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. THE HYDROGENOLYSIS OF CYCLOPROPANE ON PLATINUM
' STEPPED SINGLE CRYSTALS AT ATMOSPHERIC PRESSURE

Daniel R. Kahn
‘InorganicvMaterials Research Division, Lawrence Berkeley Laboratory and
Department of Chemical Engineering; University of California
. ~ Berkeley, California
ABSTRACT

A.review”of the current literature in surface chemistry and hetero-
genéous catalysis has revealed that thete is a gap between chemisorption
and surface reaction studies performed in ﬁltra—high vacuum (lO‘Avto
10-9 torr) oﬁ single crystél surfaces and those carried out at llatmos-
kphere on highly disPefséd éuﬁported catalysts. Although the low pressure
work 1s of fundamental importance to catalysis, a direct correspondence
~ between thesé'studies and more.conventional catalytic experiments is
dbscure& by .a number of factors, not the least of which is the eﬁormous
difference in total pressure--—some 107 to 1012 6rders of magnitude. Hence
there is a need to measure the activity of single crystal surfaces at
~ high and low pressure. Furthermore, it has been shown that single_cryétal
‘ surfaces would serve as ideal models for highly dispersed supported mé%gln
catalysts. . : | | | |

An'appératus'was therefore constructed to study catalytic reactions
on one orvmore platinum single crystals in situ both at .1l atmosphere
total,préssure and_in ultra-high vacuum. The main feature of the design
1s a novel thable béllows—cup ﬁechanism'by which the catalyst can be
encased in a small volume for the high pressure experiments. A gas

.chrométographic sampling technique 1s employed to monitor the formation of

Products in the high pressure system.



~-viii-

Using this apparatus, the cyclopropane hydrogenblysis has been
invéstigated'at 1 atm pressure on a flatinum stepfed single crystal
(Pt(S)-[6(111)=(100)]) having a total surface areé of 0.76 cmz. Initial
specific reaction rates wefe reproducible ;o abouf 10%,'and to within a
factor of two were ideﬁtical to published values for this reaction on
highly dispersed supported platinum catalysts. The  activation energy
for the unpoisoned catalyst was found to be 12.2 kcal/mole, while that
for the partially deactivated catalyst was 10.5 kcai/mole.' The order
of the reactioﬁ with respect to cyclopropane was.deﬁefmined to be
0.8 * 0.2. The conditions of hydrogen pretreatment were found to be
important factors in determining the initial shape of the réactiqn rate
curve.

This work has shown that it is possible to measure rates of reaétioﬁ
on a single platinum crystal having a surface afea'of licm2 at atmosphéric
pressure using a thermal conductivity detectoi of a gas chromatograph.
Studies éf this type appear to be well suited to discover the relation-
ship between the morphology of the catalyst surface and its heterogeneous

catalytic activity.’
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CHAPTER I
INTRODUCTION AND BACKGROUND

Almost 50 years have eiapsed since H. S. Taylor first introduced the

- concept of surface heterogeneity to describe the catalytié activity of

- 1,2 : . . . .
metal solids.”’ Since then the term "active sites" or "active centers"

has become well known to refer to the location of a catalytic event on a

solid surface. The fact remains that although "active centers" are fre-

quenﬁly discusséd.in heterogeneous catalytic reactions, their nature is
very poorlyaunderstood.v.Part of the reason lies in §he fact that several
basic unknowns in the catalytic process remain to bé expléred in a system-
#tic mannér. These include the physical and chemical state of the metallic
surface during reaction, and the exact nature of the metal-adsorbate and
adsorbate—adsqrbate surféce interactions. As new sophisticated techniques
become available for studying chemical reaction processes on metal sur-
faces,: the fieid of cétalysié will continue to develop into a more funda-

mental science.

A. Studies of Metal Catalysts on an Atomic Scale
Two new tools for studying the surface of a solid on an atomic scale

have become commercially available during the last 7-8 years. One techs .

nique is low energy electron diffraction (LEED), whereby one can determiﬂe'

the structure of well-defined clean surfaces, the possible rearrangement

of these surfaces in the presence of adsorbed gases, and the structure

of adsorbed gases relative to the metal substrate.3 Using Auger electron
spectroscopy (AES), it is possible to obtain a quantitative estimate of

the composition of surface species down to 1% of a monolayer, thereby

gaining valuable information about impurities at the surface. It should
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Be noted hefe that practically ali this work is done.in ultfahigh Vaéuqm.
(‘10“4 to,lo—llforr) due tofthe natufe of the téchniques énd the equipmenti
use& in the analyses. These méthods are of parLiéular lmportéhce to
catalytic chemists bec#uée of the obvious Valﬁevthat such infbrmation
has in. the interpretation 6f chemical-reactioﬁs on catalytic §urfaces;
Thevfeader-?sfreferred'to recent reviews® ’ for detai}ed descriptioﬁs of
these»technigues and their vafioﬁs applications.
Using;the methods described above there has been incréasing.intérest
in stﬁdying well-defined cataiyst surféCeS, notably oriented single crys—.
tals bf knowniinitial'che@ical purity."Somorjai’énd-cdworkers have
measured surface structure, composition;_and some rates of rgacfion_on »

platinum Single crystals at low pressure.sa11

‘Both lo; Miller index and
- high Miller’lndex cryétal fdces of platinum have Been examiﬁed. The
latter han>been‘shown to consist of low index (lll) and (100).tefraces
of constant widtﬁ,.linked by éteps of monatomic height, and to exhibit
femarkable thermal stabiiit§;8 One particular reactioy which has been
studied extensively is_théIdéhydroéyclizétion of n-heptane to form tol-
uene.lo This was investigated between 100°C and 400?C at,pressures“in
the 10—4 torr range on single crystais having surfaég_éreas of léss than
1 cmzi Azmass'spéétrometric technique was usedvto monitor the formation.
of product. 1The initial rate of toluene formation oﬁ the high index or
stepped surface wés found to be approximately an order of magnitude
greater thén initial rates on low iﬁde# surfaces.

The dhemiéorption propertieé of stepped platinuﬁ éurfaces have been

~ shown to be very'different from those of low index platinum surfaces.9

Two strikiﬁg examples which are of particular importance'to catalysis are
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those inVQiYing hydrogen and oxygen. Both chemisorb readily at re1atively
low teﬁpératures on steppéd surfaces but do not éhemisorb_easily»on low in-
dek faces._ Fgrthermo:e, it has been shown that the dissociation of'these.
diatomiét@olgcules takes place at the atoﬁic steps oniﬁhe high index Surfaées.

In a molecular beam study of H2/D2 exchange onﬁloﬁ and high Miller In-
dex platigum single crystal surféges, Bernasek, Siekﬁaus, and Somorjai12
showed thaﬁzthe exchénge reaction took place readily on a high index (997)
ﬁlétinum‘singié crystal surface, whereas no detectable HD could be measured
-using a loy.index (111) platinum surface. The difference in reactivity was
éscribedsto the unique properties of the stepped surface. It should be
pointed out that the H2/D2 exchange is known to be a. moderately fast reac~-
tionvon oriented thin films as well as on polycrystalline supportgd catalysts.
Yet the molecular bgaﬁ configuration is sensitive enough to detect differ-
epées in activity fhat wouldvotﬁefwise be indistinguishable using other
analytical techniques.

A direct correspoﬁdence between the above chemisorption and surface
feaction'studies and those éérried out in more conventional systems is
oBscured by a number of factors. Of particular significance is the
énormbusiy‘reduced pressure under which LEED; AES, or mass spectrometric
engriments ére conducted. Typically, catalytic reactioﬁ rates are
ﬁeasured at reactant partial pressures on the order of one atmosphere
whereas LEED measurements, f@r example, are made ét 10_6 to 10_10 torr——

a pressure some 109 to 1013 smaller than ordinarily used in catalytic
studies. It is possible that at higher pressures larger surface éoverages
may give rise to "on top" structure that does not form invulfrahigh

_ vaéuhm.l3 Hence,_éhemisorption and surféce reaction studies carried out

at 1 atm may not be directly correlated with UHV sfudies. It would seem
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logical therefore to.study patalytic rgactiops at high pressures (1 atm
or higher) on well-oriented single crystal éurfaces. In this manner the
results of UHV and high préssure reaction studies could be compared on
the same catalyst and under similar reaction conditions, the only differ- R
ence being the totél system pressure.
Before outlining the goais of the present study; and in order to
gain a better insight into the justification for the work carried out in
this thesis, it is first necessary to review relevant literature involving

highly dispersed supported metal catalysts.

B. Studies of the Effect of Metal Crystallite Size

on Specific Activity and Selectivity in

Heterdgeneous Catalysts

Work has continued with traditional heterogeneous catalysts in an
effort to characterize the nature‘of "active centers." Recént studies
have employed highly diépersed metals supported on inert carriers to in-
vestigate fﬁlly the geometrical factor in catalysis. Typically, experi-
ments ‘are pegformed at 1 atm in batch or flow réactors, where the reaétants
.and products are analyzed via gas chromatpgraphy. 'In addition to measuring
initial reaction rates, orders of reaction with respeét to particular re-
actants, and activation energies, more emphasis is now being placed on _ l
chéracterizing the catalyst more fully, as to details of preparation,
surféce area of metal exposed (dispersioﬁ), average metal particle size,
and the distributicen of partiéle size, in order to make a rational inter-
pretation of catalytic activity. Several excellent reviews of techniques
for characterizing highly dispersed catalysts have appeared in the current

literature.14_16 Ideally, a supported catalyst being used in fundamental
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research.should be characterized by a combination of gas chemisorption,
X-ray diffraction, and electron microscopy measurements. -

It has been only in.the last 6-7 years that more detailed considera-

~ tion has been .given to the possible effects of the state of the metal
- dispersion on the carrier on catalytic activity. Table I-1 shows the

ﬂabproxima;q,felationship between dispersion and metal crystallite size,

where.the,deéree of dispersion of the getal is defined as the ratio of
thé numberlOf.surface'metal atoms to the total number of metal étoms.

One would expect the surface heterogeneity to change with crystallite
size and‘possibly have an effec; on SPeEific activity for a given reaction
or on selectivity in a system of éompetitivé reactions. Indeed a number
of investigafors have found relatioﬁships of this type which has led to
classifying reactions into two main grQuPs.l7 The terms "facile" and

"structure-insensitive" have been used to describe types of reactions

.wﬁére specific activity is independent of the mode of preparation of the

catalyst or the catalyst metal particle size. Hence each surface site is

about as effective catalyfically as its neighbor. On the other hand,
those reactions in which the specific activity or selectivity is a functiomn
of metal'particle size or mode of catalyst preparation have been te:med
"demanding“\orvVstructure~sensitive."‘ Table I-2 summarizes a nuﬁber of
reactions which belong to each particular classifiéation.

One of»the'interésting asbects of the "structure-sensitive" studies
has been that the effect is only prevalent in the 15-50A dia particle
size,range.. The question arises as to the unique prbperties that metal

crystallites of this size range possess. To gain a more fundamental

understanding.of this phenomenon, a number of models of small crystaliites
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'Table I - 1. Relatlonsh1p between degrele5 of dlspers1on
: and metal crystalllte size :

Dispersion : Appro;iimate crystallite size
range’ ' S
<0.3 - - Low dispersion values, metal composed of

relatively large crystallites (50- 500A range)

with most of the metal atoms occupying
internal positions.

0.4-0.7 ~ Small crystallites with average diameter of -

approx1mate1y 20- 50A

0.7-1 v _ " Dispersion values approaching unity rhean

that all metal atoms are exposed, and in the "

limit, approach a completely atomized
condition. ‘




- Table I - 2. Survey of structure-sensitivity ‘studiés'

" Structure-insensitive''

" reactions

"' Structure-sensitive!''
reactions

(a).

(b)

| (c)

(d)
. —Dorling, Eastlake, and

Ben_iehe hydrogenation
—Doriing and Moss 2
' Pt/SiOZ

Dehydrogenation of cyclo-
hexane
Hydrogenation of cyclopentane
H,/D, exchange
~Polforak and Boroninl?
Pt/SiO,
Cyclopropane hydrogenolysis
— Boudart et al. 23
Pt/A1203, Pt/SiOZ,- Pt -

Ethylene hydrogenation

Moss24
_Pt/SiOZ

(b)

(c)

(d)

4(e)

Ethanc¢ hyd rogcm)lzsis
—Sinfelt et al. 25,26
N1/8102—A1203’
Neopentane hydrogenolysis
and isomerization -
—Boudart et al. 27
pt/A1203, Pt/SiOz, Pt

Rh/Sio2

Hydrogenolysis of methyl-

cyclopentane

—Corroleur et al. 28
Pt/A1203, Pt/Sio2

Hydrogenation of 1,2~ and
1, 3—butadiene
—Oliver and Wells29
N1/A1203,VN1/S102. Ni
Hydrogenation of benzene
—Coenen et al.
Ni/Sio2
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18-21

has,zbeen developed. In brief, small crystallites have been ﬁodeled

‘as imperfect cﬁbo—octahedra'(fcc metals). . It hés_been assumed that even

in the smallest crystallités, metal-atqmszotcupy crystallbgraphic,positidns.»

Fufthermqre;’qustéllites are shaped so ;hatitheir free enérgj is a minié
mﬁm; 'This,means maximizing the number of bon&s between atoms, inc1u&ing
surface atoms;'dn& results in particles of roughly spherical shape. The
models héve:shown'fhét in fhe 15-50A dia 'particie.range, there is a high
fraction .of surface atoms iﬁ edge, step, and corner positions. ‘In par-
ticﬁlar, for.step siteé, the fraction'of shrfaqe atoms in steps is approx-
imateiy 0.3 for 15A dia particles, and decreases an order of magnitude fbr
50A dia particles.

It is clear why catalysts.of low dispersion do not exhibit shrface
structure sengitivity. Most of the crystallites are very large and are
comprised mainly of fegularly packed low.indéx c?ystél plahés.‘ In the
very highly diépersed range, the lattiée and étruéﬁural considerations

are unimportant‘dUe to the yery'low coordination numbers. It ié:only in
the inte?mediate range (15-50A) where there is a rapid change in the co-.
ordinatiéﬁ ﬁumbér of the surface atﬁms and where.such shrface'fgatures
as steps.an&'gdges become important.

Based on thése.studies bf small metal crystaliités i; would appear
tﬁat single crystal surfaces'would be ideal models for highly disperséd
supported mefal cataiysts. Single cryétals containing low indéx surfaces
as well as those ekhibiting ordered atomic steps couid_be indepehdently.
studied, fhereby making it possible to investigate directly the iﬁfluence v

of surface morphology on heterogeneous catalytic activity and selectivity.



C. , Research Objectives Employing Oriented Platinum Single

Crystals as Heterogeneous Catalysts

A survey_of-the current literature in surface'cﬁemistry and hetero-
geneous Eatglysis has revealed that there is a gap between chemisorption
and surféée'reacﬁion studies performed in ultrahigh vacuum on single
crystal surfgces and those carried out at 1 atm on highly dispersed sup-
ported catalyéts: Furthérﬁore, studies of small metal crystallites have
iﬁdicatéd that single crystal surfaces would,éerve as ideal models for
highly dispersed supported metal catalysts.

The work embodied in this thesis arose out of the need to bridge the
‘gap between these two fundamental areas of catalytic research. The over-
all objective was to measure reaction rates on well-defined single crystal
4 8

surfaces both at high ?resSure'(l atm) and in ultrahigh vacuum (10" to 10

torr) within the same apparatus. The high pressure measurements would in-
vélve’the;use of gas chromatographic detection while a mass spectrometric
teéhnique could be employed in the low preséure measurements. Platinum
was chosen as the catalyst'to be investigated because of its obvious
impor;ance in many industrial processes. Studying various types of re-
actions on both low index and stepped platinum single crystal surfaces
- would enable a relationship bétween surface morphology and catalytic
activity to be developéd. Furthermore, it was hoped that thesé results
would also show how adsorbed surface structures as determined previousl&
by LEED measureﬁents were related to catalytic acfivity. |

The work presented in succeeding chapters of this thesis is the

- initial experimental effort towards achieving these extensive goals.

Chapter II aﬁd Appendices A-E describe the design, construction, and
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operation of the experimental apparatus. Results and discussion of high
pressure kinetic studies for the hydrqgenolysis'of»cyclopropane on a
platinum stepped single crystal surface are‘presented in Chaptérs III

and IV.

R
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'CHAPTER II
| EXPERIMENTAL APPARATUS*

The apparatus was constrﬁcted to pé;fofm.catalytic.experiments
on one or,mpre'platinum singlebcrystals both in ultra-high vacuum (UHV)
and at 1 atoﬁsphere total pressure without physically altering the
position 6f or severing connections made to the catélyst crystal(s). A
schematic of the UHV assembly and the fiow Yoop for the high pressure
catalytic measurements is shown in Figure II-1. |

The UHV system consisfs of two 12-inch 1.d. ﬁulti-flanged S.S.
chambers separated by a viton-sealed gate valve. The lower UHV chamber
contains a 200 liter/sec ibn pumb and titanium sublimation pump capable
of reducing the pressure in the total assembly to 5 X 10_10.torr. The
hpper éhamber consists‘of a high pressure reactor within the UHV reactor.
The ﬁain‘featuré of the design is a movable bellows-~cup mechanism by
which the sfationary catalyst can be encased in a small volume for the
-high pressure experiments.  Flanges in the upper chamber are provided
-for: |
(a)  Mbnitoring the pressure in the UHV reactor by means of a nude
ion gauge; 7 |
(b) Méaéufiﬁg the UHV gasvphése compositién by a qﬁadrupoie mass
spegtrometer (Granville-Phillips Spectra Séan 750 Residual Gas Analyzgr);'
(¢) Determining the'composition of the catalyst éryst;l surface down

to leof a mondlayer via the technique of Auger electron spectroscopy;

* ‘

For a more complete description of the design and operation of the ex~
perimental apparatus and for additional details related to subject matter
discussed in this chapter, the reader is referred to Appendices A through H.
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(d) Housiﬁg the movable S.S. welded bellows-reactor cup assembly; and
(e) Supporting and heating the cataly;t via suitable electrical feed-
throughs and serving.as one half of the high pressure reactor volume.
Thé‘bigh ﬁressure reactor volume is isolated from the UHV syétem‘
by a gold O-ring between two knife edges, one on the reactor cup and
the Sthgt”ipjthe reactor flange. As many as 20 cup closures have been
obtéined uﬁing a single gold O-ring., With a pressure of 1000 torr
1nside'the réaétor’cup the pressure in the UHV chamber can be maintained
at 1 X'1078 tofr; resulting in a negligible loss of reactants or :
productS'frpm the high preséuré reactor during:the course of abtypical
" catalytic experiment.
The b¥atinum crystal shown in the schematic is supported by means
bf 0.070-inch dia. tantalum electrodes, which in turn are connected via
electrical.feedthroughs to a d.c. regulated power supply capable of |
heating the platinum crystal to 1000°C.. A Pt/Pt-10%Rh thermocouple is
spot4welaed to the edge of the platinum cfystal, enabling the crystal
temperatﬁre'fo be monitored to within 20.1°C. -
The high pressure flow loop (G.C. loop) is fabricated from 1/4-
inch o.d,,S.S._tﬁbing and consists of a 0-1500 torr Heise gauge méasuring
ab801ut¢ pressure tb'i0.25 torr, a 0-5000 scc/min Fiécher—Pdrtervflow—
ﬁeter, and an MB-10 S.S. welded bello&s pump (Metai_Bellows Corp.)
proQidihé a maximum fléw rate of 2800 sce/min of air under zero pres-
- sure dfoﬁ, CoﬁpOsition of the gas ﬁixture is measured by roﬁting the‘
.flow through a sample valve of a gas chromatograph. The volumes of

3 3

the reactor cup, G. C. loop, and sample volume are 571 cm~, 189 cm”,

and 0.78 Cm3, respectively.



14—

The high pfeésure systém can be modeled as_é_édhtinﬁduély-stirréd
Bafch recycle reéctqr operatédbunder differential reéction'cbﬁditiéns
(less théq.oulz donversion per pass).'.Calculations have shcwn-tﬁat‘

7ék£erhai mass transéort resistances are négligible and need not bé
considered ‘invthevax‘ialysisv' of the kinéti; déc‘a_ (’A'ppenvdik A). 7 g

The-platinum used in fhisvstgdy'ﬁas phrchased in the'fo:m of. '
1/4+inch‘aié. single crystél rods érown by electron-beam zone refining ; o
(99.99%vminimum:buri£y);32 ‘The platinum stepped surfaées were generated |
by cuﬁting‘ﬁhe platinum ¢rYstal at small aﬁglesifrom low index plaﬁes;

'The fesﬁltipg high Millef Index surfaces hgve'béén shown to consist of
térraces of‘¢onstant width linkgd by steps of monatoﬁicvheight;8’33

A schematic represenﬁation of the twd stepped surfaces used in-thigv

study is‘shgwn in Fiéuré II-2. Each surface was firé; X~ray oriented

by a back :eflection Laue technique to within 10.5°. The
Pt(S)—[7(111)x(111)].surface-was obtained by sparkmachiﬁing at 8.55; 

from theftl;l)‘face'towérds the (110) plahe andlkad a total surface

area of_O,Bd cmz. The Pt(S)—[6(111)X(100)] surface wés'cut at 9.5°

from the (111) face fowards tﬁe (100) plane and had a fotal surface area- '
éf 0.76 cmz, A LEED analysis confirmed the orientation of these ' _ ] |
stepped surfaces.34 The circumferential area of eaﬁﬁ thin elliptical
trystél disc represented approgimately 15% of the total surface area
and was pfesumed to be polycrystalline in orientation. After cﬁtting,
the crystalé were mechanically polished by é series of abrasives, the.

final.polish being 1/4 micron A1203 powder. They were subsequeﬁtly

etched in hot 50% aqua regia for 10 minutes prior to use.
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Figure II-2. Schematic representation of platinum stepped surfaces.
(A) Pt(S)-[7(111)x(111) ] surface, consisting of a terrace
geometry of (111) orientation 7 atoms wide and a step geometry
of (111) orientation. ' .

(B) Pt(S)-[6(111)%(100)] surface, having a terrace geometry of
(111) orientation 6 atoms wide and a step geometry of (100)
orientation.
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The 0.070—inch'dia. tantalum electro&es Qsed to suppoft the
cataiyét crystal were triply zone fefined (99.999% minimum purity) and v
etched in an 80% solution of nitric and hydrofluoric acids for 10 |
minutes.

The cyclopropane was obtained from Méthesdnland confained less than
0.47 impurities. Propylene accounted for approximafely 70%Z of this
impurity. The gas was.passed through a bed of activated MgClO4 to
remove traces of water.

Hydrogen was obtained from the'Lawrence Berkeley Laboratory and
had a minimum purity of 99.99%, the major impurity being oxygen. Thisv
was also passed through acpivated MgClO4 prior to introduction in£o the
- gas chromatograph or reactor floQ loop. |

In what will be termed a "standard rum, the'?latinum singlé crystal
is first pretreated in 1 X 10~6 torr oxygen at 960—925°C for 2 hours
with the reactor cup open. This is'suffiéiént to remove carbonaceous
. residues from the crystal surface based upon previoué LEED-AES measure- i

ments.35’36

The oxygen is then pumped out of the UHV system for an

additional hour, while maintaining the érystal température above 900°C,

to remove adsorbed oxygen especially at the platinum step sites. The

crystal is then cooled rapidly to 300°C, at which time the reactor cup

is closed and hydrogen admitted to a total pressure of 780 torr. The | .
platinum crystal is maintained in 1 atm of stagnant hydrogen at 75°C

for a period of 2 hours. These conditions are more thgn sufficient to

fully saturate the platinum bulk with hydrogen atoms based upon the

solubility and diffusivity data of Ebisuzaki et'al.3,7 During the

reduction period a cyclopropane-hydrogen mixture is prepared in the
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'G.C.»logp! such that when expanded into the totalireactor volume
v(kaVGC‘fFZGO cm3), the initigl partial preséures of cyclopropane and
_ hydrdgen are 135 torf aﬁd 675 torr, respectively. Pre-reaction
chr§matogtams of the mixture in the G.C. loop are taken to determine the
bihitial.cémpbsition of the reactant mixture. At the conclusion of the -
reductién period with the bellows circulation pump om, the valves
sépérati?g the reactor and G.C. ioop volumes arejopened, thereby'¥outing
the flow.directly past'the catalyst crystal and commencing the catalytic
run. |

The»réactibn gases were monitored periodically‘by means of a 6-port
sample ﬁalve housed in a Varian Aerograph 1520 gas chromatograph con—
taining dgel thermal conductivity detectors. Hydrogen was chosen as a
‘carfiérvgas to'makiﬁize the sensitivity of_the_thefmal‘conductivity
déqactofjaﬁd to avoid the anomalous behavior of He/H-2 mixtures reported
by Purcellland Ettre.38 The components (propane, propylene, and cyclo-
.propane):were separated at 35°C'using a carrier gas flow of 30 ml/min 
in a 20 ft X l/S-in. S.S. colum packed with 30% bis, 2-methoxy ethyl
adipaté on’60/80'mesh A/W Chromosorb P, The output“from.the detectors
was_recorae& on a Honeywell Electronik 15 strip chart recorder. The
chromatographic peaks ﬁere integratedvby the‘triangﬁlation mEthod;
Célibration curves for each'h§drocarbon component'developed inva range
of typical operating conditions were used to convert peak areas to

hydrocarbon. concentrations (Appendix E).



-18-

CHAPTER III

EXPERIMENTAL RES ULTS

" A. Introduction

Prior to_cdmméncing the first catalytic expériment;.there were no
déta éVailéble to'suggeét:how reactive avbarticular.single_crystal.sur-
face mighé'ﬁe at 1 atm'totai préssure;‘ In addition! thé relative‘
reactivity, of the blank stainless steel chamber was an unknown»quéhtity.
Ifbtﬁe total,iniéialvrate for a Qarticular réaction on a platin@m cfystal
would bq-féo low; there existed the very real possibility that a build-
up of.carbonaceous-surface'residues‘might well obscure a kinetic analy—.
sis. Fo;tunately this was not thé case for the cyclopropane hydro-
genolysisiénd'propylene hydrogenation reactions. Initial experiments
showed that the apparatus described in.the‘preééding'chaptér was capable
6f monitoring at 1 étm total pressure the rate of a éatalytic.reaction'
on a'platihuq'singlé'érystai having a*sﬁrface area of only l'éﬁz.

'Ptéliminary experiments on the Pt(S)-[7(111)x(111)] single crystal
sutface—;é.getermine order of magnitude reactivitiés for several &if—
ferent typeé of reactions are described in Section B. These include the
hydrogenolisis of cyclopropane, the hydrogenation of.propylene, the
dehydroéyclization of n-heptane, and thé hydrogenolysis and isomerizé?
tion of neopentane. | |

Seétion C presents tﬁe results of a more detailed investigation of
the cycloprpbage/hydrogen reaction on the Pt(S)-[6(111)x(100)] surface,.
Includea in the kinetic analysis are activation energies for-tﬁe un-

poiSOned éatalyst. the partially deactivated catalyst, and.the poisoning
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-
process itself, as well as the order of the main reaction with respect

to cyclopropane. Comparisons to availablevpublished data for this

)

reaction on platinum catalysts are given whenever possible.

B. Preliﬁinary Experiments on the Pt(S)-[7(111)x(111)] Single Crystal

A summary of the tybes of catalytic ruhs~made on this stepped
platinum};urface is provided in Table III-1. Details of the experi-
mental pfocedure and tabulated data.for each run can be found in
AppeﬁdixlF.v

‘The f1rst reacfion investigated was the hydrdgenolysis of
cyCloprqpane. Runs 2A and 3 proved that it wasvpdséible to measure
rates of reéétion on this platinum crystal using the standard thermal
conductivity detector in‘a gas chrématogréph. The conversion of
cyclopropané to propane in Run ZA:V(TC = 74°C) after 260 minutes of
: elapsed'féaction time was apprpximately 0.8%, while that in Run 3
(TC = 111°C) was about 7.6%. A blank.run (Run 84, T, = 82°) in which
only the platinumvcrystal had been removed from the reactor resulted
in no cyclppropane haviﬁg been converted to pfopane dufing this same
time period. Approximately 90% of the 0.2% propylene impurity iﬁ
the'cycloﬁ;opane had reécted to propane at the cbnclﬁsion of the
~ blank rué.'

" The initial’éttempt to repfoduce the‘data on this crystai (Run§,4A'
and 4B) was unéuccessful. Under identical conditions the ratio of the

initial rate of Run 4B to that of Run 4A was about a factor



Table III - 1. Summary of catalytic runs on the Pt(s) - [7(111))((“1)_] single crystal s‘s'l.l'r'fage_ '

H o - : S
pretreatment . .
Run conditions . ) Reaction conditions Comments and notes
# P . P P - R : - -
(Tc)avg H, Time H, HC _ (TC )avg .
~(°C) (torr) (min) (torr) (torr) Hydrocarbon (°C)
1 No pretreatment 654 ~ 18 Cyclopropane  22°C initially No reaction iniﬁa.lly at room temperature; ‘
. 66°C > 30 min very small C3H8 signal after 100 min@ 66°C.
2A 74 172 9.4 668 135.0 ibid - 74.2 H, pretreatment only 9.4 min prior to introduction
’ : : otZCP/H2 mixture; 4 th 68 min. . a
3 78 500 60 545 135.0 ibid 111.5 : Since P°.< 760 torr, air peak increased very
) v ] graduali‘r;r as experiment progressed.
4A 74 765 68 668 135.0 ibid 81.5 ) _ Procedure for runs was identical; yet
4B 76 765 68 668 135.0  ibid _ 88.3 R ),S(R), . =3
: _ 'o/4B’ \Nolaa
5B 75 765 69 668 135.0 Propylene 90.4 Very fast initial rate (= factor of 10 greater
. S : than initial rate of CP hydrogenolysis});
significant heating -of crystal due to Aern;
. 99% conversion @t = 118 min.
6B 330 105 62 79.0 7.9 N-heptane 342 No measurable toluene observed at 2 hours
‘ (+695N,) . T13.0 N, ‘ of reaction time. ‘ : ' }
7B 313 766 - 60 668 135.0 Neopentane 315 7 .No products observable during 1 hours of ope'ratidr_i,
. o . '~ at which time crystal spot-weld breaks, ending run:
8A 76 765 68 664 135.0. Cyclopropane  82.5 ‘ Blank run without Pt cyrstal; after 200 min elapsed
: time, only 90% of the 0.2% propylene impurity in
the CP reacted. :
8B

77 765 68 664 135.0 Propylene 82.0 Blank run without Pt crystal; 5.4% conversion
o . o ‘@t = 118 min. Also, (R )gn/(R o = 0.054.
. 1 o o

B T e T T T POy

-0z-
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of threé._ It is believed that_a_calcium impuritybin the platinum
crystalland sulfur coﬁtaminétion from the tantalum suﬁport rbds were
fespoﬁsible for this variation.f

Sevefal different.types of reactions were inveétigated next
instead of continuing the cyélopropane hydfogenolysis experiments
- on a coﬁta@inated crystal. Itvwés'felt that any reaction measured
in ﬁhésé.experiments would set a lower 1imit on what could be obtained
in futurg‘gkperiments using platinum and tantalum whiéh had been
cleanedvof impurities. |

Th¢ hydrogenation of’propylene is a very fast reaction and has
been widely studied on platinum catalysts. The very rapid disappearance
of the'propylene impurity was noted in thé cyclobropane experiments.
..Similar to the cyclopropane hydrogenolysis it has been-classified as
an examp1e of a "facile" reaction.17 |

In Run 5B‘a 135 torr propylene/668 torr H2 mixturé was reacted
at an iﬁitial temperature of»approximételyv90°cﬂ The initial rate
obtained was about a factor of 60 higﬁer than the cofresponding initial
“rate for. the cyclopropane hydrogenolysis reaction in Run 4B. After
118 minutes of elapsed reaction time, practicaliy 99Z‘con§ersion was
attained. A blank run of the propylené—hyﬂrbgen reaction (Run 8B)
was éubsequently made. It was found that after‘this same time period .

only 5.4% of the initial 135 torr propylene had been converted

'TDetails regarding the nature of these impurities are discussed in
Appendix C. '
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tp propéne, It‘was concluded that between 35°C and QDéCvthe hydro~
gehatibn'of propylene was a suitable reac;ion fér further stﬁdiés '
on single crystalvﬁlatinum surfaces.

Two other reactions, considered to béydf the:"demanding”ltype,l7
were also tried'as ﬁossible'candidates for futufe’study.' These were
fhe dehydro¢yclizétion of_n—heptaﬁe to formvtoluéne;(Run 6B) and the
: hydrogeﬁolysis and isdmefiiatiph of.néopentane to form isobuténe'and
isopentane, respectiﬁely fRun 7B). ;The former reaction has Been
studied éxtensi&ely'on single crystal platinﬁm surfaces at low’
pressures (10*4.— 10_6 torr) by Somorjai aﬁd,coWofkers.lo

1n,Run 6B the ihitiél partiél pressure of,n;heptane charged to
the reactor.(7.9 torr) Qas limited by its vapor preésure at room
temperature and b?'the»filling procédure employed;‘vAt a crystal
_temferature 6f 315°C, no products of reaction were detected after

120 minutes of elapsed reaction time. Several reasons can be postulated

~ for thisvappérent-lack of reactivity. The most obvious one is that

at these conditions the specific rate of the h-hepténe dehydrocyclization'

was too small to be measured by a thermal conductivity detector.
Secondly, the calcium and sulfur impurities heretofore ﬁentioned may

. well have changed the platinum stepped surface,strﬁcture, thereby
rendering it inactive. Somorjai and cowérkers10 have reported the

- large variation in activity between high and low index crystal planes

of platinum for this reaction at low pressure.
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Fiqélly; the reaction of neopentane with hydrogen was attempted.
' Boudartfz7 has reported fhat this'reaction.is also df the "demanding"
‘type and ﬁbstulatedvthét;it preferentially would occur on Pt(111)
sites. ;It appeared that thevuse.of low index and stépped platinum
crystalsudf (111) and (100)'orientatidn would provide an excellent
dpportUnigy,tolcheck’this.hypothesis. In Run 7B, é 135 torr

hebpentane/664 torr H, reaction mixture was circulated'past the

2
catalyst crystal maintained'at apprdximately 315°C. Abgsolutely no
’4products of reaction were observed aurihg‘the first 60 minutes of
Operation: ‘Apparenfly the same reasons given for the lack of reactivity
of the»p-héptane reaction also apply to this case.
In summary, it was found thét the initial rates of reaction for

the hydrogenolysis of cycldpropane and the hydrogenatiop of propylene
- could éasily be meésured on a single platinum stepped crystal using

a thermal conductivityvdeﬁec;or of a gas chromatograph.b Low_specific
reéctiviﬁy and/or impuri;y poisoning of the platinum cr&stalbweré
attributed to the lack, of activity for both the n-heptane
dehjdrbtyélization and neopenténe isomerization and hydrogenolysis
‘reactions. |

C. The Hydrogenolysis of Cyclopropane on the
Pt(S)-[6(111)x(100)] Single Crystal

1. Intfbduction

The preliminary studies have shown that the hydrogenolysis of

cyclopropane was a promising reaction from an experimental standpoint.
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The reaction did not involve fhe complication of side products, the
" rate of ﬁroduction of pfopéne was>easy to follow on a'single crystal,
and there were sufficient data in the’literature to which a comparison
of the single crystal data could be made.
Accordingly a more extensive’anélysié of thé cyclopropéne
v hydrogenolféis reaction was initiated. A new calcium-free (by AES
standards) platinum stepped crystal having a (111) terrace orientétion
and a (100) step was éut, polished, and etched, and mounted on triply
zone refined etched tantalum electrodes. (See Appéndix B for details.)

A series of experimenté onlthis Pt(S)—[6(ill)X(100)] single
crystal wefe.then commenced to defermine a number of important kinegic
parameters. These included the activation energy of thevmain reaction,
the activation epergy of the poisoning process, and the order of the |
main reaction with.respect to cyclopropane. Reproducibility of the
data and the reactivity of the blank system also were determined.
Finally, the effects of varying standard oxygen and hydrogen
pretreatment procedures on the catalytic activity.of the platinum
crystal were examined.

A summary of the conditions at which each 6f the catalytic runs‘
was performed is given in Table III-2. Table ITI-3 presents the
results of these experiments in terms of the initial reaction rate, 4
and at 200 minutes of elapsed time the point rate of reaction and %
conQersion. Important details relating to the pfocedure.for each run
together'with tabulatéd summaries of data can be found in Appendices G

.and I, respectively.



Table III - 2. Summary of catalytic runs on the Pt(s) - [6(111)X(100)] single crystal surface
Hydrogen ‘ .
pretreatment Reaction conditions
conditions .
P 3 p o o . P° . . .
R;;n (Tc)avg HZ ’Iflme‘ (Tc)avg PHC : ) : HZ Notes and comments
(°C) - {torr) (min) ‘ (°C) (torr) - HC - {torr) .
9A 75 780 120 75.0 135.0 cyclo‘-' . 675.0 Blannk run without Pt é'rysta.l; no CP :
: C3H " reactivity; only approx. 45% of 0.22%
_ propylene impurity reacted.
9B 76 780 120 73.9 134.0 C3H6 675.0 "Blank run without Pt crystal; propylene
. . _ hydrogenation.
10A 77 780 128 73.6 135.0 cyclo- 675.0 Standard runt (TC = 73.6°C).
. C'3H6 .
11 204 ) 780 140 306.6 8.0 C7H16 80.0 HZ Absolutely no toluene formed after 115 min.
306 106 64 712.0 N,
12A 75 781 120 74.4 135.0 cyclo- 675.0 Standard run (T = 74.4°C).
. C,H, c
12B 76 780 120 77.7 135.0 cyclo- 675.0 No O, cleaning in UHV; soak in H, overnight;
C3H6 flush, pretreat in H2 as in 12 A, re€act.
13 69 50 110 73.1 135.0 cyclo- >_ 675.0 Minimal H, pre_tr;,atment via leak valve.
sec. C3H6
14 75 780 122 135.0 cyclo- : 675.0 Temperature stepping sequence:.
CyHy 38.3, 57.0, 37.3, 74.4, 35.9, 90.5, 35.2,
122.9, 35.9, 95.7, 35.0, 72.8°C.
15 75 780 120 100.2  .135.0 cyclo-  675.0 Increase T_for E measurement.
C3He "
16 76 780 120 132.2 135.0 cyclo- 675.0 Increase T'CAfor E" measurement.
' ' C3Hg
17 77 780 125 78.7 200.0 cyclo- 675.0 Increase CP conc. to find reaction order.
C,H '
376

IThe procedure for a ' standard run'' is presented in Appendix G.

_gz_

P

“dy



Table III-3,

Rates of the cyclopropane hydrogenolysis reaction on the
: Pt( -{6(111) X (100)] single crystal surface * .

Initial Reaction Rate -

o
b

reaction time

_Conditions at 200 minutes of elapsed

" Run_# Initial partial Avg.
. pressure of initial t molecules " Reaction rate 7% o
cyclopropane crystal [moles C3Hg|( moles C3Hg C3Hg Crystal moles C3H8\ moles C3Hg ° ’"
Pe temp. : t . ; . .
CP N T? min min -,cmZPt min—cmZPt e{_np min I, min —cmZPt Initial -conversion
(torr) c . ) c . rate
€C) (°C)
' -6 a6 18 ' . -8 S
10A 135.0 73.6 1.49%107°  1.96%10 1.18 X10 74.9 9.7 X10 1.3 X10 6.5 1.7
12A 135.0 74.4 1.33x10°%  1.76x107° 1.06x1018 78.0 1.62%10" 2.12%x1077 12.1 1.7
12B 135.0 77.7 1.22X10°7  1.60%10"" 9.64x101° (300 - 400 minute reaction period)
13 135.0 72.4 1.8 x10°7 2.3 x107" 1.4 x10'7 69.8 1.4 x1077 1.4 x107". 1.3
72.8 1.7 x10°% 2.2 x107® 1.3 %1018 . '
14 135.0 Temperature stepping sequence 72.8 1.4 X10° ' 1.4 X10 -7 --- 0.85
15 135.0 100.2 4.55%10°%  5.98x%107° 3.60x10%°8 97.1 2.44%107 " 3.20x10" " 5.4 3.7
16 -135.0 132.2 1.94x107°  2.55%x107°"  1.54x10%7 133.8 2.99x1077 3.93x107 1.5 9.0
17 200.0 78.7 2.47x10°%  3.25%x107° 1.96x1018 78.4 2.44%107 7 3.20 x10° " 9.8 2.1 .
The stepped crystal was cleaned for 13 hrs, (@ 1 >/10_6 torr 'O,, 903- 913°C prior to use in Run.10A.

**The. 0.27

2’ .
propylene impurity in the cyclopropane which reacted rapidly to propane has been subtracted from the rate date given in thls table

TThis quantity is based on the total platinum area exposed

, or 0.76 crnz, of which 139, represents an edge area of undetermined orientation..

_gz_'
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2. Blank Runs (with Tantalum Support Only)

Biank runs were made to determine the activity of the stainless
steel reactof, the tantalum electrodes, and the platiﬁum thermocouple
wires. If the activity is small it could be subtracted from the
'results;of subsequent catalytic runs.

| In Run 9A, following the standard oxygen and hydrogen pretreatment,
the reaétor was filled to 810 torr with a 5/1 mixture of hydrogen/
cyclopropane. At 75°C there was no detectable propane formed dgring
the fi:sﬁ 55 minutes of elépSed reaction time. Thereafter a very
small propane-peak was noticed in the gas chromatograms which increased
Slightly by the end of the 200-minute run. However, the propaﬁe
peak formed nevervexceeded the size of the propylene impurity peak.
Inisummary; at 75°C there was no detectable reaction of cyclopropane
to propane‘iﬁ the reactor system &ithout the platinum crystal. The
propane which was formed could be attributed completely by mass
balance ﬁo the reaction of the propylene impurity contained in the
cyclopfqpane.. Approximately 45% éf the initial 0.22 volume ¥% propylene
in the gyciopropahe reacted to form propane,rcorresponding to
4.4 x l0—6 moles of propane. |

Fqliowing this experimenf a second run (93), identical in every
.respect fo'that of Run 9A, was carried out except thét propylene was
used as the reactant instead Qf cyclopropane. The reactivity measured
was subgtantial. The initial rafe of the propylene hydrogenation at
74°C amounted to 4.93 X 10-6 moles C3H8/min—cm2 Pf. At 200 minutes
elapsed reaction time the rate WaS_2.44 X 10“6 moles C3H8/min—cm2 Pt,

corresponding to 9.2% conversion of the initiallprbpylene réactant.»
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Durihg the normal 120—minute, high tempefature oxygen pretreatment

in the_coﬁrse of all the runs presehtediin this study, it was observed
that apﬁrqgimately the lést 0.5 cm of éach'Of the two 0.010-inch
platingm thermocbuéle wires 1éad1ng up to the junc;iqn was red hot,

or abb§e.700°C.' This would indicate that these small c&lindrical
éurface areas may have been cleaned of parbonaéeohs residues and .
could wellvbe active catalysts. The total surface areévof the cleaned
platiﬁumvthermoéouple7ﬁire wéuld amount to approkimateif 0.0é cmz;

or 10% of the area of the platinum crystal used in.Run SB.‘ Recall
that in-this run using a Pt(S)—[7(111)X(111)] crystal having a surface
“area of Q.80 cm2, greater than 99% cohversion of.phe 135 torr
propylene was achieved in 200 minutes. The fact that 9.2% of the
propylene did react in Run 9B after 200 minutes on a Platinum v
.surfaceAtha; was 9.1% (0.08 cm2/0.80W+ 0.08 cmz) of that available

in Rﬁn 5B suggests that these small segments of the ﬁlatinum thermo-
couple wires were ihdeed responsibie for the activity.
:No éxperiments wefe-performed without the platinum'fhermocouple

wires in the system.

.3.v Reproducibility of Experimental Runs

Two experimental runs (10A and 12A) were carried out under
idehtical conditions to determine the reproducibility of fhe data.
The procedure used in these runs was exactly the same as in Run 9A;
with the exception that now tﬁe platinum single_crystal'had been

ingerted into the system.+

fDetails relating to the preparation of the 51ngle crystal prior to
Run 10A are presented in Appendix B.
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Figure II1-1 presents a plot‘of the &ata for Run 10A in the form
of totaljmbleSof propane formed per square éentimeter of platinum
suffacq as a fﬁnctioﬁ éf elapsed reaction 'time'.JrJr The upper cﬁrve A)
représents the data calculated from the gas chromatograms without
correcting for tﬁe propylene ihpﬁrity. vAnalysis of the third reaction
éhfomatogram (third data poiﬁt at approximately 15 minutes) revealed
that there was no detgdtable propylene remaining in the system; The
amount of the initial prppylene impurity éould be estimated by three
methods: (1) Using the absolute propylene peak area from pre-reaction
chromatograms; (2) Using the relative % propylene in ﬁre—reacfion
chromatograms together with the measured initiai cyclopropane
concentratidn; or (3) Extrapolating back to zero time thé first three
to four data points after no detectable propylene remained in the
system.v'An average éf these values was normally taken to be the
.initiai propylene concentration.

| The lower curve (B) of Fig. III-1 represents thé data with the
prdpylene,contribution to the propane coﬁcentration substracted out.
'In most subsequent presentations of data only thé cbrrecte& figures
as exemplified By curve B will be shown. The initiél raté of the
cyclopropéne hydrogenolysis and the rate and convéféion_at 200 minutes
.vof elaﬁsed reaction time are provided in both Fig. III-1 and Table ITI-3.
It should be noted that the data points génerally follow a smooth curve,

indicating_that;the experimental techniques employed werevgood and that

~f-Append:l.x I provides tabular summaries of all raw and calculated data
for each run presented in this section. The G. C. calibration curves .
for cyclopropane, propane, and propyleme can be found in Appendix E.
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the calculation of chromatographic peak areas by the triangulation
method'wag consistent.

Run 12A was then madé to check whether'the data obtained in Run 10A
c&uld be reproduced under the samebéxpérimental conditions. The only
important diffetence between the two rﬁns was that in Run 10A the initial
reaction temperatﬁre was 73.6°C while that in Run 12A was 74.4°C.

Figure III—Z.and Table IiI—B summarize the pertinent reaction rate data.
Note that on subtracting the propyiene tontribution from the raw calculated j
data in Figuré ITI-2 there appears to Be a delay time of approximately
15 minutes, éfter which the ¢yclopropane hydrogenolysis reattion begins
to take place. .Thé reason forvthis anomaly is one of procédural error.
The reactor bypass valve had'beeq inadvertently left open for the first
50 minutes of the run, in effect causing the initial partial pressure of
cyclopropane in the reactor cup to.have been lower than that in the re-
circulation loop for a short, but iﬁdeterminable, period of time. Ap-
parently 15 minutes was sufficient for this mixing procéss to occur and
provide a reésonably uni form contentration‘of cyclopropane and propane
in the total reactor volume. This is substantiated Sy,the smooth rate
’of rise of propane measured in the sample loop after 15 minutes of
élapsed reaction time.

To make a valid compariéon between Runs 10A and 12A the corrected
data of RuniloA‘has been plotted in Figure III-2 with a time shift of
>15.0:minutes. The curves are remarkably similat in Shape.j The initial
rates differ by approximately 10% while the conversion at 20.0 minutes
 of elapsed reaction time ié identical in both cases (1.7%5. _Consideriﬁg

the sources of error in these experiments, the agreément is quite good,
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leading to the conclusion that the. data are probably reproduciblé to
about 107%. |

A further discussion of Figure III-2 as it relates to Run 12B will
be presented in a later section of this chapter.

4, Activation Energy on the Unpoisoned Catalyst

Additional rate measurements at severéi higher temperatures provided
a basié"for'calcuiating a value of the'aCtivatisg energy for the main
reaction. in Run 15 (Figures III-3) the average initial crystal tempera-
ture wasnmaintained at 100.2°C,while for Run 16 (Figure 11I-4) this
temperafqré‘was 132.2°C.
| The initial rate and temperature data for Runs 10A, 124, 15, and 16
are summarized iﬁ Table III-4. An Arrhenius plot of these points was
constructed in Figure III-5 and the best straight line drawn through the
data. The:aptivation energy' of the cyclopropane hydrogenoiysis reaction
calculated from this'plot was E* = 12.2#1.0 kcal/mole. Values of the
aCtivatiOh energy reported in the literature for the hydrogenolysis of
cyclopropane on platinﬁm catalysté‘range from 8.0 to 12.2 kcal/mole_39-50

Havingbobtained a value of E*, it was posSible.to compare the imitial
specific rates of reaction on the steppe& single crystal surfépe with
specific rates feported on polycrystalline supported platinum catalystsﬂ

30,51 carried out a series of cyclopropane hydrogenolysis

Hegedus
experiments on single pellets Qf Pt/AIZOB, The phySical characteristics
of one typical pellet and kinetic reaction rate dafa'obtained on tﬁis
catalyst are given in Tables I1I-5A and III-SB.V Using this information

and assuming 100% dispersion of the platinum; the rate of the cyclo~-

propane hydrogenolysis at 75°C and 135 for CP was calculated and is
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© Table IO - 4 Summary of the initial rate data for the dete rm1nat1on of

E* for the cyclopropane h drogenolys1s on the
Pt(s) - [6(111) X (100)] single crystal

Initial Crystal temperature " Initi_'a}_l' |

partial averaged over initial T reaction
Run pressure rate measurement c rate

(grcg;ca}gg T - T L ' R'o' \
Fcp (°C) °K) (K 'x10°) (moles ¢3H8>

(torr) : _ min -cm 2Pt

10A  135.0 73.5 346.7 2.88 1.96x107°
12A 135.0 744 347.6 2.88 1.76x107°

15 1350 100.2 373.4 - 2.68 ' 5.98)(10'6

5

16 . 135.0 132.2  405.4 2.46 2.55X10"
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Table III - 5A. Physical character1st1cs of the . platlnum catalyst pellet'
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used by HegedusSO 51

o] 025wt% Ptonn AlO

, diluted with n-A1,0, to 0.04 wt % Pt

o n- A1203 surface area = 230 m /gram

O Weight of pellet = 0.295 gr_ams‘

o Pelllet‘density‘z _1.14' grams/cmj

Table III - 5B. Initial rate data for the cycloprogane hydrogenolysis

using the catalyst pellet of Hegedus

O Catalyst calcined in 3% O , in N, @ 400- 410°C for 2 hrs.
O Catalyst reduced in H, @ 300°C for 10 hrs.
O Co, = 41.4x10° 0 moles (P, = 900 torr)
H 3 H.
: 2 : cm” 2 :
o - -6 moles o _ :
o CCP 3.45X10 =23— (Pgp= 75.0 torr)
cm
O T, n= 75°C

rxn ,
(ka ). = 2.61 sec-1
[

O Reaction found to be first order in cyclopropane concentration.
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presented in Table III-6. A more realistic value for the platinum

dispersion,vsay_SOZ, would result in a specific rate (820 mpleCUleS C3Hg

min. Pt site

which is,nearly the same as the averége of the four rates in Runs 104,

- ) molecules C3Hg
124, 15, and 16 (812 pyomg—oye— )

Boudart and coworkers23 have studied the cyclopropane-hydrogen

and Yy-Al supported

293 293
molecules converted )
min, catalyst site

reaction over a number of highly dispersed n-Al

of

platinum catalysts. A turnover number (
N = 938 was reported for a geries.of these highly dispersed catalysts
.at b°C‘and 10 torr>initia1 cyclopropane partial pressure. The specific
rates calculated from this data are given in Table I1I-6, based upon the
kinetic parameters of Dougharty45 and assuming a platinum 5ite dénéity
' of 1.12X1015 atoms/cmz. To within a factor of two, the initial rate data
of Béudart‘aﬁd that of fhe present study are identical.

It can be concluded frbm comparisons of initial rate datavappearihg
in the literéturé fér the cyclopropane hydrogenolysis reaction that the

stepped platinum single crystal used in this study behaves very much

like a highly dispersed supported platinum catalyst.



Table III-6.

Comparlson of initial specific rate data for the cyclopropane hydrogenolysls
on platinum catalysts

Data source

Calculated specific reaction
Rate @ EI, = 135 torr and

Type of catalyst T =75°C

(0334

molecules C3Hé“

Cnoxes'%i{

. 2
min - cm P

Comments

- Pt site
Present ' study Run 10A - 2.4 X10 -6 —~ Rate on Pt(s) - [_6(1“) 2 {100)}
Run 12A. 1 8><10 -6 single crystal based on
Run 15 1.8x10°° E - 12.2 keal/mole.
Run 16 ] 2.4 X140 -6 )
* % - .
Average 1.95X10 -6 812 * Value based upon 87% (411) orientation
and 139 polycrystalline orientation.
- 50,51 ' 7 % %
egedus 0.04 Wtv, Pt 7.7X10 410 Based u;iaon avg. Pt site density of
on - AL O based on : 1.12X10 atoms/Pt site. This value
" 273 1009% Pt would be nearly equal to average of
See Table III-5 dispersion above values if dlsperslon was approx-
u'nately 50%.
Boudart et al’’ 0.3% and 2.0% | .8.9X107 ' 480 — nep = 0.2, E =85 keal/mole,
Pt on 7n- A1203 : S
‘ and 45 0.3% and 0.6% -6 y .
Dougharty Ptony - A1203 2.5X10 1340 — nep - 0.6, E =8.5 kcal/mole.

(Dougharty reports E* =8-9 kcal/mole and
n=0.2 to 0.6)

-0',— .
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5. Activation Energy on the Partially Deactivated Catalyst

| In the hdpe of reducing the number of experiments ﬁeeded to. measure.
the enérgy_of activation fof the c&clopropane hydrogenolysis, an experi-
mental run incdrporating‘a température stepping séquence was devised
(Run 14). .By using a base temperature where the cyclopropane-hydrogen
reactivity was low and then successivgly increasing aﬁdvdecreasing the
crystal temperature, it was felt that the activation energy for the
unpoisoned and the poisbned éatalyét could be determined in one experi-
ment. A proéeduraloutline:of the temperature sequence used during the
reaction period in'Run 14 is presenfed in Appendix I.

Figure III-6 is a plot of the data of Runm 14 in which the propylene
‘contribution to the moles éf propane formed has beeﬁ included. From
vaﬁalysis of ﬁre—reaction chromat:ograms,l.-4><10.-5 EEEE;;gigg were

' c

formed from the propylene. The figure indicates that the cycloprépane
hydrogenolysis did not commence un;il the temperatufe had been raised to
74.4;C at 48.4 minutes élapsed reaction time. At this point the
production rate of propane was nonlinear butvimmediately leveled off when
the teméeratﬁre'was lowered to 35.9°C at 65.3 minutes. Very little new
informatioﬁ can be derived from the fi;st 120 minutes of this run due
in part to tbe pfopyleﬁe impurity and to the nohlinear behavior pf the
production rate of prbpané during this interval of time.

- However, it waé possible to estimate the activation energy of the
cyclopfépane—hydrogen reaction on the poisoned catalyst (E;) during the
118~205 minute reaction period. Assuming that decreasing the cryétal

‘temperature from 122.9°C to 72.8°C did not significantly change the
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stfucturé or‘amountlof carbonaceous residues on the surface of the
‘platinum érys;al, the latter three rate periodé shown in Figure III-6
were used to determiné E#. The calculations are sﬁmmarized ianable
I11-7 and:inlthe Arrhenius plot of Figure III-7. Tﬁg activatibnbenefgy
of the cyélopropane hydfégénolysié reaction_on'the‘partially deactivated

, * _ .
platinum single crystal was found to be Ep = 10.5 kcal/mole.

6. Reéctién'RateFOrder with Respect to Cyclopropane

An'gxpe;imental run at a ﬁigher initial partial pressure of cycio—_
bropane was made to provide a basis for caléulating the order of the
reaction‘with respect to cyclopropane. IanQn l7vthe.partial pressure
of cycloprdpane was increased to 200 torr while maintaining the hydrogen
partial pressure constant at 675 torf.l Tabie 111—3 and Figure 111-8
summArize;fhe results of this experiment, where the initiai reaction
_temperature was maintained at 78.7°C.

Hegedué50 reported the.cyciopropane hydrogenolysis reaction on an
A1203-supported'platinum catalyst to be first otder‘with respect to
cyclopropane'and some small negative order witﬁ respect to hydrogen at

‘la;ge H2/CP ratios. A simple Langmuir-Hinshelwood mechanism canvbe
written which approximately describes ;his beha§ior.. For instanéé,
assuminé that H2 dissociates on the ;urface and that the controlling‘
steﬁ in the reaction is the surface reaction beﬁween adsorbed cyclb-
propane and a hydrogen étom, it can be shown52 ﬁhat the initial rate
of the unpoisoned reaction is given by:_ ‘ | |

r=kaﬂlKCPCH7CCP L (1)

3
(lh}lzl;zcﬂz*" KepCep) ™ -
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Table II - 7. Summary of rate data during the.latter
~ half of Run 14 — calculation of E;

. ) o 1

: - Reaction Average crystal _T_C
Time interval rate temperature 1 3

of rate ‘moles C3H8 T T (°K "X107) -
measurement 5 c c : o
(minutes) . min.cm~ Pt (°C)" ~ (°K)

118.3 - 134.9 9.90%X10~" 122.9. 3961 2.52
151.6 - 168.0 . 3.71X107" 95.7  368.9 2.71
179.1 - 205.0 1.41x40” 7 72.8 346.0 2.89
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If ch2 >>'§;+KCPCCP) , then

 '&1/2 . : }
H, Cep - (2

Other investigators have found orders ranging from zero to 1.0,

'For pumide;supported platinum catalysts, Bond53

reports orders in cyclo-
.propéne between 0.2 and 1.0 depending on the catalyst reduction procedures.
McKeé44 déterminéd the hydrogeﬁolysis reaétion'to be approximately zero
order in cjclopfopane conéentration on unsupportéd platinum black.
Dougharty45 found the.order with respect to cyclopropane to be in the

range 0.2 to 0.6 on Al 03—supported platinum catalysts.

2
Rewriting eqn. (1) in more general terms,

- m .0
k K, KepCy,©

. CPHp "CP |
ot (4. c® +x._c*® &
ARy Gy CP ~CP
2 %2
n
Again assuming that ( n ) >> (14K C. ),
| KHZCHZ CPCP
= KH9 CP CH, CP . W
me
Ky Oy
2 %2
or
r = kncgp _ y .v ; . | . (5)

if the terms containing Cy ~are constant. Then,

~log r =n log Cyp, + log k" P (6)
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A plot of the dat§ at cqnstént CH2 in the form of.éqn. (6)‘sh§u1d there- -
fore yleld directly the order of the reac;ion-witthespectbto cyclopfopane.
Accordingly, Tablékill-BA lists the initial rates bf the'expétimentél'
rﬁns uséd in the calcql&tion. The hydrogen partial pressure in each run
was heldhcoﬁstant at 675vtorr;. The reaction teﬁperature'Of Run 12A,
namely 74.4°C, was arbitrariiy chosen aé‘the baSislfor‘the comparison.
Table III-8B éummariiés the results of the temperature'correction,+ where
the upéer and lower values of E* have been includgd.i'Finally, Figure
I1I-9 contains the averaged data of Table III;SB in the suggested.form
of eqn. (6). To within the‘séatter of.the.&ata using the best fit for
the value of the activationvenergy, the order ofvthevcyclopropane
‘hydrogenolysis'reaction.with respect to cyclbprdpaﬁe,ﬁasvdetermined to

be n = 0.8+0.2.

1'Based on a form of the Arrhenius equation:

e (F2). _E* T,-T
& T, 2.303R | T, T, | °

* . < '
where E 1is the activation energy of the unpoisoned catalyst(12.2%1.0 kcal/mole).
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Table III - 8A. Calculation of reaction order with respect
v to cyclopropane

~ Tnitial
- Average cyclo- e
S initial -  propane L nitial
Run - reaction partial _ rea_i ron
# : . temperature pressure rate .
o : o (T°) =L ] ‘ moles C3H8
» c’avg v T CP >
(°C) (torr) min- cm Pt
10A 73.5 . 135 1.96x10-6
124 144 135 1.76x107°
15 | 100.2 135 5.98x10°°
16 ‘ 132.2 135 2.55%10 ">
6

17 . 78.7 200 | 3.25X10"
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" Table III - 8B

Activatidn o

Calculated rate
based on temp. -

Average order
with respect

of Run 12A (74.4°C) to
eljlel;kgy R;‘m moles 03H8 - cyclopropane
(kc_af:/mcﬂe) ( min- cm>Pt ) | (E'qii. 6)
10A 2.05%107°
12A L76x1o'6 
11.2 . 15 2.05x10°° 0.62
16 2,55><1o'6
17 2.66x107°
10A 2.05%10"° /
12A ' 1.76x1o‘6
12.2 | 15 1.76X10'6 0.82
16 2.06><10'6 |
17 2;61X1Q'6
10A 2.06x10~°
12A 1,76><1o'6
13.2 | 15 1.60x10™8 0;96
' 16 1.68X16'6
17 -6

2,57X10
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Figure I11-9. Determination of reaction order with respect to '
cyclopropane. ‘
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i 7. Activation ﬁneggy for the Poisoning,Process
“ To understand better the nature of the poisoning process occurring
during the . hydrogenolysis of cyclopropane, the data of Runs 10A 124,
15, 16, and 17.were plotted on the same graph. In Figure III—lOA ;
non-dimensionalized relatiVe*reaction rate, O = R/Ro’ 1s shown as a .
function of_eiapsed reaction time, where_Rb'is the"calculated_initiali
rate»listed_in;Table III-SA,T'
The.first‘point to'note in»Figure_II£:10A is'that'all five curves |
do not coincide. However tne initial portions'of the curves for Runs
- 10A, 12A, and 17 are very similar. Increasing the.cyciopropane con-
_centration from 135 torr to 200 torr therefore does not appear to change
the relative rate of poisoning. This suggests that the poisoning process
1s zero-order with respect to the concentration of cyclopropane.
The'second observation:tovbe made_is“thatlas the‘crystai tenperature
is increasedkauns 15 and 165.at constant cyclopropane'concentration;
the'poisoning process occurs sooner; |
It was hoped that by non-dimensionalizing the time coordinate for
each of the curves in Figure III-10A the data would be compressed onto
a single line. The characteristic time chosen for this purpose was that
' corresponding_to'the point-of'inflectioniin.each of the experimentalv
curves, denoted here as tp. Table III—9‘Summarizes the-yalues of té-
determined forieach experimental run. From Figure IT1I-10A, o= 0.90 was
taken to be the point ofdinfiection in all five cases. To checkvthe

sensitivity of this choice, tp at o = 0.50 has also been presented in

Table III—9.

TThe point rates of reaction for each experimental run presented in
Figure III-10A are tabulated in Appendix J.°
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Figure III-10A.

Non-dimensionalized reaction rate data for the cyclopropane
hydrogenolysis on the Pt(S)- [6(111)X(100)] single crystal.

KEY
Average Initial Initial Poisoning
Initial Cyclo- Reaction Time
Symbol Run #° Reaction propane Rate Constant
Temp Partial moles L3%8 (min)
(°c) Pressure - 5
‘ (torr) min cm™ Pt
v 104 73.5 135 1.96x1( -6 23.4
O 124 74.4 135 1.76x1078 25.4
] 17 78.7 200 3.25x10~6 23.0
A 15 100.2 135 5.98x106 15.9
o 132.2 135 10.5

16

2.55x107
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Summary of calculations for activation. energy of the
poisoning process tp = B exp( E /RT)

CRYSTAL TEMPERATURE  POISONING TIME

Run No. T T ‘ 1/T ¢ ¢
~ and . c c c 3 P P
figure code (°C) (°K)  (°K"1Xx10° (@ a=0.90 @ a=0.50
(min) © (min)
10A Vv 73.5 . 346.7 2.884 - 23.4 43.3
12A° O 74.4  347.6  2.877 25.4 477
17 O 78.7 351.9-  2.842 " 23.0 45.0
15 A 100.2 373.4  2.678 15.9 27.6
16 < 132.2  405.4 . 2.467 10.5 17.0°

UV SU PRSI S IS
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.A plot of o versus a‘nqﬁ—dimenSionalized reacfion time, T = t/tp,
187§hown_1ﬁ‘Figure'III—IOB. The data points'for.each run between T = 0
énd T = 1.5-pfactically'cbincide, with the scatter increasing as T
increases. Even on the‘completelyvnon—dimensionalized plot it is evident
that .at the higher reaction temperatures (e.g., Run 16) the poisoning
ptpcgés occurs SOOﬁer than at the lower temperatures (é.g., Run 104).

. The chafacteristiC'poisoning time, té, has been.represented as an
exponeﬁtial.function followiﬁg the Arrhenius form:

*
~Ep/RT

tp =B e R

where E;p is the apparenﬁ activation engrgy for the poisoning process.
Using Table II1I-9 as a basis, log tp vs l/TC haé'Begn plotted invFigure
III-llvfor both o = 0.90 and.u = 0.50. The activation energy for the
. poisoning process based on this graphical procedure was found to be 4-5
kcal/mole. ' This is significantly less thah the activation for the main
reaétion (12.211.0 kcal/moie);

The mechanism of the poisoning process cannot be deterﬁined from
the data cited above. If impurity poisoning is ruled out, the triangular
pﬁisoning mechanism postulated by Hggedus51 can bevfegarded as a good

possibility:



- R/Ro

Relative Reaction Rote: a

-56-

- v —]
0.90 o
1 Eg
) (o]
ool % —
S
0.60}— Yo B
0
0.50— » ' | : ( 7]
.D . ’ " .
0.401— 0 N | o .
. [e]
v .
o .
0.30}— . o : : ]
A °° 5 o
0.20— - . . 9 pe ’ o
7 ' VA VOD ogoo
— ) —
O.10— o & g o o |
‘ o A o a
0 R IR N N RN I N R SR N T
o - 20 40 6.0 ' 80 10.0 - 120
Dimensionless Elapsed Reaction Time: T =t/tp’

XBL738-1649

Figure III~ 10B. Non-dimensionalized reaction rate versus time.
(Same key as in previous figure ) :
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Figure III-11. ActiVatiqn energy for the poisoning process
during the cyclopropane hydrogenolysis on the
Pt(S)~[6(111)%(100)] surface.



-58-

where A and B are reactant.and produét, respectively, and P is'somé

form of partiallj dehydrogenated carﬁonacedus reéidue‘bleking'surface'

sites. ;Hegedusso réported that. the ratios'(kzlkl) and (k3/ki) were

not eqﬁal,and in fact were far from uni;y; As the_crYstal temperaturev

is increased from 73°C to 132°C in the présent experiments, it is

possible tﬁat the mechanism of the poisoning process 1is changing. This
~ could expiain.the fact that the'data in Figure IIifIOB does ‘mot lie. |

along a single curve. | .

8. Catalyst Activity Following_Minimal Hydrogen Pretreatment

To .gain a'Better understanding of the importange'of hydrogen pre-
treaﬁment,and its effect upon the initial rate of reaction, én.additional_
expefiment (Run.l3).was carried out sharﬁly reducing the time of
hydrogen exposure. In all previous runs the platinum single crystal

had been exposed to 780 torr H, at 75°C for 120 minutes prior to édQ

2
mitting the cyclopropane/hydrogen reaction mixture. Calculations appearing
in Appendix ﬁ showed that baséd on literature da#affof the diffusivity of
hydrogen in bulk platinum,37 the single crysﬁal would be saturated with
H atoms at the end of this pre;reatment period.

In Run 13 the pretreatment consisted of exposing the platihum
crystal to approximately 50 torr Hz\for 110 seconds at 69°C. A plot of
the reaction data of Run 13 with the propylene impurity subtracted out .
is shown in Figure I11-12. Zero elapsed reaction time correspondé to
filling the reactor with the standard 135 torr CP/675 torf‘H2 mixture.

There are several noteworthy features contained in this figure. During

the first 30-35 minutes of elapsed reaction time the rate of

s e e "
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Figure III-12. Effect of varying hydrogen pretreatment conditions.
Upper curve: Run 10A with standard Hy pretreatment (2 hrs at

75°C in 780 torr H,). Lower curve: . Run 13 with reduced H

exposure rate (1107sec at 69°C in 50 torr H
P° = 135 torr. P°? = 675 torr.
cp H2 :

2.
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-7 ‘moles C3H8 ' S .
2, 3x10” 3 at 72.4°C was about an order;of'magnitude lower
min cm~ Pt ' '

than the initial rate for Run 10A (upper curve drawn in Figure III—12)

At 35-40- minutes the rate suddenly increased about an order of magnitude.

Thereafter the shape of the curve drawnvthrough the remaining data points'

closely paralleled that of Run 10A.

It is difficult to determine the true shape of the experimental

curve during the 35260 minute reaction period from only three data points.

Hence the extrapolated slope for the higher'initial rate period cannot
be drawn with certainty. lt is clear however that fdlloWing a 35-minute
"induction" period the initial rate of the cyclopropane hydrogenolysis ’
reaetion in;ﬁun 13 was virtually the same as that in Run 10A (pr Run
124). 'Furthermore, the rate at 200 minutes elapsed reactien time

-7 moles C3lg

(l.4i10' : - 2 ')rwas almost identical to the corresponding
. min-cm “Pt

point rate in Run 10A (1.3x10

~7 moles C3Hg

3 ). The conversion at
min.cm Pt '

+ 200 wminutes in Run' 13 (1.30%) was less than that in Run 10A (1.66%) by
virtue of the 35-minute delay period.

Thefdata of Run 13 alone cannot explain the apparent induction
period in the cyclppropane hydrogenolysis reaction curve as a result.
‘of the sharply reduced hydrogen pretreatment. 1If the surface reaction :
between an adsorbed cyclopropane specles and an adsorbed hydrogen atom
.is indeed the rate-controlling step, then the concentratlon of one
of these reactants may have been significantly lewer during the initial
rate.period. Further experiments varying the thickness of the platinum
crystal, the hydrogen pressure, and the duration of the pretreatment

period are needed to completely understand this phenomenon.

JR U
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’v9.  Catalys; Actiyity Withbut Oxygen Pretreatment

The high‘temperature, qu; oxygen treatment used to clean the
platinum crystal of carbonaceousvresidues.prior to each run was based
~on the LEED-Auger investigations of Joynér, Gland, and Somorjai.35 There
were no data found to'éuggest that. heating the platinum single crystal
in a hydrogen environment would also remove'carbon from the surface.
It 1is wé%l known thét partially deactivated polycrystalline supported
plgtinum cata1ysts regain a.lafge'fraction of their initial activity
after high teﬁperaturé hydrogen treatment. Therefore, immediately
following Run 12A, an experiment (Run 12B) was performed in an attempt
to clean in a hydrogen environment the partially deactivated platinum
single crystal.

A few'mihutes after the last data point of Run 12A had been
taken, the reactor waé flushed and filled with 800 torr HZ' After
14 hours at 25°C the reactor was again flushed witthZ‘and filled to
780 torr Hz, whereupon the standard procedure for HZ pretreatment was
commenced (120 minutes at 75°C). Immediately following this period
the reactor was filled to the same reactant partial pressures as in
Run 12A (135 torr.CP/675 torr H2), and the formation of propane followed
.by périodic gas chrométogrépﬁic sampling.M It should be noted that the
initial crystal temperature in Run 12B (77.7°C) was almost identical to
the final temperature in Run 12A (78.0°C).

vFngre II1-2 previously shown in Section iII-C—3 summarizes
the data of Run 12, where the vertical line at 208.4 minutes separates

the two parts of the experiment. During the first 90 minutes of Run
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12B only tﬁe 0.20% propylene impur:lt:y_(1.54><10_5 EE&EE-) reacted to

cm?Pt

propane. At approximately 300 minutes elapsed'reac;ion_time the
cyclopropane-hydrogen rgaétion began to take plaée. The évefage rate
of the c&cloﬁropane hydrogenolysis reaction during the“final_lod minutes
of Run 125,»&8 indicated'by the dashed curve, was_aﬁoﬁt |

-7 moles C3Hg

1.6x10 . To compare directly this rate with the final

min-cm Pt

rate in Run 12A the same:dashed curve was drawn as ;n'exgehsion to the
data of_Ruﬁ'IZA. Note that it tends to give a very.néarly smoéth transi-
tion between the two parts of the rum. |

| It seems clear that the io& temperature ﬂydrogen tréatment fol-
lowing ﬁun‘12A did not reactivate the platinum'single crystal. The
dat# suggest that ﬁo appreciable removal of partially dehydrogenated

carbonaceous species from the platinum surface occurred during thev

interval of time between Rﬁns 12A and IZB.-'It is possible that the

surface became even more covered with carbon residues during this period.

Additional experiments are needed to determine.whéfher hydrogen
alone can reactivate a platinum stepped single crystal surface. These

should be done at progressively higher temperatures for longer periods

of time.
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10. Summary and Conclusions

Thé hydrogenolysis of cycloéropané was carried out on a
?t(S)—[G(lll)*(lOO)] singlé-érystgl having a surface area of 0.76 cmz.
Prior to COmﬁénCing‘eaéh kinetic experiment the cfystalbwas exposed
fd 1816-6 torr 02 at 900-925°C for 2 hours to rémove carbonaceous
sﬁrfacé fesidues apd'thén pretreated in 780 torr ﬁé at 75°C for an ad-
-ditional_z.hours; |

At'7§fC a blank :un without the platiﬁumvcryStal in the reactor
Vrésglted in no‘detectable conversion of cycldprdpane to propane.

Two funé cohducted undef identical coﬁdifions showed that the
data was reproduéibie to.about 10%. The'obéervation that the data
points generally fdllowéd a smooth curve suggested that the experimental
tgchniqués were good and that the analysié’of the gas chfomatographic
v peak data was consistent. | |

| Ihitial rate meésutements made atvsevérai temperatures between

73°C and 132?C at constant initiai reactant partial pressures gaﬁe an
activation energy.for the unpoisoned cyclépropaneéhydrogen reaction of
12.2£1.0 kcal/mble.‘ This value is jusf on the upper limit of activation
energies réported in_thg litefature for,this.reaction on supported
platinum catalysts (8.0 to 12.2 kcal/mole). Furthermore, a comparison
of specific rate data obtained'by other inVestiéétéré on pblycrystalline
platinuﬁ catalysts to the initial rates obtained in this study af 75°C

and 135 torr cyclopropane shoﬁed that the stepped platinum single crystal

behaves very much like a highly dispersed supported platinum catalyst.
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‘Rate méasuremenﬁs made on the partinlly deactivated pletinum crystéi
gurface gaye'an'éctivation energy of 10.5 keal/molenghieh'was lower than
that for the unpoisoned catalyst. |

‘An, experiment was carried out at a higher initial partial pressure
of cyclopropane whlle maintaining the hydrogen pressure constant.l From
the initial rate data the order of the cyclopropane hydrogenolysis
reaction with respect to cyclopropane was determined to be 0.8+0. 2.

Values reported in the literature range from zero tofl.O.

From a plot of relative reacﬁinn rate versus'elapsed reaction time,
the time constant for poisoning of each run was determined. Assuming
that these characteristic times versus reaction temperature could be
expressed(by an equation of the Arrhenius form, the activation energy for
the poisoning proeess was calculafed to be 4-5 kcal/mole.

) An, additional experiment in which the standerd hyd;ogen pretreat-
ment exposure (pressure X time) was reduced by a factor of 1000 resulted
in two initial rate periods. Thé ratio of the rate of the second~period
to.that of the first was approximately an ordeerf_magnitnde, while the
apparent Vinductidn" time of the first rate period iasted 35-40 minutes.

~Following the kinetics of the cyclopropane—hydrogen reaction on a
platinum stepped single crystal having a surface area on the order of
1 cn’ and using the thermal conductivity detectof‘of a gas chromatogreph
proved to be feasible and rewarding. More experiments; however, are
needed no understand the nature of the poisoning process and the effect

of hydrogen pretreatment on the resultant kinetics. Finally, rate

measurements on both low index and high index (stepped) single crystal
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surfaces are necessary to check the assertion that the hydrogenolysis

of cyclopropane is a "structure-insensitive" reaction.
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CHAPTER 1V .

DISCUSSIO& OE RESULTS

The important result of this work is that at 1 atm potai pressure
a platinum sinéié crystal behaves like a highly dispérSed suppbrted
platinum catalyst for the cyclopropanévhydrogenolysis. It was éhown
tﬁat initial reaction fatés on the Pt(SS-[6(111)X(100)J surface were,
to within a factor of two, the.éame as values repofted in the literature
f§r highly dispeised supﬁorted plat;nﬁm catalysts. This would tend to
verify Boudart's hypothesis that the'cyclqpropane hydrogenolysis is an

23

example of a '"facile" reaction. It should be pointed out however that -

the'H2/D2 exchange reaction has also been glassified as "facile" by

Poltorak and coworker954’5§

and by-Boudart.27. Yet Bernasek, Siekhags;
~and Somorjai12 clearly showed that the rate of exchéhge on a platinum
stepped surface'(Pt(S)—[9(111)X(lLl)]).was almost two orders of magnitude.
greater;than on the ldw index Pt(111) surface. Until the c&cloprdpane'
hYdrbgenolysis can be carried out on a low index surface under conditions
- identical to thaf oﬁ the stepped platinum surfacé, ﬁhe_question remains
,Awhether the hydrogénolysis of cyclopropane is a ''structure-insensitive"
vreaction. |
One of the unexpeétgd results obtained in this study in Run,i4 was
~ that the activation-energy for #he main reaction on thelpartially de-
activated(plét;num steppgd single crystal (E; = 10f5 kéal/mole) was lower
 than thehactivation energy on the initially clean surface (E* = 12,2%

x .
1.0 kcal/mole). Recall that to obtain Ep a downward temperature stepping

procedure was used. This would result in the maximum possible slope
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inithé A?rhenius plot of Figure III-7, or the highest value obtainable
for E;; In addition, there was'virtually no scatter in the data, as a
straight line could be dréwn throughball three points. These facts
confirm the result that E; waé definitely lower than E*.

Consider now the rate equation written in the form

k. T $ +
B AS™ /R -AHT /RT
R=4e xe erZ cp
where,
R = reaction rate ( molecules )
sececm
kB = Boltzmann's constant = 1.380><10—16 E%%E
h = Planck's constant = 6.,624><10_27 ergs-sec
T = reaction temperature (°K)
AS = number of active sites per cm2 surface area
AS*= ehtropy change for.the activated complex ( —Eél——~9
mole* °K
+
AH = enthalpy change for the formation of the
' cal
activated complex (mole)
and

6, , 8 = fractional surface coverages of hydrogen and

cyclopropane, respectively.
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Assume that during a catalytic run the temperature and concentration
.of'reactant gases remain constant. As the poisoning progresses the

rate (R) decreases and the activation enthalpy (AH ) decreases, or

AH /RT

the exponential term e increases. Therefore the term

+ .
(As AS /R) must’ decrease faster than the rate of increase of the

enthalpy term. Although no change was observed in the number or

distribution of products formed before or during the poisoning process,v

,it is not. clear whether the entropy of activation for the activated
complex (AS*) remains constant or in fact decreases. Certainly a
decrease in the number of'cataljtically active sites, represented
by the area‘term AS’ could account for the net decrease in reaction
rate as the poisoning process progresses. It should be pointed out
that this interpretation is not consistent with experimental observa-
tions pertaining to the reactivity of the propylene lmpurity_contained
within the cyclopropane. In Runs 12A (initially clean surface,
std. H 2 pretreatment) 12B (partially deactivated surface, std. ‘
| 2 pretreatment), and 13 (initially clean surface, minimal H2 pre-
treatmentl, the 0,27 propylene impurity reacted completely to propane
between 10 and 16 minutes of elapsed reaction tine‘in each case. These
times correspond to the second and thirdvdata points taken in each rum.
However this is not an entirely unexpected result, as the mechanism
of the propylene hydrogenation may well involve different types of

active sites than those needed for the cyclopropane hydrogenolysis.
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Glahd56 has measured work function changés upén adsorbing various
hydrbcarbons on low index siﬁgle crystal platinum surfaces in an ultra-
high vacuum LEED system. For pfopané the work function change is meas-
ured within a few minutes after introducing the hydrocarbon, corres-
pdnding~£9 épproximately a monolayer coverage. Although cyclopropane
was ndt ;nvéstigated, one would expect that this compound wouldbbehave
in very neariy the same manner. If the cyclopropane hydrogenolysis
were to ﬁake pléhé in the first carbon-layer, the reaction.should be
approximately zero order with respect to cyclopropane. The data ob-
tained in the presént study showed that this depéndency was almost first
order (0;810.2). ‘This suggests that’the‘reaction may not be occurring
dn the platinum metal itsélf, but on the first carboﬁ overlayer. The
work of Thomson and Wishlade57 tends to support this hypothesis. ' In
their experimentation a monolayer of radiocactive ethylene (014) was
initially adsorbed on a nickel film, and the remainder of thé gas was
pumped out of thg system. Nonradipactive ethylene and hyd:ogen then
was admiéted and the rate of ethylene hydrogenation as well as the
radiation lével of the nickel surface were monitored as a function of
time; Only a fraétion of the pre—adsgrbed_ethyiene-C—14'was removed
from the film during extensive hydrogenatién‘of'the inactive ethyléne.'
Either the reaction was occurring in "holes" between carbon atoms in
the firét overlayer, or it was taking place on fop of the cafbon layer.
Their dat# Show'thatiexchange of chemisorbed ethyleﬁe in the first layer

- with incoming gas-phase ethylene molecules was negligible.

.
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The non-dimensionalized reaction rate élot of Figuré II1-10A
provides anothef unusual résult obtained in this study. Normally, one
would expect a gradual decrease in reaction rate étarting from zero
feaction timé;‘ However, the fi:ét part of the figure represents a high
initial rate period which is constant for a finite time. A rapid de-
activation'process follows and the rate fallé off approximately an order
of magnitude during 200 minutes of elapsed reaction time. The delay
time ig a function of temperature and has an acgivation energy of
approximately 4-5 kcal/mole. The form of these curves suggesﬁs tﬁat
two mechanisms are occurring here. The initial period'mighc be termed
the "precursor build-up" phenomenon in which thevcatélyst surface must
be uhdergoing considerable change. This is followed by the "deactivation
period" in which the number of active sites is reduced considerably.
Further experiments are needed to determine whether a steady state
rate isjgpproached at much ldnger reaction times.

DécreaSing the hydrogen_pretreétﬁent conditions in Run 15 produced
anothef unanticipated result. The initial rate during the first 30-35
minuteé of'this run was approximately a factor of 10 lower than the
initial rate corresponding to Run 10A, in which the standard hydrogen
pretreatment conditions were-used; At 35-40 minutes the rate suddenly
increased by a féctor‘of 10 and thereafter cloéely paralleléd the
reaction rate curve for Run 10A. If hydrogen protects the catalyst

.surface from forﬁing carbon structures which are precursors to poison,
then why wasn't the second portion of the rate curve in Run 13 lower

than the curve corresponding to Run 10A? It seems reasonable to
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assume that a much lowef'concentt;éion of hfdrogen on the surface would
‘result in an increased nuhber of surface sites available for hydrocarbon
cﬁemisorption. This would tend to accelerate the poisoning process and
cértaiqu not produce the dramatic rate increase afﬁer'a 40-minute
&elay_pgribd. |
Héggﬁus and'Petefsen51 have shown for a highly dispersed supported

‘plétiﬂumvcatalyst that extended hydrogenation did not increase the
catalyst;éctivity‘for the cyclopropane hydrogenolysis, it merely delayed |
the poisoning. Both the mechanism and kinetics of the poisoning were
the same, oﬁly the time scale was altered due to the extended hydrogena-
tion period. Although their data cannot be compared directly to the
- result obtained in this study due to the possible influence of the.
alumina supporf, it is clear that the effgct of hydrogen pretreatment

is different in the two cases. |

' One possible explanation for the sudden incre#se in activity couldv

be'asséciated with residual oxygen léft on the surface after the initial
.cleahing procedure. Perhaps one hour of pumping in‘UHV at 900°C was

not sufficient to remove dxygen atoms adsorbed at the platinum step
sites, contrary to the results of Joyﬂer, Gland, and Somorja_ai.35 In
RunIIOA there may have been sufficient time to reéct off all the ré—
‘maining oxygen during the two-hour pretreatment procedure. In Run 13
with less than two minutes of hydrogen pretreatment, a finite period of
Vtime may have beén required to remove.the ox&gén and expose surfacé
sites which normally would have been available fof the hydrocarBon

 catalysis. Auger spectroscopy measurements of the platinum crystal
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cowﬁined with mass specgrometric analysis of the gés phase before;éﬁd
after hydrogen'pretreétment are needed to check this hypothesis.
In.conclusion, this work has faised many intefesting questions
abou£ the nature of active sites'in‘heterbgéneous catalytic reactions.
It has begun the task of ﬁridging the gap between traditional hetero-
geneous catalytic studies and those using new analyticai tools to ﬁrobe
the sutface'df a catalyst on an atomic scéle. The data support the
cbnfention that single crystal surfaces are ideal modelé for poly-
crystalline.supported catalysts. Finally, studies of this type appear
to be well suited to discover the relationship.betﬁéen the morphology }

of the catalyst surface and its heterogeneous catalytic activity.
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" APPENDIX A

Désign of the Experimental Apparatus

1. Over-g&ll Reactor Design Requirements

" One of the stated goalé of this study was to perform catalytic
experiments on one (or more) platinum single crystal(s) both in ultra-
high vacuum (UHV) and at 1 atmospﬁere total pressure. From the outset
it was Qecided that both of these experiments should.be done in one
apparatqs-witﬁout'phySically altering the poéition of the catalyst
cfystai or severing any connections made to it. The latter includes
suitable electrical connections for supporting or heating the crystal,
and thermocouple connections for monitoring.the catalyst temperature.
With this objective the cdnéépt of a high pressure,(l atm.) reactor
within an UHY-feactor_was develbped which appearéd to be the most
flexible from an experiment51 standpoint. The single crystal could

be heated in UHV to remove carbonaceous surface residues and provide
| ' 35,36

a clean well-oriented surface for catalytic studies. Upon_coéling
to the proper temperature and leakiﬁg in a controlled flow of reactants,
kinefic experiments in UHV could be made by monitdring the formation

of products by a mass sﬁectrometric technique.lo. Alternatively upon
céoling, the catalyst could be éncased in a sealed sméll—volume chamber.
Upon pressurizing'the chaﬁber to 1 atmosphere and-admitting_reactanﬁs,

kinetic experiments could be carried out using a gas chromatograph to

monitor the formation of products.
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There were mény.design alternatives and problems which arose in
~transfofming this concept into a.working4apparatus. In thé present
secpion oniy the details of the design finally adopted will be described.
Included are the initial calculations for the high pressure reactor,
the désign and constructipn of the UHV and high pressure reactor chambers,

and the design of the high pressure flow loop and gas manifold assembly.

2. Initial Calculations for the Design of the High Pressure Reactor

A recycle reactor operated in a batch mode was chosen as the basis
for design. This consisted of the catalyst crystél'suspended in a
flow loop in which the contents were continuously circulated. When
the conversion per pass is differential, this heterqgeneous'catalytic
reactor is simply the analog of the well-stirred batch reactor in .
homogeneous catalytic studies. The mathematics for analyzing the
perfofmance of such a reactor thereb& becomes greatly.simplified._
.Consider a continuously stirred, well-mixed, isothermal, constant
volume reactor where the following first-order heterogeneous reaction
takes place: :
k.
A3
For the moment it will be assumed that there is no external diffusion
influence. The conservation equation for specieslA is given by:

dc

v—2 - _k ac
s

dt (A-1)

A
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where,.
: V = reactor volume (cm3)
CA = reactant concentration (moles/cmB)
kS = specific rate constant (cm/min)
A = catalyst surface area (cmz)
t = elapsed reaction tiﬁe (minutes)

With the boundary conditions that at t=0, C =CAO, and as t > », C

A A~
the solution to Eq. (A-1) {is:
kSA -
CA = CAO exp(——v-t) . (A-2)
The concentration of product B formed is simply
CB = ACA = CAo - CA | (A-3)
or,
' v kSA
ACA = CAO [1 - exp(- ~ t)j" (A-4)

Frbm Eq;:(AFA)»it is possible to calculate the time required for the
minimum Qmpunt of product to be first detected by a gas chromatbgraph
under a given set of experimental conditions. This is a crucial’
quantity in the éresent study when one considers the very small area
of catalyst surface-(~'l cm2 per éatalyst crystal) available for
reaction. If this time ié on the order of a few hours the reaction
is probably too slow for the accurate determination of initial

(unpoisoned) rate measurements. On the other hand, a minimum reaction
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time dﬁ:the'order of a'feQ minutes is.g more realisficvquantity on
wﬁiqh to base reactor design c¢alculations.

. The cyclopropane hydrogenolysis reaction wés choSen as the basis
for tﬁe;high pressure reactor design. According to_Hegedus,50 at
large H2/CP ratios the reaction is appfoximately fi?st'ofder in
cyclopfopane andlfits the model described by Eq. (A;45. A considefable

- amount of data and’experienCe has been amassed in our laboratory |

45,48,50,58,59 The rate isvkﬁown to be-

pertaininé to this reaction.
retatively high gt room temperature on bulk and supported platinum
catalysts. Furthermofe only one p?oduct'(propane) is formed on plétinﬁm
catélysts, thereby simplifying chromatographic detectioﬁ.
In obtaining a specific rate constant, ks, fof'the cyclopropane-
hydrogen reaction the single pellet data of Hegédu551vsummarized in

Table A-1 was used. The rate constant reported can be expressed as

k A

ka - = =5 R : o (A-5) .

where, -

A = platinum surface area (cmz)

s
Vp = pellet volume (cm3)
ks = gpecific rate constant (cm/min)

Thus from Table A-1 and assuming 100% Pt dispersion on the n-Al,_O

273

support: -

b 0x10”% —Brams. Pt y g 995 orams  cat.)(6.023x1023 molecules
A - gram cat. ’ ’ mole

-] (1.12x1015 molecules)(195 grams ‘Pt)

cm2 Pt - molg
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| Table A-1

Rate Data from Hegedusso’51 for the Hydrogenolysis
of Cyclopropane on a Platinum/Alumina Catalyst

Physical Characterisitcs of the Platinum Catalyst Pellet

0.25 wt% Pt on n-Al,0. diluted with n-Al.0. to 0.04 wtZ Pt

°© 2°3 2°3
O Surface area of n—A1203v= 230 m2/gram
- O Pellet weight = 0.295 grams
O Pellet densitx_='1.14 grams/cm3
’ Initial Rate Data for the Cyclopropane Hydrogenolysis
o Cat#lyst calcined in 3% 0, in N2 @ 400-410°C for 2 hrs.
Catalyst reduced in H2 @ 300°C for 10 hrs.
0 ¢ ‘= 41.4x107® moles/cn’ (P = 900 torr)
o2 2 .
o _ ., -6 ; 3 o _
(o] »CCP = 3.45%10 Vmoles/cm _(PCP = 75.0 torr).
0 T_ = 75°
_rxn’.
-1
o = .
. (kao)i _ 2 61 sec |
O Order of reaction with reépect to cyclopropane, nCP=1.0
. ‘ ok
O Activation energy, E, = 10 kcal/mole
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AS = 326 cmth .

A more realistic assumption as to the Pt dispersion would be roughly

50%. Then Aé ~ 163 cm2 Pt. Using this result in Eq. (A-5),

(2'61'8ec—1)(0 295 grams cat.) , (60 S ‘sec.
(163 cu 2pe) (1.14 frams cat - min

cm cat

(k )75 °c =

cm

' -1

‘A typical set of initial conditions to be employed in the

cyclopropane hydrogenolysis reaction are the following:

o
pCP 73 torr

o .
Py . 703 torr
2

' = = o .
Tcrystal Trxn 75°¢

by = 25°C
gas .

~

o
p .
o _ . "CP _ (73/760)atm _ -6 moles
CP BT = = 3.92x10 -3

T 3
gas (82.1_§§%€%§~ ) (298°K) cm

The thermal conductivity detector used in the present. study has
a minimum sensitivity for propane of approximately-2><10—9 moles

(See Appendix E). Choosing a sample volume of 0.5 cm3, the minimum
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detecfable product concentration (ACA)'wbuld be 4><10-9 moles/cm3.

Substituting the values for‘ks, (IA , and ACA into Eq. (A-4) and
- o

solving for tmin:

4.0x10"% = 3.92x107%

v A :
[1 - exp(~ 0.249 € )] (A=6)

- _ . 3y .
tin = 4.04x10 A (A-7)

For a reactor volume of 500.cm3‘and using one single platinum crystal
having a surface area of 1 éﬁz, the minimum detection time would be
approximately 2‘minutes.:

The ﬁarametérs used in the above calculation‘were deemed to be
‘realistic and experimentally feasible; The design and construction
bf tﬁe apparatus thereforé proceded on the basis of supporting one
catalyst crystal (A=~ 1 cmz) within a high pressure reactor volume of
approximately 500 cﬁ3. In the event the réaction rate obtained was
much lower than that obtained by Hegedus, there wére sﬁfficient numbers
of variabies which could bevchanged (the most important being the crystal
temperatufe or thé mode of G. C. detection) to insure that the first
detectable-amount of product could.be monitored wifhin a few minutes

after commencing the reaction.
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3. Criterion for Importance of External Mass Transfer

It waS-necessary to determine whether external transport resistances

w

would be important in the high pressure, COnstant—VOIUme're;ctor. The
problem is simplified'becaﬁse the catalyst surface is ﬁnifofmly'
accessible and there is n§ internal resistance:to mass t;ansfgf, i.e;,
there is a very rapid heterogeneous chemicél reactioﬁ ocgurripg at

the catalyst surface. The mathematical analysis 1s identical to thét
‘used by Petérsen60 in which he considered the system of a single,
nonporous, spherical catélyst pellet. immersed within and in steady
state with a large:medium,of'stagnant reactanf,. Tﬁé.reactant diffuses
up to the surface, reacts éataiytically, and the product diffuses a&éy._

For'a first-order reaction (A 4 B) the criterion for which the system

is in the kinetic control regime is given by

k1 _ _ o
I <'0.1 : ' (A-8)
n L » . .
where,_
' . : )
k. = heterogeneous first-order rate constant based upon external

surface area (cm/min).
Bm = local coefficient of mass transfer, which is constant

over the entire surface of. the pellet (cm/min).

Equation (A-8) is a criterion corresponding to a vaiue of the concentra-

tion at the catalyst surface approaching the bulk stream value, whereupon
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-the over-all reaction rate fs determined.by the_fate of chemical

reaction at the surface.f

1 .
1 apd Bm in Eq. (A-8) for the

In calculating the values of k

cyclopropane Eydrogenolysis reaction, a reference of 25°vaas used.
. ‘ » 1
The data of Hegedus corrected to 25°C gave the value for k1 :

o * ‘ :
log (ksz) = 2;:8311 [Tg—.:l] | (A-9)
s,/ - 2 L "1%2 -
where,
o ) ' : -
ksl'.= kl (cm/min) in Eq. (A-8)
kSé = v2.49><10—1 cm/min (Eq. A-6)
»Ea* = 10 kcal/mole
T2 = 75°C
= -]

T1 , 25°C

Solving,

]

(ks)25°C = kl = 2.22X10—2 cm/min

The most conservative estimate for Bm was chosen where there is
no flow within the reactor (simple diffusion), namely that the Nusselt

number for mass transfer (Num) is unity:

o]

T
m O

or,

%—E = 2 ', (A-10)
VB o



-82~

where
'dp' =  characteristic particle diameter (cm)

N

mass diffusivity for the binary hydrogen-cyclopropane

- mixturé (cm2/sec).

"~ Foust et.al.61 outiine the procedure for estimatihg the: mass diffusivity
for binary mixtures based on a Lennard-Jones model. At’25°C and a
total pressure of 803 torr, thevdifoSivity for the HZ/CP systeﬁ was

calculated to be gih = 0.435 cm2/sec. Taking the characteristic

2/CP
particle diameter to be approximately 6.5 mm and substituting these

values into Eq. (A-10),

2
cm sec
. . (2)(0.435 22) (60 =25 i, ity
m (0.65 cm) - 7 min :
Thus,
okl 2.22x107% em ‘
(BL) - e ‘:i“ - 281074 ., (A-12)
m 0.804%x10 mi_ : '

or approiiﬁately thrée orders of magnitude lower than thg limif neceséary
for the éystem to be within the kinetic-controlled regime. This means
that diffusion is extremely fast compared to reaction and that there
will bevno_external transport resistance to consider in the analysis. -

of the kinetic data.
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4. Design of the UHV-High Pressure Reactor System

An over-all view of the completed apparatus for the UHV-high
pressure studies is presented in Fig. A-1 to indicate the relative
scale of the equipment.

A close-up of the 304 stainless-steel UHV-high pressure assembly
is shown in Fig. A~2. The lower UHV chamber consists of a 12-inch dia.,
multi-flanged vessel housing a 200 liter/sec Ultek D-I ion pump and a
titanium sublimation pump capable of reducing the pressure in the
system to SXIO—lO torr with a moderate bakeout. The pumping unit
is controlled by an Ultek Combination Ion Pump-TSP Power Supply
(Model No. 224-0620). Additional details concerning the design of
this chamber can be found elsewhere.62

Separating the upper and lower chambers is a 6~inch i.d. stainless-
steel, viton-sealed gate valve manufactured by Thermionics.

The upper 12-inch diameter, multi-flanged chamber shown in
Fig. A-3 comprises both the UHV and high-pressure reactors. Proceding
in a counter-clockwise direction the outer flange arrangement (presented
schematically in Fig. II-1) consists of the following:

® A 2 3/4-inch flange for a nude Varian ion guage.

® A 2 3/4-inch flange for an Auger electron gun control assembly.

® A 6-inch flange for a Varian viewing port.

® A 6-inch flange for a movable bellows-cup assembly

® A 2 3/4-inch flange for a quadrupole mass spectrometer head and

accessories to a Granville-Phillips Spectra Scan 750 Residual

Gas Analyzer.
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XBB 732-787

Figure A-1l. Over-all view of equipment for UHV and high pressure studies,
including reactors, mass spectrometer, gas chromatograph, and
associated electronics.
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Figure A-2. Close-up of the UHV-high pressure reactor assembly.
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4

" XBB 732-789

Figure A-3. Close-up of UHV-high pressure reactor fabricated for the
present studies. Flanges visible include, from left to right,
those for a nude ion gauge, an Auger electron gun assembly
(not shown), a viewing port, and the '"bellows-cup" assembly.
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® An 8-inch flange for housing Auger electron grid optics and
accessories.

® A 2 3/4-inch flange for optional use.

® A 6-inch flange, denoted as the reactor flange, consisting of
seven symmetrically spaced 1.33-inch dia. mini-flanges for
electrical feedthroughs (2), an 8-pin thermocouple feedthrough,
a Varian variable leak valve, inlet and outlet Hoke S. S. bellows

valves (2), and a viewing port.

The main feature of the upper chamber is the movable bellows-cup
mechanism, which is shown in more detail in Figs. A-4a and A-4b. It
is comprised of a l-inch dia. threaded drive rod which extends through
a bronze sleeve incorporated into the right 6-inch o.d. flange, a
2-inch o.d. stainless-steel flexible welded bellows, and finally into
the rear compartment of the high pressure reactor "cup" which houses
a series of thrust bearings. Thus the reactor cup attached to the
bellows drive mechanism is capable of traversing the total internal
diameter of the reactor. The high pressure reactor (V ~ 560 cm3) is
formed by seating the finely machined 3 3/8-inch dia. knife edge of
the reactor cup onto a gold O-ring in the wall of the left 6-inch
o.d. flange. The two case-hardened 1/2-inch diameter stainless steel
rods welded to the 6-inch reactor flange and bellows flange above and
below the cup serve not only to guide the cup in its transverse path,
but also to prevent deformation of the upper chamber when applying

the necessary force to seal the high pressure reactor.
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XBB 732-796

Top view of UHV-high pressure reactor with bellows-cup
withdrawn to expose catalyst single crystal to UHV.

.
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Figure A-4b. Top view of UHV-high pressure reactor with bellows-cup
assembly extended to enclose catalyst single crystal in a small
volume for high pressure studies.
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A close-up of the reactor flange as seen through the 6-inch
viewing-port flange is provided in Figs. A-5a and A-5b. 1In the former
photograph note the 3 3/8-inch dia. gold O-ring which has been pressed
into the finely machined 1/16-inch groove in the reactor flange wall.

A kaife edge has also been machined within the groove to provide two
sealing surfaces on the gold O-ring upon closing the reactor cup.
Experiments conducted to check the cup seal during high pressure
experiments (800-1000 torr) indicated that negligible amounts of
reactant and product would be leaked into the UHV system during the
course of a run. The constant leakage flow normally increased the
pressure in the outer UHV chamber from 5><10_9 torr to 1><10—8 torr. As
many as 20 cup closures have been obtained using one gold O-ring.

Although the photograph in Fig. A-5a was taken at a time when
the platinum crystal had been removed to make a series of blank runs,
the manner in which the crystal is supported is clearly evident. The
two 0.070-inch dia. tantalum electrodes extend from copper sleeves con-
nected to the electrical feedthroughs to approximately the center and
leading edge of the reactor flange sealing surface. As shown the
tantalum electrodes are spot-welded together. However for the catalytic
runs the Pt crystal was spot-welded to the flattened ends of the two
tantalum electrodes. External leads connecting the electrical feedthroughs
to a Harrison 6260 A d.c. power supply (0-10 volts, 0-100 amps) enabled
the single crystal to be heated routinely and accurately from room

temperature to 1000°C.
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Figure A-5a. Close-up of reactor flange, detailing the gold O-ring
seated in the reactor flange wall, the tantalum electrodes, and
the Pt/Pt-10% Rh thermocouple wires.
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XBB 732-795

Figure A-5b. Close-up of reactor flange, with reactor cup seated
on the gold O-ring to form the high pressure reactor.
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The crystal temperature was measured by means of a thermocouple
junction composed of 0.010-inch dia. Pt/Pt-10%Rh wires spot-welded
to the lower edge of the Pt crystal. Using a Honeywell millivolt
potentiometer (Model 2732) and standard thermocouple calibration tables,
the crystal temperature could be monitored to within * 0.1°C. 1Im
Fig. A-5a a 2-holed ceramic tube insulates the thermocouple wires to

within 1 inch of the junction.

5. Construction of the High Pressure Flow Loop and Gas Manifold
Assembly

A schematic of the high pressure flow loop has been given in
Fig. II-1. To minimize possible sources of contamination the principal
material of construction is stainless steel. Viton O-rings are used
in the flowmeter and the sample valve, while Teflon is used as a packing
material in the flow valves.

The reactor pressure is monitored by a 0-1500 torr Heise gauge
measuring absolute pressure to within * 0.25 torr. The flow rate
within the loop is measured by a Fisher-Porter rotameter consisting
of a variable area 1/8-inch tri-flat glass tube (FP-1/8-20-G-5/84).
Using a stainless steel float, the range of flow for a 3/1 hydrogen
to cyclopropane mixture (sp.gr. = 0.415 @ 800 torr and 20°C) is
0-4800 sec/min. Composition of the gas mixture is achieved by routing
the flow through a 6-port sample valve housed in a 1520 Varian
Aerograph gas chromatograph containing duel thermal conductivity and
flame ionization detectors. Details of the analytical system are

presented in Appendix E.
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XBB 732-795

Figure A-5b. Close-up of reactor flange, with reactor cup sedted
on the gold O-ring to form the high pressure reactor.



=94

The crystal temperature was measured by means of a thermocouple
junction composed of 0.0L0-inch dia. Pt/Pt-10%Rh wires spot-welded
to the lower edge of the Pt crystal. Using a Honeywell millivolt
potentiometer (Model 2732) and standard thermocouple calibration tables,
the crystal temperature could be monitored to within * 0.1°C. 1In
Fig. A-5a a 2-holed ceramic tube insulates the thermocouple wires to

within 1 inch of the junction.

5. Construction of the High Pressure Flow Loop and Gas Manifold
Assembly

A schematic of the high pressure flow loop has been given in
Fig. IT-1. To minimize possible sources of contamination the principal
material of construction is stainless steel. Viton O-rings are used
in the flowmeter and the sample valve, while Teflon is used as a packing
material in the flow valves.

The reactor pressure is monitored by a 0-1500 torr Heise gauge
measuring absolute pressure to within * 0.25 torr. The flow rate
within the loop is measured by a Fisher-Porter rotameter consisting
of a variable area 1/8-inch tri-flat glass tube (FP-1/8-20-G-5/84).
Using a stainless steel float, the range of flow for a 3/1 hydrogen
to cyclopropane mixture (sp.gr. = 0.415 @ 800 torr and 20°C) is
0-4800 sec/min. Composition of the gas mixture is achieved by routing
the flow through a 6-part sample valve housed in a 1520 Varian
Aerograph gas chromatograph containing duel thermal conductivity and
flame ionization detectors. Details of the analytical system are

presented in Appendix E.
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A model MB-10 stainless steel welded bellows pump (Metal Bellows
Corp.) provid¢s the gas circulafion within the flow loop when the total
pressure.is ﬁétween 400 torr and 1200 tofr. Althoﬁgh the pump is
ratéd at 2800 ch/min‘of aif under zero pressure drop, the pressure drop
across the sample Qalve limits the maximum flow fate to about one-
fourth of -its maxiﬁum value. Throughéut the experimentél runs the
circulation within"the flow loop was sufficient to give a gas residence
 time (t = V/vo) of approkimately 1 minute. - Hence thé cdntents of the
reactor and flow loop can be comsidered to be "well-stirred" within
the time frame of sahpling. This simplifies the mathematical analysis
of the kinetic data, as all fluid elements within the flow system are
.consideréd_to havevthe same reactant or product qoncentration at a
given point in time.

A schematic'df the gas manifoldzassembly is shown in Fig. A-6.

The manifald itéelf is fabricated from a 3/4-inch o.d. (0.065-inch
.wall) 304 é.S. tube to ﬁhich are welded seveﬁvteflbﬁ—seated 316 S.S.
Hoke‘VAlveé (# 4251 N6Y). All gases to be admitted into the reactor
system are first expan&ed into the manifoid via fheée valves; An
~auxillary 316 S.S. Hoke valve (# 4234 Q6Y) connects the manifold to
the UHV variable leak valve. The manifola can bé evacuated to
appr&xim&tely 400 torf by means of an MB-Zi stainless steel welded
.bellows pumﬁ (Metal Bellowé Corp.) which is ventéd'to‘the atmosphere.
Two liquid nitrogen chilled molecular-sieve sorptioﬁ pumﬁs further
reduce the pressure to less than 5 UHg. The vacﬁum 1eve1>is meaéured

by means of a thermal conductivity gauge tube (connected to a CVC 110 C
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Figure A-6. Schematic representation of the high pressure
flow loop and gas manifold assembly.
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"ion gauge) inserted into the system between the méﬁifold and sorption' 
pumps. In practice it'is not possible to remove hydrogen completely
froﬁ the systeﬁ with the sorption pumﬁs. .Therefore nitrogen is used
as a purge gas to sweep most of the hydrogen outbof &he manifold or

_ reacto;vflbw lbép via the MB-21 bellows pump, wheréupon the sorption

pumps are bpened to remove the remaining nitrogen.
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APPENDIX B

Preparation ofvPlafinum'Single erstals

The platinum used in this study was purchased from Materlals
Research Corporatlon (Orangeburg, N.Y.) in the form of 1/4-inch dia.
; single crystal rods grown by electron—beam zone refining-CMarz ‘grade).
‘Aitypical.ﬁass specfrcgtaphic‘éualySie of Marz grade'plefinum is given
in Table: B-1. The pr0perciesvof,vafious cohtamiuants in platinum
have been described elsewheie;35’36. |
Platinum stepped surfaces are geuerated by cuttiné a-platiuum
crystal at small angles from low index pianes. Theeresulting highf
Miller index‘surfaces as determined py LEED etudieerhave been shown
to consist of low index terraces cf coustant width linked by sceps _
of monetomic height.8’33: The Pt(S)-[7(111)X(111)] surface was obtained
by sparkmachining at 8.5° from the (1115 face towerds the (110) plane.
-The'nomenclatures'indicates chat thefterrace is of (111) orientation,
7 atomic rows in width, while the step is also of (lll) orientation‘
and one atom in height. The Pt(S) [6(111)X(100)] surface was cut at.
9.5° from the (111) fece towards the (100) plane. It_consists of
terraces_§ atdms_wide with (111) orientation and a step geometry of
(100) orientation. 'The'accuracy of the sparkmachining ppocess;is |
+ 0.5°. A schematic representation ofvthe atomic structu;e of these
two stepped;surfaces has been shown previously in Fig. II-2.

After cutting, the crystals were mechahically polished with a

series of abrasives, the final polish being 1/4 um alumina. They were

g

o e e
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Table B - 1. Typical mass spectrogra?’%hic analysis
of '"Marz' grade platinum-’<

‘Element Content (ppm) - Element » Content (ppm)
Li <0.0002 Rh 15.0
Be <002 . Ppd 0.6
B 0.0003 Ag | 0.012

e ‘1000 . ca <0.025
H, 1.5 In o 0.03
o, 10.0 | Sb , <0.004
N, 3.0 ~ Sn 0.08
F <0.003’ Te - <0.008
Na <0.06 I  <0.002
Mg <0.06 | Cs . <0.002
Al 7.0 ~ Ba <0.003
Si 7.0 | La : <0.002
P 0.002 . Ce  <0.002
s 0.2 o Pr  <0.002
el 0.4 Nd <0.01
K 0.1  sm  <0.01
Ca 0.05 Eu <0.005
Sc <0.03. Gd , . <0.01
T 2.5 o Tb | <0.003
' 0.25 Dy - <0.01
Cr 2.5 | "Ho <0.003
Mn 0.6 Er 1<0.008
Fe 30.0 Tm . <0.003
Co 0.3 | ¥ <0.06
Ni 2.5 . Lu © <0.003
Cu 0.05 - H 0.05
 Zn . 0.05. Ta < 5.0
' Ga 0.01 w 5.0
Ge <0.004 ' Re . B - <0.02
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" Table B - 1 (continued)

Element Content (pbm) Elender.i‘tﬁ - Content (ppm)
As o040 O0s ‘  <0.08
Se <0.003 r o3
Br : 0.008 . Au . <03
Rb S <0.01 Hg o <0.15
Sr <0.003 . . TI <045
Y <0.01 - Pb C <06
Zr 2.5 | ' Bi o <0.06
Nb 1.0 . Th <0.07
Mo <0.3 v. o <o0.07
Ru 0.3 |

~
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then etcbed in hpt 50% aqua regia for 5—15-minutes prior to introduction
into the vacqum'system..

'Béth stépped siﬁgie'crfstals Wefe'appfoximatély elliptical in
shaﬁéQ Table B-2 suﬁmarizés’the caiculation of the total geometrié
‘surfaée'aréa’fbr'gach elliﬁtical'disc, fhis area is comﬁosed of an
ellipticalbafea having the orientation of’thé_stepﬁed surface and a
cifcumfe;eﬁtialvarea of ﬁnkndwn'ofientation; presumably polycrystalline
in nature. :Thé total area values were ﬁsed ;n all c#léulations
involving spédifié rateé of reaction. It has been assumed tﬁat the
surface roughness is unity, t.e., the platinum surface area available
for reaction is the tofal geométric surface are#. |

Cleaning techniqueé'ha%e been'developed to rembve'impurities fromv

35f36 From this work,

léﬁ‘index and stepﬁed crystal faces ofvplatinum.
the major cohtémiﬁant in the high purity platinum single crystal is
carbon. In a ffesﬁly prepared stepped single crystal having é.(lll)

. terrace orientation, carbon‘can be removed by heating the crystal to
1000°C for 6 hours at a pressure of 5><1O—6 torr. A slightly contaminated
surface containing oniy a surface layer of carbon can be cleaned by
heating the crystal to 800°C in 1><1_0—'6 forf oxygen for 5 ﬁinuteé. It
is_knoﬁn that_oxygen chemisorbs readily on platinum.stepped surfaces

at the step‘sites.9 Hence it was foﬁnd tﬁat thesé surfaces shbuld

be heated for an additional hour at 800°-1000°C in vacuum, after

removing oxygen from the gas phase.



Table B - 2. Platinum single crystal surface. area.
Plaﬁnum . 'Major Minor. Crystal Ellipfical | Circumferential ‘Total' %
single axis axis thick- surface area. - surface area  surface Unknown
crystal o .~ ness . _ - " . ~area ‘orientation
_' o 2a 2b ) t A _(cm-z) - A '(cmwz) ' i ,"'AC- .
' o : y ‘ 8 : ¢ A {cm™) -—=X100
: - = /a2+b2 T Ap
. _ (mm) (mm) . (mm) (2mab) - - 27t — ] ST '
Pt(s) - [7(111)X(111)] 7.0 6.0 - 0.7. . 066 - 044 080 18
Pt(s) - [6(111)X(100)] 7.0 6.0 0.5 .  0.66 0.0 . 0.76 . 43
!
L
I~
N
)
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' Thqse.c1eaning teChniQués,“based upon Auger'électron spectroscopy
»to monitor - the surface cohtéminant concentration doﬁn to 1% of a
. monolayéfi’ﬁgre'used as a basis for the crystal pretreatment procedures
employed. in 'th'is study (See Appendix G). The Pt(s_)-ts(lli)x(loO)]
singleiérystél was cleaned for.13~hours in 1>.<10_6 torr oxygen at
903-913°C priofvto its use in Run 10A. Thereafter before each exéeri—
mental run;_the crystal was heated in 1><1()—6 torr oxygen at 900-925°C
for 2 hours. The oxygen was pumped out of the UHV system for an
additional 60 minutes while maintaining the crystal temperature at
.906-925°C. Prior to closing the reactor cup and filling it.with 200 torr
.hydrogen,_the crystal temperature was not allowed to drop bélqw 25050

9

at a pressure of 5x10 ° torr. This was done to avoid chemisorption of

‘CO which takes place on platinum stepped surfaces having (111) terraces

below 200?059’35 -Carbon monoxide is a major background contaminant

~ in UHV systems.
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" APPENDIX'C

‘Purity of Materials o
1. Gases

'The\cyelopropané'ﬁaslootained from Matﬁeaonfand(oOntained less

than'O.ézgimpurities. 'Propylene accounted for approximately two-thirds

of this impurity. The gas was passed through a bed of activated
uMgCIOA to' remove traces of water. :DuringdearIYﬂexperimEnts'on:the
Pt(S)—[7(lll)x(111)]‘single"crystal, the oyclopropane'waa_aléo frozenﬂ

out in a liquid N. eold finger; evacuated bnelted degassed; and

2
distilled. The middle distillate fraction was then expanded into the
reactor‘fiow‘loop.' Gas chromatographic;analysis'indicated‘that the”
propylenezooncentration in‘the distilled cyclopropane’wae-someﬁhat
greater than that in the undistilled_cyclopropanef Hence this
purificationiprocedure’was eliminated 1n'511 snpéequentdrnne.i

Hydorgen was obtained from the Lawrence Berkeley-Laboratory and

had a minimum purity of 99 99%, the major impurity being oxygen This .

. was also’ paased through activated MgClO4 prior to introduction into

- the gas chromatograph or reactor flow loop

2. Calcium Impurity in the Platinum Single Crystals

It was pointed out in Chapter III that a calcium impurity within
the b“1kv°f the Pt(S)—[7(111)X(111)] single crystal had segregated to
the surfaoe and was in some way responsible for the lack of data
reproducibility on this surface. The evidence for this assertion is

indirect but nonetheless convincing.
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Afgér heating'the singlé crystél tov85b~950°clsevera1 times,’a
‘thin éifcﬁmferenfial ringjapféaréd on the surface. ‘At room temperature
thé:ringfappéared faint éﬁd ﬁiikyAWhite:iﬁ Eolor.f Upon heating the
: cr&stal §6 900fC, the riﬁg was cleariy visible_éﬁd’glowed considerably
.brighter than the buik piatinum. Pfoiqnged highftemperature oxygen |
treatment had no effedt in diﬁihiéhiné'the intensity of the ring.

' Z'Megnwhilé,’indepeﬁdent'Augér electron spectroécop§ (AES) analysis
of sevetai‘other'platinﬁﬁ éiﬁgle'crystals cut from the same éingle
crystal*r0§ as the Pt(S);[7(lll)X(111)] crystal indicatéd'that the
'_pl#tinum dontained a COhsidefable,amouht_of calcium;.'The impurity
' probabiy segregates oﬁ the surfacé as a églcium'oxide rat#er than
the pure element. Efforts to éompletely'remove calcium impurities
from piatiﬁﬁm crystals by ion bombardment or other in situ techniques
have not been Suqéessfui.63 |

Becéuse the experimentai apparatus was not equipped for AES
. anaiyses,“it was decided that the ?t(S)—[?(lll)X(lll)] single crystal
would be used only for qﬁalitative orderrof magnitude reactivities.

_ Indeed‘the contaminated surface was‘still highly active for.thé
_cyclopropaﬁe-hydrogenolysis and bropylene_hydrogenation reactiohs.

: .”'The'Pt(S)—[6(1ll)X(100)] singlé crystal used for the cycioprbpane N
hydrogenﬁlﬁsis reaction iﬁ-Runs~9 through 17 was cut from a differenf
MRC platihum rod and was shown by AES anélysis to contain only a very

small amount of calcium impurity.BA .
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3. Suifuf’Impurity,injthe Tantalum Electrodes
'Tantalumvﬁas‘chosen as the metal to support the,piatinum single
'crystals.¢irect1y because of its lack of reactivity; low oxide vapor

pressure,'éhd high'meltithpbint: For the preliminary experiments

on the Pt(S)-[7(111)x(111)] single crystal, 0.060-inch dia. tantalum

'rbds hayiﬁgva pﬁrity of 99.9% were uée&. Prior‘ﬁo inserting the -
supportlfdas into the UHV sySteﬁ, they were fhorqﬁghiy degfeaééd in
soiVéntS'éﬁd etched for 10 minutés.iﬁ'é 50% bath of'nitficland.
hydrofldorii;acids@"Blank'runs for the'éyciopropane hydrdgénolysis
and‘prbpylené'ﬁydrogenatioh reactions indicated that the tantalum

was not reactive.

Indépendent AES analysis of tantalum;sampleSfobtained from the

. same SOquébandfcleaned in a'Similar’ménnér revealed that thére-was
a sulfuf'impurity contained within the metal.34v Upon heating the
tantalum to 1000°C in vacuum, practically a monolayer of sulfur:

covered the surface after a couple of hours. 'Furtherﬁore when a

'previodsly cleaned platinum steppéd5sing1e crystal'was spotwelded to .

thé_impufe»tantalum and the assembly heated in vacuum to 1000°C, the

sulfur wasifound to diffuse from the tantalum to the platinum surface.

It was pbésible to remove the sdlfurvadsorbed on the platinum by
heating tﬁe,crystal in 1X10-6‘torr okygen at 900—1000°C for prolonged
periods (4-10 hours). It should be noted here that sulfur is known"

“to form well-ordered structures on low index platinum surfaces.64
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"Thefimmediate goal of thevpreliminary experiments was to determine
'order'of magnitude'reactivities for a number of reactions using the
thermal conductivity detector of - the gas chromatograph Hence reaction
rates which could be measured on a surface contalning a sulfur impurity
'would also be measurable on a clean platinum surface. This-is certainly
: the case ﬁn:the cyclopronane hydrogenolysis reaction. However the fact
that no reactivity could be measured for the "demanding n—heptane/H
and neopentane/H2 reactions could have been a result of the blockage
vof step'sites by the'sulfur'impUrity.

Nen 0.068-inch dia. tantalum rods were prepared.for the cyclopropane/
Hz'experiments in Runs 9 through 17. A threeepass‘zone refining
procedure was used to increase the tantalum purity to 99.999%. fhe
rods were also etched for 10 minutes in an 807 solution containing
knitric:and.hydrofluoric acids prior to their insertion into the vacuum
'system;’ |

Several'samples'of the nery purified tantalum were subjected to
AES analySiS'to check tne effectiveness of the zone refining procedure{65
In one experiment a platinum.foil (10;20u thickness)iwas spot-welded
Between'two tantalum electrodes. Only platinum, carbon, and oxygen
could be detected on the initially cold platinum surface. Heating the
foil to 900°C in vacuum for only 5 minutes resulted in considerable
.mass transport of sulfur to the platinum surface to-the extent that
the”identity‘of the AES'platinum.peak was lost_duelto.thevsulfufbv
cOverage;. The maximum sulfur'signal was an order.of magnitude lower

than'that found for tantalum alone. When the foil was heated in
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lxiO-G'torf éxygen fdrzz houfs at QOO°C, thé Pt/S:§igné1Afétio;wés
.apprdximgteiy 0:1.1'Prolonged heating at thése'cbn&itidngﬂ(16”hohrsj 
did'not incféase this ratio. Howevér'pumpingIOQt the.oxygen for
1 hour, whilé ﬁaintaining'fhe Same_femperatufe;'inéreased the Pt/S
ratidﬂto Lgd;" "f" |

oIt is clear that the tantalum electrodes used in Rumis 9—1? wefe
not sulfurwfreebénd cpu1d very wéll have'contamiﬁétedbthe piétinﬁm
crstal sgrfacg with.sulfur'priorito each run.; Yét‘the"fact that thefj.
déta”wasfreproduéibie t6 about'10Z and that the iniﬁiai reaction‘ratesv
were copparable to thosg on highly dispersed supported plaﬁinum catalysts
suggestpthat the extent of poisoning was:not'Severet It is possiﬁle |
the activation energy baéed'upbn,init131:féaptibnvtétes was Licreased
by the sulfur coVefage, aé it_waé slightly highér than values reported
in the iiterature. If the actual cétalysis occurs on.a»caben overlayer
rétﬁer than on_thé plﬁtinum’(or platinum—sulfided) sﬁrféce; it is_f
possible that the shape of the reaction rate curves wouid not be véry
different had there been no sulfur present.

An Auger,electrbn gun éoﬁtrbl and gridtopticé'unit'is preséhtly
being fabricated‘for iﬁsfallationvinto the presernt apparétus.' It is
hoped that this additional analytical tool will help to resolve the .
sulfur impurity question and provide added insight into the nature of

the true catalytic surface.
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APPENDIX D

Volume Calibrations for the High Préssﬁre Flow Loop-
A serigs‘of éxﬁeriments were conducted tq'detérmine'the vélume of
each componéntsof thevhigh‘pressure flow lébp. »FigﬁrefD—l is a
schematic qf the.flpﬁ‘loop and ﬁanifold assembly identifying each of

these volume segments, where

VREF =.Refe?ence'volume

-VGC = Volume of the flow loop, exéluding the reactor, composed
o .of‘three segments (VGCI’ VGCZ’ VGCB)
: Vﬁ” = Reactor volume '

\' = Sample loop volume (contained within‘VGC)

<3
t

Q'Manifold volume

The'vclume'qf the reference éylindef'waé détermined first by a
grévimetric method. The cylinder was weighed on an Ohaué ;riple beam
. balance (2610 grém capacity)'an& a tare weight established. “The
éylinder was thén.filled with hot distilled water, cooled ﬁo room tem-
perature, and then weighed severai times to obtain an average weight.
After four separate filling triais, the'averagé‘nét-weight of water
contai;ed=iﬁ the reference cylinder‘ﬁas fouﬁd to bé 5Q7;6i0;$ gms.

Using the:density'of water at 23°C (pH 0=‘0.9976ﬂgm/cm3); the réference

. 2 _ -
cylinder volume was calculated to be 508.8 Cm3. Correcting this

value:for the short length of tubing leading up to the Hoke valve,
the total reference volume is 515.0%1.0 cm3.“

The remaining volumes of the flow loop were obtained by simple

expansion experiments using the ideal‘gas,law. Knowing one volume and
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Exhoust to otm. From Hp g i
o } - Jcorrier gos T8 :
- - - * Reference -
Detector . Fisher-Porter ... . - Volume. .
L : Flowrator S . S
% . o Pressure Gauge
v Sample ' o
~_Column ' Loop

~ Aerograph 1520 ’
Gos Chromatogroph Gs port

_&.'

> :
SRS : Leok P Liquid
N, O, Valve Hz Pr ; HC
mMB-10 i < : %D %o . %{)
" Weided Metal . Reactor Volume A 7o GOSJ Manifold ﬁ
. .  Bellows Pump ' Pressure : :EThermocouple
S : Gauge _ Gouge Tube
Exhaust
to atm. 10
" lgBd-Zl
elded Metal' gy :
Molecular Sieve
Bgllows Pump ‘Sorption Pumps » .
' _ S XBL 738-1652
Figure D-1. Schematic of high .prq_ssuire"‘fl'ow.lodp and gas manifold
assembly. ' ' C
- Key to ldentification of reactor system volumes
Volume Valves Isolating Designated Volume |
-~ Designation v ' o ) :
' VREF Reference cylinder up to valve 1
Vaeel ' Valves 1, 2, 3 '
VGCZ- Valves 3, 4, 5, 6 .
VGC3'. ' Valves 5, 6, 7 (including VSL)
VGC' Valves 1, 2, 3, 7
VR _ .Valves 4, 7,
VM- Valves 2, 8, 9, 10, 11
'VR +.. v 'Vglves 1, 2
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both'iﬁitial and.fina1>pressures using the Heisevgédge; thefunknown
_ Jvo1ume was éaiculated, |

Table D—l_summarizes the results of theée tfiais. All volumes
repOrted héve been determinéd to within iz.erfor, with the exception‘of

L which has been estimated to within 2.5%.



Table D - 1. 'Suvr'n'rnary‘_of high-pressure reactor system volumes
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' o .
V. .. =515.0 cm> |
ref T
' _ 3
VGC1 = 72.9 cm
N 3
Vacz. = »36.9 cm
. 3 3
VGC3 = 79.1 cm k
VGC = ,188.9 cm |
. ) 3
v VSL = ‘0.78 cm
i 3
VR : = 570.5 cm”™
. _ 3
-VM =472.4 cm
. _ : _ 3
VvR+ VGC ' = Veystem " 759.4 cm
Vv t o .
_if_xf:_nl = 973.6
SL .
v
7.3—- = 3.02
) GC
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© APPENDIX E

A Analytical System: Calibration of the Gas Chromatograph for

the Cyclopropane Hydrogenolysis Reaction

' ihe gdncentration'of reatFants and products’iﬂvthé high bressure'
lbbp for,the'hydrogenolyéisISf éyclépropane was measured by'a gas
éh;omatpgraphic'sampliﬁg téchnihué, _Thé'components involved in the
analysis are propane, propylene, and éyclopropane. The propylene
appears as aﬁ iﬁpuriﬁy in the cyclopfopané'and mﬁst be known for initial
| rate’calcﬁlations.

Thé'gases’in:tﬁe circulatibn looﬁ‘we;é routed through a viton-

| sealed, 6-port sample valve housed in a Varian Aerograph 1520 gas

‘ chrométdgfapﬁ containing duel thermal conductivity detectors (TCD).
Alchough:duel flame ionization detectors were also available, these
wefe:not used as the TCD produced a mbre stable baseline and'provided
adequate sensitivity for the detection of propane.

' The carrier gas chosen for this study was hydrogen (H,). Early
‘ eXperiments'ﬁsing.helium és-é carrier gas confirmgd the anomalous
behavior of He/H2 mixtures describe& by Purcell énd Ettre.38 It

.was decided that H, was a more logical'choice from a number of stand-

2
‘points, The ‘sensitivity of fhevTCD-is maximiéed using H2 as a carrier
éas; Anelysis of the gas chrométogfams is simplified bécause no Hz
peak appears when using the dual TCD set-up. With.the 6-port sample
.valve each‘sample taken.resultsvin a small amount:of'éarriér gas
being admitted into the reactor flow 1oo§."By using the same soufce

of H, for both the G.C. cafrier gas and as a reactant, the progréssive

2

‘addition of a new componeﬁt into the reactor system is eliminated.
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>Sampling is accoﬁplished"by depressisg the.spindle of thél6-port
valve; eﬁabiihg.the carriér'gas to sweep the VOiume”Qf resétbrlgases
coﬁtainéd in the sampié'loop into ths column:snd theﬁzts the detector .
. filqménfs._'ﬁsing s sgﬁpleIVOIUme'of 0{7é‘cm3vand a carrier gas fioﬁv
fate sf'30_cc/min; ekpsriments_shbﬁed'ﬁﬁst a iO.séc'ihjecfioh timeiﬁas
sufficient for fhis'purfosel | -
Thé'é;C;:dpgrafiné“sqnditibns‘and soldmn specificétions used in
thslanalysisVof_sﬁé éyciopfopsné hydrogeﬁdlySis reaction are given in v
" Table E-1. R
'."The output from thé'cﬁromatbgraph ;as recorded on a‘Honey&eli';”
‘Electronik lS_stfip chsrt recorder. Ths chfoﬁéthraphic peaks were
integrated by the friaﬁgulatiph method,.ﬁhere the-peak'areavis:given
byvthe peak height multiplied by\the peak width at half heighs. Since
the peak(widths for prspane and cycldﬁropaﬁe were Virtsaliy constant
at ,all aﬁtehuations ﬁhrouéhout.a'rﬁn,ftﬁe‘Peak area was proporfionsl
to the psakvﬁEight; ‘Tables E—2 ahd E-3 suﬁmafize the peak sfea dsta
for.s series'of.calibration_mixtures cdntaining.propane, propylene;‘

and cyclopropane. The moles of hydrocarbon calculated were based
. 5 .

upon the sample loop volume of 0.78 cm™. The average péak sensitivities

listed in the last column of Table E-2 were used in all subsequent

calculations to convert peak areas to hydrocarbon concentrations.

e
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Table E-1. Summary of operating conditions
B for the analytical system.

Column Specificatiom: .-

1/8 in. o.d. % 20 ft stainless steel tubing paéked with 307 bis
2-methoxyethyl adipate on 60/80 mesh acid-washed chromosorb P
.for use in Aerograph 1520 gas chromatograph (type A column bend).

Detector_Filaments:'

~
<~

Gow Mac type WZ:(BZ Rh/W).

Operating Conditions:

Carrier gas flow rate (hydrogen): 30 ml/min

Carrier gas delivery pressure: 40vpsig
Filament current: _ | 230 ma
Detector temperature: ‘ .118°C
Column temﬂerature:r ' : : 34°C
Injeétion'fime:_ : | . 10.0 sec
"Recorder speed: . | 2 in./min
3

Sample Loop Volume: , . 0.78 cm
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Table E - 2. Summary of G. C calibrations for the

- cyclopropane hydrogenolysisv reaction -

. Hydrocarbon

)

Pressure ran'ge - Average G. C. péak
component (torr) ' sensitivity
' : .  [moles component
mV:-sec
Cyclopropane - 0 - 135 - 2.40X10
Propylene 0 - 135 2_-.4o><1o_'8 o
Propane 0- 21 8

- 2.33X10°

OO
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Table E-3. Component G. C. peak sensifiv‘itie’vs at various pressurés

'Corr'xgonent oo - Cyclopropane
o g . Sensitivity . Detector
Pressure Moles f::al,( -8 8 S temp.
(torr) ~ X10°  (mV.sec) = (ZoolesX10 , Ve (°C)
N ‘ A mYV. sec '
| . 557.4 232.4 . 2.398
135.0 555.1 231.4 . 2,402 2.40 115
- 1 552.8 230.1 2.402 |
557.3 236.0 2.361 |
© 135,0 555.2  234.0 2.373 2.38 - 117
- 553.14 - 231.4 2.390 |
550.8 2304 2.394
| 413.9 167.9 . 2.465 : |
100.0 412.3 167.6 . 2.460 2.46 117
© . 410.6 . 167.3 2.454 - |
| 2703 110.9  2.437
65.0 269.0  109.5 2.457 2.44 118
 268.0 109.8 - 2.441 .
266.6 109.8 2.428
| 125.2 49.74 2.517 \
30.0  124.7 . 49.74 2.507 2.51 115
124.2 49.58 2.505 |

123.8 49.58 2.497
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"Table E-3. '(con_tinued') '

Corﬁgor;eht : o ‘Pi'ogxléhe
S _ - 5 S.e“ns‘it.;.ivi't}»r S Deltect.or
Pressure Molies feak .. S . S temp.
, v rea : 8 Tavg. B
><108 “ (mV. sec) (rnolesX1O » S (ec)
({torr) X . c) ———-————-‘.mv.s‘ec ' <
| . '558.7 234.2° 2.386 . -
135.0 '553.9 | 232.9 . 2.378 . 2.38 118
- 551.8 232.0 2.378. |
. 420.0 - 180.2 2.331 o S
101.0 418.2 - . 179.5 2.330 . - 2.33 116
| 416.6 - 179.1 2.326 |
415.0 - 178.6, 2.324
' 270.8 111.2 2.435 | S
65.0 - 269.6 110.4. 2.442 12,42 118
. 268.6 . 111.2 " 2.415 ' :
- 267.3 111.7 2.393
- 125.1  48.89 2.559 3
- 30.0 124.7 - 48.79 - 2.556 . 2.56 117
' 124.2 -~ 48.48 2.562 |
| . 62.14  26.81 2.318. o ,
15.0 61.89 26.71 2.317 o 2.31 118
61.61 - 26.71 2.307 ’
. 2.306

- 61.36 26.61
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" Table E-3. (continued)

| Corﬁgonent ot : Propane
: R ‘ . Sensitivify( : Deteét_or
Pressure Moles . Peak S S ’ . temp.
area _ 8 avg.
(torr) ><108 (mV, sec) '(M) ’ (°C)
T ' ° g mV. sec '
- 87.42  36.72 o 2.373
21.0 .86.76 36.64 . 2.368 2.37 116
86.40 36.31 2.380 ' '
. 64.07 -~ 28.19 - 2.273
15.0 1 63.81 27.87 2.290 ’ 2.29 115
o 63.57  27.74 - .2.292
63.33  27.66 ” 2.290
: 46.84 19.87 2.357 B
11.0 - 46.61 - 19,75 2.360 2.35 118
46.43 ©49.79 2.346 '
46.19 19.83 2.329
' “21.19 10.20 o 2.077
5.0 21,1414 10.30 2.050 ; 2.05 117
' - 21,03 10.36 2.030 ' : '
: 4.14 2.31 1.79 o
1.0 . 4.12 . 2.31 . 1.78 -1.78 . 117
4.10 2.31 1.77

4.08 2.30 o 1.77
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" APPENDIX F

' EXPERIMENTAL DATA FOR THE PRELIMINARY RUNS
ON THE Pt(s)-[7(111)*%(111)] SINGLE CRYSTAL
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RUN NO. 2a |~ PROCEDURAL NOTES AND OBSERVATIONS .. '

1@

.(2).

NON
(4

- (5)
(6)

v ..‘_(7‘)‘

Crystal cleaned in 3x10™ torr 0, @ 920-950°C for 2 hours..

" Oxygen pumped‘out for 15 minutes prior to COoling.crystal..;J_.'

Crystal allbWed tovcool rapid1y; at 4.0 minutes, Ié-= 100qC;andgreéctorgcup cldsed.v

At 5.6 minutes, 172.5 torr HZ introduced ihto'the,reactor cup.

For the next 9.4 minutes, the crystal was heated to‘74°Crin_H2._,

Following this period, 135 torf_cyclopropane.was added, to the reactor system. - 'Addi-tioﬁal‘H2

was added to give a total system pressure of .= 803 torr.

Zero elapsed reaction time corresponds to the,introduction-@f the,cycloprbpane_into the reactor

-system.

-171-
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RUN NO.

2A G.C.

OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

Filament Current: 230 ma .Hydrogen Regulator Pressure 41 psig .
Detector Temperature: <115°C Column A Flow Rate (% Max): v
Column Temperature: 35°C ~ Column B Flow Rate (% Max): 1_8
Room Temperature: - 23.2°C . . Injection Time: 10.0 sec
Initial Mixture Composition: 135 torr Cyclopropane, 668 torr H,
Chromat. Elapsed Reactor Crystal , Propane Moles - | Total Moles
Number Rxn. Time Pressure Temp Peak Area CsHg in Vgr - C3H8 per cm? |,
‘ (min) (torr) (°C) (mv. sec) : x108. Pt x 105 B
127 3.5 804.5 74 0.38 0.91 ~1.10
128 8.6 806.5 74 0.49 1.18 1.43
129 13.8 808.0 74 ‘0.59 - 1.42 . 1.72
130 19.1 . 810.0 74 0.68 1.64 1.99
(131 24.6 812.0 74 - 0.81 1.93 2.34
© 132 30.4 814.0 74 0.99 2.39 2.90
133 36.2 . 816.0 73 1.18 2.83 3.44 .
134 42,0 818.0 72 1.28 '3.06 S3.711
135 47.6 820.5 - 73 1.45 3.48 4,22
136 53.5 822.5 73 1 1.57 3.76 " 4,56
137 59.2 824.5 73 1.61 3.87 4.70
. 138 65.0 827.0 73 1.66 3.99 - 4.84
-139 70.9 829.0 73 1.78 4260 5.17
140 77.0 831.0 73 . 1.83 S 4,39 - 5.33
141 82.7 - -833.0 73 - 1.89 4,54 5.51"
142 88.8 - '835.0 73 1.93 4.63 5.62
143 ©94.7 837.0 73 1.98 4.75 5.77
144 ©100.6 -839.0 73 2.02 4.85 5.89 -
145 107.0 840.5 73 2.03 - 4.87 5.91
146 112.9 842.5 73 2.07 4,97 6.03

o T g
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'RUN NO. 2a G.C.

OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

Filament Current:
Detector Temperature:
Column Temperature:
Room Temperature:
Initial Mixture Comp051t10n

~Ibid,"v

Column A Flow Rate (% Max):
Column B Flow Rate (° Max) :

fjlnjectlon Time:

“Hydrogen Regulator Pressure i

. Ibid.

Méies'w

| Total Moles

20

Chromat. Elapsed Reactor -Crystal . Propane
Number Rxn. Time Pressure Temp Peak Area . CsHsvin VSL C3H8 per cm
(min) (torr) (° C) (mv‘sec) - x108. Pt x 105
147 118.8 844.5 73» 2.10 5.04 6.12
148 - 130.7 846.5 73 2.18 5.23 6.35
149 142.4 848.0 72 2.20 5.29 6.42 ,
150 156.0 . '850.0 72 2.28 5.46 1 6.63 -
151 ©169.3 852.0 70 2.33 5.58 6.77
152 - 183.4 854.0 73 2.38 5.71 1 6.93
©.153 200.2 856.0 73 2.44 5.85 :7.10

L -€ZI-



RUN NO. 3  PROCEDURAL NOTES AND OBSERVATIONS .. .

(1)

(@)

3

&)

(5)

(6)

)

Crystal allowed to cool rapidly; at_4.0.minu;eé, TC = 100°C and reactor cup'cldsed.:,

Crystal cleéned in, lx10_6_torr 02 @f906f952°C for.2 hours. .

Oxygen pumped out of UHV system for 20 minutes prior to coolihgfcryStéLf

At 6.8 minutes, H2 was already introduced and additional H2 added to~give:a,t9tal réaétor e

preésure of PT

Crystal heated in H, @ 77-79°C for 1 hour. -

= 50.7 torr.

An error in filling the reactor cup with the cyclqpropane/hydfogeﬁ reactant mixture resulted-

in a total initial reactor system pressure of P

T = 680 torr. As a result-during the'expefimental

run the air peak increased very gradually.

The crys;él temperature was‘inéreased~to,Té = 109°C just prior to éhromatographic_éampling.,"

el JA
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RUN NO. 3 G.C. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA
Filament Current: 230 ma Hydrogen Regulator Pressure: 41 psig
Detector Temperature: 116°C Column A Flow Rate (% Max): 40 :
Column Temperature: = 35°C - Column B Flow Rate (% Max): 20
Room Temperature: 22.0°C . Injection Time: 10.0 sec
Initial Mixture Composition: 135 torr Cyclopropane; 545 torr H,
~Chromat. Elapsed Reactor Crystal Propane Moles Total Moles2
Number Rxn. Time Pressure Temp Peak Area | C;Hg in Vg; | CoHg per cm
(min) (torr) (°C) (m\‘r-sec) x108 Pt x 1_05
182 2.7 688.0 109 0.88 2.04 2.48
183 7.7 690.0 113 3.13 7.28 8.84
184 . 12.8 691.5 112 5.48 12.76 15.49
185 18.0 693.0 112 7.30 17.02 20.66
186 23.2 695.0 112 8.69 20.25 24.58
. 187 28.3 697.0 112 9.77 22.77 27.64
188 33.4 699.0 112 10.51 24,48 29.72
. 189 38.7 701.5 112 11.02 25.67 31.16
190 44 . 4. 704.0 111 11.67 27.19 33.00
191 49.8 706.0 112 11.98 27.90 33.87
- 192 58.5 - 708.0 111 12,87_ 29.99 - 36.40
193 71.4 710.0 111 13.44 31.32 - 38.02
194 86.9 712.0 - 111 14.42 33.61 40.80
195 100.5 713.5 111 ©15.08 35.13 42,65
196 115.4 715.5 111 15.75 36.69 44 .54
197 -129.2 717.5 111 - 16.36 /38.12 46,28
198 144.0 719.5 109 17.10 39.83 48.35
199 159.6 721.0 109 - 17.52 40.83 49.57
200 174.7 723.5 109 18.07 42.11 51.12
201 189.1 . 725.5 © . 109 18.81 43.82 53.20
202 205.7 727.5 109 19.34 45.06 54.70

52T~



RUN NO. 4 PROCEDURAL NOTES AND OBSERVATIONS .

Run
W
_ (é)
3)

Run

(3)
(4)

- (4) -

-
.(z)f

AA: - . . .

Crystal cleaned in'v1>’<10_6 torr 0, @.916—950?C for 2 héugsrfu“g

Oxygen pumped_oqt for 25 minutes.‘- | B

Crystal pretreated‘in 705 térr'H2 @.74°C for 68.0 miﬁutes;

Prior to introduction of.CP/Hzimixgure, Tc = 74°C.  Following intrdauctibn-of reactant miiture,_
T_ = 81°C. | |
4B: Exact same'proceddre used aS‘in.Run 4A, eXxcept:

Crystal cleaned @ 924-968°C.

Oxygén pumped out fdf 27 minutes.

Crystal pretreaﬁed in 765 tofr.sz@ 74f79°C fo%-68.0 minutes.

nyétél temperature_befbre #eé;tién, Tc 5‘79°C. FOIlowiqg intfodﬁcfion'of Cf/ﬁz.mixﬁufe,

T = 88°C.
Cc

-92T-




RUN- NO.

AA G.C.

OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

230 ma -

Filament Current: Hydrogen Regulator Pressure: 40 psig
Detector Temperature: . 116°C Column A Flow Rate (% Max): 430
Column Temperature: 35°C Column B Flow Rate (% Max): =~ 18 -
Room Temperature:  23.4°C Injection Time: 10.0 sec '
Initial Mixture Composition: 135 torr Cyclopropane; 668 torr H,
Chromat. Elapsed Reactor Crystal Propane Moles Total Moles
Number Rxn. Time Pressure Temp Peak Area | C;Hg in Vor C;Hg per cm
(min) (torr) (° C) (mv-sec) x108 Pt x 105
224 6.6 814.0 81 0.24 0.57 0.69
225 11.9 '816.5 81 0.37 0.86 1.04
226 17.3 819.0 81 0.54 1.25 1.52
227 23.0 821.0 81 0.63 - 1.46 1.77
228 292 823.0 81 0.78 1.81 2.20
229 40.9 825.0 81 1.00 - 2.33 2.83.
230 53.9 .827.0 81 1.22. 2,83 3.44
231 - 68.3 829.0 81 1.40 3.26 3.96
232 83.5 830.5 81 1.52° 3.55 4.31
233 "98.4. 832.5 81 1.60 3.72 4.52
234 112.4 834.5 81 1.73 4.04 4.90.
. 235 133.0 - 836.0 81 1.91 - 4,44 5.39
~236 153.9 838.0 81 2.04 4.76° ©5.78
237 - 175.0 1 839.0 81 2.21 5.16. 6.26
238 "195.6 841.0 81 2.34 5.45 6.62

-LTTI-
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RUN NO. 4B G.C. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA
~Filament Current: 230 ma Hydrogen Regulator Pressure M)psig
Detector Temperature: 115°C Column A Flow Rate (% Max): 45 .
Column Temperature: 35°C Column B Flow Rate (% Max): 19
Room Temperature: 22.0°C Injection Time: ' 10.0 sec - -
Initial Mixture Composition: 135 torr Cyclopropane; 668 torr H,
Chromat. Elapsed Reactor , Crystal : Propane Moles | Total Moles
Number Rxn. Time Pressure Temp Peak Area-_,C3H8 in VSL C3H8 per‘c_:m2
(min) (torr) (° C) (mv-sec) | 'x108 Pt x 10° ;
241 8.2 808.5. 88 _ 0.46 1.08 1.31
242 '13.7 810.0 88 - 0.81 1.89 2.29
243 19.5 812.0 88 1.33 3.11° 3.78
244 25.1 814.0 88 '1.83 4,26 5.17
245 31.0 815.5 88 2,32 ©5.39 6.54
© 246 36.5 - 817.5 - - 88 2.62 6.11 - 7.42
- 247 42.4 819.0 88 ©2.99 6.96 8.45
1248 48,5 . 821.0 88 3.30 - 7.69 9.34
249 63.2 822.5 88 3.98 9.27 11.25
250 76.1 824.0 88 4,45 10.37 12.59
251 - 92.1 - 825.5 87 495 11.53 14.00
252 107.3 - 827.0 87 5.23 12.19 14.80
253 122.9 829.0 - 87 5.61 13.07 15.87
254 137.7 830.5 | 87. 5.92 13.78 16.73
255 152.8 832.5 87 “6.19 14.43 17.52
256 168.3 834.5 - 88 .6.41 14,93 18.12
- 257 182.4 '7936.5 88 6.59 15.35 18.63"

-871-
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5B . G{C.

2|

RUN NO. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA
Filament Current: 230 ma Hydrogen Regulator Pressure. 40 psig
Detector Temperature: 116°C Column A Flow Rate (% Max): 42 .
Column Temperature: 34°C Column B Flow Rate (% Max): 15
Room Temperature: 21.3°C Injection Time:  10.0 sec ’
Initial Mixture Composition: 135 torr Propylene 688 torr H, '
Chromat. Elapsed Reactor | Crystal Propane ‘ Moles . | Total Moles
Number Rxn. Time Pressure - Temp Peak Area | C;Hg .in VSL CsHg per cm
’ - (min) (torr) (° C) (mv-sec) x108 Pt x 10°
280 3.0 806.0 89.9 : o
281 . 8.0 799.5 90.2 32.0 43.1 52.3
- 282 13.7 793.0 91.2 h .
283 18.2 787.0 92.1 69.1 93.0 112.9
284 23.0 781.0 92.7 86.0 115.8 140.6
285 28.3 774.0 93.8 108.3 145.8 177.0
286 32.8 766.5 95.3 126.8 170.7 207.2
287 37.2 760.0 96.1 147.2 198.1 240.5
288 . 41.8 752.0 95.3 165.2 222.4 270.0
289 46.8 746.0 -92.4 ~178.3 240.0 291.4
- 290 52.5 743.5 88.9 186.6 251.2 305.0
291 57.8 - 743.0 87.8 188.7 254.0 308.4
292 63.7 744.0 87.1 191.8 258.2 313.5
293 69.9 C745.0 86.7 - 193.5 260.5 316.2
294 89,1 744.5 86.4 194.2 261.4 317.3
295 115.4 744.0 87.8 - 197.0 265.2 322.0
- 296 -139.9 744.5 87.4 199.4 268.4 325.8

fGZT-
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RUN NO. 65 | ~ PROCEDURAL NOTES AND OBSERVATIONS .

N-HEPTANE/HYDROGEN REACTION

(1) Columns: 10 x1/8" s.s. filled with 10% tetracyanoethylated pentaerythritol (TCEPE) on
60/80 mesh Chrom. W.

(2) Filament current:. 230 ma
Detector temperature 115°C
Column temperature: - 62°C (Toluene peak elution at 2.4 m1nutes)
Room temperature: 22.4°C : g
Hydrogen regulator pressure: 32.5 psig.
Column A flow rate: 69% max :
Column B flow rate: 66% max
Injection time: 10.0 sec

(3) Initial mixture composition: 7.9 torr n-heptane
' : 79.0 torr hydrogen _
713.0 torr nitrogen .

Reactant purity: n-heptane MCB "Spectroquality" reagent 99+ A purlty (0 037 maximum water .

content)

. (4) . No measurable toluene formed'at any time durlng'tne 140-minute- experimental run. It should be -

noted that the width of the n-heptane peak was obscured by the elution of the very large.
nitrogen peak. Nitrogen was: used as an inert gas to enable the reaction to be carried out
at 800 torr total pressure.

_OET.’ -




RUN NO. 7B PROCEDURAL NOTES AND OBSERVATIONS. . = .

(1)

(2)

(3)

(4)

VNEOPENTANE/HYDROGEN REACTION
Column A: 14'x1/4" s.s. filled with 20% dimethylsulfolane on 60/80 Chrom. W.
Column B: 10'x1/4" s.s. filled with 20% dimethylsulfolane on 45/60 Chrom. W.

Filament current: 230 ma

Detector temperature: 117°C

Column temperature: 35°C

Room temperature: 22,6°C

Hydrogen regulator pressure: 33 psig
Column A flow rate: 627 max)
Column B flow rate: 567 max)
Injection time: 10.0 sec

Abprqx. 35 ml/minute

Initial Mixture Composition: 135.0 torr neopentane
' 668.0 torr hydrogen

No observable products measured during 60 minutes of elapsed reaction time. Spot weld to
crystal breaks and run terminated at 80 minutes of elapsed reaction time.

~Te1~
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RUN NO. 8A PROCEDURAL NOTES AND OBSERVATIONS .. .. ...

- Ipitial Mix;ure Compositién:< 135 torr.cyciop;opane; 664 torr‘Hzl
Crystal Temperature: 82°¢

@) First-amount'oflpropané observed»at 11.4 minutes. -
(2) Propylene and propane peaks about equaliét about 90 minutes.

(3) Approximately 75% of the propylene impurity reacted at 163 ﬁinutes.

(4) Approximately 90% of the propylane reacted at 190'minu£es.

=TET~




88  G.C..

RUN NO. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA
~ Filament Current: 230 ma .Hydrogen Regulator Pressure 40 p51g
Detector Temperature: 118°C Column A Flow Rate (% Max): 38 .
Column Temperature: - 37°C "Column B Flow Rate (% Max): 18-
Room Temperature:  24.0°C. ‘Injection Time: '10.0 sec - ‘
Initial Mixture Composition: 135.0 torr Propylene 668.0 -torr H, -
Chromat. " Elapsed Reactor Crystal _ Propane -l Moles. Total Moles2
Number | Rxn. Time - Pressure | Temp .. - Peak Area _C3H8 in VSL C3H8 per cm
: -] : 2 o -
(min)- (torr) (°C) (mv.sec) |- x108 Pt x 10-5
361 2.7 810.0 78.6 1.59 0.80 0.97
362 7.9 809.0 - 83.8 :2.65 2.22 2.70
363 13.8 810.5 -82.4 3.57 3.46 4,20
364 19.3 811.5 82.9 4.45 4.65 5.65
365 25.4 813.0 82.9. 5.28 5.77 7.00
366 32.7 814.5 82.9 6.23 7.05 8.56
367 44.1 816.0 '82.4 7.73 9.07 11.01
368 © 55.0 817.0 82.4 9.10: 10.91 13.24
369 1 69.8 . 818.0 82.2 10.63 12.96 15.73
370 87.0 - 819.0 82.2 12.46 - 15.44 18.74
371 101.5 820.0 82.2 -13.91 . - 17.39 21.11
- 372 118.4 '821.0 82.2 15.52 19.56 23.75
373 134.9 - - 822.0 82.2 17.22 21.84 26.51
374 153.6 823.0 82.2 18.89 24.09 29.25
I
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. APPENDIX G

: ExperimentaliProcedufe for a Standafd-Rﬁn'Dufihg
the Cyclopropane Hydrogenolysis on the -
Pt(s)-[6(111)*(100)] Single Crystal

. In what will be termed a ''standard run", the platinﬁm‘crystalfis

first pretreated in”1X10_6.torr oxygen at 900-925°C for 120 minutes_

with the,reactof cup dpén.A The oxygen is then pﬁmped'oﬁt_of‘theiultra¥ '
high vacuum syStem fof.an additional 60 minutes, feducing thézpfessdre:'

to appfoximately 5"10-9 torr while méintaining.fhé crystal at 900-925°C.

After 180.mihutés have eiapsed, fhe curréntfsupplied”td‘thg cfystaliis
shut off'énd the crystal allowed to cool rapidly. When the crystai‘
tempera;Ufe réaches'300°Cx(appr§ximate1y 1.6 minutes later), the
reactor cup is closed'ontd thevgold’O—ring.embeddedvin the feactor_
flange'wall. immediateiy thereafter the féactor.Hoke valves are opened,
-and hydrogen stbred in the'G.C. léop (VGC) is gxpanded into the reactor
cup, bringing fhe systém préssurevtovapproximatelf 200 torr. ihe time
elapsed from ﬁhe'ﬁoint where fheJcrystai is af.300°C and .5><10-.9 torr,
to 20b,pqrr hyd?ogen and apprpximately room temperaturé, is oﬂ thevbrder
ofv30'se¢onds. fhe reactor cup is then filled to 780 torr with
: additional hydrogen from the gas manifold. The reactor vélves are
closéd and,thé crystal heated to 75°C for avperiéd of 120 minqtes.*
Dufihg the stagnant hydrogen pretreétment.period a ﬁixture of
hydrogen and cyolopropane is prepared in the G.C. loop, suqﬁ that

ﬁhen expanded into the total system volume (V +VR),'the initial

GC
partial pressure of hydrogen and cyclopropane wili be 675vtqrr and

135 torr,'respectively. After stirring the mixture for at least

F . .
An analysis of the hydrogen pretreatment conditions is presented in
Appendix H. ‘ ‘
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10 minutes Qith thé MB—lOfbelibws pump , two'"pre;reéction"_
"'chromatograms‘are takeﬁ‘ﬁé'check the initial purity of the hydrocarbon
teactaﬁt.. | o

| Just prior to thé end of fﬁé'hYdrbgén pfetreatnént, the c¥ysta1
-témperatﬁre is'reduced to approximately 69°C. This will offset.the
6°C rise_in the crystal ;empérature when.the reactor values are opeﬁed,
'duevto the. decrease in the thermal conductivity:Of,fhe gas mixture
‘surrounding the crystal. |

At the conclusion of the 120 minute hydrogen prétreatment period

with the MB—lO'BEIIOWS pump on, the.reacfer values arévopened and the
_reécter bypass Vaive closed;.thereby routing the flow direétly through
the reactor cup. Several minutes are allowed to elapse before the first
chromatogram is taken. Thereafter the system ié samplied approximatel&
every 5-6 minutes during the initial reaction period. Dufing the
.iatter pdrtion of a run, a 30 minute sampling interval is sufficient
for aﬁalySis. When thé elapsed reaction time exceeds 200 minutes,
the run_is arbitrarily ended, althéugh thére_is,usualiy measurable

catalytic activity remaining."
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APPENDIX H .

: - Analysis of Hydrogen Pretreatment -
The '‘solubility and diffusion of hydrogén in bulk platiﬁum hasvbeenv
reported by Ebisuzaki et.al'.37 At 1 atm total pressure, the permeability,

diffusivity, and solubility aré,xreSPeqtivély; :

(1) YP.=-(7.6i3,Q)xlo‘7_* exp (—16-953.5 kca1):g?;?522 ‘ ,
.kzj" D = (6.0i3.5)*10;31¥ve#p <'5-9il.0 kcél>4 cm2
'. T . sec
énd '
-(35 s =2

D
where v = molal volume of platinum = 9.15 cm3. Substituting (1) and

(2) into (3) gives

3, _ (-11.0 kcal gm—atom Hj
* exp
: (" RT ) gm-atom Pt

(4) s = 1.2x10

The hydrogen pretreatment conditions for nearly alllthe.cyclopropane
hydrogenqusis runs on the Pt(s)—[6(lll)x(100)] siﬁgle crystal were
identical, namely 75?C and 780 torrgHz.

and pressure the average diffusivity is

For these values of .temperature

D=6.010 3 * exp < a1 :
\ 1.987 348°K

-5.9x10° keal - >
mole®k

D75°C = ll.8>410.-7 cm2/sec

PSP —"
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As outlined in Appendix B, the thicknesé_of the Pt(s)-[6(111)X(100)]
singie ¢rystal was 0.50 mm. One time constant for the diffusion of

H., into the bulk metal can bé calculated from:

2
T=P%=.1
L
- 1 ' 2
B LE.= [5-(0.50 mmi]. . (2.5%107% em)?
D | ey sz -7 cm2
Pl X —_—
11.8%10 s 11.8%10 sec
ti = 530 sec = 9 minutés_
or

5t ~ 45 minutes

Thus it would take approXimaﬁely 45 minutes for the cénter of the
bulk platinum érystal to'attain 99% of its maximum hydrogen concentration;
SinCe the:prgtreatment was extended for a total of 120 minutes at 75°C,
it Has been assﬁmed thét the platinum cryétal isvsaturated with H
_ atoms at the conclusion of the pretreatment period.
Anvinteresting.question.arises as to the.relative importancé qf
the ﬁydrogen atoms in the bulk platinum versus the surface concentration

of hydrogen species. From Eq. &),

3
H -3, -11.0%10 cal)
= = X *
.S = atom frgction (Pt) 1.2%10 . | exp ( RT .
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At 75°C,

. oy o 3 N
. _ _ y |
S = 1.2%10 3 * exp ll.gaio cal .
' 1.987 ——%— * 348°K/
: " mole K»

S My 1 ¢ 1410 atoms H
S750c Ty, T 140 10 Gton P

The number of platinum atoms in the crystal can be calculated from:

» MP ] Acrt th Nb
t - My,
where, A
Ac = total elliptical surface area of the Pt érystal
= 0.66 cm’
t = crystal thickness = 0.50 mm
th'; platinum denéity = 21'gms/cm3
(0.66 cu?) (51072 em) (21 By (6. 02102 gratoms,
MP - * . Cm- * ~ _gemole
t 195 B8
g-mole -
MPt = 2.14"1021 atoms Pt -
" Then,
= *
My = My, %S C
= (2.14%10%! atoms Pt) (1.46x10710 atoms H,

atom Pt

3.12X10ll atoms H ‘s

i
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or an eciuivalentvof'1.56%’101'l molecules of HZ. Suppose that no other
hydrogen was available for the cyclopropane hydrogenolysis reaction other
;than'the amount contained in the platinum crystal as a result of
pretreatment. F;r this hypothetical case, a maximum:of 1.56><10ll molecules,
or 2.6x10—l3‘moles; of propane COUid be formed. However, this amount
could nof be meésﬁred using a thermal conductivity detector. The
minimum sénsitivity of the tdc.d. used in the present study for propane
is approximately 2><10-9 moles, or four orders of magnitude higher than
this hypothetical propane value.

It is apparent from the above computation that we are indeed
measuring true catalytic reaction rates. The hydrogen react ing on
the surface with adsorbed chlopropane must originate from the gas
ph#sevand nét from the bulk platinum. The surface concentration of
“hydrogen specieé, and 'not the buik concentration,_ié therefore the
more important quantity. Because hvdrogen pretreatment is necessary
‘for achieving relatively high rates of reaction on platinum for ‘
hydrogenolysis and hydrogenation processes, it follows that the main
function of fhe metal surface in this regard is to provide a source

of highly mobile, 'dissociated hydrogen molecules.
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APPENDIX I

EXPERIMENTAL DATA FOR THE CYCLOPROPANE HYDROGENOLYSIS
ON THE Pt(s)-[6(111)%(100)] SINGLE CRYSTAL

x




RUN NO. g, PROCEDURAL NOTES AND OBSERVATIONS

.
Initial Mixture-Cbmposition:._135.0 tofr_cYclopropaﬁe; 675.0 tor? H2 | Co . ‘ . B ;t
Crystal‘Temperature (TC): 75°C , o l | . , ' | | o i#

(1) First amount-of pfbpané formed at 56.1 minutes. S ‘ ‘ - | o

(2) First definitive propane peak measured at 170.6 minutes. | | RN

(3)> After 190 minutes of elapsed time, no regctivity of cyclopropane was detected. Propane which e
was formed could be attributed completely to the reéction of the 0.22% propylene impurity | =
(approximately 45% conversion). ' ‘ | o : : j.

- : B ‘ b
= £
v




oB G.C.

RUN NO. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA
" Filament Current: 230 ma Hydrogen Regulator Pressure. 40 psig
Detector Temperature: 117°C Column A Flow Rate (% Max): 39 .
Column Temperature: 35°C. - Column. B Flow Rate -(%:Max): 18
Room Temperature: 23.2°C Injection Time: ~ 10.0 sec -
Initial Mixture Composition: 134 torr Propylene 676 torr H, :
Chromat. Elapsed Reactor .Crystal |  Propane Moles | Total Moles
Number Rxn. Time Pressure . Temp - Peak Area -C3H8 in VS’L C3H8 per cm
(min) - (torr) (° C) (mv.sec) | x108 Pt x _105
464 4.1 821.0 73.6 1.81 - 1.74 2.23
465 8.9 823.0 -74.0 2.61 - 3.65 - 4.68
466 13.6 - 824.5 74.0 3.38 5.52 .7.07
-467 18.2 826.0 74.0 4.07- 7417 9.18
468 24,5 - 827.5 - 73.7 5.01 9,43 12.08
- 469 31.5 . 829.0 73.9 5.92 .11.60 14.86
470 - 40.8 830.5 73.7 7.15 14.56 . 18.65
471 "51.8 831.5 73.9 - 8.53 17.87 22.89
472 64.7 832.5 74,1 9.87 ©21.10 27.03
473 79.2 834.0 74.1 11.57 $25.16 32.23
474 98.3 - - 835.0 - 74.1 . - 13.46 029.71 - 38,06
475 116.6 - 835.5 " 74.0 15.26 34.02 43,58
476 - 135.6 836.5 74.0 17.03 38.28 - 49.04
477 155.9 . 837.5 74.0 18.99 42.98 55.06
478 - 176.3 839.0 74.0 20.24 45.97 58.89
479 198.3 840.0 74.1 . 22,03 50.28 64.41
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G.C.

'OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

RUN NO. 10a

Filament Current: = 230 ma Hydrogen Regulator Pressure. 40p31g

Detector Temperature. 119°C Column A Flow Rate (% Max): 44 .

Column Temperature: 35°C Column B Flow Rate (% Max): 18
- Room Temperature: 22.3°C Injection Time: 10.0 sec

Initial Mixture Composition: 135.0 torr CP; 675 0 torr H, '

Chromat. Elapsed Reactor Crystal Propane |  Moles Total Moles_|
Number Rxn. Time | Pressure Temp Peak Area CSHB in VSL CSHB per cm2
' (min) (torr) (°C) (mv- sec) 7 k108 Pt x 105
482 3.45 820.0 74.8 0.556 0.61 -~ ;0.78
483 9.06 . 822.0 73.9 1.061 1.28 1.64
484 - ©15.04 823.5 73.6 1.576 2.27 2.91
485 20.61 825.5 73.5 - 1.953 3.15 C4.04
486 - 26.61 827.0 73.5 2.351 4.08 -5.23
487 35;12 829.0 73.5 2.693 4.87 - 6.24
488 45.20 831.0 75.5 3.055 5.72 7.33
489 58.61 832.5 75.5 . -3.386 - 6.49 - 8.31
490 73.84 834.5 75.5 3.672 7.16 9.17
491 92.84 836.5 " 75.6 3.907 7.70 9.86
492 112.25 838.0 75.6 4.106 . .8.17 - 10.47

493 131.33 - 840.0- 75.2 4.310 . 8.64 11.07.

494 153.61 841.5 ~74.9 4,447 8,96 . 11.48.
495 175.33 843.0 74.9 4.544 9.19 11.77
496 195.34 845.0 74.9 4.667, 9.47 12.13
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'RUN NO.

124 G.C.

OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

Filament Current: 230 ma Hydrogen Regulator Pressure 40 psig
Detector Temperature: 116°C Column A Flow Rate (% Max): 42 = .
Column Temperature: 34°C Column B Flow Rate (% ‘Max):s 19

Room Temperature: 22.0°C : Injection Time: 10.0 sec '

Initial Mixture Composition: 135. o torr CP; 675.0 torr H, _ N
Chromat. Elapsed Reactor Crystal P Propane - Moles Total Moles2 o
- Number Rxn. Time Pressure Temp Peak Area C3H.8 ‘in Vgr. C:,)H8 per cm“}

. . -y | o 5

(min) (torr) (°C) (mv-sec) x108 Pt x 10
524 3.74 $820.0 75.3 0.318
525 9,28 822.0. 74.6 0.444 S N _
526 15.02 824.0 74.3 0.525 0.01 0.01
527 120.76 825.5 74.3 - 0.796 0.64 0.82
528 27.39 827.5 74.5 1.260 - 1.73 2.22
529 37.98 829.0 74.5 1.877 3.16 - 4.05
530 " 50.51 ‘831.0 74.5 2.468 L 4.54 5.82
531 66.25 832.5 77.7 2.984 5.74 7.35
532 . 82.33 834.0 77.7 '3.376 6.66 8.53
533 103.84 836.0 78.4 3.723 7.47 9.57
534 125.25 . 838.0 78.1 - - 3.988 8.08 - . 10.35
535 144.77 840.0" 78.4 4.223 8.63 - 11,06
536 - 165.67 - 841.5- 77.8 T 4.417 9.08 11.63
537 185.92 - 843.5 77.8 . 4.559 - 9.41 ~12.05
538 201.34 845.0 78.0 4.672 9.67 12.39
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RUN NO. 128 |  PROCEDURAL NOTES AND OBSERVATIONS

After 208.4 m1nutes of Run 12A had elapsed, the crystal heatlng supply and the MB- 10
bellows pump were turned off. The total reactor volume: (Vi+V,. ) was flushed ten times with_
1200 torr portions of hydrogen to remove cyclopropane and propdne, and then filled to 800 torr
with hydrogen. The crystal remained in a stagnant hydrogen. environment at 25°C overnlght

(14 hours).

Follow1ng this period, the reactor was flushed with several 1200 torr portions . of hydrogen o

‘and then filled to 780 torr, whereupon the standard procedure for hydrogen pretreatment was

commenced (120 minutes at 75 C). The same partial pressures of cyclopropane and hydrogen as in .

Run 12A were mixed in the G.C. loop. At the 120—m1nute mark, the reactor valves were opened _
to begin Run 12B. v
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RUN NO.

128

G.C.

OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

Filament Current: 230 ma ~ Hydrogen Regulator Pressure 40;m1g
Detector Temperature: 116°C. - Column A Flow Rate (% Max): 41
Column Temperature: 33°C . Column B Flow Rate (% Max): 18
Room Temperature: 22.2°C . Injection Time: 10.0 sec
Initial Mixture Composition: 135()ton:CP 675.0 torr H, ' , _
Chromat. Elapsed Reactor '.Crystalk. Propane Moles ,Total,Molesz
Number Rxn. Time Pressure Temp Peak Area CoHg in Vo, | C.Hy per cm“| -
- 3’8 ""."'SL| 738 g
(min) (torr) (° C) -(meSe¢) x108 Pt x 10
541 211.8 837.0 77.7 .0.054 0.126 0.16
542 217.6 839.0 77.7 0.194 0.452 0.58
543 223.8 841.5 77.8° 0.345 0.804 - 1.03
544 - 230.0 843.5 77.2 © 0.391 0.911 1.17
545 - 239.9 846.0 77.2 0.420 0.979 1.25
546 255.6 848.5 77.0 0.438 1.021 1.31
547 278.8. 851.0 77.5 - 0.400 0.932 1.19
548 298.9 853.5 77.5. 0.502 "1.170 1.50
549 371.0 856.5 77.8 0.938 2.186 2.80
550 - 388.6 858.5 77.8 0 2.95

.989

2.304
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RUN NO. 13 PROCEDURAL NOTES AND OBSERVATIONS

| The pretreatmeht procedure used in Run 13 will be described here, as it  deviates éubstantiallyv‘

from the steps outlined in Appendix G.

The platinum crystal was first oxygen treated in the standard way (120 minutes at 900-925°C
in 1x10-6 torr'.03). At the 120-minute mark, the leak valve was closed, the gate valve opened,
and the oxygen pumped out .of the UHV system. Meanwhile, a 543 torr CP/357 tort H)y mixture was
- prepared in the G.C. loop, while the leak valve was filled to 6 psig (1070 torr) with Hy. At the
185-minute mark, the crystal heating supply was turned off and the crystal allowed to cool. -At a
crystal temperature of 200°C, the reactor cup was closed, whereupon the leak valve was immediately
opened, bringing the reactor cup pressure to approximately 50 torr Hy. The crystal temperature
was then increased to 69°C over a period of 40 sec. After maintaining the crystal at 69°C in
50 torr Hy fer an additional 70 seconds, the leak valve was closed, the reactor valves opened
(expanding the CP/H2 mixture into the reactor cup), and additional hvdrogen admitted into the
reactor system (Vgc + VR) to bring the total system pressure to 810 torr. The MB-10 bellows pump’
was immediately started and the reactor bypass valve closed. A total of 30 seconds then elapsed
from the time the reactor valves were opened to the closure of the reactor by-pass valve.

=Ly~
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~RUN NO. 13 = G.C. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

Filament Current: 230 ma ‘ ‘ Hydrogen Regulator Pressure. 40. psig
‘Detector Temperature: 117°c @ - .. .-  Column A Flow Rate (% Max): - 39 :
Column Temperature: . 35°C S -Column B Flow Rate (% Max): 18
Room Temperature:  23.7°c : Injection Time: 10.0 sec -
Initial Mixture Composition: ]35()ton;cp 675 torr H, ' , o
Chromat. Elapsed - Reactor Crystal : . Propane © Moles | Total Moles2
- Number Rxn. Time. Pressure | . Temp | Peak Area | C;Hg in Vg; | CgHg per cm
(min) - (torr) ( C) (mv-.sec) x108 Pt 105
553 . 4.7 - 809.0 75.2 0.366
554 10.0 810.5 . 73.9 0.513
555 . ' 16.3 812.0 72,0 . 0.571 0.29 0.37
556 N 23.9 ' 814.0 72.5 . 0.632 - 0.43 0.55
557 32.0 816.0 72.7 - 0.694 0.58 0.74.
558 42.6 1 818.0 72.7 0.959 -1.19 1.52
559 © 59,7 819.0 . 73.0 1.846 . 3.267 4.18
560 , 75.8 821.0 73.9 2.299 4.48 5.74 -
561 92.0 S- 73.3 2.851 5.41 6.93.°
562 o 108.9 823.5 73.5 2.880 5.88 7.53
563 127.2° '825.0 70.5 3.249 T 6.31 8.08 .
564 146.6 826.5 . 70.7 1 3.211. 6.68 . 8.56
565 - . 167.9 828.0 4 - 70.5 3.465 7.03 -9.01
566 . 187.3 830.0 . 69.5 3.549 7.23 9.26 .
567 202.6 832.0 - 69.8 3.733 - 7.40 - 9.48
!
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RUN NO. 14 . PROCEDURAL NOTES AND OBSERVATIONS

3

Just prior to opening the reactor valves, the crystal temperature was reduced to approXimapely
35°C (10.0 amps).. Three data points, each 5-6 minutes apart, were taken at this temperature.
Immediately after injecting the third G.C. sample the crystal current was increased to 14.0 amps.
After three data points at approximately 55°C, the temperature was reduced to the base level
(35°C). o - ’

The. above procedure was repeated at successively higher temperatures until a maximur crystal
temperature of 125°C was attained. Thereafter the crystal temperature was progressively decreased
until at 75°C, the 200-minute mark had elapsed and the run terminated. ' '
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RUN NO.

14 G.C.

OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

40 psig

Filament Current: 230 ma _Hydrogen Regulator Pressure

Detector Temperature: 118°C Column A Flow Rate (% Max) . 38

‘Column Temperature: . 35°C.~ Column B Flow Rate (% Max): 18

Room Temperature: 22.7°C : Injection Time: 110.0 sec ‘

Initial Mixture Composition:  135.0 torr CP; 675()torr}5 :
Chromat. Elapsed | Reactor Crystalz - Propane. Moles Total_M_o_les2
Number Rxn. Time Pressure ~ Temp Peak Area C3H8 in Vgy CsHg per cm”|.

(min) (torr) ( C) - (mv.sec) x108 Pt x>105

570 3.08 815.0 n38.7 0.117 .0.273 0.35"

- 571 8.40 816.5 38.3 0.209 0.487 0.62
572 13.82 818.0 38.0 . 0.297 0.692 . - 0.89
573 19.20 822.0 57.4 0.313 0.730 0.94
574 - 24.67 824.0 - 57.4 0.378 0.881 - 1.13
575 30.33 825.5 56.3 0.399 - 0.930 1.19
576 35.86 825.0 37.2 0.459 - 1.07 -1.37 '
577 41.57 826.5 37.3 0.405 " 0.944 1.21
578 47.84 828.0 37.3 - 0.421 0.981 1.26
579. '53.39 834.5 - 74.5 0.481 ~1.12 - 1.43

. 580 - 58.87 837.0 - 74.6 0.612 - 1.43 0 -1.83

. .581 64.81 839.1 74.2 ©0.933 2,17 2.78.

--582 71.67 836.0 36.5 - 0.989 2.31" 2.96
583 77.85 837.5 - 36.0 - 0.969 2.26 2.90

- 584 83.98 839.0 35.3 1.100 2.35 3.01

- 585 89.37 '848.5 .90.6 1.285 0 2.99 - ©-3.83 .
586 95.10 851.0" 90.5 1.525 © 3.55 - 4.55
587 .100.66 853.5 90.4 1.770 4.12 .5.28
588 106.36 848.0 -35.2 1.728 4.03 5,16
589 111.77 850.0 - 35.2 ©1.728 ° 4.03 . 5.16

-0sT-




RUN NO. 1,  G.C. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

Filament Current:

Detector Temperature: :
Column Temperature: - Ibid.
Room Temperature:

Initial Mixture Composition:

Hydrogen Regulator Pressure:
Column A Flow Rate (% Max):
Column B Flcw Rate (% Max):
Injection Time: '

" Ibid.

Chromat. Elapsed Reactor Crystal Propane Moles Total Moles
Number Rxn. Time Pressure | Tgmp Peak Area C3H8 in‘VSL C3H8 per cm
(min) (torr) ‘( C) (mv.sec) %108 Pt x l.05
590 117.81 851.5 35.0 1.703 3.97 5.08
591 _ - 123.36 863.0 122.8 1.906 4.44 5.08
592 128.87 866.0 122.8 - 2.089 4.87 6.24
593 : 134.40 868.5 123.1 2.272 5.2 6.77
594 139.84 860.0 36.2 2.267 '5.28 6.76
595 ' 145.71 - 861.5 35.8 2.247 5.24 6.70
596 151.14 863.0 35.7 2.242 5.22 6.69
597 156.58 - 872.0 95.7 2.333 5.44 - 6.96
598 162.00 874.5 95.7 2.371 5.52 7.07
599 167.50 876.5 95.7 2.434 5.67 7.26
600 172.98 . 871.0 35.2 i 2.495 5.81 7.45
- 601 ) 178.57 . 872.5 34.8 2.443 5.69- - 7.29

602 184.18 © 878.5 72.7 2.462 5.74 7.35
603 194.59 881.0 72.1 2.520 5.87 7.52
604 204.47 883.0 73.6.- 2.563 5.97 7.65

|

|
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RUN NO.

15°

G' C.

OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

Filament Current:

230 ma Hydrogen Regulator Pressure: 40 psig
Detector Temperature: 117°C - Column A Flow Rate (% Max): 38 .
Column Temperature: 35°C Column B Flow Rate (% Max): - 19. =
Room Temperature: 22.7°C _ : Injection Time: '~ 10.0 sec 2
Initial Mixture Composition: 135()torr(m 675()t°rr}§L :
Chromat. Elapsed Reactor Crystal - Propane v Moles Total Molesz.
Number Rxn. Time Pressure | = Temp Peak Area 'p3H8 in VSL C3H8 per cm
. . "o ' . , : 5
(min) (torr) (°C) (mv-sec) x108 Pt x 10
607 '3.13 819.5 100.6 0.93 1.39 1.78.
608 ./8.00 821.0 . 100.6 2.07 3.70 4.74
609 "13.00 823.0 100.6 3.14 6.19 7.93
. 610 18.05 824.5 -99.3 4.10 8.43 - 10.80
611 23.44 826.0 99.3 4.86 10.20 13.07
612 29.06 828.0 . 98.8 5.28 11.18 14.32
613 34.67 829.5 98.8 5.89 12,61 °16.15
614 46.80 831.0 92.8 6.67 14.43 18.48
615 62.10 833.5 93.2 7.32 15.95 20.43
616 81.20 836.0 93.6 7.97 17.45 - 22.35
617 102.18 838.0. '93.8 8.29 .18.21 23.33
618 . . 123.36 840.0 ©95.0 . 8.66 19.06 24,42
619 144,18 842.0 94.7 8.83 19.46 24,93 -
620 166.00 845.0 -96.2 9.16 20.22 ©25.90
621 . 186.91 847.5 97.0 79.33 120.62 26.41
622 207.02 850.0 97.1 9.56 21.16 27.11
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RUN NO.

16 G.C. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

Filament Current: 230 ma Hydrogen Regulator Pressure: 40 psig
Detector Temperature: . :118°C - Column A Flow Rate (% Max): 38
Column Temperature:  35°C Column B Flow Rate (% Max): .18 -
Room Temperature:  21.5°C . . Injection Time: 10.0 .sec
Initial Mixture Composition: 135.0 torr CP; 675.0 torr H, :
Chromat. Elapsed Reactor Crystal _ Propane Moles Total Moles2 .
Number | Rxn. Time Pressure | Temp Peak Area C;Hg in Vg, | CsHg per cm
: . : ° . . » 5
(min) (torr) (°C) (mv.sec) x108 Pt x 10°
625 3.29 825.0 132.1 3.37 6.99 8.85
626 8.31 826.0 132.4 7.55 16.54 21.19
- 627 13.88 827.0 132.1 11.28 25.24 32.33
628 - 19.93 828.0 .. 131.2 14.20 32.08 41.09
629 25.66 829.0 - 130.8 15.85 35.88 45.96
630 38.21 831.0 130.9 17.95 40.78 52.24
631 - 53.27 833.0 130.9 18.97 43.15 -55.28
632 . 73.81 835.0 131.5 19.99 45.53 58.32
633 . 93.89 837.5 131.9 20.60 46.96 60.16
634 - 114,81 840.0 132.1 21.26 48.48 - 62,10
- 635 134.48 843.0 133.2 21.75 49.62 63.56
~ 636 156.32 . -845.0 133.5 ° 22,11 50.47 64.65
637 178.42 847.0 133.8 22.36 51.05 65.40
638 200,04 849.0 133.8 22.68 51.81 66.37
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- RUN NO. 17

G.C. OPERATING CONDITIONS AND CHROMATOGRAPHIC PEAK DATA

~Filament Current:

230 ma

Hydrogen Regulator Pressure: 40 psig

Detector Temperature: = 117°C Column A Flow Rate (% Max): 39
Column Temperature:  35°C- Column B Flow Rate (% Max): 18
Room Temperature: 23.2°C Injection Time: 10.0 sec B
Initial Mixture Composition:- 200.0 torr CP; 675.0 torr H,.
Chromat. Elapsed Reactor Crystal Propane | Moles Total Moles
Number Rxn. Time Pressure Temp Peak Area™ CSHB in VSL- C3H8 per cm
. . Y . |
(min) (torr) (°C) ‘(mv.sec) x108 - Pt x 105
641 3.42 887.5 79.0 0.524 0.55 0.71
T 642 13.76 889.5 79.0 - - -
643 18.70 891.0 79.0 1.479 1.97 2.52
644 24,18 893.0 78.1 2.096 . 3.40 4.36
645 29.70 . 894.5 79.0 2.683 4,77 6.11
646 36.31 896.0 - 3.300 6.21 7.96
647 42.64 898.0 - 77.8 3.856 7.50 9.61
648 51.82 899.5 - 77.8 4.549 . 9.12 :11.68
649 73.54 900.5 78.3 5.732 11.88 15.22
650 83.87 902.0 78.6 6.120 12.78 16.37
© 651 ©93.94 903.5 78.6 - 6.528 - 13.73 17.59
652 110.08 .905.5 79.1 6.926 14.66 18.78
653 130.82 . 906.5 79.3 7.405 15.77 20.20
654 151.82 907.5 79.3 7.742 . 16.56 - 21.21
655 172.58 909.0 78.6 8.078 - 17.34 22.21
656 192.38 910.5 78.6 8.354 ~17.98 23.03
657 209.65 911.5 78.3 8.507 18.34 . 23.49
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APPENDIX J

SUMMARY OF CALCULATIONS FOR OBTAINING
DIMENSTONLESS DATA PLOTS IN FIGURE III-10



'EXPERIMENTAL RUN- NUMBER  10A
Chromat. Crystal Net Corrected . Point S t/t
Number Temp Regction : Mole§ of | Rate .of Reaction R/R ) @ o = 0.90
(°C) Time - | C3Hg in . (moles C3H8-/m1n) _ _ _(a)o : o
(mln) Vgp x 10| R (tp = 23.4)
482 . 74.8 3.4 0.61 1.532 x 1077 1.000 0.15
483 73.9 1 1.28 . 1.532 x 107 | 1.000 0.39
484 73.6 15.0 2.27 1.532 x 107 1000 0.64
485 735 20.6 3.15 71.532 x 1077 11.000 -0.88
486 - 73.5 26.6- 4,08 1.210 x 107° 0.790 - 1.14
487 73.5 35.1  4.87 9.58 x 10710 0.625 1.50 L
488 75.5 45.2 - 5.72; 7.30 x 10710 0.476 1.93 S
489 75.5 58.6 6.49 Cs5.02x 1070 0.328 2.50 “
490 75,5 73.8 7.16 3.42 x 10710 0.223 " 3.15
491 75.6 | 92,8f' S 7.70 2.60 x 10720 ©0.1695 3.97
492 | 75.6 112.2 8.17 2:24 x 10710 10.1460 4.79
493 4 75.2 131.3 8.64 ©1.870 x 100 0.1220 |  5.61
694 74.9 153.6 8.96 - 1.376 x 1070 0.0897 6.56
295 | 749 175.3 9.19 1.212 x 10710 0.0790 7.49
496 74.9 ' 195.3 9.47 1.212 % 10720 0.0790 |  8.35
Extra datajpoint: | 23.0 | - | 1.393x107°0 0910 | - 0.98
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EXPERIMENTAL RUN NUMBER 12a

Chromat. Crystal Net Corrected - Point R ' t/t . SRR
Number Temp Reaction Moles of | Rate of Reaction O RIRG e -=po,90' S <.
(°C) Time C3Hg in g (moles CiHg/min) (o) oo | .
\ (min) Vg x 10° . (t, =25.4) -
526 74.3 0.0 - 0.01 1.370 x 1077 1.000 0.00 | &
527 74.3 5.7 ©0.64 1.370 x 1077 £ 1.000 - 0.22 _ IR
528 745 12.4 C1.73 1.370 x 107° 1.000 0.49 e
529 745 23.0 3,16 1.370 x 1072 1.000 0.91. - | o
530 74.5 35.5 4.54 9.20 x 10710 0.671 1.40 .
531 77.7 51.2 5.74 6.48 x 10710 0.473 2.02 i tf
532 7.7 67.3 6.66 4.85 x 10710 0.354 2.65 5 -
533 78.4 88.8 7.47 3.24 x 10710 ©0.236 3.50 : “

534 78.1 110.2 8.08 2.73 x 10710 0.199 4.34

535 78.4 129.8 8.63 2.27 x 10710 0.166 5.11

536 77.8 150.6 9.08 1.93 x 10719 0.141 © 5,93

537 77.8 1170.9 9,41 ©1.640 x 10710 0.120 6.73

538 78.0 186.3 9,67 1.640 x,lo‘lo 0.120 7.77

Extra data points: B : .
27.0 1.15 x 1077 0.840 | .1.06
30.0 1.037 x 107 0.757 f 1.18.
(Minus time | )
delay of 15 min.) !g




EXPERIMENTAL RUN NUMBER 15
Chromat. | Crystal Net Corrected Point o t/t
Number Igmp Reaction M01¢§ of | Rate of Reaction R/Ro ¢ a =P0.90
(°C) Time CszHg in : (moles C3H8/m1n) (a) _ |
(min) - Vg x 10 , (t, = 15.9)
607 100.6 3.1 1.39 4.67 x 1077 1.000 0.20
608 100.6 8.0 3.70 4.67 x 1070 1.000 0.50
609 100.6 13.0 6.19 467 x 1070 1:000 | 0.82
610 99.3 18.0 8.43 3.81 x 107 0.815 1.13
611 99.3 23.4 10.20 2.84 x 1077 0.608 1.47
612 98.8 29.1 11.18 2,18 x 1077 0.466 1.83
613 98.8 34,7 12.61 1.78 x 1077 0.381 2.18
614 92.8 46.8 - 14.43 1.235 x 1070 0.264 2.94
615 93.2 62.1 15.95 8.35 x 10710 ' 0.179 3.91
616 93.6 81.2 17.45 5.77 x 10719 0.124 5.11
617 93.8 | 102.2 18.21 4.09 x 10-_‘.lo _0;0875,' 6.43
618 95.0 123.4 119.06 - 2.50 x 10730 0.0535 7.76
619 94.7 144.2 19.46 2.50 x 10710 . 0.0535 9.07
620 96.2 ©166.0 20.22 2.50 x 1010 0.0535 10. 44
621 97.0 | 186.9 20.62 2.50 x 10710 0.0535 ©11.75
622 97.1 207.0 21.16 2.50 x 10710 ©0.0535 13.02
Extra data |point: 20.5 - 3.33x 1070 0.713 1.29

e e et gy ¢ ==
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EXPERIMENTAL RUN NUMBER 16

Chromat. Crystal | - Net . Corrected | - Point - r t/t
- Number Temp Reaction | Moles of | Rate of Reaction CR/RG ety =70 90
(°C) Time C3H8 in (moles C3H8/m1n)- (0) S
| Cmn) oy w108 | o (t, =10.5)
625 132.1 3.3 6.99 1.99 x 1078 1.000 0.31
626 132.4 8.3 16.54 1.99 x 107° 1.000 0.79
627 132.1 13.9 25.24 1.314 x 1078 0.660 1.32
628 131.2 19.9 32.08 8.22 x 107 0.413 ©1.90
629 130.9 25.7 35.88 5,14 x 1070 ©0.258 2.45
630 130.9 38.2 40.78 2,18 x 1077 0.1095 '3.64
631 130.9 53.3. 43.15 1.38 x 107 0.0694 5.08
632 131.5 73.8 45.53 ©0.962 x 1077 0.0484 7.03.
633 131.9 1 93.9 46.96 0.745 x 107 0.0374 8.94
634 132.1 114.8 48.48 0.570 x 107° 0.0286 10.93
635 133.2 134.5 49,62 0.478 x 1077 © 0.0240 12.81
636 133.5 156.3 50.47 3,07 x 10710 10.0154 14.89
637 133.8 178.4 51.05 ©3.07 x 10710 1 0.0154 16.99
638 133.8 200.0 51.81 3.07 x 10710 0.0154 119.05
Extfa data| points: ‘
| ’ 11. 1.740 x 1078 0.875 1.05
16. 1.146 x 1078 0.575- 1.52.

-6ST-



EXPERIMENTAL RUN NUMBER 17
Chromat. Crystal Net - Corrected " Point - t/t
Numbe T Temp Reaction | - Moles of |Rate of Reaction R/R;: | g o 290.90
(°c) : T.1rpe) CsHg in . (moles C3H8/mln)' (a) RS
| (min VgL * 10 S : (t, =23.0)
643 79.0 7.7 1.97 2.54 x 107 1.000 0.33
644 781 13.2 3,40 2.54 x 1077 1.000 0.57
645 79.0 18.7 4.77 2.54 x 107 1.000 0.81
646 - 25.3 6.21 2.12 x 1077 0.833 1.10 -
647 77.8 31.6 7.50 1.841 x 107° 0.725 1.37
648 77.8 40.8 9.12 1.520 x 1072 0.598 1.77
649 78.3 62.5 ©11.88 1.076 x 1077 0.424 272
650 78.6 72,9 12.78 8.00 x 1010 1 0.315 317
651 78.6 82.9 13.73 7.20 x 10710 0.283 3.60°
652 79.1 99.1 14.66 - 6.40 x 10710 1 0.238 4.31°
653 79.3 119.8 15.77 4.55 x 10710 ©0.179 5.21
654 79.3 140.8 - 16.56 344 x 10710 0.135 | 6.12-
655 78.6 161.6 17.34 3.00 x 10710 0.118 - 7.03
656 78.6 181.4 17.98 2.68 x 10710 0.105 | 7.89
657 78.3 198.6 18.34. 2.45 x 10710 0.0963 8.63
(Minus time
lag of 11.0
min.) .

=091~
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