rates of hydro~ 

genol.ysi.s and toluene production over the 

The selectivity for cyclization is highest on the (557) and (10,8,7) 

surfaces. Both of these surfaces have steps separated by 6~7 atom wide 

terraces. The selectivity is low on the (111) surface which does not have 

steps, and is also low on the (25,10 ,7) surface which has closely spaced steps. 

We eonclude from these results that a step separated by 6~7 atom wide terraces, 

or the combination of a step and a 6~·7 atom vlide terrace, is a structure that 

effectively catalyzes cyclization. Assuming that step and kink sites adsorb 

hydrocarbons more strongly than do (111) type sites, the close spacing of 

the steps on'the (25,10,7) surface may increase the probability of simul~ 

taneous adsorption of the n.-heptane molecule at two different points on the 

surface. This multiple attachment may hinder cyclizationandenhance hydro~ 

genolysis. Interestingly, the separation between the steps on the (557) and 

(10,8,7) surfaces is greater than the length of an n~heptane molecule. 

Since the (111) surface contains few step sites, we can understand why the 

cyclization rate is low over this surface, but were surprise.d that the hydro~ 

genolysis rate is high. However, the competitive reaction model discussed 

aoove suggests that a low probability for cyclization should result in a 

high hydrogenolysis rate, 

The major difference between the (557) and (25,10,7) surfaces is the 

presence of a kink every third atom along the steps on the (10,8,7) surface. 

The addition of kinks to steps apparently increases the rate of hydrogenolysis 

relative to cyclization. The (25,10,7) surface has only 50% more kink sites 

than the (10, 8, 7) surface, while its selectivi.ty is five times lower. Thus 

the low selectivity of the (25,10,7) surface does not correlate directly 

with the surface kink atom concentration and must be related to the close 

spacing of the on this surface. 

As demonstrated by the data in Figure 6, the extent of deactivation of 
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the (557) surface correlated with surface carbon concentration. 

However, the exact of deactivation on surface carbon coverage 

is not the same from crystal face to crystal face. That is, a given amount 

of carbon does not the same of deactivation on each different 

surface orientation. Also, the effect of carbon deposition on the 

selectivity was a funct::Lon of surface structure. Over the (25, 10, 7) surface 

the increased as the crystal deactivated, while over the other 

three surfaces the selectivity decreased with crystal deactivation. These 

results suggest that ln add::i.tion to the concentration of surface carbon, 

the structure and/or composition of the carbonaceous deposit may also be 

in regulating seleetivity changes and deactivation behavior of 

the single crystal catalysts, No information in this could be ob·~ 

tained by LEED or AES. 

Pn~oxidation of the single crystal catalysts generally resulted 

in an increase in the selectivity of hydrogenolysis versus dehydrocycliza

tion. Possible models of how this preoxidation could affect platinum 

hydrocarbon reactions have been discussed in detail previously 

~5.26), It was concluded that the main effect of preoxidation is to modify 

the electronic properties of the surface such that the platinum atoms become 

electron deficient, The actual mechanism of how this change in electronic 

properties alters the hydrogenolysis/cyclization selectivity is not known at 

present, However, it can be suggested that this change in select:I.vity is 

related to the strength of interaction between the adsorbed hydrocarbon 

and the platinum surface. Strong Pt~C bonds would be expected to 

favor C-C bond breaking processes. Possibly, Pt~C bonds form on 

an oxidized surface as opposed to a non~oxidized platinum surface as a result 

of increased electron transfer from the hydroca:rbon molecules to the 

surface, facilitated by the electronegative oxygen. 

This work was supported by the Division of Materials Science, Office 

of Basic Sciences, lLS. Department of Energy under Contract 

vJ~ 7 t,Q 5~ENG~48. 
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Idealized representations of various single crystal surfaces 

used in our reaction studies. 

Toluene formation from n~heptane over the four single crystal 

surfaces. 

n~Heptane hydrogenolysis over the four single crystal surfaces. 
A B 

The dependence ofjinitial rates andjselectivities of the n~heptane, 

480 Torr hydrogen, and 573 K. 

Thermal curves of hydrogen from the (10,8,7) surface 

with various adsorbates present, 

Correlation of the deactivation of n-heptane aromatization with 

carbon coverage . 

. 7 The effect of preoxidation of the (10,8,7) surface on n-heptane 

dehydrocyclization • 

. 8 The effect of preoxidation of the (10,8,7) surface on n-heptane 

hydrogenolysis. 

Fig.9 Normalized selectivities as a :function of surface oxygen 

concentration. 
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Table 

Table I Structure dependence of initial rates and selectivity at 

15 Torr n~heptane, 480 Torr hydrogen and 573 K. 

Table II The effect of temperature and hydrogen pressure on the initial 

rates and selectivity at 15 Torr in n~heptane. 

Table III Carbon coverage and deactivation as a function of reaction 

conditions at 15 Torr n~heptane. 

Table IV Correlation. of carbon coverage and deactivation. 

Table V Carbon coverage and deactivation as a function of surface 

structure at 15 Torr n~heptane, 480 Torr hydrogen, and 573 K. 

Table VI The effect of preoxidation on initial rates and selectivity 

at 15 Torr n-heptane 1 480 Torr hydrogen and 573 K. 
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Table I • Structure dependence of initial rates and selectivity at 15 Torr 
n-heptane, 480 Torr hydrogen and 573K. 

Cata t Dehydrocyclization Hydrogenolysis Total Rate Selectivity8 

~2 . ~1 9 
initial rates (moles em m1n x 10 ) 

. (111)1 b,c lol 1.7 2.8 6 

(111)2b,c 1.3 •.\ 1.9 3.2 7 

( 111)2 b 1.3 2.0 3.3 o. 7 

) 2.6 0.6 3.2 6 
' d 
(557) 2.0 

(10~ 8, nc. 6 1.7 4.3 1.5 

(10, 8, 7) 2.,9 1.4 1 

(10, 8, 7) 2.7 1.3 4.0 2.1 

(25, 10, 7) 1.2 2.7 3.9 4 

(25,10,7) 
d LO 

a Initial rate of dehydrocyclization divided by the initial rate of hydrogenolysis. 

b The subscript indicates the two different ( samples. 

tal was cleaned only by sputtering a·nd annealing. 

dData obtained in second reactor system. 



II. and rogen pressure on the initial rates and 

at Torr in tanee 

sure rocyclization s Total Rate Se tivi 

initial rates (moles cm-2 min-l x 10-9 ) 

480 4.7 3.1 7.8 LS 

5 2.9 1.4 3 2~1 

553 1.5 1.1 2.6 1 f, -·"' 
o.so 0.66 1.2 0.8 

3.9 2.0 5.9 2.1 

tv 
-.! 

-2 -ern min 

480 L4 2.0 3.4 0.7 

5 o. 1.6 2.4 0.5 

0.15 0.60 75 0.3 

----~-~-----~~----''''"''"""'"'""'"''''-"""""""'=· -------------~--------------=--~----·-------~-~-----_________ """"" ___ .. __ -~----·----~ 



Tab1e IIL coverage and as a function reaction 

ture 
Pressure 

) 

( ' 8, 7) 

480 92 l5e7 

573 o. 5.5 

2.3 

56 1.8 

3 5 0.76 5.1 

a At two hours of reaction time. 

ions at 

rogeno is 

1.5 

3.7 

3.3 

1 

2 5 

rr 

Sele(;t
ivi 

t
ivi 

(initial) (final a 

1.5 0.5 

2. 1. 

1$4 1.9 

0.8 0.8 

2.0 1.7 

N 
00 
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Correlation of Carbon Coverage and Deactivation 

Time Carbon Coverage Relative 
(minutes) (arbitrary units) Rate 1 

--~~-~--

1.5 0.4 .26 

4 0.6 .088 

25 LO .016 

60 1..1 .007 

240 1.4 .004 

Rate at the time of the carbon coverage measure

ment divided by the initial rate. 



v. . coverage and tivation as a of structure at 

Structure 

( ) 

) 

( ' 8, 7) 

,7) 

Ca 

and 5 K 

) 

0®6 

0.6 

0.8 

7 

a At two hours of reaction time. 

rocyc tion Selectivi 

(initial 

4 3.2 0.,7 

3.3 2.4 4.6 

5 8 3.3 2.0 

1.9 9 .4 

Torr 

) 

~ 480 Torr 

Selectivi 

) 

0.5 

3 2 

1.2 

0.7 

w 
0 
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Table VL TI1e effect of preoxidation on initial rates and selectivity at 

15 Torr t.ane, 480 Torr hydrogen and 573 K. 

0 Dehydrocyclizatlon Hydrogenolysis Total Selectivity 

init cm-2 x 109 

0 1.2 2.7 3. 9 0.4 

o. 0 3.7 0.2 

1. 64 2.8 3.11 0.2 

1. 77 3.6 4.4 2 

2. 0.52 4 2.9 0.2 

-~~~~~-~--~-~~=-..-- ••~--===<=•.:=..,o>~<=L~~~~• 

0 2.7 1.4 4.1 1.9 

22 2.4 2.6 5.0 0.9 

o. 1.7 2.6 4.3 0.7 

0.82 1.0 7.6 6 0.1 

1.09 0.91 .,, .l 5.0 0.2 




