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CHAPTER ONE

INTRODUCTION

1.1 General

Many studies have been made on the hydrogenolysis of small para~
ffinic hydrocarbons cover supported ruthenium at atmospheric pressure,
and the rote was found to be inversely proporticnal to hydrogen pres—
sure. As pointed out by Kempling (1), the rate of hydrogenolysis de-—
creased as total pressure increased, and a single power rete equation
failed to correlate the rates at different pressures. Thus, the pur-
pose of this investigation was to determine the pressure dependence
of hydrogenolysis of propene to gain an insight into the nature of the
mechanism by examining both the rates of reaction and the product
distributions at various pressures.

Thé catalyst used for these studies was 0.5 weight percent ruth-
enium impregnated om ¥—alumina, since ruthenium was one of the most
active elements in the hydrogenolysis of ethane (2). A continuous
stirred~tank catalytic reactor similar to that proposed by Carberry
(3) wne used because it provided a simple and direct analysis of
data. The reactor had the essential features that approach an ideal
reactor, and the dets acquired are differential so that complicated

mathematicenl procedures could be avoided. This reactor operated over



. wide range of conversioms so that Ghe effects of the analytical errors

are miniwmized.

1.2 Hydrogemolysis of Iiydrocarbons

The eearliest reported investigantions of the kinetics and mechanism
of hydrogenolysis of simple hydrocerbons appear t¢ be those of Taylor
and associates (4,5). The reaction of ethane om nickel and cobalt
and propave on nickel disclosed the main features of the kinetics of
hydrogenclysis; the rate hes & surprisingly lerge inverse depen-
dence oun hydrogen pressure. A further study om deuteriva exchange
reactions revealed that the adsorption—desorption reactiom is at equi-
Librium, and the smole rate determiming step is the splitting of carbon—
carbon bonds.

A mechapism for the reaction was proposed by Cimino, Boudart
and Taylor {6). According to their analysis, the mechanism invelved
e digsociative adsorption of the hydrocarbon to form an unsaturated
surface species which was in equilibrium &8s

Van2n+2 éZ::Z::::; cngx% * &Hz
where a = ( n+ 1 -x/2) and C A _* represents the edsorbed radicals
whieh react with hydrogen to rupture the cerbom-carbon bond.

Cnﬁx* + H

ove—amed O H ¥ + C H ¥
n-m y oz

2
The last step is slow and the adsorbed lower hydrocarbon species may
desorb or react with hydrogen to become lower hydrocarbons. Because

the slowest step 1s postulated to be the surface reaction, the

Lengmuir kinetic treatment con be epplied. The fraction of the surface



covered by C_H * will be
n X

x (¢ /P2
& - c(“’/ﬂ)& | ( 1.1)
Lo+ ke (P /P) .

vhere: 8 = fractional surface coverage
k = equilibrium comnstant for dissociative chemisorption

P PH = partial pressures of hydrocarbon and hydrogen

cii
For intermediate strengths of edsorption, the relationships over

a limited range of pressure may be approximated by
n a \m
0 =1k ( PO/PH ) ( 1.2)

Since the rate determining step is vhe splitting of carboem—carbon

bonds, the overall rate is given by the expression

ro= k' Pyl ( 1.3)

' Substituting equation { 1.2 } into egquation { 1.8 ) gives

n., l-ng :
r=kP " P, : - o4 )

 which is & power rate equation, or if equation:( 1.1 ) is substituted
into equation { 1.3 )} instead of eguation { 1.2 )}, then

I=a A
KPPy ( 1.5)

a
'( 1+ chc/PH )

wvhich is a Hougemn - Watson type of rate expression.

The rate expression indicates the hydrogen order depends on "na".
Since the adsorbed hydrocarben is usually highly unsaturated ( a>1 )
but relatively weakly adsorbed { nx1 ), the hydrogen powver is usually

negative.



There are mony polemics upon the proposed mechanism. As reperted
by Anderson and Beker (7)), for the hydrogenolysis of saturated hydro-
carbons over evaporated nickel films, the desorption of methane rather
than the rupturé of carbon—carbon bonds on the surface is the slowest
step. The same conclusion is reached by the experiment (8) of the ad-
sorption and desorption and subsequemt hydregenolysis of several hydro-
carbons over supperted nickel. However, from the deuterium exchange
reactions, the exchange of deuteriem with h?drecarbons occurs at a much
lower temperature than those reguired for hydrogenclysis {9,10). There-
fore, the rete determining step should be the rupture of carbon-carbon
bonds, and this statement is further justified by Cuczi et ale. {11,12) who
found that the hydrogenolysis rates for hydrocarbons of different structures
are different, although in all cases the final product is meilhane.

Thus, methane desorption is vot the rate contrelling step or clse the
rates should be the same.

Though the mechenism proposed by Cimino et. al. has been critized
becaure -it does not allow for the competitive adsorption of hydrogen (13)
or the reaction préducts, it hes heen widely used for its ability to
explain the strong inhibitory-effect of hydrogem om the reaction rsies.
It haé been used successfully for most kinetics of hydrogenolysis of
bydrocarbon except for ethane hydrogenolysis over cobalt {i4) and iron
{15). The epplication of power rate law to data for the reaction over
cobalt yields hydrogen exponents verying fme ~1 40 0 with increasing
temperature and over dirom catalyst the hydrogen exponent is pesiiive.

The reversible dissociative adsorption mechanism cannot explain the

positive power. Desorption of methane may be the rate controlling step.



Kemball (16) studied the deuterium exchange reaction of hydrocarbons
on iron catalyst and found that CD4 is the main product. This again
justifies the postulate that tge desorption of methane is rate determining.
The hydrogenolysis of ethane over various metal catalysts has been
studied by Sinfelt and co-workers (17,18,19) and hes been reviewed by
Sinfelt (20). The hydrogenolysis of hydrocarbom in a Carberry reactor
over impregnated ruthenium on t—alumina was first studied by Tajbl |
(21,22) for the hydrogenolysis of ethane and propane. Further studies
of hydrogenolysis over a similar catalyst in a Carberry reactor were
nade by Kempling (23,24). Table (1.1) is a summary of kinetic parameters
obtained by Tajbl and Kempling. The table includes the activation energy,
the order§ with respect to hydrogen and hydro?&rbons and the calculate&
degree of unsaturation of the adsorbed hydrocarbons.
Since the hydrogenolysis of paraffins results in a mixture of
smaller saturated hydrocarbomns, the initial fragments except . the C1
species can crack further into;smailer products. Kempling reported that
for hydrogenolysis of n—-butane over'impregnated rutﬁenium, the selectivity
which defines as the tendency of a catalyst to produce a particular
product is relatively independent of temperature ard is not a functionm
of total bressure. The yield of propane decreases with increasing
conversion, while methane and éthane increase with increasing convérsion.
For the hydrogenolysis of propane {25) and n-pentane (26) on nickel
catalyst, highe; temperature and lower partial pressure of hydrogen
favour the formation of smaller hydrocarbon products. For the hydro-
genolysis of isobutane on ruthenium (23), propane and methane selectivities

epproach unity and that of ethane becomes smell at lower temperature.



Hydrocarbon

Ethane
Propane .
n~Butane
Isobutene
Isopentane

Neo-penteane

A ¢ Pre-exponential Factor

=}
ae

PABLE ( 1.1 )

Hydrogenolysis Data { 0.5 Weight % Ruthenium On 4 —Alumina )

Temperature

{°¢)

160-220
140-170

85125

. 105-130

90-120

125-153

Order of hydroecarbon

Log A

39.08

36.85

22,17

13.63

19.59

16.94

Eact

42

35.8

36.2
43.2

43.5

Reaction Orders

{(a)

0.91

0.74

- 0.68

-0.89

Eact

b

=

-2
1.5

-1.34
~0.66
-1.07

=-0.87

Hydrogen
Altoms Losv

(n)

5.2
4.4
6.0

4.2

Order of Hydrogen

Reference

19

19

20

2l

22

23

Activetion Energy ( Ecal/mole )



The amoﬁnts of methene and ethane increase eas temperature increcses.

A reaction network was proposed by Kempling et. al. and is shown
in fig. (1.1) for the hydrogenolysis of n-butane. The network included
reversible adsorption and desorption of each. hydrocarbon and irrever—
sible ruptﬁre of carbon-carbon bonds in the adsorbed speéies. Ali of the
steps of the process were coupled, i.e., no single rate determining
step wvas assumed. If each of the reactions was #ssumed to be first order
in the hydrocarbon species involved, then vhén tge network is applied to
the continuous étirred tank catelytic reactor, the selectivitics could be

eéxpressed as

s - - Fo(ka'/xgs* * k5") | | (1.6)
T+ g/l (5 /L - 1)

S, = (1 -7 - Sl /U + %5)) ( 1.7)
1+ k"M, /(1 - x,))

end S, + 25, + 35, = 4 ( 1.8)
where : Si — the moles of hydrocarbom containing i carkon atoms

prodhcéd per'ﬁole of butane reacted.
14 —~ fractional conversion of n-butene.
k;, - rate constonts defined in fig (1.1).

Similar reaction networks have also been successfully applied to hydro-

genolysis of propane, neo-pentane and iso-pentane (1).

1.3 The Reactor

For laboratory studies of heterogeneous catalysis to obtain kinetic
equations, it is imperative that the information derived accurately

reflects steady stote activity and selectivity, To obtain the most



Ca

k3 . - o
(:3 = k) : (:B
ko N o
Ce = Cz
2 .
; ky
O =t
_ 1

~0 C3 + Cf

e 2

%

-] k "3
Cs = G2 + Ci

k>

Cz — 2Ci

3, C2, Cl - gaseous butane, propane, ethane, and methane

Cy,» C3, CZ, Cl ~ adsorbed hydrocarbon species

k, - adsorption rate constant

i
k; - desorption rate constant
k: - cracking rate constant
F - fractional split factor
" ¥, ® $
= ) . + k.
ki kikzj( kl i )

Figure l.1 N-BUTANE HYDROGENOLYSYS MECHANISH




accurate rete equation, the obhserved deto should invelve a minimun of
transport effects. The situetion is epproached for heterogencous cata-
lytic reactions by laboratory differentiol reactors operated at high
fluid velocities with a Tixed bed of small particles. Small particles
ensure that intra-perticle temperature end concentration gradienis are
negligible while high fluid velocities eliminate fluid-to-particle teap-
erature and concentration differences (27). The catalyst bed should be
isothermal because recaction rates are usually strongly dependent on temp-
erature in a non—-linear manner. A simple and well characterized flow
pettern should prevail, and the flow pattern should be either of the
piston type or thoroughly stirred type (28).

There are various types of small experimental reactors including
static and flow, intezral and differential. As stated by Carbkerry, " am
ideal reactor is ome that coperates isothermally over a wide range of
conversion in the steady state with respect to the catalyst and react-
ants under clearly defined residence time conditiomns while facilitating
direct rate law determination.” {(3). The well stirred contimuous flow
reactor in principle nossesses the ideal characteristic (3,29,30). The
essentials of such a reactor are shown in fig. {1.2). Catalyst pellets
are placed in wire cages attached to a rotating shaft. The rotating cata-
lyst cages produce perfect mixing. It is shown by Carberry that inter-
phase temperature and concentration gradients are megligible for all except
very rapid reactions, and nearly complete conversion can be tolerated in this
reactor. Since finite conversions aré involved, effluent analysis errors
are minimized. However, pressure operation possesses problems in devising
effective stirrer seals and bearings that will rum at high speeds over o

long period of time without contaminating the catalyst and leeking. The re-
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-’ rotating shaft
feed = ' ——=—effluent
stream | _ - Sstream
¢ >
catalyst
bed

Fig.(12) Carberry fixed bed stirred
reactor




ther large void volume of the unit renders it unattiractive when the pos-
8iblity of simultaneous homogeneous reaction exists, ard also the void vo-
lume at higher pressure contains a large ameount of the reaction mixture.
While no lsboratory reactor is truly ideal, this reactor concept eppesars
to be unigque in providing a veluable solution of many difficult problems.
Differential dats are obtained frem this reactor, i.e., they res-
wlt from ome Jlevel of concenmtration end temperature. For each experi-

ment, bne differentisl reaction rate will be ¢

X.0..
171
5 ( 1.9)

r =

Vhere: Xi -~ fractional conversiom of feed component i

Qi - the feed rate of i

W - +the weight of catslyst

Mapny Linetic studies employed comtinumous stirred=tank catalyliec

reactors, and the date are found to be comsistent with those obtained frem
other reactors. It has been used successfully by Tajbl (21,22) for the
hydrogenplysis of ethane on nickel catalyst and ethane and propane on
supported ruthenium. Kempling (1) hes also studied kimetics of hydroge-

nolysis of hydrocarbone in the same kind of reactor.

lc4 Apalyvsis of reaction networks.

The equations or mathematical models gemerally uged to correlate kinetics
deta f£all into two broad classifﬁcations (31,32). On one hand, there are
the power function models vhich generally are variatiocns of :
e,
r =xZc’ | (1.10)

where ¢ k - = the rate constant which is a function of temperature

Ci = the concentration of ith—component
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a, - the order of reaction of the i-th component.
The rate law utilizes the. concept of reaction order and is traditiomally
called & power~rate law (33). Alternatively, the Hougen-Watson models

(34) usually heve the general form of :
a,
i .
kif. C. .
= T % ( 1.11)
(I 4—§E K. C ) :

‘where the denominator is the competition for the catalytic empty sites

and ki are the corresponding Langmuir adsorption equilibrium constants,
Exponents m and n arée often equal to unity though they may be equal to
1/2 or 2, iespectively,-in‘thé case of diééociative edsorption 5nd;binaf§
reection.

Normally the ratz constants can be expressed by an Arrhenius ex-

- pression as:

k = A exp (=E/RT) . { 1.12)
vhére t A = the preuexponénfial fictor '
 and E - the activation energy.

The power function equations are empirical, but sometimes result
ffom the simplification of a more complex equation with mechanistic
‘ significance. The Hougen‘ﬁutson'model is uéually derived from a spe-
c¢ific reaction mechanism, assuming the existence of a Single rate deter—
i mining step and the rest of the reactions in- equilibrium.

It has been pointed out thet the Hougen-Yatson models are noi useful when
adsorbing surfaces iie not uniform or when there are interiﬁtiois b;tween
aedsorbed moleéﬁies. It is ils§ issefted that much of tﬁé improved fit—
ting of experimentel data resulté from the great £1exibi1ity of the Hou-

gen -Watson model arising from the abundance of parameters in the equa-
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tion. Furthermore, kinetic date often contein substential experimen~-
tallerrors and ﬁathematical»farmsamore;cémpljcéted {hah pover rate

lev cannot be,justjfied. However, the Hougen-Watson model offers some in-
sight into the reaction mechanism, and its extrepolatiom to a region of
conditions not experimentally tested usually yieldsAreaspnable results.

A useful technique in the study of reaction kinetics is the eva-
luating of alternative kinetic models by fitting rate data to postula-
_tequo&els and statistically evaluation the results for goodness of fit.
‘These techniques consist of éssentiaily twé-principal parts @ (@) the iden-
tification of adequate models and (b) the estimation.of'the parametefs
'in the best model obtained in the first step (35).. There are verious.
methods to detefmine the acceptance of a model. Analysis of the variance
or the analysis of residuals, the difference of the experimental and
."the fitted values of the dependent‘iariables, could help in examining
the degree of fit of a model to experimentalydata (36). Unacéeptable
charecteristics of the estimated parameters, such as negative rate
constan£s or ;dsorbtion coefficients, will résult iﬁnﬁhe rejecﬁion ofv
the model (38); Freguently, more then one model is plausible, but
the one tﬁat fits the experimental data ﬁeétwis chosen.

There ere various methods for estimeting the perameters. The least
squares method is usually selected for convenience and also it usually
results in useful quantitative estiﬁation. In this approach, the sum of
squares of‘thé errors is mini@izgd,._SOmetimes #he_kineticg equations occur
in non-linear fofm; thén nonrlinear least squares ﬁafhodsvhavéitpﬂbe epplied.

But some equations are intrinsically’iinear (37) by teking the reciprocal or
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‘logarithms, and thus can be solved by the linear least squares method.
‘Linearizing equations may distort the goodness of fit criteria. These

statistical methods Nhave been described at great length in the literature

' (38,39,40) .



CHAPTER TWO

ZXPERIMENTAL EOUIPMENT

2,1 YHaterials

A) Catalyst

A commercial catelyst { courtesy of Engelbard Indus—
tries, Inc. ) consisting of a nominal 05 weight percent rutheniuvm im-
pregnated om Y—alumina wag used. This catalyst was in the form of 3.2
by 3.2 mm. cylindrical pellets with the ruthenium impregnated on the
ocuter shell of the pellets. The outér shell eppeared dark black while
thg center wes whites The concentration profile of ruthenium in the
catalyst pellets were determined by an electrom probe microanalyzer (1)
and the ruthenium comcentration gradient is shown im fig. (2.1). The
ruthenium layer is about 0.2 mm. thicke.

The catalyst has been studied thoroughly by Kempling
(1). Table (2.1) summarizes the information obtained from a nitrogen iso-
therm obtained by the stamdard volumetric techmiques at 77°K over & range
of relative pressures from 0.1 to 1.0, In eddition,; the catalyst was stu-
died by a mercury porosimeier {appendix A). The surface area was found
to be 109.9 mz/gmﬁ‘ The average pore radius was 62 QA. The pore distri-
bution obtained from the mercury porosimeter is shown in fig. (2.2). The
surface area of the supported metal was determined from two hydrogen ad-
sorption experiments vhich were performed at 20°C and pressures up to

200 Torr. The observed monolayer volume was 0.20 cc{STP) per gram of

i5
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TABLE ( 2.1 )

Summary O0f Catalyst Properties Determined From

Nitrogen Adsorption Isotherm And Porosimeter.

Calculation
Method

Saturation {x=1)
BET HMethed

Universal Thickness
Isotherm

Pore Distribution
(i) Adsorption
{ii) Desorption

Mercury Porogimeter

Surfaece Area

(u®/g.)

87.8
84.2
92.5

87.7

109.9

Pore Volume

(cc. (STP)/g.)

180

175
176

17

"Average' Pore
< .
Radius (4)

60

50
&0

61



Fig(22) Pore size distribution
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catalyst, ond the corresponding ruthenium aree was found toc be 0,82 ma/émc
of catalyst or sbout 160 mz/gma of ruthenium. The average erystallite

size weas 258 ﬁ,

B} Reactants

Poth hydrogem and propane were obteined from the Hatheson Loeo The
hydrogen vas extre pure grade with a nominel purity of 99.9 percent. The
hydrogen was further p@rified with a de—oxo unit to remove trace gquantities
of 6xygem and them dried over 5A meleculsr sieveo The hydrocarbem was
instrument grade which had a purity of 99.5 percent. From gas-chromebo=
graphic anslysis, only traces of impurities were found ( 0.35 percent of
igo=butene end 0.05 percent of n-butame ). The propane was used direct—
17 .
2.2 Eqguipmanb:

A systematic diagra@ of the spparatus is shown in fig. (2.3). The
system could be dividad inte three sectioms : the feed system, the reactor
and the effluent analysis systemo

The feed system consisted of twoe streame §j hydrogen and propane. The
system allowed these twe streams o be mixed in definite proportions and
introduced intc the reactor at a givem flow rate. Except where otherwise
stated, ell the lines were comsiructed with 1/4:m C.D. copper tubing. The
hydregen passed through a deoxe purifying unit for the removal of trasces of

w
oxygen and theun through o 9" long and 1% 0.D. ecopper tubing which was
pecked with HA moleénlar sieve for drying purposes. The propane was di-

rectly imntroduced into the system without any further purification.



Fig.(23) Equipment flow diagram
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vBoth the hydrogen and propane flow retes were controlled by fine me-
tering velves and monitored with capillgry type.flow meters. The pressure
.dﬂfferences were read om glass U-tube menometers vhich were three feet in
length and were filled with Meriam fluid Noe. D=3166 ( S.G.=1.04 ). The
cepillary constriction consisted of 1/8 copper tubing which had been
crimped. Each menometer had a by-pass valve to allow high flow rates du-
ring flushing or chsnging pressures. The two streams were combined at a -
1/4u tee and then passed into the_reactof. A pregision Bourdon-tube pressure
gauge, fange 0 ~ 100 psig. and 12" dismeter, was fitted to the feed line just
before the reactor to measure the total pressure of the reactor.

The effluent system was used to regulate the pressure of the reactor,
to measure the total effluent flow rates, to analyze the effluent streem
and to vent the gases. The reactor pressure was regulated by a variable~
back pressure regulator ( Brooks instrument Canada, Eendal medel 10BP ),
The regulator was capable of controlling the reactor pressure in the range of
0 to 125 psig. for variable flow rates and was placed directly dowmstreanm
of the reactor. Subsequently, the stream was passed throﬁgh a Swagelok
cross in which each outlet line was fitte& with a toggle valve. One line
vas directed to a gas chromatograph sampling valve, the second to a flow
" meter and the third to a vent line. The flow rates were measured by soap
flow meters having different diameters and lengths. The flow meters were
capable of measuring flow rates up to 10 ml/sec. The chromatograph con-
sisted of a model 90P~3 Varian Aerograph chromatograph in conjunction
with a 125 micro~litre gas sampling valve. A Servo/riter ome.. m.v. re-
corder was used to record the chromatograms, and an Hewlett-Packard inte—
grater ( model 3373B ) was used to give the corresponding peak areas-in

mumber of counts. The best compromise carrier gas for the gas chromato-



graph was helium because it provided & positive hydrogen peak and thus
avoided the trouble of changing polerity of the sigumal durimg the analysisg.
The column used was poropek 0, Bféw in diemeter and 7% o in lengthe
The overall conditions for the chromatogrephic system and the inteprator
ere listed im Table { 2.2 })o The retention times of the compoments are
listed in Table ( 2.8 }o The chromatograph was calibrated to determime the
calibration factors for each of the c@mp@m@nﬁéo The factors based on
propane as unity are shown in Table { 2.3 }o The values were the some as
literature valuwes within the experimembal errors. Theses factors were used
to calculate the mole fractioms of the components in the experiments.

The reactor was » modified one-=litre magnedrive packless antoclave
( Autoclave Engineerimg Inc. ) with a magnetic drive to rotate the catalyst
assembly. The external driver mggnet and a staimless steel housing sur—
rounded an internal magmet encapsulated on a rotor shaft. The strong mag-
nretic field caused the inner shaft 4o retate, whem the outer magnetic
assembly, which was driven by an electric motor, was turned. Two kimds of
bearings_were uged. Initi&llyg graphite bearings were employed. These
bearings usually failed to function after three or four weeks of inter-
mittent operations because of the deposition of carbon aronnd the bearimgs.
Finally, rulon bearings were introduced. The rulom comteins TFE fluoro-—
carbon and inert substances. These bearings provided a smooth operatioﬁ
‘for more tham two mombhs.

The combinucus stirred-tank catelytic:reactor was: comstructed of
"stainless steel and wvas a cylimdricel vessel of three inches in diameter and
nine imches in depth. The velume vwas reduced to 580 ml with ab aluninwn

block at the bottom of the cavity. A thermocouple was situated within the



TABLE ( 2.2 )

Gas Chromatographic & Integrator Operating Conditions

Column Temperature | — a8’c
Dgtector Temperature e 85°C
Injector Temperature ———— 50°C
Carrier Gas ——— Helium
Carrier Gas Flow Rate — 73 ml./min.
Filament Current —— 199 ma.
Attenuation ( Gas Chromatograph ) ——e 2
Recorder Chart Speed — 1/2 inch per min.
Attenuation ( Integrator ) — 1
Sensitivity — 3 or Maximum
Mode of Operation (Integrator) — Automatic
TABLE ( 2.3 )

Component Retention Times & Calibration Factors

Gases Retention Time ( min ) Calibration Factor
Hydrogen 0.88 65.85
Hethane 1.11 1.902
Ethane 3.37 1.292

Propane 16.63 1.060

23
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reactor and the emf. was measured on a potentiometer ( Croydon Precision
Instrument, England. Type P3 ), A'phrémel-&lﬁmelvthermocouple vith an ice
reference junction wes used. There are two ports situated near the
thermocouple. One is the inlet port which was made of 1/8" stainless
steel tubing end was passed to the bottom .of the reactor. The effluent
port was also made of 1/8" stainless steel tubing; and was located near
the top of the reactor. The essential features of the reactor are shown
in Fig. (2.4).

The catalyst was contained in a four-vane basket arrangement which
vas constructed of an aluminum bracket with stainless steel screens
placed on both back and front of the spacer. The edges of: thé screensg were
then covered with. aluninum cover plates. Fig.(2.5) is en exploded view of
the basket essembly that conteained the catalyst. The whole assembly was
bolted to the main body. The two assemblies used were mounted at & 9¢°
angle to giVe four cgﬁalyst chambers. -The whole system was attached
t§ the roteting shaft by 2 screw situated at the top of the shaft. Two
propellers, ome above and the other belew the catalyst hasket assembly
were attached to the shaft to improve mixing. A nut was screwed -onto
~the end of the shaft which had been threaded so that the whole system
would be held firmly in position. Bach basket was 1/4 inch thick;.aé
’ iﬁches.loﬁg gnd 15/16 inch wide. | \ '

The heater of the réactor was a tubular electric furnace supplied
by two sources . One of the sources was a Powerstat variablé transformer
( model 126-226 ) and was set at a constant voltage. The other source
was & proportional controller ( Electronic Control System, model 16C1 )

in which the sensing thermocouple { ckromel-alumel ) was placed in bet-
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ween the heater and the reactor wall,

The performance of the reactor had been checked thoroughly by Kem-
pling {(1). The mixing of the reactor was studied by introducing pulses
of nitrogen into a steady flow of hydrogen at variocus flow rates { 0.08
to 8,77 ml./sec. ) and %wo stirring speeds { 1500 and 2000 repem. ).
The results showed en exponentiesl decrease in concentration after a
sharp increase as would be expected from the equation :

C = C*exp(wt/fﬁ (2.1)
where ¢ € - effluent concentration
C* - maximum concentration of tracer al & = 0
T « time comstant of reactor = V/Q
t - time
V « volume of reactor
0 = flow rete of hydrogen

This test proved thet the reactor provided &~pgrfectly nixing of
reactants. For a 5:1 mixture of hydrogen and nsbut&ne; the mass and heat
transfer boéfficienﬁé'weré estimated to be 3.8 x 10~4 mbles/cmgésec=atm.
and 2.1 x 10° cal/cmz—sec—oc»respectiVely. Varying the stirring speeds
between 1500 and 1900 rop.molhad ne effect on the observed reaction rates
for n-butane hydrogenolysis. This shows that interparticle concentration
gradients éere negligible over the range of the stirring speeds. Thus,

the stirring speed was ifixed at 1500 r.peme in the experiments.
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2.3 Operating Procedure

Initially, the catalyst was weighed and then pléced on the catalyst-
basket. The whole basket assembly was carefully balanced on a knife-—edge
static balance before attaching to the rotating shaft. This procedure
eliminated vibration of the basket during rotation in which the heavier
vane would cause excessive bearing wear and make the system inoperative.
The reactor was closed tightly with a torqgue wrgnch and checked for
leaks with soap soluﬁion using hydrogen.

The catalyst was then reduced in the reactor for about 12 hours at
250°C with a hydrogen flow of 10 ml.ﬁmin. and a stirrine speed of 1500
repeme. Once the catalyst hed been reduced, the reactor was not
opened agein to avoid catalyst contamination with air. The same batch
of catalyst was used umtil itvbecame deactivated. The catalyst was
kept in a flow of hydrogen when not used for hydrogenolysis studies.

A continuous flow system was employed'jn vhich the feed gas mixture
eniered the reactor from the bottom and the effluent left at the top.

An éxperiment consisted of setting the reactor conditions and the feed
flow r#tes and ratios. When steady state conditions had beem established,

-\the effluent flow ratec was measured ernd its composition wes analyzed by
gas chromatograph.

To begin an experiment, the reactor was filled with hydrogen to the
desired pressure. The reactor temperature was set by the proportional
temperature coutrollef. The stirring mechanism was activated. When
the required experimental conditions had been obtained, the hydrogen

flow rate was set and propane was then added to the hydrogen flow. When
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the tempereture heceme constant, the effluent composition wes analyzedx

by a gas chromatograph. As soon as the integrator showed that the peak area
of each component was constant for sbout fifteen minutes, steady state

was assumed to have bzen reached. The effluent flow rate was determined with
the soap flow meter. The final reactor temperature was tekem and & final"
enalysis of the effluent was made. The propane flow was then discontinued,
and the hydrogen flow was increased toAflush the reector for the next
experiment. A set of six or seven rumns vas madetm;; working day

with ome of the runs at standard conditions to check for the activity of

the catalyst. The activity usuelly remained essentially constant, b 5%

for mearly a month. A new batch was introduced everj five or six weeks,

and correétions wvere made for activity changes, if required, in the last

parﬁ of this period.



CHAPTER THREE

HYDROGENQLYSIS OF PROPAND

3¢l General

The hydrogenolysis of propsne wes investigatved ab varicus tempe-
ratures and pressures uwsing a Carberry reector. The rates ebtained were
differential amd can te calculated as (1) :

Y. + 2y,

where ¢ e differential rate

0

= effluent flow rate

= weight of catalyst

= = g

and = mole freaction of hydrocarkon containing

i carbon atoms
Thaﬂgtr&tegy for developing rate expressions was divided into twe

parts. Firstly, a sinple power rate equation was sssumed as

2 b
r o= kl’gaPﬂg {3.2)

where ¢ k = rate constant

PC3 = partial pressure of hydrogen

PH2 = partial pressure of propene
& = expeoncnt for propane

b < expoment for hydrogem.

30
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The rete expression wves linearized by taking the logarithms and then
linear least sguares was applied to estimate the parameters k, a and b.
The values of a and b were tested for other temperatures by plotting r

against p Pb The dependence of the rate constant was represented by an

c3 H2®

Arrhenius expression as @
k = A exp(-E/RT) ( 3.3)

where -~ pre-exponential factor

A
E «~ activetion energy
R - gas constant

T

and - temperature in °K

Equation (3.2) and (8.3) were tried st vﬁrious pressures and
temperatures to evaluate the velues of a, b and E.

The equation derived from the mechanism proposed by Cimino et. al.
(6) was found bj Kempling (1) to be unable to correlate the rcte data
et various pressures. The mechanisﬁ has been described in deteil in .
Chapter One. It includes a reversible adsorptionrdesorpﬁion of hydro-
carbon in equilibriun and a surface cracﬁing reaction which is the rate
determining step. The rste expression derived from this mechanism could

" be simplified as :

n (1-nx)

vhere X is the number of hydrogen atoms lost by propane upon adsorption.

Comparing equations (3.4) and (3.2), value of X can be estimated as :

K = 2(1-a)/b ( 8.5)

The mechanism proposed by Cimino et. al. was critized by Kemball



a2

(13) because it does not allow the competition of hydrogen on adsorption.
Various mechanisms were proposed and eouations were derived from the
mechanisms. The equations that were proposed and tested are shown in
Appendix (B). The criteria for equation rejection are a lack of fit as
shown by an excessively large residual root mean square and unaccep-

table characteristics of the estimated parameters. The mechanism that fits
the experimental observetions reasonably well is shown in fig. (3.1). It
involves an initial dissociative adsorption of hydrogen and propane. The
adsorbed Ca species diss&ciates further to lose more hydrogen, forming a

'. The adsorbed C‘ species reacts

3 3

adsorbed species. The surface

second hydrocarhon species denoted by C

with adsorled hydrogen to form C1 and 02

coverage of adsorbed C3 and hydrogen can be represented as :

- =1/2 S
: koaPeatpe (5.6)
s 14192 4k p pol/2 ' )
o He catcatre
1/2
e, = A2 (3.7)

1/2 ~-1/2
1+ lgPhp  + kpaPoaPhe
. . . t
The coverage of the surface by species C3 is assumed to be megligibly small.

1f the rate determining step is essumed to be the oracking of carbon~

¢
carbon bond of the adsorbed C3 species, then

r = k'ecéeﬁ (3.8)

: -n/2 :
where Qo4 = Mg BuaPpo | - (3.9)

Substituting equations (3.7) and (3.9) into equation (3.8) yields

-m/2
KPooPyo (3.10)

r = 2
(1+ kHPéé2 + k..p.p-l/2

C3 C3 H2 )



Fig(3hMechanism for hydrogenalysis

of propane
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The parsmeters in equation {3.10) were estimated by linear least sgueres
methed. Sometimes,; nonlinear least squares method was applied to

improve the value of the parameters.

3.2 Experimentol Resulis

The experimental cata are shown in Table A{1) to A(10}. The data
were obtained at different . temperatures and pressures with different

feed rates and ratios. The following were the renges of the experimental

conditions,
Temperature - 115=155 °C
Pressure L 2 = 80 psige
Feed ratio (H2/CSH8) - 2.5 = 7
Bffluent flow ratc - 0.9 = 10 ml/sec.
Propane conversion - 10 - 90 %

Equation {3.2) was linearized by teking the logarithms as :

logr = logk + a log?P + blogP (3.11)

c3 H2
Equotion (3.11) wes fitted to the experimental dato shown on Table A(1)
to A(6) by linear least squares. The parameters k, a and b obtained

are listed in tablé (3.1). The propane exponents are positive and hy-
drogen exponents are negative and large. The overall orders of the
reaction are mnegative. The values for a and b are different for diffe-
rent pressures. Fig.{&.2) is a comperison of the observed and calculated
reaction retes. The figure demonstrates that the fit was reasonably good
cao = &b. The velues ¢f a and b were used to explore their fit at other
temperatures at the same pressure by plotiing r as o function of P p b

C3 H2
and are shown in fige{3.3) to fig.(8.7}. These figures show that the



PT (Paig)

15

" 20

60

‘80

Units of k s

T?mp. Residual Sum .
{°c) of Squares
120 1.20 x 10714
114.5  8.15 x 10°1°
- 128 7.12 x 1014
144.5  5.17 x 10-14
147.5  4.60 x 1033
150 2.50 x 10724
Mole atm.-(a+b)

sec. gm.—cate.

1.84 x 107

TABLE ( 3.1)

Porameters of Equation {3.2)

.Residual
© . Roov Mean

Square

2.54 x 10~°

8

8

4.18 x 10~

4.36 x 10°°

4.90 x 10°°

4,08 x 10”8

a £ 95% Confi- .

dence Interval

.7§5
.632
.618
<770

<861

* 433

i+ 14 1+ 1+ i+

1+

097

«072

-082

073

«129

129

b ¥ 95% Confi-
dence Imtervel

-1.22

-1.22

-1987

""1.52

—1 957

=1.60

1+ i+ - i+ i+

i+

"+

«28
« 2356
«184

«176

.189

2.18

5-47

1.67

8.33

9.02

4.97

X

X

x

X

X

X

1079

19’
107
10~
1078

10’5



Fig.(32)

Comparison of Txperimental & Calculated Rates
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Propeane Hydrogen@lysié Kinetics at_?T = 15 psig.
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Fig.(34)

Propanc Hydrogenolysis Kinetics at P, = 20psig.
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Fig.(35)

Propane Hydrogenolysis Kinetics at PT = 40psig.

(2= .77 ond b= ~1.52 )
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F19.(306)

Prepane Hydrogenolysis Kineties atb Pp = 60 psige

(o= o861 and b = =157 )
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Fig.(37)

Propene Hydrogenolysis Kinetics at PT = 80psig.
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expunehﬁs of propave and hydrogen remein the ssme over the temperatures
examined. The slope of the plots of r as & functiom of Pgang ig the
rate constant. Table {3.2) shows the rate comstanis at different temperaturee
and pressures. The dependence of the rate constent on temperature was
represented by equation (3.3). PFig.(3.8) presents Arrhenius plots for
data at constant pressures. The values of the pre~exponential factor and
activetion energy are given in Table (3.8). The activation energy increcses
with increasing pressurece

Experiments al constant temperstures wiith pressures varying were
performed. The experimental data are shown in Tablés.ﬁ(l) to B(4). Expe~
riments at four different temperatures (128, 139, 143.5 and 148“0) with
pressures repging frem 10 to 90 psig. were made. The data given im Tables
B(1) to B(4) were fitted to equation (3.10). The vealue of m was first assumed.
The equation was then linearized by inversion and examined using linear least
squares. The most appropriste value of m is that which yields the smellest
residual sum of squares and positive rate constants. The values of the
parameters are shown im Table (8.4). k is the rate constant for the hydro-
genolysis of propane. kH and kc3 are the equilibrivm constants.for the ade

sorption of hydrogen anc propane respectively. n/2 (n=mn+ 1‘) is the
4

total number of hydrogen molecules lost by propane im forming adsorbed Ca

species that undergoes c¢racking reactione.
The values of n are between 5 and 5.3. An integral value of 5 was

taken. The dependence ¢ temperature of the paremeters is expressed as :
k = A exp(-B/RT) (3.12)

ky = Ay exp(QH/RT) (3.13)
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and kc3 = A, exp(Qca/ﬁT) (3.14)
where A, AH and'Aca are the pre—expomnential factors, E is the activation

energy and QH and ch are the heat of adsorption for hydrogen and propane.
The parameters in equations (3.12), (3.13) and (3.14) were obtained

by plotting log k, loz kH and log k.. as a function of 1/T. The plots

c3
are shown in fig. (3.9) and (3.10) and the parameters are listed in
Teble (3.5). The activation enmergy for the hydrogenolysis of propane
is large. The adsorption of propane is en@othermic; Qca is -2.19
kcal/hole. The adsorption of hydrogen is exothermic; QH is 7.95
"kcal/mole. Fige (3.11) is the comparison of the calculated ard the
experimental reaction rates. The figure demonstrates that the fit is
good.

| Finally, the dependence of reaction rates on total pressure was stu-
died. This was done by performing experiments with constant feed rate,
feed ratio and temperature. The experimental data are shown.in Table
B(5). Fig.(3.12) shows the trend of the reaction rates with pressure

vhile fig.(8.13) shows the trend of the conversions with pressure. If

the dependence of the reaction rate on reaction pressure was assumed to

be
. d .
r = kP, (3.15)
ﬁﬁere P, is the total reaction pressure and d is the order of the pressure

T
dependence. Value of d would be obtained by plottingllog r as a function of

log Pn. The plot is shown in £ig,(3.14) and velues of d are —-0.93, —0.88 and

T.
=0.87 for the temperatures of 128, 139 and 148 C. An average value of -0.90

<6

ves taken. Values of k obtained were 3.97x10" , 9.71x10™° and 1.90x107°



TABIE ( 3.2 )

Rate Constant Obtained from Plots of .r vs Poo P

Py {psigz.) - Temperature (®C) k
15 112 4.00 x 10”7
15 | 117 7.40 x 10"
15 127 2.16 x 107°
20 122.5 1.04 x 1070
20 . 130.5 2.59 x 1070
40 126.5 8.96 x 107
40 128 . . 1.06 x 10~8
40 187 3.34 x 1070
40 | 189 4.28 x 1070
60 130 9.94 x 10~
60 132 1.30 x 10°°
60 138 2,52 x 107°
60 152.5 9.02 x 1070
80 131 5.70 x 1077
80 147 8.75 x 107°

mole atm.’(&+b)

Units of k : sec. gm.—cat.



Fig.(39)
Arrhenius Plots for Rete Constrnts et Various pressures ( Fon, 3.2 )
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TABLE ( 3.3 )

Sunmary of Parameters from The Anelysis of Equations ( 3.2 ) and { 3.3 )

120

- 127

- 131

- 144

- 142

- 150

o X $5% Coufidence

Interval

.785 %

.632
.618
I
770
.861

«453

1+ I+ 1+ I+

1+

097

072

.082

129

«129

v I 954 Confidence

Interval

-1.22

1+

-1.22

1+

-1.87

i1+

i+

=157

1+

-1.60

26

«235

«180

«176

.189

acy

, kcal
mole

33.6
36.1
38.4
40.2

42.9

Log A

29.21

32.18

34.51

36.30

38.90

9¥



TABLE ( 8.4 )

Anelysis Of Rate Data Using Equation { 3.10 )

Reaction Pressure

Range {psig)

Reaction

Temperature {°C)

Number of
Observation

Residual Degree

of Freedon

Residual Sum ¢of

Squares ( x 102 )

Residual Root kiean

Squeres’{ x:10° )

Coefficient of

Multiple Correlation
Values of n ( m + 1)

Values of k ( x 105 )

( mOIG“&tme/Secewgm.—cat. )

Values of ky (atme—l/g)

Values of kgg (atmo

1/2

)

10 - 50

128

37

34

1.04

5.31

0.98

1.78

1.08

1.58

20 - 60

139

1.26

0.97

5.3

4.66

0.78

1.73

40 < 60

143.5

19

16

0379

4.47

0.96

5.1

6.77

0.72

1.97°

40 = S0

148

41

38

6.23

0.96

5.0

9.67

1.81
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Fig.(311)

Comparison of Experimental & Calculated Rates ( BEqne. 3.10 )

“RcaldX1

10 - 50 psig. & 128°C
20 - 60 psig. & 139°C : v

40 - 60 peig. & 143,5°C
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40 - 90 psig. & 148°C
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Fig.(312)

.Dependence of Renction Rotes on Pressure -
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Table ( 3.5 )

Activation Energies and Heat of Adsorption Obtained

From Equetion { 3.10 )

Kcel .’/mole Pre-exponential
Factor (Yog A)

" A
Hydrogenolysis 28,7 24.8
Hydrogen 795 > =]242
% _
Propane =2.19 2.58
* -
Cracking 34.4 34.3

¥ Activetion energy

¥%  Heat of Adsorption

52
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Fig(314)

Dependence of rates on total presaure
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for tgmper&tﬁresvof 128, 139 and 148 °Ce The dependence of k on tempers=—
rature is represented as
k = A exp(-E/RT) | . | (3.16)
vhere A is the pre-—exponential factor ﬁnd E is the activation energy.
The plot of log k against 1/T is shown in fig.(3.15) and E was found
to be 27.9 kcal/mele. The value is close to the value of activation

energy for hydrogenolysis of propane obtained from equation (3.11).

3.3 Discussion and Sunmary

A power rate equetion was assumed for the hydrogenolysis of propsane.
Experimental data were fitted to the equation at various pressures and
temperatures to obtain the rate constants and expenents for hydrogen and
propane at their 95% confidence %ntervals. Exponents for propane are po-
sitive and for hydrogen are megative. The overall dependence of reaction rate
on pressure is negative. Apparently the power rate law will work omly
moderately well over e limited rangg of partial pressures of hydrogen
and propane. Each set of data at different operating pressures rgquires
& new set of constants,and no set of constants will fit data at several
operatiﬁg pressures accurately. This has also been observed by Kempling
(1)e The values for the exponents of hydrogen and propane, the pre-
exponential factors arnd the activation energies for different operating
pressures are showﬁ in Teble (3.3).h Average values of exponents for
hydrogen and propane &t various pressure were esﬁimated from fig.(3.15).
The best values seem to be a = 0.65’aﬁd b= —1.55; The reliability of

of the values is about + 35%.
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The mechenism proposed by Ciminoe et al. provided a fundementel
significaence to the hydrogen snd hydrocarbon expoments. The nuaber
of hydrogen atoms lost on adeorption of propane is given by equation (3.5).
The values of o/ were 5.6; Tely 9¢3; 6.5, 6.0 and 11.5 for total pressures
of 2, 15, 20, 40, 60 and 80 psig.. The values of o are not comstent.

Since values of ¢l greater than 8 are mbot possible(for the hydrogenolysis
of propane, the power rate eguation secems to be umnrelated to the mecha—
nism and only an empirical relationahip: At 2 psigey,the valué of ol is 5.6,
This value is close to the value of 5 obtained by Tajbl (22).

Verious rate equations derived from different mechanisms were proposged
and tested. The ome that fits the experimental observations reasonably well
is equation (3.10). The equation was derived from the mechanism shown in
figo(3.1)e The eguation not only provides positive rete constants but
alse the smellest residual sum of squeres. The equation was developed from
the consideration of the equilibrium adsorption of propane and hydrogen.
The proposed mechanism assumes that the majority of the surfeace is co-—

vered by hydrogen and C, species which are only slightly dissociated.

3

The fractienal coverages of hydrogen and C, were obtained by the applicatiom

3

of the Langmuir eguaticn to the dissociative adsorption of hydrogen and propane.

The initieal C3 species dissociates further to lose more hydrogen molecules,

L
forming a second reactive species denoted by C_.

3

and hydrogen were assumed to be in equilibrium and the rete delermining step

The adsorption of propane

\J

3

Hougen-Watson type of rate expression was obtained as shown in equation (3.10).

to be the surface cracking reaction of adsorbed hydrogen and C, species. A
The paremeters were eveluated by least squares methods. The reliability
of the equation end mechenism proposed was demonstrated by the small ri-

sidual sum of squares.
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The value of n, corresponding to the total number of hydrogen atoms
L}
lost upon adsorption to form reactive adsorbed 63 species is 5. Thus,

*
the activated surface radical in erecking is CSH It has been proposed

g°
by Cuczi et al. (12) for hydrogemolysis of propane on Ni-catalyst, that
1,2-diadsorbed species is more favourable them 1,3-diadsorbed species

" intermediate. The diadsprbed intermediate perhaps is either in the form
of,E=Q-CH3 or grﬁ—CHa, i.e«y propane adsorbed on two adjacent carbon

atoms which are stripped of their hydrogen. The intenmediates proposed

here are identical with those preposed by Tajbl (22).

The paremeters, k, kH and'kc3 are the rate constant for hydrogenolysis,
adsorption constant for bydrogen apd adsorption constant of propanee. The 4
activation energy for propane hydrogenolysis is 28,7 kcal/hole. The heat of
adsorption of propane is -2.19 kcql/hole, i.es, the adsorption reaction is
endothermice I{ has been proposed by Sinfelt (43) that the adsorptionm of
hydrocarbon is endothermic. Kempling (1) has also found an endothermic
adsorption of hydrocarbonse. The epdothenmicity nust be due to an equi-
libriumbreaction between edsorbed radical and gas phase propane, because
adsorption processes are exothermic.(41). The heat of adsorption of
hydrocarﬁon is 7.9 keal/mole. The adsorption reaction is exothermic.

The activation energy for k of equation (3.10) was lower than the acti-
vation energy obtained by Tajbl (22), 35.8 kcal/mol.e. However, Tejbl s
activation energy was obtained from the constant of a power rate law. The
rate constant k in equation (8.10) is the product of the rate constant for
the splitting step and the adsorption comnstants for C3 species and hydrogen.

The dependence of the reaction rate on tota! pressure was also determined.

The dependency can be represented as



58

{3.17)

vhere k depends on temyperature and P,, is the totel resction pressure in

T
atmospheres The activation emergy of k wes obtained from an Arrhenius
plot. The value was 27.9 kcal/mole vhich is similer to the value obtained
from equation (3.10)¢ If the exponents for hydrogen and propame in the power
rate equation are taken as the values, 0,65 and ~1.55, respectively, then
the overall dependence of reaction rate om pressure would be to the pover
of =0,9, which is similar to the exporent in equation {3.17).

As a conclusion, a single power rate expression fails te correlate
the reaction rates of hydrogenolysis of propane et various pressures. The
mechanism proposed by Cimino et al. does not £fit the kinetics data at higher
pressures. This mechanism has been criticized because it does not allow
the competition of hydrogen for adsorbed sites. A mechanism allowing both
hydrogen and propane to compete for empty sites was proposed. A Hougen-
Vatson type equation was derived from the proposed mechanism. The equation

was found to he cons$§tent with the experimental observatioms.




Fig.(315)

Arrhenius plot for Foustion (3.15)
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CHAPTER FOUR

PRODUCT DISTRIBUTION

4.1 Introduction

The bydrogenolysis of propane over ruthenium yields methane and
.ethene. Since the adsorbed species 02* formed can crack further into
metﬁanew the quantity of methane and ethame in the product should not
be identical. The product distribution is usually reported in terms
of selectivity which ie defined as the tendency of & catalyst to produce
a particular product or quantitatively as the ratvio of moles of &
particular product formed to the moles of feed hydrocarkon consuaed.

If Sl and S, represent selectivities of methane and ethane, ther imn

terms of the effluent compositions, they are

3Y1
S; = ( 4.1)
Yi + 2Y2
3Y2 . ’
82 = ( 402 )
Yl + 2Y2

where Yi igs the mole fraction of hydrocarbom with i-mumber of carbon
atoms.
. The selectivity changes with experimental conditions and relates to

the reaction mechanism. It is a function of the extent of reaction. The

61
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selectivity at zmero conversion represents the crecking of only the fceed
bydrocarbon, i.e. products of the primary reaction.

A reaction network proposed by Fempling wes used throughout this
;study. The network is shown in fig.{4.1) and the enalysis of the metwork
is given in deteil in the appendix. Rach of the hydrocarbons was assumed
%o adsorb and desorb reversibly to produce reactive species on the metal
surface. The adsorbed species was then reacted irreversibly lesding to
the rupture of carbon-carbon bomds to produce smaller adsorbed fragments.
All the reactions were assumed to be first order with respect to the
gaseous hydrocarbon involved and the cobcentration of adsorked hydro-
carbon species. The effect of the bydrogen partiasl pressure was assuaed
to be nearly comstent and incorporated in the rate constants. According
to the apalysis of the network, selectivity for methane and ethane can be
predicted by the equations

k;/(k; * zfg)

S = T (4’3)
1+ kz/k3(x'f(1 - X))

and S, + 25, = 3 (4.4)
where x is the fractioral conversion of propane and k's are defined im
fig. (4.1},

The paremeter k;/(k; + kZ) corresponds to the relative rates of
desorption and crecking of adsorbed C2 species. If the rate of carbon-
carbon bonds splitting im the rate determining step; the parameter
k;/{k; + k:) should approach unity. The term k;/k; is the ratio of the
overall rate constents of ethane hydrogenolysis to propane. It is the

. ratio of overall rutes. of hydrogenolysis of ethame to propanc since all the

reactions vere assumed to be first order in hydrocarton.

By teking the reciprocal of equation (4.3), the following equation



k3 ~
kg

ko s (%
g 2
ky L
ki C1

kg QC%’2+ C"?i

k -

% 2]

gaseous propane, ethane and methene

“adsorbed hydrocarhon species

adsorption rate constant

desorption rate constant

crecking rate constant

* * t
= kiki/(ki + k)

Fig.(4.1)

Propane Hydrogenolysis Mechanism
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is obtained

: ",on .
1 1 1:2/1&3 X
’ = t 1 * + ' ] * ( 4.5 )
S, 1;2/(1;2 + k) kz/(ka +1k,) 1-%x

The values of the perameters were obtained from the élope end intercept
.of the plot of the reciprocal of ethane selectivity es a function of
x/(1 + X). The ratio of ethane cracking rate to its desorption (k;/k;)
is the { intercept - 1 ). The experimental data were plotted according to
equation (4.5). .

Equation (4.3) has a shortcoming in that it includes the hydrogen
partial pressure in the rate constants. This simplification is'often
reasonable because the variatiom ¢f hydrogen pressures at a given total
pressure is small. The perameters in equation (%.3) are only good for
the specific pressure being studieds This assumption is good when the re-

action pressure ranges are. small, In the present studies, the pressures
ranged from 2 psig. to 90 psig., therefore it is better to include hydrogen
pressures in the selectivitf équatébns. The network in fige (4.1) was
modified so that the reactions would be functions of both hydrogen and
hydrocarhon partial pressures. The metwork is shown in fig. (4.la). The
desorption of propane was found in Chapter Three to he 2.5 order in hydrogen.
The surface cracking involvgs an adsorbed hydrocarbon species and an
adsorbed bhydrogen species. The surface coverage of adsorbed hydrogen is
assuned to be proportiomal to PH;1/2

ethane was estimated from the selectivity date. The detail of the derivation

« The hydrogen order for desorption of

for the selectivity equation is shown in the Appendix. A genmeral equation for

the ethane selectivity at different pressures is
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1 h . L
7"]2 < = lf‘

by . s n
— G 'i"?'HQ
b w m

; Co+ohy

C3

Co

O = ‘ﬁ*%%
C3

C)

h

by >C§+Cﬁ

= 2¢]

Cg1 Cyy C; = gaseous propane, ethane and méthane

* % '
Ca, Ca, C1 = @adsorbed hydrocarbon species

hi' . = adsorption rate constant
' _

hi -~ desorption rate constant
*

h - cracking rate constont

*
H, and H - goaseous end adsorbed hydrogen

Fig.(4.1a)

Propane Hydrogenolysis Mechanism
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T
e T b, h he . h, by | (4.9
e L.m ey 5. m " 1 . x
1+ --:' PH22 2+ - ‘{ -*"- PH22 2+ —T PH22 Ej -;:;
by hghg by By |

Equation (4.6) permits the evaluation of more rate constants than eq-
uation (4.3). For estimating perameters of equation (4.6), values of
m, the hydrogen power for the desorption of ethane, were assumed

and residual sum of squares of the reciprocal of 82 was calculated by
linear least squares. The most appropriate value of m yields the
smallest residual sum of squares.

Equation (4.3) evaluates the ratio of the rates of hydro-
_genblysis of ethane to propane and the ratio of the rates of cracking
of ethane to its desorption. Equation (4.6) yields the ratio of
the rate constant of cracking to the désorption for ethane and.propane

and @lso the ratio of &dsorbﬁidﬁﬂfﬁtébi°fﬂéth3héht°vpr6ﬁéne;

4.2 Experimental Results

Three individual sefs of experiments were made. Initially, selec-
tivity experiments at constant temperatures and pressures were performed,
followed by experiments at constant pressures but at different tenpera-
tures in order to study the temperature dependence of the selectivity.
Lastly, experiments at different pressures but at constant temperatures
were performed to obteain an insight into the pressure dependence of the

selectivity. The range of the experimental conditions were :
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Temperature A - 115 = 155°C
Preassure - 2 = 90 psig.
Propane Conversion - 10 - 90%

Feed flow rate - 0.9 =10 ml./éec.‘
Feed ratio ( H2lb3H8 ) - 25-7

Fig.(4.2), (4.3) anﬁ (4.4) show the product distribution at the
temperatures and pressures shown on the fipures. The experimental data
are also given in Table (Cl), (C2) and (C3). Low conversions could not
be obtained under these conditions because the catalyst was very active.
The methane selectivity for the three cases increases with conversion.
while that of ethane decreases with conversion. Each experiment yielded
one conversior with one set of selectivities. The selectivity for methane
is higher at lovwer pressure and decreases as the pressure increases for the
same comnversion. , |

Plots of 1/32 as & function of x/(l - X) were made for the three cases
end are shown in fig.(4.5), (4.6) and (4.7). The straight lines are drawn

to fit most of the points. The velues for the intercept and slope

"

ere shown in Table ( 4.1 ), es well as the parameters k;/k3
and k;/k;. The solid curves iﬁ fige (4¢2), (4.3) and (4.4) were ob-

tained from the parameters in Table (4.1) by using equation (4.3) and (4.4).
The experimental selectivities and the calculated curves agreed very well,
Values of k;/k;.aré far smaller than unity, i.e. the rate of hydrogenolysis
of ethane is much sloygn ﬁhan propane. The paremeter, k;/k; which is very
much less than unity jndic&ting thqﬁuthé desorptiénvrdté of.eﬁhqne is much

faster than its eraciking rate.
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Product Distribution at 120°C and 2 psipg.
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Product Distribution at 130°C and 30 psig.
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Product Distribution at 150°C and 80 psig.
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Fig.(45)

Product Distribution Analysis at 120°C and 2 psig.
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Fig.(46)

Product Distribution Analysis at 130°C and 30 psige.
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P, (psig)

30

80

TABLE ( 4.1 )

Product Distribution Analysis ( Eqn. 4.3 )
Temp. (°C) Slope Intercept k;/'k2
120 0.0525 1.0095 0.0095
130 0.0191 1.0225 0.0225
150 0.0079 1.0295 0.0295

0.052

0.0187

0.0077
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The product distribution was then studied at different temperatures
at constant pressures. Fig.(4.8), (4.9) and (4.10) or Table (C4), (C5)
and (C6) are the product distribution data. Higher temperature favours
the formation of methane. Plots of 1/82 as a function of X/(1 - X) were
made end are shown in'fig.(4.12), (4.13), (4.14) and (4.15). The straight
lines were drawn to fit most of the points. The intercepis and slopes,
together with the parameters k;/k; and k;/k; are given in Table (4.2).

The solid curves in fiz.(4.8), to (4.10) were calculated from these
parameters. It is noted that 1/S2 vs X/(1 = X) plots are not always too

good, yet the selectivity curves fit quite well. Both the values of k/ky

2
and k:/k; are far less than unity. For a given pressure, values of
k;/k; and E:/k; increase with increasing temperature.

The catalyst was ‘Loo active‘toiallow low conversion determinations,
but the selectivity was extrapoleted by equation (4.5) to zero conversion.
Fig.(4.11) is the zero comversion selectivity as & function of temperature.
These selectivities correspond to the primary cracking of feed propane

- alone. Low pressure favours methane formation. The curvature of the
plots decreases with incfeasing pressure, and at 60 psig., the curve is
essentiélly liﬁear.

| The dependence of the two parameters on temperature
by Arrhenius expressions as ¢

*
k

1]

o Ay oxp(~E,/RT) (4.7)

b3

|

" n
and = Agg exp(-Ep,/RT) (4.8)

ol
W =

"

. - 3 & and B
her‘e-).la2 and A23 are the pre-—exponential factors end E og &re

22
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the apparent activation energies for the corresponding rate ratio. Fig.
(4.16) and (4.17) are the Arrhenius plots for the paraﬁeters k;/k; and
k;/k; respectively. The slope of the plots, the pre-exponential factors
and the activetion emergies are given in Table (4.3) and (4.4). The
activation emergies feor k;/k; can be regarded as the difference between the
activation energies of_pydrqgenolysis‘of ethane end propane. The values
fof these activation emergies seem to be constant with an average value of
11.2 kcal/hole. Thus, hydrogenolysis of ethane has an activation energy of
11.2 kcal/ho}e greater than propane. The activation energy fof k;/k;

is the difference between the activation energy of crecking and desorption
of ethane. The values seem to be decreésing withAincreasing pressure. The
accuracy of these: values are low. The values of EZ/k; were cobtained

from ( intercept - 1 ) of the plots of 1/82 Vs x/(1 -~ x). The intercept
is about 50 times larger than k:/k;, therefore a smell error in the inter-
ﬁépt would result in & great error in the value of k;/k;. Never-the—~less,
the activation energy for cracking of ethane is greater than that of
desorption.

The product distribution study was then shifted to constanlt tempera~ -
tures with pressures varying. Table (C7), (C8), (C9) and (C10) are the
selectivity data at four different temperatures. Fig.(4.18), (4.19)
and (4.20) are the product distribution plots. Lower pressure favours
the formation of methane. l/S2 was plotied as a function of X/(1 - X)

" as shown in fig.(4.21), (4.22) and (4.23). The parameters at diffe—
rent temperatures and pressures are shown in Table (4.5):. The solid curves

in fig.(4.18), (4.19) and (4.20) were drawn from these parameters obtained
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Product Distribution at 40 psig.
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Fig.(49)

Product Distribution at 50 psig.
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Fig.(410)

Product Distribution at 60 psig.
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Product Distribution at Zero Conversion at Several Pressures

Fig (411)
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Fig.(412)

Product Distribution Analysis at 30 psig.
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Fig(413)

Product Distribution Analysis at 40 psig.
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Fig.(414)

Product Distribution Analysis at 850 psig.
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Fig.(415)

Product Distribution Analysis at €0 psig.
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Py (psig)

60
60
60
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TABLE ( 4;2 )

Product Distribution Analysis ! Eqne 4.3 ) -

Temp. (°C)

128
130
135
139

128
133
139
144.5

128
139
148

137
141.5
147.5
1525

Slope

0.0186
0.0191
0.0243
0.0285

0.0078
0.0093
0.0108
0.0132

0.0062
0.0090
0.0132

0.0049
0.0055

0.0066

0.0079

Intercept

1.0214
1.0226
1.0442
1.0705

1.0190
1.0255
1.03875
1.0495

1.0170
1.0290
1.0405

1.0199
1.0220
1.0230
1.0288

* t
ko /k2

0.0214
0.0225
0.0442
0.0705

0.0190
0.0255
0.0375
0.0495

0.0170
0.0290
0.0405

0.0199
0.0220
0.0230
0.0288

0.0182
0.0187
0.0233
¢.0266

0.0076
0.0021"
0.0104
0.0126

0.0061
0.0088
0.0127

0.0048
0.0054
0.0065
0.0077

84



Fig(416)
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" Fig.(417)
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TABLE ( 403 )

1] "
Pre—exponential Factors and ‘Activation Energies for kg/kg

» " w E" . ,'1 )*
®, (peig)  Slope x 1070 108 Ay Ep =¥y ( keal/mole
30 5.81 10.47 11.6
40 5.20 8.08 10.4
50 5,92  9.67 11.8
60 5.50 8.06 11.0
TABLE ( 4.4 )
Pre-exponentizl Factors and Activation Energies for k:/k;
: 53t
, -3 | ®
Py, (psig*) - Slope xz 10 Log 4, Ea - E, { kcal/mole )
30 16,2 14,0 32.2
40 9,9 20.6 19,6
50 7.4 14.4 14.7
) 60 4.4 5.8 8.8
%€ i "
Eog
# B

22
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Fig(4.18)

Product Distribution at 128° ¢
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Fig.(419)

Product Distribution at 139°C
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SELECTIVITY

Fig.(420)

Product Distribution at 148°C
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Fig(421)

Product Distribution Analysis at 128°C
( Fguation 4.3 )
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Fig(422)
Product Distribution Analysis at 139°C
( Equation 4.3 )
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Fig(423)

Product Distribution Analysis at 148 °c
( BEquation 4.3 )
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TABLE { 4.5 )

" Product Distribution Anelysis { Eqn. 4.3 )

3% 2 "
Temp. ( C) PT.(psig) Slepe Intercept k, /kz ko, /k3w
128 20 00277 1.0287 0.0287  0.0269
128 30 0.0186 1.0214 0.0214  0.0182
128 40 0.0078  1.0190 0.0190  0.0076
128 50 0.0062 1.0170 0.0170  0,0061
139 30 0.0285 1.0705 0.0705  0.0266
189 40 0.0108 1.0385 0.0385  0.0104
139 50 . 0.0090 1.0290 0.0200  0.0088
139 60 0.0054 1.0213 0.0218  0.0053
148 50 0.0132 1.0405 0.0405  0.0127
148 60 0.0003  1.0350 0.0350  0.0087
148 70 0.0059 1.0255 0.0255  0.0058
148 80 0.0054 1.0211 0.0211  0.0053

148 90 0.0036 1.0182 0.0182 0.0035
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over the experimental ranges. The selectivity at zere comversion was
obtained by extrapolation,and fig.{4.24) is the plot of zere comversion
selectivity as a function of pressure. Higher tempersture and lover pre=
ssure favour the formation of methane.

Both k;/k; and k:/k; decrease with imcreasing pressurgnat & given tem-—
perature. The decreasing of kg/k;uwitb increasing pressure indicates
hydrogenolysis of ethane has a greater dependence of pressure than that

n 1w
of propape. A relation of kz/k3 on pressure was assumed to be as 3

k, _ m ‘ :
-2 = AggPp (4.¢)
kg

where PT is the total pressure and and m are constant8. The values of

Aog
the constant were obtained by pletting log k;/k; sgainst log PT.. as
shown in fig. { 4.25 ). The values of m are ~1.89, ~1.82 and -

=1.75.for temperatures of 128, 139 and 148°C. An average value of -1.85
was taken. The values of k:/k; are subjected to large errors and it is
hard to get an exact relation of k;/k; and totel pressure. However

k:/k; decreases with increasing pressure.

The préssufe dependence of ethane selectivity is shown as equation
(4.6). The paremeters in the eguation were evaluated by using the selec—
tivity data given in Tables (C7), (C8), (C9) and (£10). Table (4.6)
presents the parameters obtained from the analysis qf equation (4.6)
by linear least sguares. The parameter, hg/h3 is the ratioc of the
rete constants for adsorption of ethane to propane. It is also the ratie
of rates of adsorption of ethane to proponee The values for hz/h3 are

very small. Propane adsorbs meore tham thirty fold faster thamn ethane.

3 €
The parameter, hz/m2 ig the ratio of rate comstant of cracking of ethane
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¥* ]
to its desexption,and hg/h3 is the ratio of rate constants of crackirg
3 L] % [
of propane te its desorption. The dependence of hz/h2 and hs/ﬁx3 are

represented by Arrhenius expressionmns ¢

" A
h , -
w% . Azgexp(-mgz /RT) - {4.10)

h

[A4]

%

h

(4]
[}

-3 Assexp(aE33/RT) {(4.11}
By

viere A22 and A33 are the preéexponential factors and B__, and E are

22 33
the activation energies for h:/h; and EZ/h; repectively,
The Arrhenius plets for the parametlers hi/h; and h:/h; are shown
in Pig.(4.26). The activation emergies are 26.6 and 25.2 keal./mole
for the perameters ﬁ:/h; and hZ/h; respectively. The activation ener-
gies are the difference hetwéen activation enérgies of cracking apnd desorp-
tion. The values are oni& apﬁroximatee
The ratie of the rates ofACracking to desorption for ethane and propane

et each pressure were calculated according to the following equations

%
R h
2, _ 2 p =2.0 (4.12)
R ¢ THZ :
2’D hO
R hy
Ragc - «»-% Pﬂ;a.o N (4.18)
3,0 by

where R2 c and R3 C represent cracking rates of ethane and propane,; and
y 9
R2 ) and R3 p &re the desorption rates of ethane and propane, The
9 »
hydrogen pressure is assumed to be constant at each pressure because

the variation of hydrogen pressures sre small enough to be megligibleo
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Product Distribution at Zero Conversion at Several Temperatures
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Fig.(425)
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TABLE { 4.6 )

Product Distribution Amalysis { Egn. 4.6 )

%% *

° By =2 by -2 By

Temp. { C) Pressure Residual Sum Residual Root == (atm ) —= {atm ) ==

Range {psig) of Sguares Mean Sgquare- h,, by by
128 10 =15 ° 0.0025 0,0086 0.0838 0.1223 0,0090
13¢ 20 = 60 0.0019 00076 0.2498 0.5204 0.0317
142 40 = 60 0.00042 0.0051 0-2550 0.6000 0.0224
148 40 = 20 0.00041 0.0033 0.3729 0.9739 Q.0L70

66
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Fig(426)

* ] ¥ 4. 8
Arrhenius Plots for h_/h, and !'13/h3
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The values for R and R are shown in Table (4.7). These

2,c/*2,p 5,c/*3,
valuee are small enough to regard adsorption—desorption as being in equi-
librium. The ratio decreases with increasing pressure. The trend is
gimilar to those obtained by equatiom (4.3). A cOmparisonvof'the éxperi—
mental and calculated selectivities by eqﬁ@tion (4;6) for ethane appears

in fig. (4.27). This figure demonstrates that the fit is reasonably

good for the temperatures and pressures studied.

4.3 Discussion end Summary

The product distributions for the hydrogemnolysis of propane at various
temperatures and pressures have been studied. It Was found that high
temperature, iéw pressure and high conversion of propane favour the
formation of methane. The product distribution is useful for studying
tﬁe reaction mechanism. A reaction network,similar to those proposed
by Kempling, was examined. The network comnsists of reversible adsorp-—
tion and desorption for all hydrocarbons and en irreversible rupture of
the carbon-carbon bond in the adsorbed species. No single rate deter-
mining step was assumed. Two equations ( eqn.{4.8) and eqn.(4.6) ) for
ethane selectivity vere oblained from the network. .The first gssumed all
reactions proportional to first power of hydrocerbon and the second
proportional to first order of hydrocerbon and hydrogem with certain
povers.

The paremeters from equation {(4.3) were evaluated. The parameter,

%, 0t
k2/k2 is the rate of ethane cracking to its desorption. The values were

"
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TABLE { 4.7 )

Ratic of Cracking Rate 4o Desorption

Temp. (°C) Py {psig)  Ethane . Ethane Propane .
from Egqn. {4.3) from Fqn. {4.6) from Eqn. {(4.6)

128 20 ©0.0287 0.0540 0.0827

128 30 0.0214 : 0.0245 0.0378
128 w0 0.0190 0.0146 0.0224
128 50 ' 0.0170 0.0093 0.0144
139 30 0.0705 | 0.0730 0.1860
139 ' 40 0.0385 0.0472 0.1030
139 50 0.0290 0.0230 0.0478
139 60 0.0213 0.0198 0.0413
148 50 0.0405 0.064% 0.1690
148 60 00350 0.0353 00920
148 70 0.0255 . 0.0258  0.0674

148 80 0.0211 0.0211 0.0552

148 90 0.0182 0.0133 ~ 0.0360
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Fig(427)

Comparison of Experimental and Calculated Selectivity of Ethane -
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found to be smallAnnmbérs far less than unity. This indicates that the
rate of cracking of ethane is very much slower than its desorption. The
reversible adsorption-desorption reactions in the network can, to @ good
approximation, be assumed'to be in equilibrium. The cracking of carbon-
carton bonds is the slowest step. The parameter k:/k; decreases with
increasing pressure but increases with increasing temperature as shown in
Table (4.3) and (4.4).

The parameter k /k is the ratio of the raotes of hydrogemolysis of
ethane to propane. The values for k;/hg were found to he small nnmbérs,
increasing with increasing temperatufé but deecreasing with increasing
pressure. The values for k;/k; can be fo in_Table (4.3). This result
confirms the wérk by Keapling (1) thet the bydrogenolysis rate for a
straight chain hydrocerbon increases with number of carbon atoms in the
gydrocérbon. The activation energy for k;/k;_is 11,2 kcal-/hole. Singe
the activation energy for hydrogenolysis of propane is 28.9 kcal./mole,
the ethane hydrogenolysis activation energy would be 40.1 kcal./hole. This
value ig quite close to the activation energy of ethane hydrogenolysis
obtained by Tajbl which is 42 keal./mole (22). The dependence of ko /ey
on total reaction pressure is estimated to be in the order of -1.85.

As it has been shown in Chapter Three, the pressure dependence of hydro-
génolyﬁis of propane is to the order of -0.90. Thus, the dependence of
t0£ullpressure of hydrogenolysis of ;fhane would be to the order of -2.76.
Therefore, hydrogenolysis rate of.ethang is decreased more by pressure thaﬁ
that of propane. |

- It wvas noted that l/é vs x/(1 ~ x) plots are not alvays very. good,

yet the calculated selectivity curves agree quite well with the experimental
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selectivities. These was shown on fige. (4.2) te fig. (4.4), fig. (4.8)
to {4.10) and fig. {4.18) to {4.20). Therefore, the metwork and equations
were found to he consigtent with the experimentel observations,

The parameters from equation {4.6) were estimated. The parameters,
hZ/h; and h:/h; are the ratios of the rate‘constants'of cracking to desorp-
tion of ethane and propane, réspectiveiy. The dependence of the parameters
was vrepresented by Arrhenius expressions. The activation energies were
found to he 26.6. Lkeel/mole and 25.2 kcal/mole for propane and ethane
respectively. These activaetion energies compare fevourably with previous
investigations. For ethane over rutheniunm, the.activation energy for
hydrogenolysis was much greater than that for deuterium exchange {2,9).

The parameter, h2/h3 corresponds to the ratio of the rates of adsorp-
tion of ethanme to propane. The values obtained show that propane adsorbs
much faster than ethane. Fquabion (4.6) is insensitive. to the perameter
ha/hz3 because their values are quite close to zero 3 therefore; a temperature
deﬁendencg expression for this parameter was not determined.

The ratios of the rates of cracking to desofption for ethane and
prepane were calculated from the parameters ﬁ:/h; dnd h;/h;e The ratios
‘are ' shown in Table {4.6). The values were found to he small enough to
assume that the cracking rute is much slower than the desorption rate.
Comparison between the ratios %or rates of ethane cracking to its desorp-
tion calculated from the parameters h:/h; and k;/k; appear in Table {4.6).
The rate ratios calculated from boih parameters show the same trend, i.e.

increesing with increasing temperature but decreasing with increasing

pressures The values ¢btained for both paremeters are of the seme order of
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magnitude. This result shows that both equation (4.3) and (4.6) have the
abilit& to estimate the ratio of the rates of cracking of ethame to its
desorption. |

A comparison of the experimental and calculated selectivitiés based
on equation (4.6) are shown on fig. (4.27). The figure demonstrates that
the fit was good for the temperatures and pressures examined. Therefore,
the assumption that reactions are proportional te first order of hydrocarbon
and certain powers of hydrogen is valid.

There are two criteria for rejection of a reaction network. Either
the residual sum of squares‘ig large or an unreasonable value of one or more
of the parameters is obtained. Compgrisbn of the obéerved and qalculated
selectivities has demonstrated that the postulated reaction network is
capable of fitting the experimental data.. From the informations obtained,
it is confirmed that the mechanism of hydrogenolysis consists of a rapid
reversible adsorptionedesorptjon process and the rupture of‘cgrbon—carbon
bonds on the surface is the sloweéf step; Both equations derived from
the network dre applicable. Equation (4.3) has the ability to estimate the
parameters E:/k; and k;/k; while equation (4.6) can evaluate the perameters
h;/h;, h;/h; and h2/h3. Therefore, equation (4.3) and (4.6) should be used

simultaneously to get more insight into the mechanism of hydrogenolysis.



CONCLUSION

The hydrogenolysis of propame over supperied rauthenivm in & contivuons
stirred-tank catalytie reactor has been studied, The hydrogemolysis rate
wes found to be proportiomal to a positive power of propanme partial
pressure avd segabive power of hydrogenm partial p?egsmréa The rate
decreased with imcreasing pfessmree However; a single power rate expression
failed to correlate the rote at differend éreaéurQSQ

A mecherpism wes proposed consisting of dissocistive edsorptiom
of hydrogen and propane which was im equilibrium amd rupture ;f carbon=
cerbon bonds on the surface which was the rate determining sfepo The
nunber of hydrogen atomg lost om adsorptien o form reactive adsorbed
E; species wes 5o The imtermediate was discussed in terms of 1;2-
diadsorbed species. The activetion emergy fer the hydrogemelysis of
propane was 28.9 k@ai/ﬁ@leg The heat of adsorpiion of propeme was =2,19
keal/mole and the adsorptiom recction was endothermic. The heat of adsorptiom
of hydrogen was T.88 kcal/ﬁ@le and the reaction was exothermiec, The rate
expression for the hydrogenolysis of propame cam be represeubed ag

10 8 =2
5.78 z 107 exp(-28.9 x 10°/RT) PCSPHEQ

P o= :
(1 & 5,18 x 10 Coxp{7,95 x 103/&T)Pﬁg72 + 18,2 exp{~2.10 x 20°/27)Tcs ) 2
1/2
Pag
vhere ¢ T = Reaction temperature in absolute (%K)

107
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R - Gas constant ( 1.987 cal/(g mole)-~"K)

Pog = Partial pressure of propane {atm)
Pug © Partial pressure of hydrogen (atm)
and 1 - Rate of hydrogenolysis of propane (mole/g. cat.~ sec)

The anolysis of product distributions yielded a consistent description
of the mechonism. The mechanism involves e repid reversible asdsorption-
desorption of propane and a surfuce cracking reaction vhich is the slowest
step. The desorption of Cz and 03 adsorbed species were very much faster
than eracking., The hydrogemnolysis of propane was found to be fasier-then
the hydrogenolysis of ethane. The sdsorption rate of ethane was smaller

than the adsorpltion rate of propane. The activation energy of hydrogeroly-

sis of ethane was estimated to be 40,1 kcal/mole.
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APPENDIX A

Measurement of Pore Size Distribution and Specific Area

By Mercury Porosimeter

- The pore size distribution and the specific surface area of the
catalyst; 0.5 weight percent ruthenium impregnated on ¥ ~alunine were
measured by a mercury porosimeter { Micremetrics Instrument Corporation,
Hodel 900/910 Series ). The instrument operates on the prinmciple that
wercury exhibits an angle of contact with dthe cetalyst greater than 90°%; .
the mercury does not wet the catalyst, Thus an external force is required
to force the mercury into the pores. The mercury surface tension { 474
dynes/cm, at 25°C ) is the measure of this resistance. If pressure ?'is
imperted to the mercury, the force which tends to drive mercury into the
eylindrical pore is'ﬁrgP and the foree due to surface tension is 2Wrécess.

Egquating these two forces, gives

P = =24 COS@ ( Al )
r
where H ¥ = <the eylindrical pore radius

P = the angle of contaect
G = the surface tension.
The sample wes dried hefore placing into the sample cell., The.
pressure chamber was then evacuated and the mercury was allowed to
enter the cell. The pressure below atmospheric was obtained by slowly
ocpening the valve to the aitmosphere. Higher pressure wns genersted with é
hydraulic puwap. The snount of mercury penetrating the pores wos measured

by following the mercury level in the constant diameter tube of the

1i2
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porosimeter cell by a moveble electrical contact mechanism.
The pore size distribution for cylimdrical pores can be represented

as {41)

av ( a2)

{r) = =325

v g

where D{r) is the pore size distribution function., The right hend side
is plotted as a function of r from the data shown in Table {D1l). The

distribution curve gives the volume of pores which have a given radius, and

P dy
ds = T G5coad (a3)

For mercury&is 130° and G is 474 dynes/cm. at 25 C. Then

(vm ax

8 = 0,0225 ) P av ( 44)
0

where : P - opressure in psia.
V = volume in cc./gm.
and S = ospecific surface area in mg/gm.
’The integretion is obtained graphicelly from Fig. (al)

The average pore radius wes evalusted from {42)

2v

- Wax
roo= T3 (25)

whera Vmax ig the pore volume of the sample.
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APPENDIX B

Various Possible lMechanisns for the Hydropenolysis

of Propamne

Various mechanisms were proposed for the hydrogenolysis of propene,
and the Hougen-¥atson type of rate expressions.were derived from the
proposed mechanisms. The paresmeters in the rote expressions were obtained
by linear least sguares. The appropriate mechenism will be the one that
gives the smallest residual sum of squares and acceptablé paraneters.

The following is the derivation of the equetions from the proposed mechanisms.

{ 1) The proposed mechanism involves a dissociative adsorption of both-

hydrogen and propane in equilibrium and a surfece cracking reaction of adsorbed

hydrogen and C, species which is the rate determining step.

3
c __Em CH% nﬂ
3H8 e 3g_n+2 2
1 kH *
- H T i
o g —

C.H. * I cH + €I
gy + B s> e, + el

The fractional coverage of adsorbed hydrogen and 03 Species

can be repvesented as

1/2
8 | k-HP'H/
tos 1/2 Pog (51)
(1 + 12"+ g ;372)
i
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—n/2
ko3 Pea’r

and ‘e'ca = 1/2 PCS ( B2 )
(1 + TPy + kg ;137‘72')

H

If the rate determiving step is assumed to be the surface cracking

reaction, then

r = k GCSQH ( 383 )

I Pcoyglun)/2 ‘
or r = = : 5 ( B4)

1

/2 Pea
1 kIP k
( + 5 H + c3 ?g72)

{ 2) The proposed mechanism involves an initial adsorpiion of gaseous
propane, The cdsorbed 03 species gives off n/2 molecule of hydrogen on

the surface to form the reactive C_, species which gracks into adsorbhed C

3 2
apd El species. N
S TN *
Cals —— Gl
* ng 3
NN = N
CHy CHg -+ n/2 Hy
et s o, ot
3 8-=n “x t g y
* ’ 3
The surface coverage of C3H8 is
® e (5)
' = B5
c3 1+al?

c3
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If the surfece cracking reaction is assumed to be the rate determining

step, then

gﬁ:ke (BG)

. _ -n/2
vhere 6, = o @ .o P { B7)

Substituting equation (B7) end (B5) into (BG) obtains

P
Cﬁ.._._‘. P"n/z ‘ ( B )

(1+a B H

r = k

{ 8) The proposed mechanism involves adsorption of bydrogen and propane
on different sites. The initiel adsorbed C3 species gives off n/2 molecules

of hydrogen to form the reactive CS speciess The final 03 species reacts

with adsorbed hydrogen to form C1 and C, species.

2
c.n — c H*
38 g 38
..1:, H ___.,..}lu_ag H*
272 g
il
s e —
C % Collg , *+ n/2 H,
c * » % B#
3H8an + H D — CHx + 82 .
*
The surface coverage for hydrogen and CSHB are ¢
_ b 1.31/2
H 1/2
1+b PH ,
a P
. c3
8., = e ( B10 )
c38 1+a PC3

If the gurface reaction of adsorbed hydrogen and C, species is assumed to

3
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be the rste determining step, then

- I B11) -
r k 8,9, ( B11 )

~ mn/2
where 60 = kﬂceca PH

Substituting equabions (B12), (B9) end {R10) into eguation (Bll) yields

{ Bi2 )

r = k 1 775, Pos P§1-n)/2 ( 713 )
(1+aPc3) (l-a-b?H )
( 4) The proposed mechanism that has been tried is exmectly identical

to that proposed by Cimino et al., and it has been described in full length

in Chapter One. The rate iz expressed as

k -n/2

r = P L { B14 )
1+ I /2

B
Equation {B4) is rejected because the heat of adsorption for hoth
hydrogen end propane are endothkermic. Equations (B8) and (Bl4) are
rejected because the residual sum of sguares { in the order of 10n12 }

is large. Equation {B13) is umacceptable because the rate of adsorption

consbants evaluated are megative,



APPENDIX (€

Product Distribution Network

The resction metwork proposed for the hydrogenolysis of propane is
shéwn in Fig. { C1 ). BEach of the hydrocarbons wes essumed to adsorb
and desorb reversibly to preduce reactive species on the metel surface.
The adsorbed species were assumed to react irreversibly via the rupture
of one carbon-carbon bond to produce smaller adsorbed fregmemts. This
essumption is proper,; because the hydrogenclysis reaction is so highly
favoured thermodyammically {44) thet the reversed reaction does not ocecur.
Bach reaction wes assumed to be first order in the concemtration of the
hydrocarbon involved. The effect of hydrogen pressure was assumed to be
nearly constant at a given pressure and incorporated inte the wrate con-
stant. The corresponding rate constants are shown in Fig. { C1 ).

From the reaction network, the oversll rate of formation of propane

is
]
rg = My, + kA, { c1)
k?A
a3 T T %33 ( c2)
where rg is the oversll rate of formaetion of propane, Cy ard A, ore the
concentration of gaseous propane sand fractional coverege of 63 species,
The combinetion of eguation { €1 ) and { C2 ) yields
1]
=rg = kg, {cs)
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b Y K /(e + k)
where ¢ k3 &= ka 3 3 + 3

Since the hydrogenclysis reactions are equimolar, there

is no change in'volume and flow-rate between inlet and outlet. A

°8

propene mass bealance over the reactor yields

© ”
FC, = FC, + VG, (ce)
' ) " . :
or 03 = Ca + tkaﬁa ‘( c5 )
vhere Cé’ - concentration of propane in inlet
63 = concertration of propane in effluent
f = flew rate
v =  reacbor volume
t = reactor residence time ( V/F)
Prom the definition of conversion
)
X, 1= (cgfey). - (c6)
Reerranging equation { C5 ) obtains
kyt |
X = - C7
8 1+ Kkt ~ ( )
3 .
‘ x | |
or t = e , (cs)
Iy (1 = X,)
The overall rate of formetion of ethane is
]
rp = kLg o+ koh, . {co)
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adsorption rate constant
desorption rate constant

cracking rete constant

Fig.(C1)

Propane Hydrogenolysis Mechanism
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Koh 4 b ( c10 )
¥g = wRolg *+ Eghg )

where 3 v = the rate of formation of ethane
C_ = +the concentration of gaseounz ebhane

&2 = the congcembration of adserbed 62 species

Substituting equations { €2 ) end { C8 ) into equations { C9 ) and

( c10 ) yields

T LX 5]
- Te [ e
r, = Il O Cq { cit )
2" e
vhere ¢

" kgkg
kg = s n
kz + Iy

L1 kgks
0 s O+ b (L, = =SS 0} { cig)
2 g’z ¥ 3
g * kg

kg
c P
&
2 2
2 . 2 ( c13)
Ca I Xa
1 g ==
k3 ] = Xa

If the selectivily of ethame is defined as



i23

C, .
S, = 5 { c14 )
63‘ 5
Then g
%
k. 4+ It
2 2l
S, = - { c15 )
k,, Xg
I4+==
k, 1-Xg

The parsmebter, k;/ka + k;) @@rresp@ngs to relative rates‘aﬁ desorption
end cracking of adsorbed Cz species and k; ﬂ; is the m&tio'@f rate
constants of hydregenolysis of ebthame o propape. Since all the reactions
are assumed o be first order in the concembratiom of the hydrocarbon
igveived, Then k;/k; represents the relative hydrogenclysis rates of
ethone to propanee.

The methane selectivity cam be obtained from a cerbon halance ace—
ording %o

28, + S

0 ; = 38 { C16 )

In the previous development of equations, the hydrogen paritial
pregsures were asswied %0 be constent smd incorporated inte the rate
constenbs Another remction metwork was proposed and is shown im fige
{C2). AYl the surface reactioms were assumed to iuvelve an edssrbed
hydrocarbon epecies and an adsorbed hydrogen species., The desorption
resctions vere sssumed o be n/2 order in bydrogen for propame and m/a

order im hydrogen for ethame. =n and m represemts the number of hydrogen



mt@mé acguired by bthe adsorbed species on desgorpiion. The adsorption
rate wes sasumed to be independent of hydrogen. The adsorbed hydrogen
species was assuued to be proportional te 1/2 erder of hydregen partianl
Pressure.

Similay derivﬁ;ion/to the previous network leads to the selectivity

of ethane as

m/?
h me —
i/&
- hghg Pﬁq
(l nl/’ﬁs h\ E 1/2
h,.&.g of
h h, P
2 2 ’i"
B/2 | 1/2
1 . h2 PH.?;, - h. Pn«-‘) K&
b 1/2
/3 g " Heg 1-Xg
v /2 * _1/2
B3 Pa  * B3 Fo
vhich simplifies to
1
S& = # 1 9 m # ® 1 m vom o ( ci8 )
by o=% Babpghy F-% By F-7%) Zs
14—=FP + 2y 3y 2 s 2p2 &
' % ] 8 ] K
2 33 "2 2 3



1 R L
5 Hy = H

P n
: C3'|“2"H2
2 N mi.
—— O+

C'l T “1 ) Cﬁ‘l + %H'Z
-+ C% < HEN CE + Cﬁ
H + G > 2C]

Ca, 02, C - gaseous propane, ethane and methane

- .
02, C, = weadsorbed hydrocarbon species

3t 1
hi' -~ adsorption rate constant
4
hi - desorption rate constant
#*
h ~ cracking rate constant

#
H, end H - gaseous and edsorbed hydrogen

Fig.(C2)

Propane Hydrogenolysis Mechanism
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TABLE ( Al )

_ Hydrogemolysis Date at 2psie. and 120°C

Partial Pressure ( atm. ) Rate (X 107)
Hethane " Bthane - Propane Hydrogen moles
. g. catalyst - sec.
.2686  .1857 0794 .6022 4.150
" .2476 1724 .0628 .6532 3.545
«0412 .0358 .0319 1.027 1.110
.1026 <0779 .0668 .8886 2.875
<2277 .1628 .0782 6673 3,600
- .3188 .2080 0668 5425  4.810
.2190 .1580 .0672 .6919 3.204
-2694 .1851 .0626 .6190 3.620
2380 .1638 0472 .6877 2.760
-1873 .1220 <0447 8019 2.270
<1478 .1152 01165 .7566 40200
«2078 .1563 .1550 26170 6.830
- 2802 <2029 <1271 -5169 7.600
2391 .1701 .0627 -6640 8.430
.£231 .15¢2 (0578 - .6964 3,170
<4172 <2104 .0239 . 4846 2.340
.3092 .1864 0273 .6113 1.661
+1554 .1127 .0332 -8347 1.270
22202 1563 . 0490 .7105 2.130

« 1446 01084 «0483 «8347 1.770
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TABLE ( A2 )

Hydrogenolysis Data at 15psig. and 114.5°%

‘ Partiael Pressure ( atm. )  Rate (x 107)
Methane Ethane Propane Hydrogen moles
: g. catalyst - sec.

<1406 1277 <2536 1.499 1.360

1615 .1455 .2439 1.469 1.580
.1956 .1782 . 4562 1.109 2.588
.2835 .2521 5374 .9474 4,440
1562 1418 1727 1.550 9510
2008 .1810 J1172 1.522 7890
2502 .2342 2752 1.252 1.791
2386 .2134 1158 1.453 .8540
0978 0873 .0709 1.764 5070
1212 <1441 .1606 1.595 9070
0879 0756 .1085 . 1.749 .7612
2639 2390 .3788 1.140 2.510
0950 .0861 4392 1.400 1.794
.1853 .1687 .2841 1.382 1.531
1180 1055 .1855 1.608 1.118
.0776 .0653 .1164 1.761 8050
.1200 - .1087 .3966 1.395 2,195
1624 L1523 <5572 1.148 8.510
1657 1493 2544 1.451 1.518
1760 1568 2504 1.428 1.662
.1932 1750 4120 1.241 2.675
+1368 .1253 .2519 1.506 1.194
.3326 .3014 .4518 " 9346 3.399

«2431 «2220 «4310 1.124 2.606



~..128

TABLE ( A2 )

Hydrogenolysis Data at 20psige. and 126°C

[N

_ Partial Pressure { atm. ) Rate (X 107)
Methane Ethane Propane Hydrogen moles
: - - ge ceLalyst = sece

A

02287 « 2009 <2309 1.702 2,066
- 01875 21395 «2219  1.842 1.940
-1267 .1114 <1416 1.981 1.490
.1152 1022 1253 2.018 ' 1.180
22658 2318 1983 1.665 2.496
21787 .1572 2106 1.732 2.214
01480 1006 .58  1.958 1.403
+2606 2286 2070 1.664 C 2.477
«2703 <2453 02217 1.663 2.674
»1418 - 1268 .1924 1.900 1.698
1973 <1747 2453 1.743 2.370
1135 .1013 21657 1.980 1.450
<1452 1201 <2007 1.886 2.005
<0994 .0881 1205 2.044 1.320
0250 «0214 ,0210 . 2.203 02943
8823 2460 21997 1.633 2.670
<1487 <1265 00442 2.241 <5606
1327 »1183 00534 2.063 «6480
0878 0763 0538 2.143 6083
<2932 «2545 .1960 1.617 2.714
0368 -0314 0108 2.282 «2366
+3182 .2788 ,1886 1.575 3.040
02453 L2170 .2172  1.680 2.810

0842 2531 .2828 1.541 3.68
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TABLE { A3 ) (Continued)

7
Partial Pressure ( atm. ) Rate (X 10°)

Methane Ethane Propane " Bydrogen moles
ge catalyst - sec.

02571 - 2209 -3583 1.515 4,240

~4181 +3368 02870 1.289 4.502
01723 <1546 «2623 1.771 2.840
24065 ©3539 «2363 = 1.365 4,096
«3763 3350 2096 1.440 3.800
.3205  .2887 2273 1.515 3.145
«0609 +0548 1452 2.009 1.190
01258 e1119 02863 1.837 2.566
1685 JBI1 . .3966 1,645 3.810
<2899 2561 .3227 1.492 4.260
2500 22226 +3314 1.556 4.072
.2231 1981 22627 1.677 2.470
.3527 .3078 2462 1.454 © 8.520
e2474 02169 +2091 1.687 2.290
«1990 L1759 .6643 1.324 6.540
3281 «2870 «6267 1.119 8,690

« 3524 « 3085 05736 l.145 7.790
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TABLE ( A4 )
Hydrogenolysis Data at 40psig. and 144.5°C

Partiel Pressure ( atm. ) Rate (X 10°)
- Hethane Ethane Propane Hydrogen moles
) - ge. catalyst - mece

<4875 <4134 L1260 2.604 ' 3.897
<4778 3929 21113 2.739 3.878
6318 5165 -2532 2.319 8.960
8118 .6385 3335 11.937 13.88
.6538 5295 .2000 2,337 7.280
.8287  .6385  .1046 2.149 4.661
- 4756 .3052 L1150 2.735 3.800
-2891 +2460 .1273 8.059 2,856
3412 .2032 .2061 2.880 4.415
<5425 <4525 1965 2.530 5.075
«2995 -2527 -1206 3.048 3.184
.4603  .3836 - .1786 2,700 ' 4.871
7613 5757 1005 2,263 3.825
4402 .3721 - .2471 2,6617 6.853
.4086 4110 -1708 2.632 4,190
- 8905 .6858 4242 1.721 1 19.65
+9954 07474 +3483 1.631 17.74
- 8893 .8702 .3228 1.839 13,683
.7792  .6218 8549 2.065 9.250
8090 6282 2151 ~ 2,060 7.798
6605 5336 .1894 2.338 6.350
5157 .4281 1674 2,615 4.990
06449 4930 .0893 2.493 3.025
5310 - 4287 .1329 2.622 4.250
8721  .3103 .1630 2.876 4.638
4068  .4283 <1440 2,652 4.157
.4283 <3632 1176 2.812 3.550
. 7520 .5559 8170 . 2.006 11.67

-09545 27383 2047 1.824 10.06



Hethane

6922
- 4181
.8079
-6189
- 4402
29004
27440
4787
5153
4619
4101
4670
. 4847
.8649
«3950
.4314
5127
.8019
- 7943

TABLE { A5 )

Hydrogenolysis Data at 60 psig. and 147.5°C

Ethane

62560
3791
- 3684
5463
+4111
« 8084
6713
4385
04721
«4243
«3791
« 4304
4467

07694

3481
«3989
4711
.7331
<7191

Partial Pressure { atm. )
Propane

+3163

2973

«3511
<1692
-5183
«4360
«3425
4477
«3593
03440
04335
«4579
«5864
«3080
5630
« 7260
<4675

 +6489

«5793

Hydrogen

3.448
3,992
3,967
3,747
3,707
2,940
3.324
3.717
3.735
3.851
3.860
8.726
3.563
3.139
3.796
3.535
"8.630
2.968
2.989

moles

-130

Rate (X 107) :

4,265
80578
4,676
2.736
70441
8,428
8.587
6.666
4.201
40049
4.798
5.351
T.412
5.011
6.659

- 9.281

6.210
12.26
9.723

ge catalyst - sece



Methane

8665
-5064
2.674
1.276
1.708
1.191;.
9257
1.161
1.625
1.928
1.808
9831
2,893
1.785
1.488
1.699

Ejﬂrggeﬁolyﬁis Date at 80 psig. and . 150°C

TABLE ( A6 )

Ethane

« 7666
+ 4555
1.730
1.126
1.401
1.011
+ 8040
1.007
1.371
1.533
1.454
. 7834
1.602
1.478
1.304
1.450

Partial Pressure { atm. )
Prepane

<4155
«3505
1643
.5328
«4072
.8163
02757
<2577
.3305
«3002
<2809
.1623
.1134
.3068
.5366
- 4387

Hydrogen

4.3%4
5.130
1.873
3.529

2,931

3.931
4.437
4.017
8.090
2.681
2.899
4.514
1.836

- 2.783

3.114
2.855

Rate (X 107)
moles

g. catalyst = sec.

2.756
2.006
8.240
4.664
6.021
3.243
3.009
2.677
5.371
5.258
4.988
2.234
6.448
6.975
6.665
6.828
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TABLE ( A7 )

- Hydrogenolysis Date at 20 psig,

TEMPERATURE = 122.5°C

7
Partial Pressure ( atm. ) Rate (X 10°)

moles

Methane Ethane Propane Hydrogen Z. catalyst — sec.
1402 «1249 2472 1.848 1.320
+1036 « 0921 «2762 1.889 1.380
L1331 - L1185 2653 1.844 1.440
1320 «1173 «3092 1.802 1.710
«1435 1282 +3048 1.784 1.810
« 0956 «0843 «2290 1.9562 1.300

TEMPERATURE = 131°C

.1362 1135 .0754 2.035 1.210
.3217 .2705 .2120 1.556 4.340
.3753 .3163 .3052 1.364 7.050
3989 .3340 .2564 1.372 T 5.550
.3612 .3012 .2106 1.487 4.860
4509 .3678 1721 1.358 4.940
1759 1504 .1966 1.837 3.480
.4372 .3583 <1848 ~ 1.380 4.910
. 4065 .3352 .1846 1.434 4.630

«4126 «3404 «2710 1.343 6.960



Methane

«1105
+0722
«0796
«2556

<0790
«1157
1474
«1291
«1548

6679
.5924
.3628
.6341
5008
«2486

« 7167 -

6229
«3438
«6084

45205
+7669

Hydrogenolysis Data at 40 psig.

TABLE ( A8.)

Temperature = 126.5°C
Partial Pressure ( atm. )

Ethane Propane
«1008 «3807
«0655 +5035
0722 «8283
« 2370 <9072
Pemperature = 128°C
«0733 «3903
<1075 «6129
1366 «6103
«1206 +5563
«1447 7118

Temperature = 139°C

5786
<5087
3241
5496
.4443
.2199
.6129
5399
.3051
5206
4564
6397

«3993
2984
.3862
«3859
«4313
«3081
«3446
«3237
«5050
+6936

«8069
«3948

Hydrogen

3.012
3.202
3.066
2,230

3.179
2.885
2.808
2.915
2.709

2.075
2.322
2.648
2.152
2.331
2.945
2.047
2.234
2.567
1.899

2.126

1.920

Rate (X 107)
moles

ge ceatalyst ~ sec.

0923

<7470
1.000
2.410

«8590
1.422
1.540
1.360
1.790

6.440
4.610
4.634
6.090
6.676
3.607
6.680
5.500
5.530

"11.78
8.910
7.156

133 .
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TABIE ( A8 ) (Continued)

Temperature = 139°C

Partial Pressure ( atm.) Rate (X 107)

- Methane Ethane Propane Hydrogen moles
. ‘ g. catalyst - sece

<4982 4298 -3639 20420 4,900
8602 +3155 24000 2.645 4.825

Temperature = 13 7°C

-7308 «6043 .2528 2.134 3.526
«4130 .3598 « 4752 2.478 4.658
«8394 2984 <5299 2.553 4.883
<2687 2359 <4670 2,749 _ 4,250
«3557 «3100 04484 2.607 4.432

5597 «4778 «4432 2,241 5.084
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TABLE ( 49 )

Hydrogenolysis Dota at 60 psig.

Temperature = 152.5°C

Partial Pressure ( atm. ) Rate (X 10°)
Hethane Ethane Propane Hydrogen . moles .
: g. catalyst = seco

«5336 4558 <1276 3.965 3.168
+5905 5112 01997 3.781 4,948
+6144 5262 L1753 | 3.766 4.376
3374 «2804 0483 4,417 1.553
2714 2383 21016 4.470 2.861
«7831 <6845 2307 3.883 ° 6.010
7638 -6693 02734 3.375 7,100
<6215 5326 .1265 3.770 | 3.107
+3938 »3450 .1321 4.217 3.293
o TT5 <6819 e 4064 3.217 1201

+9680 8080 .2022 . 8.1083 6.850

Temperature = 132°C

«1453 21358 «8136 3.088 ’ 1.183

+1626 .1519 +5900 4.177 .8380
.1408 .1311 .4182 4.892 06197
«1616 .1514 « 7739 3.995 1.158
<0416 -0371 .3135 4,688 04724
.1021 0945 «9106 8.974 ’ 1.320
«1306 «1230 «8710 8.957 _ 1.301

Temperature = 130°C

21011 - «0985 1.213 3.674 1.500
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TABLE ( A9 ) (Continued)

Temperature = 130°C

Partial Pressure ( atm. ) : Rate (X 107)
Hethane Ethane Propane Hydrogen moles
' g+ catalyst - sec.

.1199 .1123 1.079 3.711 1.251
1814 ~.1692 1.101 8.621 ‘ 1.390
.1865 .1743 1.060 8.661 ’ 1.400
.2343 .2207 1.083 3.535 1.404
.2764 «2002 9584 3.587 1.329

%TVTemperature = 138°%

«8776 «3526 «8949 3.547 3.287

5473 .5092 6774  3.348 2.498
6798 .6210 .5925 3.198 2.245
.8385 7602 4751 3.001 : 2.510
1.033 9264 .3725 2,749 2.880
.2073 .2749 . 4004 4.109 1.415
<5661 5183 .8185 3.684 1.199
.1763 .1621 «2830 4,460 «8600
0798 .0727 .2843 4.691 7020

«2216 + 2058 +3344 4.320 1,050
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TABLE ( Al0 )

Hydrogenolysis Data at 80 psig.

Temperature = 147°C

Partial Pressure ( atm. ) Rate (X 107)
Hethane Ethane Prepane Hydrogen moles
ge catalyst - sece

8149 7628  .8658 3.999 4,088
6081 5721 6565 4.655 | 2,950
06391 .6062 09232 4,274 ) 3.876
5482 5199 .8987 4,475 8.453
3827 .3633 1.032 4.664 3.465
04214 .3981 7814 4.841 2.685
4909 <4658 1.708 3,778 6,720
1,042 .9702 1.024 3.420 5.286
»2841 2667 1.172 4.719 3.541
24374 4142 1.078 4.512 3,990
<1630 +1450 5740 5.561 2.244
«3550 -3376 9296 © 4.819 2,830
5605 5302 1,067 4.285 3.548

<4080 4877 1.006 4,471 3.160
Temperature = 131°%
+2016 .1933 1.488 4.560 6550

<2036 21933 1.549 4.496 «5890
«1862 «1754 1.887 4.194 « 7590
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TABLE ( Bl )

Hydrogenolysis Data at 128°C

Total Pressure Partial Pressure ( atm. ) Rate (X 107)
( psig. ) Hethane Ethane Proparne Hydrogen noles
e cate~50Ce

10 «4743 +3156 1143 <7760 5.564
10 4481 2098 .1233 8092 6.678
10 <4226 2830 1776 .7971 9.593
10 5442 «2952 .1648 6758 12.72
20 3697 .3168 3090 1.365 4.745
20 4395 3727 «3524 1.196 50645
20 <4100 +3491 2653 1.306 4.365
20 5307 4351 .2952 1.098 5.768
20 +3706 3149 .4133 1.262 6.322
20 «4159 3451 3017 1.298 5.103
20 8114 2731 4537 1.323 6.422
20 «3742 «3177 «3970 1.271 5.907
20 2370 2061 4580 1.460 5.608
80 3166 2913 <5662 1.867 3.433
30 4087 .3719 5078 1.752 3.593
30 .2877 <2643 .6146 1.874 3.425
30 «3220  .2056 +5045 1.830 3.761
30 4029 +3661 5331 1.739 4.036
30 - «2262 2080 6310 1.976 3.598
30 3923 3555 «5434 1.749 3.502
30 2068 .2728 .6295 1.842 3.759
30 4019 3634 5641 1.712 3.835

30 +3485 »3169 5255 | 1.850 3.472
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TABLE ( Bl ) (Continued)

Total Pressure Partial Pressure { atm. ) Rate (X 107)
. { psig. ) Methane Ethane  Propane Hydrogen moles
- ge cate=80Ce

40 -1723 J1604 7785 2.610 1.942
40 -1663 1567 7345 2,664 1.645
40 .1388 1278 .8525 2,603 2,073
40 4227 .3018 .8841 2.023 2.505
40 .2504 <2348 7896 2.446 2.070
40 .2021 .1890 .8551 2,475 2.150
50 1734 .1408 .8886 3.109 1.110
50° 1131 1078 9040 3.277 9250
50 .2359 2236  1.005 2.637 1,295
50 L1202 1140 -8820 3.285 1.011
50 1748 1655  1.010 3.052 1.824
50 21272 . «1206 9084 3.245 1.088
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PABLE ( B2 )

Hydrogenolysis Data et 139%C

Total Pressure Portial Pressure ( atm. ) Rete (X 107)
( peig. ) Methene Ethene Propane Hydrogen moles
~ 5 ge Cabo-8gECo

20 <7894 - 3056 0753 1.100 6.334

20 -5800 »3609 1839 1.236 10.23

20 6776 3508 2049 1.827 12.16

30 5224 +3980 1855 1.934 4,015
30 5410  .4032 1983 1.801 4,694
30 .7628 4941 1350 1.649 4.070
30 L6374 <4516 .1803 1.771 4.631
30 5680 4129 .2348 1.825 5,808
30 4516 3445 .3208 1.924 7,001
30 6279 - 4412 21937 1,978 5.428
30 6091 4443 1872 1.800 5.340
30 4741 -3628 .3363  1.868 7.600
30 4725 +3585 2947 1.015 4,853
30 5972 4324 -2475 1,764 5.550
30 5023 3749 .8424 1.821 7.050
30 4105 <3178 3971 1.915 7.584
40 <4331 3807 5120 2.395 4.716
40 4666 4071 5623 2.285 5.760
40 05120 . 4462 « 4469 2.316 4.026
40 8714 .3278 6162 2.406 5.209
40 7688 6240 « 4060 1.922 6.057
40 »3844 +3353 6776 2.324 . 6.656
50 »4102 3710 6065 3.014 2.777
50 2522 2320 6193 3,298 2.646
50 .2223 -2047 . 4569 3.518 2,219
50 2324 2122 .6655 3.292 2.730
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TABLE ( B2 ) (Continued)

Total Pressure Partial Pressure ( atme. ) Rate (X 107)
( psig. ) Methane Ethane Propane Hydrogen moles

ge cate—sec.

-

50 .1989 .1831  ,.6312 3.386 2.484
50 .3680 .3358 6215 3.077 2.515
50 «4745 4296 .5678 2,930 2.913
50 +4679 04217 «5229 2.989 2.393
50 +2903 «2667 <7086 3.135 2.870
50 .2729  .2491 «7430 3.136 3.122
50 <4476 +4032 « 7209 2.830 3.616
50 4309 .3886 5002 2.992 2.900
60 «4294 ° .4040 <9579 3.290 2.932
60 +2200 +2068 .9223 3.732 2.040
60 " +3638 +3405 .8674  3.511 2.179
60 .2827 «2180 «9040 3.717 2.208
60 .1840 .1723 1.107 3.617 2.757
60 +2876 -« 2678 1.173 3.353 3.301
60 «4055 «3760 .8136 3.486 2.223

60 «3659 «3415 «8319 3.542 2.162
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TABLE ( B3 )

Hydrogenolysis Data et 143.5°C

Total Pressure Partial Pressure ( atam. ) Rate (X 107)
( psig. ) Methene Ethane Propane Hydrogen moles
g cat.-sec.

40 5984 5072  .2605 2.355 5.640.
40 5731 .4927 3576 2.208 7.230
40 .6862 .5753 3044 2.185 7.271
40 7148 <5069 «3029 2,107 6.959
40 5258 .4521 3297 2.414 5.804
40 «5642 « 4957 « 4768 2.164 9.694
40 6802 5608 .4369 2,043 9.177
50 5007 +5308 5458 2.734 5.880
50 7201 .6382 4974 2.546 7.202
50 . 4996 . 4546 .6840 2.766 6.763
50 .6313 .5651 5277 2.697 5.843
50 .6686 5051 5070 2,631 5.935
50 .4798 4344 7183 2.774 7.130
60 5072 <4685 «6317 3.473 4.132
60 . 48889 .4523 .7419 3.398 4.760
60 .4380 « 4050 5371 84702 3.228
60 .5346 .4946 6601 3.395 4.346
60 .3425 .3181 <1714 3.650 - 4.412
60 .3776 8511 .7180 3.634 4.347
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TABLE ( B4 )

Hydrogenolysis Data at 148°%C

Total Pressure Partial Pressure { atm. ) Rate (X 107)
{ psige ) Methane Ethane Propane Hydrogen moles
e cat.—sec.

.9173 6397  .1124 2.051 6.283

40
40 1.085 .7252 .1574 1.754 10.60

40 1.243 . 7059 .0852 1.688 7.513
50 <9045 .7196 «2434 2.536 7.884
50 1.020 8015 « 2086 2.371 6449
50 .8662 «7051 «2579 2.572 8.399
50 1.251 8688 .1184 1.163 5.050
50 1.086 6307 +3037 2.881 10.96

50 1.345 +9234 1580 1.971 7.736
50 1.067 .8085 J1791  2.347 6.551
60 «7048 +6189 +4502 3.307 6.135
60 .7912 .6855 <4110 3.194 6.045
60 «8857 o T511 «3146 3.135 4,764
60 <6459 5691 <5778 3.289 7.699
60 8700 7404 .3222  3.149 5.025
60 .6728 5874 <4741 3.347 6.544
60 .6820 5966 <4426 3.361 6.279
70 .0174 .8201 5382 3.477 5.340
70 .8931 8101 5289 3.530 4.718
70 .6315 5785 .6638 3.889 | B.324
70 .8182 .7421 4650 3.737 4.312
70 5566 5186 «6960 3.991 4.869
70 <7571 «6937 +8080 3.502 6.876

70 <9317 «8401 « 7070 3.283 7.856
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TABLE ( B4 ) (Continued)

Total Pressure Partial Pressure ( atm. ) Rate (X 107)
(  psig. ) Methane Ethane  Propane Hydrogen moles
' ge cat.=sec.

70 4656 «4281 7975 4.071 5.932
80 5573 5192 . 7467 4,555 3.573
80 «4419 .4123 .6848 4.903 3.215
80 .7369 «6784 .6036 4.423 3.394
80 7277 +6578 4903 4.576 2.580
80 5476 5122 «9361 4.446 4.621
80 5341 44986 1.370 4.039 6.986
80 5991 +5553 .8794 4.408 4.044
80 .8810  .7660 «6887 4,157 3.887
90 .3868 .3682 1.105 5.261 2.590
00 4088 3875 1.363 4.962 3.428
90 6966 <6567 8996 4.870 3.054
90 .4943 «4601 «4001 5.767 1.366
90 .3433 . .3319 +7158 5.731 2.361
90 «3490 +3298 8511 5.503 2.677

80 * 4252 «3996 « 6211 5.677 2.090
90 04444 «4209 1.876 4.881 4.773
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TABLE ( B5 )

Data for Pressure Dependence of Rate

0,05 MI/SGCQ
0.01 cans/'ﬂ2 )

Flow Rate 3.041
Flow Ratio = 0.22

i+ 1+

Temperature = 128°C

Total Pressure Partial Pressure ( atm. ) Rate (X 107)

“( psig. ) Methane Ethane Propane Hydrogen moles
' ge cate=sec.

10 «3134 «2429 «1183  1.006 5.020
20 .2212 .1959 «2970 1.646 2.686
30 «2247 «2047 «4546 2,157 2.195
40 #1667 | .2244 .6738 2.686 1.510
50 «1624 «1505 +8319 8.257 1.020

60 «0976 «0879 « 7932 4.103 "« 5470

Femperature = 138 e

20 «6307  «3819 1142 1.237 6.284

30 5410 4032 .1983 1.808 . 4.694
40 5120 4462 «4469 2.316 4,026
50 «4309 .3886 5902 2.993 2.900
60 «3659 3415 .8317 3.542 2.162

Temperature = 148 c

40 .9173 .6397 124 2,051 . 7.404

50 1.020 .8015 .2086 2,371 64450
60 8699 7404 .3222 3.149 5.02
170 .8182 .7421 4650  8.737 4,312

80 7810 6784 .6036 4.423 3.394

90 6966 «6567 8996 4.870! 3.054



TABLE ( C€1)

Product Distribution Data at 2 psig. and 120°%

Fractional Conversion Selectivity

of Propaune Yethane Ethane
0.6226 1.168 0.9162
0.6064 1.178 0.9100
0.7654 1.3197 0.8401
0.7287 1.259 0.8705
0.7587 1.254 0.8731
0.5411 1.057 0.9521
0.7641 1.838 0.8311
0.7023  1.285 0.8827
0.7558 1.302 0.8492
0.7263 1.228 0.8860
0.7730 1.264 0.8682
0.3520 1.065 0.9680
0.2300 1.054 0.9730
0.6457 1.248 0.8758

0.4531 1.105 0.9451
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TARLE ( C2)

Product Distribution Data at 30 psig. and 130°C

Fractional Coversion Selectivity
of Propane Hethane Ethane
0.4916 1.078 0.9611
0.4408 1.075 0.9628
0.4400 1.071 0.9645
0.3413 1.070 0.9652
0.3355 1.072 0.9639
0.7047 1.104 0.9479
0.6226 1.092 0.9541
0.5763 1.085 0.9573
0.5132 1.097 0.9517
0.4714 1.081 0.9593
0.4608 1.074 0.9300
0.5052 1.077 0.9617
0.5318 1.081 0.9597
0.4708 1.079 0.9606
0.5558 1.095 0.9530
0.5287 1.087 0.9563

0.7141 1.131 0.9361



TABLE ( €3 )

Product Distribution Data at 80 psig. and 150°C

4

Fractional Conversion
of Propane
0.6581
D.5741
0.9256
. 0.4609
0.6882
0.7784
0.7721
0.7539
0.8150
0.8472
0.8484
0.8397
0.5028
0.7993
0.7179
0.7775
0.5572
0.8228

. Selectivity
Methane Ethane
1.083 0.9584
1.072 0.9641
1.308 0.8462
1,069 0.9656
1.085 0.9576
1.108 0.9460
1.112 0.,9441
1.096 0.9519
1,116 0.9419
1.158 0.9209
1.150 0.9250
1.157 0.9217
1.072 0.9638
1.129 0.9353
1.090 0.9550
1.108 0.9459
- 1.077 0.9680
1.127 \0.9360

148
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TABLE ( C4 )

Product Distribution Data at 40 psig.

o

Reaction Temperature Fractional Conversion Selectivity

{ co : of Propane - Hethane Ethane
139 0.8170 1.162 - 0.9193
139 0.6037 1.098 0.9511
139 0.6426 1.104 0.9480
139 0.4660 1.077 0.9617
139 0.5996 1.098 0.9513
139 : 0.5194 1.094 0.9532
139 . 0.6527 1.107 0.9466
139 0.5377 1.089 0.9555
139 0.6368 1.098 0.9513
139 0.4285 1.084 0.9581
139 ' 0.3864 1.081 0.9594
139 0.6334 1.124 0.8378
139 0.5543 1.108 0.9496

- 139 0.4524 1.090 0.9549
139 0.4159 1.097 G.9514
139 0.7193 1,130 0.9348
139 , 0.4427 1.094 0.9530
189 0.3706 1.088 0.9562
139 0.3460 1.089 0.9557
139 0.4204 1.094 0.98532
139 0.5326 1.108 0.94060
139 0.8638 1.194 0.9030
139 0.7525 1.147 0.9265

> 139 0,3605 1,082 0.9605
144.5 0.5326 1,108 0.9460

144.5 0.6867 1.139 0.9307
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TABLE {( C4 ) (Continmed)

Reaction Temperature Practional Conversion Selectivity
{co of Propane Hethane Ethane
144.5 0.5751 - 1.126 0.9370
144.5 0.7397 1.145 0.9274
144.5 _ 0.7619 1.175 0.9125
144.5 0.7525 1.167 0.9165
144,5 0.6036  1.142 0.9291
144.5 0.7157 1.149 0.9254
144.5 | 0.6151 1.115 0.9425
144.5 0.7257 1.156 0.9222
144.5 0.5010 1.118 0.9413
144.5 0.6500 . 1.141 0.9311
128 ‘ 0.1379 1.039 0.9807
128 0.3446 1.044 0.9779
128 0.1788 4 . 1.040 0.9798
128 0.2331 ' 1.043 0.9783
128 0.1841 1.045 0.9776
128 043943 1.045 0.9777
128 0.4554 1.047 0.9763
133 0.3548 1.062 0.9692
133 0.4286 1.061 0.9693
133 0.5556 1.072 0.9640
133 0.6377 1.072 0.9638
133 0.6845 1.087 0.9565

133 0.7183 1.004  0.9531
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TABLE ( C5 )

Product Distribution at 30 and 50 psig.

Pressure = 30 psig.

Reaction Temperature " Practional Conversion Selectivity
( c9 of Propene Methane Ethane
135 0.363 1.106 0.9471
135 0.5556 - 1.138 0.9310
135 0.6364 1.153 0.9232
135 0.6875 : 1.180 0.9111
185 0.5885 1.104 0.9460
128 ' 0.3461 1.056 0.9719
128 0.4307 1.064 0.9681
128 0.3069 1.057 0.9713
128 0.3386 1.058 0.9710
128 0.4151 1.065 0.9676
128 0.2533 1.057 0.9716
128 0.6520 1.107 0.9467
128 0.4036 1.067 0.9666
128 0.3085 1.057 0.9713
128 0.4001 1.068 0.9661
128 0.3839 1.064 0.9678
139 0.5424 1.188 0.9062
139 0.7222 1.247 0.8764
139 0.5432 1.186 . 0.9072
139 0.5737 1,192 0.9041
139 0.6632 1.226 0.8873
139 0.4675 1.177 0.9113

139 0.6150 1.208 0.8961
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TABLE ( B5 ) (Continued)

Pressure = 50 psig.

Reaction Temperature - Fractional Conversion "Selectivity
( co of Propane Hethane Ethane
128 ‘0.1195 1.086 0.9819
128 0.1847 1.036 0.9820
128 0.1163 1.035 0.9823
128 . 041191 1.036 0.9821
128 0.2671 . 1.038 0.9813
128 0.1430 1.035 0.9826
139 ’ 0.4364 1.073 0.9636
139 0.3877 1.068 0.9660
139 0.2475 1.062 0.9692
139 0.3580 1.062 0.9691
139 0.4391 1.067 00,9663
139 0.4553 1.071 0.9648
139 ' 0.2794 1.089 0.9706
139 0.2570 1.062 0.9692
139 0.3670 1.071 0.9645
139 0.4059 1,070 0.9650
139 0.5459 1.077 0.9610
148 , 0.7624 1.158 0.9211
148 0.8074 1,167 0.9168
148 0.7463 1.142 0.,9292
148 0.8332 1.193 0.98036
148 0.8709 1.230 0.8850

148 0.7333 : 1.131 0.9346



TABLE { C6 )

Product Distribution Data at 60 psig.

Reaction Temperature
(c9)

141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
141.5
147.5
147.5
147.5
147.5
147.5
147.5
147.5
147.5
147.5

Fractional Conversion

of Propane

0.1455
0.2086
0.2431
01667
0.1260
0.0645
0.0962
0.1850
0.1440
0.4352
0.5182
0.6234
0.7208
0.4136
0.6302
0.3702
0.6156
0.4674
0.3869
0.6719
0.5172
0.7712
0.6581
0.6700
0.5762
0.4732
0.4915
0.4393

Selectivity
Hethane Ethane
"1.049 0.9756
1.046 0.9771
1.048 0.9761
1.044 0.9781
1.041 0.9797
1.049 0.9754
1.044 0.9779
1.047 0.9765
1.046 0.9772
1.049 0.9757
1,051 0.9745
1.066 0.9668
1.074 0.9632
1,053 0.8736
1,060 0.9702
1.057 0.97186
1.062 0.9690
1.047 0.9765
1.050 0.9751
1.069 0.9655
1,058 0.9712
1.085 0.9575
1.078 0.9635
1.070 0.92652
1.060 0.9704
1.053 0.9735
1.055 0.9724
1.055 0.9724

153
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TABLE ( €6 ) (Continued)

Reaction Temperature Fractional Conversion Selectivity
(°c) of Propane Methane Ethane
144.5 0.7224 1.080 0.9603
144.5 0.3640 1.053 0.9736
144.5 0.5002 1.057 0.9714
144.5 0.5623 1,067 0.9663
152.5 0.7907 1.108 - 0.9462
152.5 ' 0.7292 1.098 0.9509
152.5 0.7602 1.106 0.9471
152.5 0.8611 1.127 0.9365
152.5 0.7104 1.088 0.9558
152.5 0.7566 1.092 - 0.9542
152.5 0.7194 1.090 0.9551
152.5 0.8163 1.105 0.9473
152.5 0.7323 1.090 0.9550
152.5 0.6377 1.089 0.9554
152.5 0.8099 1.124 0.9381
137 . 0,2250 1.042 0.9790
187 048751 1.049 0.9761
137 0.3865 1.058 0.9709
137 0.4152 1.055 0.9732

137 0.4413 1.068 0.9661
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JTABLE ( C7)

Product Distribution Data at 128°C

Reaction Pressure Fractional Conversion ‘Selectivity

( psig. ) of Propane Methane Ethane
20 0.5285 ‘ 1.113 0.9436
20 0.6127 1.137 0.9318
20 0.4465 1.111 0.9443
20 | 0.5500 | 1.128 0.9360
20 ‘ 0.3865 1.089 0.9554
20 0.4589 ' 1.113 0.9437
20 0.3209 : 1.095 0.9524
20 0.4152 1,009 6.0505
20 0.5943 1.130 0.9352
40 0.1379 1.039 6.9807
40 0.3446 1.044 0.9779
40 0.1788 1.040 0.9798
40 0.2331 1.043 0.9783
40 0.1844 1.045 0.2715
40 0.3943 1.045 0.9777
40 0.4354 1.0474 0.9763

*#% Dgta at 30 and 50 psig. can be found in Table { C5 ) ##x
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- PABLE ( €8 )

Product Distribution Date atl 139°C

Reaciion Pressure Fractional Conversion Selectivity
( psig. ) of Propane Methane Ethane
40 0.6039 1.100 0.9499
40 0.4375 1.088 0.9561
40 0.4316 1.093 0.9535
40 0.5116 : 1.094 0.9531
40 0.3571 1.085 0.9576
40 ' 0.2871 1.085 0.9571
60 0.1863 1.042 0.8792
60 0.2865  1.045 0.9776
60 0.1978 1.044 0.9780
60 0.1373 1.044 0.9779
60 0.1896 1.048 0.9759
60 0.3217 1.051 0.9745
60 0.2960 1.0465 0.9767
60 0.3310 1.052 0.9740
60 0.4811 1.053 0.9749

*x%% Data at 30 and 50 psige. can be found in Table ( €5 ). ***x
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TABLE ( C9)

Product Distribution at 142°%

Reaction Pressure Fractional Counversion Selectivity
( psig. ) of Propane Methane Ethane
40 0.6736 1.113 0.9435
40 0.5923 1.103 0.9484
40 0.5011 1.103 0.9485
40 0.5242 1.112 0.9438
40 0.5789 _ 1.133 0.9337
50 0.5023 1.073 0.9638
50 0.4071 1.064 0.9618
50 0.5268 1.075 0.9624
50 0.5500 1.079 0.9604
50 0.3866 1.067 0.9663
60 0.2973 1.050 0.9751
80 0.8339 1.048 0.9755
60 0.4325 1.054 0.9733
60 0.3850 1.053 0.9737
60 0.4365 1.053 0.9735

60 0.4349 '1.053 0.9737
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TABLE ( C10 )

Product Distribution Date at 148°C

Reaction Pressure Fractional Conversion Selectivity
( psig. ) of Propane ‘ Methane Ethane
60 0.5899 1,089 0.9558
60 0.6368 1.098 0.9511
60 0.7168 1.113 0.9436
60 0.5072 1.086 0.9570
60 0.7086 1,110 0.9445
60 0.5650 1.092 0.9538
60 0.5854 1.091 0.9545
70 | 0.6147 o 1.069 0.9658
70 0.6130 1.066 0.9670
70 0.4732 1.059 0.9704
70 0.6227 1.066 . 0+9670
70 0.,4693 1,059 0.9705
70 0.5519 1.059 0.9711
70 0.355¢ 1.058 0.9717
80 0.4160 1.091 0.9545
80 0.3814 1.047 0.9766
80 0.5803 1.089 0.9705
80 0.3589 1.045 0.9775
80 0.2714 1.046 0.9769
80 0.3932 1.051 0.9744
80 0.5335 1.055 0.9725
20 0.2245 1,036 0.9820
90 0.4269 1.040 0.9802
20 0.5404 1.048 0.9758
20 0.2831 1,038 0.92809
90 0.3965 1.041 0.9791
90 0.2370 1.034 0,9817
20 0.5913 1,046 0.9770

#%% Data at 50 psig. can be found in Table ( C5 ) . *xx



Applied Pressure
(psia)

0.5
1.0
7.3
4000
5800
6500
7000
8000
9000

10000
11000
12000
14000
16000
18000
20000
22000
24000
26000
28000
30000
32000
34600
36000
38000
40000

TABLE ( D1 )

Porosimeter Datla

‘Pore Diameter

(microns)

176.76
88.38

12,10 -

22,10
15.24
13.60
12.60
11.05
9.82
8.88
8.03
7440
6.30
5.52
4.91
4o42
4.02
3,68
3.40
3.16
2.95
2,76
2.60
2.46
2.33
2.21

10
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10~
10~

1078

1072
107
10”3
1073
10~
107
1073
10™3
10
10~
10~
1072
10”
10~3
10°
10~
10

1078

1073
-3

Volume of Pores
(cc/em)

0.
0.,00659
0.00034
0.0335
0.0412
0.0544
0.0654
0.1555
0.1620
0.1686
0.1747
0.1813
0.1928
02049
0.2186
0.2346
0.2516
0.2834
0.3054
0.3279
0.3411
0.3483
0.3537
0.3559
0.3587
0.3598

Ao





