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The hydrogenolysis of propane over 0.5 weight percent ruthenit~J 

supported ont-alumina in a continuous stirred-tank catalytic reactor 

was studied at various pressures and temperatures. _ 

The reaction orders with respect to prope.ne and hydrogen and the 

activation energies were examined nt various pressures. A mechanism 

was proposed and a Hougen-Watson t~Te of rate expression was obtained 

from the analysis of the proposed mechanism. 

The product distributions were studied at various pressures and 

temperaturese A reaction network involving reversible adsorption-desorp""" 

tion of the hydrocarbons and irreversible rupture of the carbon-c~rbon 

honda in the sut~face species was appli.ed to the experi~erttal data. 

The proposed mechanism was consistent with the data for kinetics 

and selectivityo 
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1" 1 General 

CHAPTER. ONE 

INTRODUCTION 

Many studies haYe been made on the hydrogenolysj s of sma.ll para

ffinic hydroca,rbons over supported ruthenium at atmospheric pressures 

and the ro.te wa.s found to be inversely proportional to hydrogen pres

sure" As pointed out by Kempling (I), the re .. te of hydrogenolysis de

creased as total preE":sure in.crea.sed, and a single power rate equation 

fa,iled to correlate the ro..tes at different pressures. Thus, t.he pur

pose of this investigation was to determine the pressure dependence 

of hydro~;enolys:i s of propane to gain an insight into the nature of the 

mechanism by examinit~ both the rates of reaction and the product 

distributions at various pressures. 

The co.talyst used for these studies wns 0.5 weight percent ruth

enium impregnated on ¥-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) wn.s used because it provided a simple and direct analysis of 

data.. Tbe reactor ho.d the essential features that approach an ideal 

reactor, and the de,ta acquired are differential so that complicated 

mathematical procedures could be avoided. This reactor opera,ted over 

1 
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~ wide ~ange of conversions so that the ®ffeets of the analytical errors 

are minimizedo 

1 o 2 Hyctrogeno lysis of Hydrocarbons 

Tb.e earliest !'eported in.vestigatiorns of' the kinetics and mechanism 

of hydrogenolysis of simple hydroca~lwns appear to be those of Taylor 

and associates (4,5), The reaction of ethane on Tiickel and cobalt 

and propane on nickel disclosed the main features of t.he kinetics of 

hyd:rrogenolysis~ the reate ha$ a. surprisingly lo.xrge inverse depen-

dence on hydrogen pressure. A furthe~ study on deuterium exchange 

reactions revealed t:1lat the adsorption=desorption reaction is at equi-= 

carbon bonds. 

A mecha,ni sm for the reaction was proposed by Cimino~ Boudart 

and Taylo~ (6)e According to their analysisw the mechanism involved 

a dissociative adsorption of the hyd~ocarbon to form an unsaturated 

su~face species which was in equilibriQm as 

C H * + a.H2 nx 

where a = { n + 1 - x / 2 ) and C H * represents the adsorbed radicals nx 

which react with hydrogen to rupture the ce.rbon-carbon bond. 

C H * + He1, 
n x "' 

--------~) C H * + C H * n-my mz 

The last step is slc1w and the adsorbed lower hydrocarbon species may 

desorb or react with hydrogen to become lower .hydrocarbons. Because 

the slowest step is ·postula.ted to be tbe surface reaction, the 

Langmuir kinetic treatment can be applieda The fraction of the surface 



covered by C H * will be nx 

'\\fhere: e fx--actional surface coverage 

( 1.1 ) 

k equil i.brium constant for dissociative cb.emisox-ption 

For intermediate strengths of adsorption~ the relationships over 

~& limited range of pr•essure may be a.pproJ.d.mated by 

Since the rate determining step is the splitting of carbon-carbon 

bonds, the overall rate is given by the expression 

· Substituting equation ( lo2 ) into equation ( lt~3 ) gives 

kP np 1-na. 
r = e H 

which is a power rate equation, or if equation-( lol) is substituted 

into equation ( lo3) instead of equation ( lo2 )v then 

( lo5 ) 

( 1 + k P /PHa ) 
c c 

which is a. Hougen- Viatsontype of rate expressiono 

The rate expre~;sion indicates the hydrogen order depends on "na" e 

Since the adsorbed hydrocarbon is usually highly unsaturated ( a> 1 ) 

but relatively weakly adsorbed ( n~ 1 ), the hydrogen power is usually 

nega-tive. 

3 



There are mo~ny polemics upon the proposed mecha.nism" As reported 

by Anderson and Baker:" ( 7), for the hydrogenolysis of saturated hydro

\Carbons over evaporat.ed nickel films"· the desorption of methane ra·t.t1er 

tha,n the rupture of carbon-carbon bonds on the surface is the slowest 

4 

step., The same conclusion is reached by tue·e:xperiruent (8) of the ad

sorption and desorption and subsequent hydrogenolysis of several b.yclro

carbons over supported nickel. However, from the deuterium exchange 

reactions, the excha.t:~e of deuterium witb hydrocarbons occurs at a much 

lower temperature tha.n those required for hydrogenolysis (9,10). Tuere

tore, the rate determining step should be th.e rupture of carbon-carbon 

bonds, and this statement is further justified by Cuczi et al. (11,12) who 

found that the hydrogenolysis rates for hydrocarbons of different structures 

e.re different, although in all cases the final product is methane. 

Thus, methane desorption is not the rate controlling step or else the 

rates should be the same. 

Though the mechanism proposed by C~ino etc al. has been critized 

because-it does not allow for the competitive adsorption of hydrogen {13) 

or the reaction products, it has been widely used for its ability to 

explain the strong inllibitory-effeet ot hydrogen on the reaction ra,:tes. 

It has been used succ(9ssfnlly for most kinetics of hydrogenolysis of 

hydrocarbon except to~ ethane hydrogenolysis over cobalt (14) and iron 

( 15). The a.ppl ica.tiOEl. of powel"' rate la.w to data. for the reaction over 

cobalt yields hydrogen exponents varying from -1 to 0 with increasing 

t3mperature and over iron catalyst th~ hydrogen exponent is poaitive. 

The reversible dissociative adsorption mechanism cannot explain the 

p@sitive power. Desot~tion ot methane may be the rate controlling step. 
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OCemball (16) s~udied the deuterium exchange reaction of hydrocarbons 

~n iron catalyst ~nd found that CD4 is the main product. This again 

ju.stifies the postulate that the desorption of methane is rate determining. 

The hydrogenolysis of ethane over various metal catalysts has been 

atudied by Sinfelt and co-workers (17,18 1 19) a.nd bas been reviewed by 

Sinfelt {20). The hydrogenolysis of hydrocarbon in a Carberry reactor 

over impregnated-ruthenium on t-alumina was first studied by Tajbl 

(21 1 22) for tbe hydrogenolysis of ethane and propane. Further studies 

of hydrogenolysis over a similar catalyst in a Carberry reactor were 

made by Kempling (23 1 24). Table (1.1) is a summary of kinetic parameters 

~btained by Tajbl and Kempling. The table includes the activation energy, 

the orders with respect t~ hydrogen and hydrocarbon~ and the calculated 

degree of unsatura.tic,n of the adsorbed hydrocarbons. 

Since the hydrogenolysis of paraffins results in a mixture of 

siaa.ller saturated hydrocarbons,.the initial fragments except.the c1 

species can crack further into smaller products. Kempling reported that 

for hydrogenolysis of n-butnne over impregnated ruthenium, the selectivity 

which defines as the tendency of a catalyst to produce a particular 

product. is relatively independent of temperature and is not a function. 

~f total pressure. The yield of propane decreases with increasing 

conversion, while methane and ethane increase with increasing conversion •. 

For tbe hydrogenolysis of propane (25) and n-pentane (26) on nickel 

catalyst, higher temperature a.nd 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 

approach unity and that of ethane becomes small at lower temperature. 



TABLE ( 1.1 ) 

Hydrogenolysis Da.ta ( 0.5 Weight % Ruthenium On d--Alumina. ) 

Hydrocarbon 

Ethane 

Propane 

n-Buto.ne 

I so butane 

Isopenta.ne 

Nee-pentane 

Temperature 
·(oC) 

160-220 

140-170 

85-125 

- 105-130 

90-120 

125-153 

k. t Pre-exponential Factor 

a : Order of hydrocarbon 

Log A Eact 

39.08 . 42 

36.85 35.8 

22.17 48.1 

13.63 36.2 

19.59 43.2 

16.94 43.5 

Reaction Orders Hydrogen Reference 
(a) (b) Atoms Lost 

(n) 

·1 .;..2 6 19 

'1. -1.5 5 19 

0.91 -1.34 5.2 20 

0.74 -0.66 4.4 21 

.. 
. 0.68 -1.07 6.0 22 

.. Q.89 -0.87 4.2 23 

.i ~ I 

E t : ac 
Activation Energy ( Kcal/mole } 

b : Order of Hydrogen 
0) 



'1 

The &llOunts of methane a.nd ethane increase as tecpero.ture increases. 

A reaction network was proposed by Keopling et. al. and is sbor.n 

in fig. (1.1) for the hydrogenolysis of n-butane. The network included 

reversible adsorption and desorption of ea.cb-bydrocn.rbon,and irrever-

sible rupture of carbon-carbon bonds in the adsorbed species. All of the 

steps of the process were coupled, i.e., no single rate d_etermining 

step wn.s assumed. If each of the reactions wo.s assumed to be first order 

in the hydrocarbon species involved, then when the ne~work is applied to 

. the. continuous. stirre~d t.ank cattLlytic reector, the selectivities could be 

e:xpre ssed a.s 

( 1 .... F) (It I/( k * + k ')) 3 3 3 

1 + k " /Jr. " (X /( 1 - X ) ) 3 j 4 4 4 

( 1.6 ) 

= 
( 1 - F- S )(k •/(k * + k ')) 3 2 2 2 ( 1.7 ) 

4 ( 1.8 ) 

where : si the moles of hydrocarbon containing i carbon n.toms 
. ~ . . . 

produced per mole of butane reacted. 

x4 fractional 'conversion of n-butane. 

k. rate constants defined in· fig (1.1). 
1 

Similar reaction netwc~rks have als_o been successfully nppl ied to hydro-

genolysis of propane, neo-pento.ne a.nd iso-penta.ne (1). 

le3 The Reactor 

For laborato~ studies of heterogeneous catalysis to obtain kinetic 

equations, it is imperntive that the information derived accura.tely 

reflects steady sto.te activity and selectivity. To obtain.the n~ost 



·B .. 

k: c; C4 " 
v 
~ 

k3 

Ci c3 ki . 

k2 

Ci Cz . 
k~ 

-

c~ 
kt c: - ki 

: 

I 

(1-F) cfJ Ci :; + 
• k~ . C4 

F 2C~ 

C3 
k; c; + Ci -

Ci 
kj 

2Ci -

ctt .. c3, c2, cl - gaseous butane, propane., ethane, and methane 

• * • c* - adsorbed hydrocarbon C4, CJ, c2, 1 species 
-

k1 - adsorption rate constant 

I 

ki - desorption rate constant 

k* 
i 

- crackin~ rate constant 

F - fracti<lna.l split factor 

" * * ' ) k. = k.k./( k. + ki 
1 l. 1. 1 

-
Figure 1.1 N-BUTA:NE HYDROGENOLYSIS MECHANISM 
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accurate re.te equation, the observed dnta should involve a minimt't.n of 

transport effectso 'I"he situation is approached for heterogeneous cata

lytic reactions by laboratory differential reactors operated at high 

fluid velocities with a fixed bed of small particles. Small particles 

ensure that intra-particle temperature and concentration gradients are 

negligible while high fluid velocities eliminate fluid-to-particle temp

erature and concentration differences (27)w The catalyst bed should be 

isothermal because reaction ra.tes are usually strongly dependent ou temp

erature in a non-linear mannero A simple and well characterized flow 

pattern should prevail, and the flow pa~tern should be either of the 

piston type or thoroughly stirred type (28). 

There are various types of small experimental reactors including 

sta.tic and :flow, i nte~gral and differential. As stated by Carberry, " an 

ideal reactor is one that operates isothe~ally over a wide range of 

conversion in the steady state with respect to the catalyst and react-

ants under clearly defined residence time conditions while facilitating 

direct ~ate law determination." (3)o The well stirred continuous flow 

reactor in principle 90ssesses the ideal characteristic (3,29 730). The 

essentials of such a l:>en.ctor are shown in fig. ( 1.2). ·catalyst pellets 

are placed in vire ca;2:es a.ttacb.ed to a rotating sha.ft. The rotating cata

lyst cages produce pe~fect mixing. It is shown by Carber~ that inter

phase temperature and concentration gradients are negligible for all except 

very rapid reactionsf and nearly complete conversion can.be tolerated in this 

reactor. Since finite conversions are involved, effluent analysis errors 

are minimized. However, pressure operation possesses problems in devising 

effective stirrer seals and bearings that will run at high speeds over a 

long period of time without conta.min.a.ting the catalyst and leakingo The ra-



feed 
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catalyst 
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10 
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ther large void volume of the unit renders it unattractive when the pos-

siblity of simultaneous homogeneous reaction exists, and also the void vo-

lume at higher pressure contains a large amount of the reaction m-ixtureo 

While no laboratory reacto~ is ~ruly ideal, ~his reactor concept appears 

t~ be unique in providing a valuable solution of many difficult problemso 

Differential data are obtained from .this reactor, i,e .. ~ they E"es-

ul t from one level of concentration and temperature e For each expe.ri-

meut,·tae'differential reaction rate will be: 

\Vhere: X. 
1 

X.Q •. 
_!._.! • w 

fractional conversion of fe·ed c_omponent i 

Di the feed rate of i 

W the weight of catalyst 

( 1.9 ) 

Many kinetic studies employed eantinuous stirred-tank catalytic 

reactors, and the data are found to be consistent with those obtained from 

other reactors. It has been used successfully by Tajbl (21 722) for the 

hydrogenolysis of ethane on nickel catalyst and ethane and propane on 

supported ruthenium. Kempling (1) has also studied kinetics of hydroge-

nolysis of hydrocarbor,ls in the same kind of reactor. 

le4 Analysis of reaction networks. 

The equations or mathematical models generally used to correlate kinetics 

data fa.ll into two broad classifications ( 31 ,32). On one hand, there a.re 

the power function models which generally are variations of : 

( 10 10) 

where : k ·- the rate constant l1hich is a. function· of temperature 

C. .... the cont:entration of ith-component 
1 



a. - the order of reaction of ~he i~th component. 
1 

12 

The rate lav utilizes the-concept-of reaction order and is traditionally 

called a power-rate law (33). Alternatively, the Hougen-Watson models 

(34) usually have the general'fora of:· 
a. 

kJI. c. 1 
1 1 

where the denominator is the competition for the ca.ta.lytic empty_ sites 

and k. are the corresponding Langmuir e.dsorption equilibrium constants. 
1 

Exponents m and n are often equal to unity though they may be equal to 
-· .. 

1/2 or 21 respectively, in the case of dissoc_ia.tive adsorption and "binary 

rae.ct~on~ 

Normally the ra.t~e constants can be expressed by an Arrhenius ex-

· pression as: 

k a A exp ( -E/RT) ( 1.12 ) 

wbere : .A. the pre-exponential factor 

and E the activation energy. 

The power function equations are empirical, but sometimes result 

fr~ the simplification of a more complex equation vith·mechanistic 

significance. The Hougen-Watson model is usually derived from a spe-

~ific reactiQ~ mechani~, assuming the existence of a single rate deter-

. ~mining step and the· rest ot· the reactions -in-equilibrium. 

It has been pointed out that tbc Hougen-l'!at-son models a.re not useful when 

adsorbing surfaces are not uniform or when there are interactions between 
. . . 

adsorbed molecules. It is also asserted th~t much of the improved fit-

ting of experimenta.~ data results from the great flexibtlity of the Hou-

geu-Watson model arising from the abundance of parameters in the equa-
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tion.·- Furthermore, kinetic data often contain substantial experimen-

tal.errors a.nd ma.thematica.l forms more complJcated tban power rate 

law cannot be. justified. However, .the Hougen-Watson model offers some in-

sight into the reaction mechanism, and its extrapolation to a ~egion of 

conditions not experimentally tested usually yields reasonable results. 

A useful technique i_n t~e -~tud:r of -~e~c_t~~n ki~etics __ is the eva

luating of alternative kinetic models by fitting rate data to postula-

_te~trmodels and statistically evaluation the results for goodness of fit. 

These techniques consist of essent~a.lly twoprincipal parts: (a) the iden

tification of adequate models and (b) the estimation o~ the parameters 

·in the best model obtained in -the. first step. (35) ~- _'fhe~e are various .. 

methods to determine the acceptance of. a model. Analysis of the variance 

c>~r the analysis of residuals, the difference of tbe experimental and 

. ·the fitted values of the dependent va..riables, could help in examining 

the degree of fit of a model to experimental data (36). Unacceptable 

characteristics of thte estimated parameters, such as negative rate 

constants or adsorption coefficients, will result in the rejection of 

~he model (38). Fre~uen-tly, more than one model is plausible, but 

the one that fits the experimental data best is chosen. 

There o.re various methods for esti.matittg the parameters. The least 

squares method is usua.lly·-·l;!lelected f.or convenience and also it usu~~ly. 

·ll"esults in useful quantitative estimation. In· this a.p-proa.cb 1 the. sum of . 

oquares of the errors is minimized.. _Sometimes the kinetics equations occur 
- . . . . . .•· 

in non-linear form; then non-linear least squa.res m~tbgds have ._to be applied. 

But some ·equations ~re intrinsically linear (37) by taking the reciprocal or 
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logarithms, and thus can be solved· by the linear least squares method. 

Linearizing equation~ may distort the goodness of fit criteria. These 

statistical methods have been described at great length in the literature 

(38,39,40). 



CHAPTE'it TWO 

2.1 Materials 

A) Catalyst 

A comrnercial catalyst ( courtesy of Engelhard Indus-

tries, Inee. ) consisting of a. nominal 0~5 weight percent ruthenium im$:> 

pregnated on r~alumina was uoedc This catalyst was in the form of 3~2 

b:r 3o2 mmo cylindrical pellets with the ruthenium impregnated on the 

outer shell of the pellets~ The outer shell appeared dark black while 

the center was wbitee The concentration profile of ruthenium in the 

catalyst pelle-ts were ,detex~ined by a.n electron probe mieroanalyzer ( 1) 

and the ruthenium concent~ation g~adient is shown in fig~ (2.1)~ The 

ruthenium layer is about OQ2 mmo thick. 

The catalyst has b~en studied thoroughly by Kempling 

(l)e Table (2el) summarizes the information obtained from a nitrogen iso

therm obtained by the standard volumetric techniques a~ 77°K over a range 

of relative pressures from 0.1 to leO. In addition,. the catalyst was stu-

died by a mercur.y porosimetar (appendix A). The surface area was found 

2/ ' 0 to be 109&9 m gm6- The average pore radius was 62 A. The pore distri-

but ion obtained from the mercury porosimeter is shown in fig •. ( 2.2). The 

surface area of the supported metal was determined from two hydrogen ad~ 

sc:u.·ption experiments which were performed at 20fl C and pressures up to 

200 Torr~ The observed monolayer volume was 0.20 cc(STP) per gram of 
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TABLE ( 2.1 ) 

Summary Of Catalyst Properties Determined From 

Nitrogen,Adsorption Isotherm And Porosimeter. 

Calculation 

Method 

Satura-tion (x=l) 

BET Method 

Universal Thickness 
Jisothe:rm 

Pore Distribution 
( i) Adsorption 

( ii) Desorption. 

Mereu~ Porosimeter 

Surface Area 

(m~/go) 

87.8 

84.2 

109.9 

Pore Volume 

( CCv (STP) /go) 

180 

175 
175 

17 

"Averagen Pore 
0 

Radius {A) 

60 

50 
50 

61 
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catalyst 11 a.nd the corr~3spond.ing Jruthenium area was :ftHlliD.d to be Oo82 m2 /gmo 

of catalyst or B.bout lGO m
2 /gmo of ruthenium., The ave1rage crystallite 

e 
size ·was 25 Afl 

B) Reactants 

of o~yge~ and then dried over 5A molecular sieve~ The hyd~ocarbo~ was · 

lyE» 

2o 2 Egni'Q;!~Ui:?. 

A systematie diagram of the apparatus is shown in fige (2&3)o The 

system could be divicl,~d into three sections : the feed system.1 7 the reactow 

and the effluent analysis systemo 

The feed system consisted of two streams ;·hydrogen and propaneo The 

~ys~em allowed theae two streams to be mixed in definite proportions and 

introduced into the reactor at a given flow ratee Except where otherw1i~e 

" stated, e.ll the lines. were const•ructed with 1/4 O&D"' copper tubingG The 

hydrogen passed tht'ou~.gb. a. deoxo purifying unit for the removal of trlf!l,~Ced~ Cl:f' 
u· 

tt 1 
oxygen and then through a 9 long a.nd 12 OcD~ coppa~ tubing whi(Oh was 

packed with 5A molecular ~ieve for drying purposese The propaThe was di~ 

wectly introduced ini:~o the system without any further puriticatione 
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Both the hydrogen and propane flow ra~es were controlled by fine me-

tering valves and monitored with capilla~ type flow meters. The pressure 

differences were read on_ glass U-tube manometers which were three feet in 

length and were filled with Meri~ fluid No. D-8166 ( S.G.=l.04 ). The 

" capillar.y constriction consisted of 1/8 copper tubing which had been 

crimped. Each manomet·ar had a by-pass valve to allow high flow rates du-

ring flushing or changing pressures. The two streams were combined at a · 

" 1/4 
. . 

tee and then pass~d into the reactor. A precision Bourdon-tube pressure 

gauge, range 0- 100 psig. and 12" diameter,.was fitted to the feed line just 

before the reactor to measure the total pressure of the reactor. 

The effluent syst~am was used to regulate the pressure of the reactor, 

to measure the total effluent flow rates, to analyze the effluent stream 

and to vent the gases. The reactor pressure was regulated by a variable-

back pressure regulator ( Brooks instrument Canada, Kendal model lOBP ). 

The regulator was capafule of controlling the reactor·pressure~in the range of 

0 to 125 psig. for variable flow rates and was placed directly downstream 

of the reactor. Subseq_uently, the stream was passed through a Swa.gelok 

cros·s in which each ou·tlet line was fitted with a t-o.ggle valve. One line 

vas directed to a gas rehroma.tograph S811Pl ing 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 ~ea.suring flow rates up -to·lO a·l/sec. ·Tile chromatograph con-

sisted of a model 90P-:3 Varian Aerograph chromatograph in conjunction 

with a 125 micro-litre ga.s sampling valve. A Servo/riter-·one. _ m.v. re-. 

corder was used to rec(>rd the chromatograms, and &D Hewlett-Packard inte

grator ( model 3373B ) was used to give the corresponding peak areas~in 

uaaber of counts. The best compromise carrier gas tor the gas chromato-



av~ided the trouble of changing polarity of the signal duTing the analysisa 

I 
n · 1 

The colum~ u~ed was po~opak Qw 1 4 in diameter and 1
2 

fto in lengtbe 

The overall ©onditions for tbe ©hromatographic system and the int@g~~tor 

listed in Table ( 2o3 )o The chromatograph was calib~ated to dete~ine the 

cal i brra.tiom. fa«: to Irs fo1r· each of' the component so The factors based on 

to calculate the mol® fractions of the components in the experimentse 

The reactor was a modified one=lit~e magnedrive packless autoclave 

( Autoclave En.gineetring: In©e ) 1rith a magnetic drhre to rot~te the catalyst 

e.ssemblyo The exteirnal driver m~gnst and a stainless steel housing suE"= 

~ounded an internal magnet en~apsulated on a ~otor shafte The stwong mag-

netic field caused the inne~ shaft to ~otate~ when the outer magnetic 

assembly~ which was driven by an elect~ic moto~v was tu~nedo Two kinds of 

bearings 1uere usedo Iuitially9 graphite bearings were employede These 

bearings usually failed to function after three or four weeks of inter= 

mittent opewations becn.use of the deposition of carbon around tbe bearingso 

Finallyp rulon beaX"ings were introducedo The lf'Ulon contains TFE fluoro-

ca~bon and ine~t substanceso These bearings provided a smooth operation 

·ror more than two mom.thso 

stainless steel and was a ~ylind~i~al vessel of three in©hes in diameter and 

nine inches in depthQ The volume was reduced to 580 ml with an alwuinUill 

block at the bottom of the cavitye A thermocouple was situated within the 



TA.BLE ( 2e 2 } 

Gas Chromatographic & Integrator Operating Conditions 

Column Temperature 

Detector Temperature 

Injector Temperat~re 

Carrier Gas 

Carrier Gas Flow Rate 

Filament Current 

Attenuation ( Gas Chromatograph ) 

Recorder Chart Speed 

Attenuation ( Integrator ) 

Sensitivity 

Uode of Operation (Integrator) 

-

TABLE ( 2.3 ) 

48°C 

85°C 

50°C 

Helium 

73 ml./min. 

190 rna. 

2 

1/2 inch per min. 

1 

3 or Maximum 

Automatic 

Component Retention Times & Calibration Factors 

Gases Retention Time ( min ) Calibration Factor 

Hydrogen 0.88 65.85 

Methane 1.11 1.902 

Etbane 3.37 1.292 

Propane 16.63 1.000 

23 
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reactor and the emf. 1nts measured on a potentiometer ( Croydon Precision 

Instrument, England. Type P3 ). A ~hromel-alumel_ thermocouple with an ice 

reference junction was. used. There are two ports situated near tbe 
II 

thermocouple. One is the inlet port which was made of 1/8 stainless 

steel tubing and was passed to tbe bo~tom.of the reactor. Tbe effluent 

" . 
port was also made of 1/8 stainless steel tubing~ and was located near 

the top of the rea.c'tor. The essential features of the reactor are shown 

in Fig. ( 2.4). 

Tbe catalyst was contained in a four-vane basket arrangement which 

was constructed of an aluminum bracket with stainless steel screens 

placed on both back and front of the spacer. The edges .of:the.screens were 

then coyered. with. a.lwninlll!l cover. plates. · Fig.( 2.5) is an exploded view of 

the basket _assembly-that contained the catalyst. The whole assembly was 

bolted to the main. body. The two assemblies used were mounted at a. 9cf 

angle to give four ca1~a.lyst chambers. . The whole system was attached 

to the rotating shaft by a screw situated at the top of the shaft. Two 

propellers, one above a.nd the other below the catalyst basket assembly 

were a.t"ta.cbed 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. 

i~ches long and 15/16 inch wide. 

Each basket was 1/4 inch thick,-al 

The heater of tht~ reactor was a tubular electric furnace supplied 

by two sources • One of the sources vas a Powerstat variable transformer 

( model 126-226 ) and was set at a constant voltage. The other source 

was a proportional controller ( Electronic Control System, model 16Cl ) 

in which the sensing thermocouple ( ctromel-alumel ) was placed in bet-
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ween the heater and the reactor wallo 

The perfo~ance of the ~eactor 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 hyt.lrogen at various flow rates ( 0.08 

to 8e77 mi./sec. ) v.nd 1~wo stirring s.peeds ( 1500 and 2000 r@pom. ) .. 

The results showed an eJrponentio.l decrease in concentration a.fter a 

sb.a.rp increase as would be expected from the equation 

* C = C exp(-t/~) 

wb.ere : c effluent concentration 

* c maximum concentration of tracer at t = 0 

1: time constant of reactor = V/Q 

t time 

v volume of reactor 

2 flow ra.te of hydrogen 

(2.1) 

This test proved that the reactor provided a.· perfectly mixing of 

reactants. For a 5:1 mixture of hydrogen and n-butane, the mass and heat 

-4 . 2' 
transfer ·coefficients ·we}re estimated to· be 3.8 x 10 moles/em -sec-atm. 

and 2.1 · x 10
2 

cal/cm
2 

-SE!C- °C. respectively. Varying the. stirring speeds 

between 1500 ·and 1900 r,p.m. bad no effect on the observed reaction rates 

for n-butane hydrogenolJ?sis. This shows that interparticle concentr~tion 

gradients were negligible over the range of the stirring speeds. Thus, 

the stirring speed was fixed at 1500 r.p.nh in the e:xperimentso 

27 
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2.3 Operating Procedure 

Initially, the ca.iia.lyst was weighed _and then placed on the catalyst-

basket. The whole baaket assembly was carefully balanced on a knife-edge 

static balance before attaching to the rotating shaft. This procedure 

eliminated vibration of tb.e basket during rotation in which the heavier 

Tane vould cause excessive bearing wear and make the system inoperative. 

The reactor was closed tightly with a torque wrench and checked for 

l~aks with soap solution using hydrogen. 

The catalyst was then reduced in the reactor for about 12 hours at 

250~C witb a hydrogen flow of 10 mi./min. and a stirring speed of 1500 

r.p.m •• Once the catalyst had been reduced, the reactorwas not 

opened again to avoid catalyst contamination with air. The same batch 

of catalyst was used until it became deactivated. The catalyst was 

kept in a flow of hyd:r·ogen when not used for hydrogenolysis studies. 

A c.ontinuous flo~ system was empl?yed _in vhich the f~ed gas mixture 

entered the reactor f:rom tfle bottom and tbe effluent left at the 'top. 

An experiment consisted of setting the reactor conditions and the feed 

flow ra'tes and ratios. When steady state conditions had been established, 

the effluent flow ra.t<3 was measured and its composition was analyzed by 

gas chromatograph. 

To begin an expe~iment, tbe reactor was filled with hydrogen to the 

desired pressure. Th{e reactor temperature wa.s set by the proportional 

temperature controller. 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 tempere,ture becam,e constant, the effluent composition was analyzed· 

by e. ga.s chromatograph. As soon as the integrator showed that the peak area 

of each component was constant for about fifteen minutes, stea.dy state 

was assumed to ha.ve been reached. The effluent flow ro.te was determined with 

the soap flow meter. The final reactor temperature was taken and a final · 

nna.lysis of the efflu(~nt wa.s made. The propane flow was then discontinued, 

and the hydrogen flow was increased to flusb the reactor ·ror the next 

experiment. A set of six or seven runs ~~s made on~ working day 

with one of the runs at standard conditions to cbeck for the activity of 

the catalyst. 'l'he a.c~tivity usually remo..in.ed essentially constant, :!: 5% 

for nearly a. month. .A new batch was introduced every five or six weeks, 

and correc.tions were made tor activity changes, if required, in the last 

part of this period. 



CHAPTER THREE 

.[[DROGENOLYSIS OF PROPANE 

diffe~~ntial rate 

W weigh~ of catalyst 

and Y. = mcle fractiolll of hydro~earbon containing 
l. 

i carbon atoms 

The ~trategy for developing rat~ expressio~~ was divided into two 

partEh Firstly~ a siuple power_ x-ate equation was assum.~d s.s 

'il~iila pb 
tu. C3 ll2 

where g k = rate constant 

Pea partial pres&ux-e of hydK"ogenm 

PH2 partial pre a suX"e of propane 

a. expon~~nt_ for p~ropane 

b expon,ent for hydrogen,., 
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The rete expression was linearized by taking the logarithms and then 

linear least squares was applied to estimate the parameter~ k, a and b. 

The values of a and b were tested for other temperatures by plotting r 

against P~3P:2• The mependence of t~e rate constant was represented by an 

Arrhenius expression e~s : 

k = A exp( -E/RT) ( 3.3 ) 

where . A. pre-e:q>onentia.l factor . 
E activt~tion energy 

R gas constant 

amd T temperature in °K 

Equation ( 3. 2} and ( 3.3) were tried at various pressures and 

temperatures to evaluate the values of a, b and E. 

Tbe equation derived from the mechanisa proposed by Cimino et. al. 

(6) was found by KempXing (1) to be unable to correlate the r~te data 

at various pressures. The mechanism has been described in detail in 

Chapter One. It includes a reversible adsorption-desorption of hydro-

carbon in equilibrium and a surface cracking reac~ion which is ~he rate 

determining step. The ra.te expression derived frOID this mechanism could 

be simplified as : 

r = kPn p( 1-ncc) 
C3 H2 

( 3.4 ) 

where c< is the number of hydrogen atoms lost by propane upon adsorption. 

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

ex = 2( 1-a) /b ( 3.5 ) 

The mechanism proposed by Cimino et. al. was critized by Kemball 
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{13) because it does not allow the competition of hydrogen on adsorption. 

Various mecba.nisms were proposed and e~ua.tions were derived from the 

mecha.ni sms. The equa.tions that were proposed a.nd tested are shown in 

Appendix (:B) • The criteria for equation rej'ection are a lack of fit as 

shown by an excessively large residual root mean square and unaccep-

table characteristics C·f the estimated parameters. The mecbani sm that fits 

tb.e experimental obsen·ations reasonably well is shown in fig. (3.1). It 

involves an initial dissociative adsorption of hydrogen and propane. The 

adsorbed c
3 

species di ssocieJtes further to lose more hydrogen, tormi ng a 

• second hydrocarbon spe~ies denoted by c3. • The adsorbed c
3 

species re~cts 

with adsort~ed hydrogen to fonn c
1 

a.nd c
2 

adsorbed species. The surface 

ccverage of adsorbed c3 and hydrogen can be represen~ed as : 

= 

= 
k_~_p 1/2 
rrH2 

(3.6) 

( 3. '1) 

- . 
The coverage of the surface by species c

3 
iA assumed to be negligibly smalle 

If the rate determining step is as_sumed to be the cracking of carbon-

• carbon bond of the adsorbed c
8 

species, then 

r (3.8) 

(3.9) 

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

r • ( 3.10) 



Fig.(3.1) MGchanism for hydrogendysis 

of propana 

••• 
> H 

~ . 
0.31-?~ m + 1-1 

~ . 
~+CHy 

kca - Ad:sorption constant for propane 

~ - Adsorption constant for hydrogen 

~C Equilibrium constant 

' K - Cr1a.cking rate constant 

C3H8 and H2 - Gaseous propane and hydrogen 

* H - Adsorbed Hydrogen 
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methode Sometimes, nonlinear least squares method was applied to 

improve the value of' the parnmetersil 

3"2 Experimenial Results 

The experimental c-~a.ta are sho'Wll in Table A( 1) to A( 10) a The data. 

were obtained at different .temperatures and pressures with different 

feed rate® and ratiose The following were the ranges of the experimental 

co11ditions. 

Temperature 

Pressure 

Feed ratio (H2/c~;H8) 

Ef"tluent flow ra.to 

Propane conversion 

115-155 °C 

2 ~ 80 psige 

2.5 7 

0.9 10 ml/seco 

10 ... 90 % 

Equation (3~2) was linearized by taking the logarithms as : 

log r = log k + a log Pea + b log PH2 
( 3.11) 

Equation ( 3., 11) was :fii~ted to the experimental data sho'\m on Table A( 1) 

to A( 6) by linear lea.st squares. The parameters k, a. and b obtained 

are listed in table (3cl). The propane exponents are posiuive and hy-

drogen exponents are ne:gative. and large. Tbe .overall orders of the 

reaction are negativeo The values for a and b are different for diffe

rent pressures~ Fige(3o2) is a compa~ison of the observed and calculated 

reaction re.tese The fi~gure demonstrates that the fit 1ras reasonably good 

ca.() :!: 8%• The values of a. and b were used to explore their fit at other 

temperatures at the same pressure by plotting r as a function of P~3P8: 
and are shown in figt(~~.3) t·o fig.,(3e7)e These figures show that the 



ll> 

PT (psig) T"emp. Residual Sum 
(@c) of Squares 

2 120 1.29 X 10-14 

15 114.5 8.15 ~ l0-15 

. 20 126 7.12 ~ lo-14 

40 144.5 5.17 X 10-14 

60 147.5 4.60 X 10-l4 

80 150 2.59 :i: 10 ... 14 

Unit~ of k : 
llole atm.-( o.+b) 

sec. gm • ..;.cat~ 

TABLE ( 3.1 ) 

Pn.rameters of Equn.tion ( 3. 2) 

. Resid'ual a :!: 95% Confi- b :!: 95% Conf'i- .k 
Root Mean dence Interval deuce Interval Square 

2.54 X 10 -8 + .'185 ..., .097 ' + ..,.}.22 ... 26 2.18 X 10 -5 

ls84 X 10 -8 + .632 .... 072 + -1.22 COO) .235 5s47 X 10 -7 

4~18 X 10~~ + .618 - e082 + -1.87 - .184 1.67 X 10 -6 

4.36 X 10-S + .770 - .073 -1.52:: .176 8.33 X 10 -6 

4.90 X 10 -8 + .861 - .129 + -1.57 - .450 9.02 X 10 -6 

4~03 X 10;_;8 + .453 - .129 + =-1.60 - .189 4.91 X 10 -6 
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Fig. ( 3. 4) 
Pr?pane Hydrogenolysis Kinetics at PT = 20psige 
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Fig.( 3.5) 
Propane Hydr·ogcnolysis Kinetics at PT = 40psig. 

( a = ~770 and b ~ -1.52 ) 
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• Propane Hydrogonolyeis Kinetics at PT = 60 psig. 
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Fig.( 3.7) 
Propnne llydrogenolysi~ Kinetics at PT = 80psig. 
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exponent.s of propane nnd hydrogen remain the same over t,he tempeh"atures 

a b 
examined~ The slope of the plots of r as a function of PC3PH2 is the 
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rate constant. Table ( ;3e 2) shows the ra.te constants at different temperature~ 

and pressures. The dep\3ndence of the rate constant on temperature was 

represented by equation (3e3)~ Fig.(3~8) presents Arrhenius plots for 

da.ta at constant pressu1:reso The values of the pre-exponential factor and 

activation energy are g:iven in Table ( 3.3). The activation energy increases 

with increasing pressuree 

Experiments at con11tant temperatures with pressures varying were 

perfok~ede The experimental data are shown in Tables_D(l) to B(4)o Expe~ 

riments at four different temperatures (128 1 139 1 143e5 and 148.uC) with 

pressures ranging from JLO to 90 psigG were madee The data given in Tables 

B(l) to B(4) were fitted·to equation (3.10). The value of m was first assumede 

The equation was then linearized by inversion and examined using linear least 

squareso The most appropriate value of m is that which yields ~he smallest 

residual sum of squares and positive rate constants. The values of the 

parameters are shown in Table (3e4)o k is the rate constant for the hydro= 

genolysis of propane• 1~ and kc3 are the equilibrium constants for the ad

sorption of hydrogen and propane respectively. n/2 ( n = m + 1_) is the 
t 

total number of hydrogen molecules lost by propane in forming adsorbed c 3 

species that undergoes <;racking reaction. 

The values of n are1 between 5 and 5e3e~ An integra.l value of 5 was 

taken. The dependence c1rt temperature of the parameters is expressed as 

k = A exp( -I~/RT) ( 3.12) 

= {3el3) 
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and (3.14) 

vhere A, AH and_ Aca are the pre-exponential factors, E is the-activation 

energy and P.H and Qca are the beat of adsorption for hydrogen and propane. 

The parameters in equations (3.12), (3.13) and (3.14) were obtained 

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

are shown in fig. (3.9) and (3.10)- and the parameters are listed -in 

Table (3.5). The activation energy for the bydrogenolysis of propane 

is large. The adso~ption of propane is endothermic·, Q is -2.19 . -~ca 

kcal/mole. The adsorption of hydrogen is exotber.mic; QH is 7.95 

. kcal/mole. Fig. (3.11) is the comparison of the calculated and the 

experimental reaction rates. Tbe figure demonstrates that the fit is 

good. 

Finally, the dependence of reaction rates on total pressure was stu-

died. This was don~- by performing experiments witp 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 

vhil~ fig.(3.13) shows the trend of the conversions with pressure. If 

the dependence of the rea.ction rate on reaction pressure was assumed to 

be 

r = ( 3.15) 

vhere PT is the total reaction pressure and d is the order of the pressure 

dependence. Value of d would be obtained by plotting log r as a function of 

log PT. The plot is shown in fig,(3.14) and values of d are -0.93, -0.88 and 

-0.87 for the temperetures of 1281 139 and 148 c. An average value of -0.90 

was taken. ~6 -6 -5 Values of k obtained were 3.97xl0 , 9.71xl0 and 1.99x10 
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. 'fABLE ( 3.2 ) 

8. b Rate Constant Obtained from Plots of.r vs PC3 PH2 

PT (psi1g.) Tempex-atuX"e · (° C) k 

15 112 4e00 X 10 -7 

15 117 7.40 X 10 -1 

15 127 2.16 X 10-6 

20 122.5 1.04 X 10-6 

20 130e5 2e59 X 10 -6 

40 126e5 . "' S.96 X 10-

40 128. 1.06 X 10 -6 

40 137 3.34 X .10 
-6 

40 139 4t>28 X 10-6 

60 130 9e94 X 10-7 

60 11.32 1.30 X 10-6 

60 138 2e52 X 10-6 

60 Jl.52e5 9.02 X 10am6 

80 131 5e70 X 10-7 

80 Jl.41 3.75 X 10 -6 

mole t --(e.+ b) 
Units of k a m. 

: sec. gm.-cat. 

44 
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Arrhenius Plot~_for H.flte Con~~rtnts at Vnrious pressures ( J~f'~~~J-

Logk 
Pressure 

0 15 psif~c 

=12 c · 20 paige 

6. 40 psige 

\1 60 paige 

¢> 80 psigo 

=14· '. 

Units of k ~ 



PT (psig) 

2 

15 

20 

40 

60 

80 

TABLE ( 3.3 ) 

Summa£I of Parameters from The Anal~sis of Eguations { 3s2 } and { 3.3 } 
0 

(a ., a ! 95~ Coufiden~e b ~ 95% Confidence Temp. Range GJ E ·t kco.l Log A 
8.(; --=-~-

Interval Interval mole 

120 + .785- - .097 + -1.22 - .26 

112 - 127 
+ .632 - .072 

+ 
-1.22 - .235 33.6 29.21 

122 - 131 .618 ~ .082 + -1.87 - .180 36.1 32.18 
(' 

126 - 144 • 770 :t • 073- . + . -1.52- .176 38.4 34.51 

130 - 142 + .861 - .129 . + -1.57 .... 450 40.2 36.30 

+ + 42.9 38.90 131 - 150 .453 - .129 -1.60 - .189 

1" 

~ 
~ 



TABLE ( 3.4 ) 

Analysis Of Uate Dat,a Using Equation ( 3., 10 ) 

Reaction Pressure 

Itange (psig) 
10 ..., 50 20 ..., 60 40 - 60 40 ""' 90 

Reaction 

Temperature (oc) 128 139 l43e5 148 

Number of 

Observation 37 43 19 41 

Residual Degree 

of Freedom 
34 40 16 38 

Residual Sum of 
0.:: ,. 1.04 le26 .379 1.59 

A <. ' :' 13 
Squares ( x 10 ) 

Residual Root Mean 
rs 

Squares 1
( x:lO ,) 5.31 5.4 4o47 6o23 

Coefficient of 

Multiple Corre1a~ion 0.98 Ot~97 0.96 0.96 

Values of n ( m + 1 ) 5.0 5.3 5~~1 5.0 

5 
Values of k ( x 10 ) 

( mole..,atme/sec .-gm .-~::at. 
1.78 4.66 6.77 9a67 

) 

Values of kH ( t -1/2) R •IDe 1.,08 0.78 Oe72 0.66 

-1/2 
Values of kca (atm. ) 1.58 1.73 1.77 I 1.81 



Fig.( 3.9) 
Plots of' Log ~~ and Log kC 3 as A Function of 1/T 

Log~ Logkc3 

0 

-0.25 

Units of ~ and KC3 : atm.-1/2 

-o.s 
24 3"245 

1;T X 1 0 < 
0 k-• ) 

A 10.6 
/I 

. f 

04 

0.2 

~r 0 

"~ co 



. -. 

Log k 

=10 

Fig.( 3.10) 



50 

~ 

~ Fig.( 3.11> 
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Table ( 3.5 ) 

Activation Energies and Heat of Adsorption Obtained 

From Equation ( 3.10 ) 

Kcal~·/mole Pre-exponential 

Factor {llog .A) 

*' HydrogenolyBis 28.1 24.8 

-It* 
Hydrogen 7.95 ..... 1!2.2 

** Propane -2.19 2.58 

* Cracking 34.4 34.3 

* Activation ene~gy 

** Heat of Adsoryrt.ion 
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Fig.( 3.14) 
Depen1ence of rates on total pressure 
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for temperatures of 128, 139 and 148 °C. The dependence of'k on tempera-

rature is represented as 

(3.16) 

where A. is the pre-expt)nential factor and E is the activation energy. 

The plot of log ~ agaiast 1/T is shown in fig.(3.15) and E was found 

to be 27.9 kcal/mole. The value is close to the value of activation 

energy for hydrogenoly~is of propane obtained from equation (3.11). 

3.3 Discussion and Summaty 

A power rate equRtion was assumed for the hydroge~olysis of propane. 

EXperimental data vere fitted to the equation at various pressures and 

temperatures to obtain the rate constants &Dd exponents for hydrogen and 

propane at their 95~ confidence intervals. Exponents for propane are po-

sitive and for hydrogen are negative. The overall dependence of reaction r~te 

on pressure is negative. Apparently the power rate law will work only 

moderately well over a limited rang; of partial pressures of hydrogen 

and propane. Each set of data at different operating pressures requires 

a new set of constants,and no se~ of constants will fit data at several 

operating pressures accurately. This has also been observed by Kempling 

--( 1). The values for t,he exponents of hydrogen and propane, the pre-

exponential factors ar~ the activa~ion energies for different operating 

pressures are shown in Table (a.a). Average values of exponents. for 

hydrogen and propane &t various pressure were estimated from fig.(3.15). 

The best values seem to be a a 0.65 and b = -1.55. The reliability of 

o~ the values is about t 35%. 
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The mechanism proposed by C.imino et ale provided a fundamental 

sig;nifican.ce to the hydrogen and hydrocarbon e~ponents. The number 

of hydrogen atoms lost on adsorption of propane is given by equation (3.,5).:~ 

The values of~ were 5.6~ 7.0, 9~3p 6.5w 6~0 and 11.5 for total pressures 

of 2p 15, 20, 40, 60 and 80 psigeQ The values of~ are not constante 

Si~1ce values of' r;J. greater than 8 are not possible :for the hydrogenolysis 

of propane, the power rate equation seems to be unrelated to the mecha-
~ 

nism a.nd only an empirica.l relationship • .A.t·2 psigo,;tbe value or·r~-.. iw· Qg6. 

Thi.s value is close to the value of 5 obtained by Tajbl (22). 

Various rate equations derived from different mechanisms were proposed 

and testedo The one that fits the experimental observatio~s reasonably well 

is equation (3olO)~ The equation was derived from ·the mechanism Ghown in 

:f'ige~(3"1) e The equation not only provides positive ... rate constants but. 

also t,he smallest residual sum of squarese The equation was developed from 

the consideration of the equilibrium adsorption of propane and hydrogene 

The proposed mechanism assumes that the majority of the surface is co-

vered by_hydrogen and c
3 

species whicb are only slightly dissocintedc 

The fractional coverages of hydrogen and c
3 

were obtained by the application 

of the Langmuir equatic,n to the dissociative adsorption of hydrogen and propane e 

The initial c
3 

species dissociates .further to lose more hydrogen molecules, 

I 
fo1~ing a second reactive species denoted by c

3
e The adsorption of propane 

and hydrogen were assumed to be in equilibrium and the rate determining step 

' to be the surface cracking reaction of adsorbed hydrogen and c
3 

species. A 

Hougen-1Va.tson type of Z'ate expression was obtained as shown in equation. ( 3.10) o 

The parameters vrere eve.luated by least squares methodse The reliability 

of the equation and me~hanism proposed was demonstrated by the small ri-

sidual sum of squarese 
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The value of n, co~respouding to the total number or hydrogen atoms 

' lost upon adsorption to form reactive adsorbed c3 species is 5. Thus, 

* the activated surface radical in cracking is c
3

H
3

• It has been proposed 

by Cuczi et al. (12) for hydrogenolysis of propane on Ni-ce.talyst, that 

1,2-diadsorbed species is more favourable than 1,3-diadsorbed species 

inter-mediate. The diadsorbed intermediate perhaps is either in the form 

of C=C-tH
3 

or c-c-cH3, i.e., propane adsorbed on two adjacent carbon 
II ' ll\ i\ - -

atoms which are stripped of their hydrogen. The intermediates proposed 

tiere are identical with those proposed byTa.jbl (22). 

The parameters, k, ~ and·kca are,~he rate constant for hydrogenolysis, 

adsorption constant for hydrogen and adsorption constant of propane. The 

ac-tivation energy for propane hydrogenolysis is 28.7 kcal/mole. The heat ot 

adsorption of propane is -2.19 kc~l/mole, i.e., the adsorption reaction is 

endothermic. It has been proposed by Sinfelt (43) that the adsorption of 

hydrocarbon is endothermic. Kempling (1) has also found an endothermic 

adsorption of hydrocarbons. The endothermicity mus~ be due to an equi-

librium reaction between adsorbed radical and gas phase propane, because 

adsorption processes are exothermic .. ( 41). The heat of adsorption of 

hydrocarbon is 7.9 kcali/mole. The adsorption reaction is exothermic. 

The activation energy for k of equation (3.10) was lower than the acti-

vation energy obtained by Ta.jbl (22) 1 35.8 kca.l/mole. 
I 

However, Tajhl s 

activation energy was obtained from the constant of a. power rate law. The 

rate constant;k in equation (3.10) is the product of tbe rate constant for 

tbe splitting step and tbe adsorption constants for c3 species and hydrogen. 

The ~ependence of the reaction rate on total pressure was also determined. 

The dependency can be represented as 



( 3o 17} 

where k depends on temperature and PT is the total reaction pressure in 

atmoapheree The activation energy of k was obtained from an Ar-rhenius 
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Plot& The value was 27e9 kcal/mole which is similar to the value obtained 

fi ... om equation ( 3e 10) fl If the exponents for hydrogen a,nd propane in the power 

rate equation a.re taken. as the values, Oo65 and -1.55w ~espectively 11 then 

the overall dependence of reaction rate on pressure would be to the po"\rexe 

of -0.9, which is similar to the exponent in equation (3ol7)e 

As a conclusion, a single power rate expression fails to correlate 

tb.e reaction rates of hydrogenolysis of p1ropa.ne at various pressure.s. The 

mechanism proposed by Cimino et ale does not fit the kinetics data at higher 

pressurese This mechanism has been criticized because it does not allow 

the c~mpetition of hydrogen for sdsorbed sitese A mechanism allowing both 

hydrogen and propane to compete for empty sites was proposed. A Hougen-

Watson type equation was derived from the proposed mechanism. The equation 

was found to be consist~3nt with the experimental observations. 
Y' 



Fig.(3.15) 
Arrbenius plot for Fqunt.ion ( 3o lru 
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CHAPTER FOUR 

PRODUCT DISTRIBUTION 

4.1 Introduction 

The hydrogenolysis of propane over ruthenium yields methane and 

* .etbe.ne .. Since the adsorbed species c
2

· formed can crack further into 

methanew the quantity ®f methane and ethane in the product should not 

be identical. The p~oduct distribution is usually reported in terms 

of sele<Ctivity which is defined as the tendency of a catalyst to produce 

a particular product or quantitatively as the ratio of moles @f a 

pa~ticular product fo~ed to the moles of feed hydrocarbon covsumed. 

If s1 an~ s2 represent selectivities of methane and ethane, then in 

te~s of the effluent compositions, they are 

= ( 4.1 ) 

( 4.2 ) 

wbere Y. is the mole fraction of hydrocarbon with i-number of carbon 
1\. 

atoms. 

The selectivity changes with experimental conditions and relates to 

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

61 
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selectivity at zero c<:Jnversion representA the cre.cking of only the feed 

hydrocarbon, i oe o products of the primary reaction. 

A reaction network proposed by Kempling was used throughout this 

~studyo The net1_'1ork is sho-vTn in fige(4.1) an.d the analysis of the net.work 

is given in detail iu. the appendix. Each of the hydrocarbons was assumed 

to adsorb and desorb reversibly to produce reactive species on the metal 

surfacee The e~dsorbf?d species wn.s then reacted irreversibly leading to 

the rupture of carbon-carbon bonds to produce. smaller adsorbed fragments. 

All the reactions wer·e assumed to be first order with respect to the 

gaseous hydrocarbon involved and the con.centra:tion of adsorbed hydro-

carbon species. The effect of the hydrogen partial pressure vas assru1ed 

to be nearly consten"ti and incorporated in the rate constantsc According 

to tb.e analysis of the network, selectivity for methane and ethane can be 

predicted by the equations 

( 4.3) 

and 3 (4.4) 

where x is the fraci~iona.l conversion of propane and k 1 s are defined in 

fig. (4.1). 
1/ t * 

The parameter k
2
/(k

2 
+ k 2) corresponds to the relative rates of 

desorption and cracking of e.dsorbe£l c
2 

species. If the rate of carbon

carbon bonds splitting iaa the rate determining step 9 the parameter 

" " The term k
2
/k

3 
is the ratio of the 

overall rate constt).nt s of ethane hyd~ogenolysis· to propane. It is the 

ratio of overall rv.tes_of hydr~genolysis of ethane to propane since all the 

reactions were assumed to be first order in hydrocarbon. 

By taking tb.e reciprocal of equation ( 4.3), the following equation 
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•· 

Ca 
k3 

~ C3 k' 3 

c2 k2 

C2 ' k' 2 

c, kl c1 I 

kl 

~3 
k* 

> C2 L1 3 + 

(] k* .. 
2 > 2 c1 ·2 

c3 , c2, c1 - gaseous propane, ethane and methene 

* * * c3 , c2 , c1 -_adsorbed hydrocarbon species 

ki - adsorption rate constant 

' k1 - desorption rate constant 

* ki cracking rn.to constant 

" * * • k1. = k.k./(k. + k.) 
1 1 1 1 

Fig. (4.1 ) 

Propane Hydrogenolysis Mechanisn1 



is obtained 

" " 1 1 k2/k3 X 
= I I * + 

t I * ( 4.5 
s2 k2/(k2 + k2)· k2/(k2 + k2) 1-x 

The values of the parameters were obtained from tb.e slope and intercept 

.of the plot of the reciprocal of ethane selectivity as a function of 

X/(li + X). * I The ra.tio of ethane cracking rate to its desorpti~n (k
2
/k

2
) 
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) 

is the ( intercept - 1 ) • The expe_rimenta.l data were plotted according "to 

equation (4.5). 

Equation (4.3) has a shQrtcoming in that it includes the hydrogen 

partial pressure in the ra.te constants. This simplifica.tion is often 

reasonable because tbe "~:ra.ria.tion of hydrogen pressures a.t a given total 

pressure is small. The parameters in equation (4.3) are only good for 

the specific pressure being studie·d. This assumption is good when the re-

action pressure ranges a.re __ small. In th_e present studies, the pressures 

ranged from 2 psig. to 90 psig., therefore it is better to include hydrogen 

pressures in tbe selectivity equations. The network in fig. (4.1) was 

modified so that the re1actions would be functions of both hydrogen and 

hydrocarbon partial pressures. The network is shown in fig. (4.la.). The 

desorption of propane w.a.s found in Cbe.pter Three to l~e 2.5 order in hydrogen. 

The surface cracking involves an adsorbed hydrocarbon species and an 

adsorbed hydrogen species. The surface coverage of adsorbed hydrogen is 

assumed to be proportional to p8; 112• The hydrogen order for desorption of 

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

tor the selectivity equation is shown in the Appe~dix. A general equation for 

the ethane selectivity at different pressures is 
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1 h 1-r - 1-J 2~ 2 h' 

~ 
h3 

cj 1H2 h' + 
3 

.h 

~~ c2 2 c2 h' + 
/ 2 . 

C,_ 
h] :.. c; +- J 
b' 2~ 1 

rr c3 &* c2 c; + 3 ) + 

H,. c2 h~ 
2 c; + ) 

ca, c2, cl - gaseous propane 1 etba·ne and ,u~thane 

* * * cs, c2, cl - adsorbed hydrocarbon species 

hi adsorption rate constant 

' hi - desorption rate constant ... 

* h. cracking rate constant 
1 

* n
2 

and H - gaseous o.nd adsorbed hydrogen 

I.:-. 

Fig .(4.1 a) 

Propane Hydrogenolysis Mochanism 
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(4.6) 

1 + 

Equation (4.6) permits the evaluation of more rate constants than eq

uation (4.3). For estimating parameters of equation (4.6), values of 

m1 the hydrogen power for the desorption of ethane, were assumed 

and residual sum of squares of the reciprocal of s
2 

was calculated by 

linear least squares. The most appropriate value of m. yields the 

~mallest residual sum (>f sq_uares. 

Equation (4.3) evaluates the ratio of the rates of hydro-

genolysis of etha.ne to propane and the ratio of the rates of cracking 

ot eiha.ne to its desorption. Equation ( 4.6) yields ·tbe ratio of 

the rate co~sta.nt of cracking to the desorption for ethane and propane 

a.nd also the ratio of adsorption ~atEfs: of -ethane .. to propane. 

4.2 Experimental Resu1ts 

Three individual ~ets of exper~ents were made. Initially, selec-

tivity experiments at constant temperatures and pressures were performed, 

followed by experiments at constant pressures but at different tempera-

tures in order to study the temperature dependence of the selectivity. 

Lastly, experiments at different pressures but at constant temperatures 

were performed to obtain an insight into the pressure dependence of the 

selectivity. The range of tbe experimental conditions were : 
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Temperature 115 155°C 

Pressure 2 90 psig. 

Propane Conversion 10 90% 

Feed flow rate 0.9 10 ml./sec. 

Feed ratio ( H2/C3H8 ) - 2.5·- '1 

Fig~{4.2), (4.3) and (4.4) show the product distribution at the 

temperatures and pressures shown on the figures. The experimental data 

are also given in Table (Cl), (C2) and (C3). Low conversions could not 

be obtained under tbe:se conditions because the catalyst was very active. 

'l'he methane selectivi·~y for the three cases increases with conversion. 

while that of ethane tlecreases with conversion.· Each experiment yielded 

one conversion with one set of selectivities. The selectivity for methane 

is higher at lower pr(:!ssure a.nd decreases as the pressure increases for the 

same conversion. 

Plots of l/S2 as a function of x/( 1 - X) were made for the three co.se s 

and are shown in fig.(4.5), (4.6) and (4.7). The straight lines are drawn 

~o fi~ most of ~he points. The values for the intercept and slope 

"! " &re sholfll in Table ( 4.1 ),.as well a.s the parame~ers k2 k3 

&nd k;/k~. The soli~d curves in fig. (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). 

Tbe experimental selectivities and the calculated curves agreed ver.y well. 

" It Values of k2/k8. are :t::ar •aller than unity, i.e. the rate of hydrogenolysis 

~f ethane is much slower than propane. * I The parameter, k2/k2 '!hich is very 

auch less than unity _ind_ica.ting that. the desorption rate of ethane is much 

faster than its craclking rate. 
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Product Distribution at 120°C and 2 psig. 
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Product Distribution at .130°C and 30 psig. 
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Fig. (4.4) 

Product Distribution at 150°C and 80 psig. 
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Fig.( 4.5) 
Product Distribution Analysis at l20°C and 2 psig. 
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TABLE ( 4.1 ) 

Product Distribution Analysis ( -Egn. 4.3 ) 

PT (psig) Slope Intercept 

2 120 0.0525 1.0095 0.0095 0.052 

30 130 0.0191 1.0225 0.0225 0.0187 

80 150 0.0079 1.0295 0.0295 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 l/s2 as a function of X/(1 • X) were 

made and 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 intercepts and slopes, 

. II It * I 
together with the parruneters k 2jk8 and k2/k2 are given in Table (4.2). 

The solid curves in fil~.( 4.8), to ( 4.10) were calculated from these 

parameters. It is not1ed that l/s2 vs X/( 1 - X} plots are not always too 

n " good, yet the selectivity curves fit quite well. Both the values of k
2
jk

3 . * • 
and k2/~2 are far less than unity. For a given pressure,.values ot 

It It * I 
k

2
/k3 and k2/k2 inerea:~e with increasing temperature. 

The catalyst was ~~oo active to allow low conversion de-terminations, 

but the selectivity wa~~ extrapolated by equation ( 4.5) to zero conversion. 

Fig.(4.11) is the zero conversion selectivity as o. function of temperature. 

These selectivities. correspond to the prima~y cracking of feed propane 

alone. Low pressure fnvours methane for,mation. The curvature of the 

plots decreases with increasing pressure, and a.t 60 psig., the curve is 

essentially linear. 

The dependence of the two parameters on temperature 

by Arrhenius expressiOils as : 

* k2 
I 

( 4. '1) 

k2 

tt 

andL 
k2 

" 
(4.8) = 

k3 

and E " hereJA22 and A23 are the pre-exponential factors and E22 28 are 
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the apparent activation energies for the corresponding rate ratio. Fig. 
, n II 

( 4o 16} ·and ( 4.17) are the Arrhenius plots for the parameters k2/k3 and 

* I k2/k2 respectively. The slope of the plots, the pre-exponential factors 

and the activation energies are given in Table (4.3) and (4.4). The 

t1 " activation energies for k 2/k3 can be regarded as_ .~he difference between the 

activation_energie$ of. ~ydr~genolysis_ of ethane .~nd propane. The values 

for these activation e~ergies seem to-be constant with:an average value of 

11.2 kcal/mole. Thus, bydrogenolysis_of ethane has an activation energy of 
. * I 

11.2 kcal/mole greater than pr~pane. The activation energy for k 2/k
2 

is tbe difference between the actiYBiion energy of cracking and desorption 

of ethane. The values seem to be decreasing with increasing pressure. The 

* ' accuracy of these'Values are low. The values of' k 2/k
2 

were obtained 

from ( intercept - 1 ) of the plots of 1/s2 :vs r./(1 - :x,}. The intercept 

*I I . ~s about 50 times larger t~an k2 k 2, therefore a small error in the inter-
. * t 

cept would result in e, grea.t error in the value of k
2
jk

2
• Never-the-less 1 

the activation energy for cracking of ethane is greater than that of 

desorpt-ion. 

The product distribution study was then shifted to constant tempera-

tures with pressures varying. Table (C7), (C8), (C9) and (ClO) are the 

selectivity data at f•>ur different temperatures. Fig.( 4.18), ( 4.19) 

and ( 4. 20) are the pr()duct ·distribution plots. Lower pressure favours 

the forma'tion of meth:a.ne. I/s
2 

was plotted as a function of X/( 1 -X.) 

as shown in fig.(4.21) 1 (4.22) and (.4~23). The parameters a.t diffe-

rent temperatures and pressures are shown in Table (4.5)• The solid curves 

in fig.(4.18) 1 (4.19) and (4.20) were drawn from these parameters obtained 
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Fig. (4.9) 
Product Distwibmtion at 50 psige 
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Product Distribution at Zero Conversion at Several Pressures 
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Fi,g. (4.12) 
Product Distribution Analysis at 30 psig. 
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Fi g.(4.13) 
Product Distribution Analysis at 40 psig. 

Temperature 

1.06 

3 6 



1.1 1 
1 
i's2 

1.09 

1.07 

1.010 

Fig.(4.14) 
Product Distribution Analysis at 50 psig. 
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Fi g.(4.15) 
Product Distribution Analysis at 60 psig. 
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30 
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TABLE ( 4.2 ) 

Produc~ Distribution Analysis ( Egn. 4.3 ) 

Temp. (oc) 

128 

130 

135 

139 

128 

133 

139 

144.5 

128 

139 

148 

137 

141~5· 

i4'1.·5 

Slope 

0.0186 

0.0191 

0.0243 

0.0285 

0.0078 

0.0093 

0.0108 

0.0132 

0.0062 

0.0090 

0.0132 

o.-0049 

0.0055 

0.0066" 

0.0079 

lntercep~ 

1.0214 

1.0225 

1.0442 

1.0705 

1.0190 

1.0255 

1.0375 

1.0495 

1.0170 

1.0290 

1.0405 

1.0199 

1.0220 

1.0230 

1.0288 

* k2 /kz 

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 

• "j n 
k2 ka 

0.0182 

0.0187 

0.0233 

0.0266 

0.0076 

0.0091" 

0.0104 

0.0126 

0.0061 

0.0088 

0.0127 

0.0048 

0.0054 

0.0065 

0.0077 

84 
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Fi g.<4.1 6) 
" " Arrhenius Plot for k2/k3 
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Fig.(4.17) 
*I I Arrhenius Plot for k2 ~2 
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~ABLE ( 4~3 ) 

" " Pre~exponential Factors and Activation Energies for k2/k& 

" tt H 

( kca.l/mole 
.. pT (paig) 

=3 Log !23 E2 .... E3 Slope x 10 

30 5o81 10.47 11.6 

40 5c,20 8.08 10.4 

50 s-~92 9.6.7 11.8 

60 5t)50 8.06 11 .. 0 

* () Pre-exponential Factors and Activation Energies for k 2/k2 

PT (psig) 

ii 

*E 23 

*'* E . 22 

30 

50 

60 

Slope x 10-3 

.16.,2 

g,Jg 

'lo4 

4o4 

* 11 

( kcal/mole Log A
22 E2- E2 

].4~0 32.,2 

20.6 19.6 

14.4 14.'1 

5.8 8.8 

8'1 

* ) 

** 
) 
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P:!rcduct D·istribution at 128 ° C 
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Fig. (4.19) 
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Product Distribution at 148 ° C 
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Fig.(4.21> 
Product Distribution Analysis at 128°C 

( Equation 4.3 ) 
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Fig. (4.22). 
Product Distribution Analysis at 139°C 

( Equation 4;3 ) 
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Fig.( 4.23) 
Product Distribution Analysis at 148 ° C 

( Equation 4.3 ) 
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TABLE ( 4e5 ) 

· Product Distribution Analysis ( Egn. 4.3 ) 

Temp. (oc) PT {psig) Slope Intercept 

128 20 Oe02'77 1.0287 0.0287 0.0269 

128 30 011)0186 0.0214 0.0182 

128 40 0.00'78 le0190 0~0190 0.0076 

128 50 0.0062 1.0170 0.0170 0~0061 

139 30 0.0285 1.0705 0.0705 0.0266 

ll39 0.0108 Oe0385 0.0104 

Jl39 50 ,. 0.0090 lc0290 Oc0290 Oo0088 

139 60 0.0054 1.0213 0.0213 

148 50 0.0132 1.0405 0.0405 0.0127 

148 60 0.0093 1.0350 0.0350 Oo008'1 

148 '10 0 .. 0059 1.0255 0.0255 0.0058 

148 80 0.0054 0.0211 0.0053 

148 90 0.0036 1.0182 o~o1s2 0.0035 
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(rver t.he experimental ranges. The selectivity at zero conversion was 

obtained by extrapolation,and figo(4o24) is the plot of zero conversion 

selectivity as a function of pressure. Higher temperature and lorrer pre-

ssure favour the formation of methane~ 
U II * I 

Botb. k 2/k3 and I-r
2
/k2 decrease with increasing pressure at a given tem-

'' tt perature., The decree .. sing of k
2
/k

3
. with inc!"easing pressure indicates 

hydrogenolysis of ethane has a greater dependence of pressure than that 

of propane~ "! " A relation of k
2 

k
3 

on pressure was asswned to be as : 

(4e9) 

where PT is the total pressure and A23 and m are constants. The values of 

" n the constant were obtained by plotting log k
2
/k

3 
against log PT ~ as 

shown in figo. ( 4.25 } c The values of m are -1~89, -1.92 and. 

-1.75-for temperatures of 128, 139 and 148cC. An a.vera.ge value of -1.,85 

* • was taken~ The values of k2/k2 are subjected to large errors a~d it is 

* II hard to get an exact relation of k 2/k2 and total pressure. However 
·)io I 

k 2/k2 decreases with increasing ~ressuree 

The pressnre dependence of ethane selectivity is shown as equation 

(4e6). The parameters in the equation were evaluated by using the selec= 

tivity data. given in Tables (C7), (cs), (C9) and (ClO). Table (4.6} 

presents the parameters obtained from the analysis of equation (4.6) 

by linear least squares@) The. po.rf!..meter, h
2
/h

3 
i·s the ratio of "the 

rate c_onstants for adsorption of ethane to propane o It is also the ratio 

of rates of adsorption o£ ethane to propanee The values for h /h are 
2 3 

very small~ Propane adsorbs more than thirty fold faster than ethane. 
* ~ The parameter, h2/h2 is the ratio of rate constant of cracking of ethane 
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* ! to its desorption)nnd,h3/h3 is tbe ratio of rate constants of c~acki~ 

w V * I 
of propane to its desorptionQ. The dependence of h

2
/h

2 
and h

3
/h

3 
a.re 

represented by Arrhenius expressions : 

* h7 = .'A22exp(-E22/RT) ( 4.10) 

h2 

* ~ = A33exp(-E33jnT) 
tl 

( 4o 11) 

ha 

where A
22 

and A33 are the pre-exponential factors and E
22 

and E33 are 

* I * f the activation energies for h2/h2 and h3/b3 repectively. 

* 11 * e The Arrhenius plots for the parame-t,ers h2/h2 a.nd h3/n3 are shown 

in fig(p(4.26)e. 'l'he activation energ.ies are 26e6 and 25.2 kcale/mole 

* 8 * ll for the parameters h3/h3 and h 2/h2 respectively& The activation ener-

gies are the difference between activation energies of cracking and desorp-

tionG The values are only approximate& 

The ratio of ~he rates of cracking to desorption for ethane and propane 

&t each -pressure were calculated according to the following equations 

* 
R2 C h2 =2o0 
-~ = PH2 
R2,D 

q 

h() 
"" 

( 4.12) 

* R h3 p ....,2.0 _b.£ = t 
R3,D h3 

H2 

where a2 ,C and R3 ~C represent cracking rates of ethane and propane, and 

a2 ,D and a3 ,D are the desorpt.ion rates of ethane and propane. The 

hydrogen pressure is assumed to be constant a~ each pressure because 

the variation of hydrogen pressures are &mall enough to be negligibleo 



Fig .(4.24) 
Product Distribution at Zero Conversion at Several Temperatures 
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Oo0025 

Oo0019 

04100042 

Oo0004l 
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000033 
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The values for a2,c/R2,D and a3.,c/R3,D are sho'WU in Table ( 4.7). These 

values are small enough ~o regard adsorption-desorption as being in equi

librium<!) The ratio decreases with .i_ncreasing pressure. The trend is 

~imila.r to those obta.'i~ed by equation ( 4.3). A comparison of the experi

mental and calculated selectivities by equa.tiol:l (4.6) for ethane appears 

in fig. ( 4.27). This figure d¢m·onstra~es that ~he fit is reasonably 

good for the temperatures and pressures studied. 

4.3 Discussion and Summarr 

The product distributions for the hydrog~nolysis of propane at various 

te~peratures and pressures have been studied. rt•as found tba.t high 

temperature, low pressure and high conversion of propane favour the 

formation'of methane. The product distribution is useful for studying 

the reaction mechanisme A reac~ion networkJs~ilar to those proposed 

~ Kempling, was examined. The network consists of reversible adsorp-

~ion and desorption for all hydrocarbons and an irreversible rupture of 

the carbon-carbon bond in ~he adsorbed species. No single rate deter-

mining step was assumed. Two equations ( eqn.(4.8) and eqn.(4.6) ) for 

ethane selectivity were obtained from the network. The first assumed all 

reac~ions proportional to first power of hydrocarbon and the second 

proportional to first order of hydrocarbon and hydrogen with certain 

powers. 

The parameters from equation (4.3) were evaluated. The parameter, 

* I k2/k2 is the rate o~ ethane cracking to its desorption. The values were 



m (oc) .~.empe 

1!.28 

128 

128 

128 

139 

139 

139 

139 

148 

148 

148 

148 

148 

TABLE ( 4. '1 ) 

Ratio of Cr§cking Rate tq Desorption 

20 

30 

40 

50 

30 

50 

60 

50 

60 

1'0 

80 

90 

Ethane. 
from Eqn~ ( 4;3) 

0.028'! 

0.0214 

0.0190 

Oe0l70 

0.0"105 

0.0385 

0()0290 

0.0213 

Oe0405 

0.0350 

0.0255 

0.0211 

Of)Ol82 

Ethane 
from Eqn. ( 4.6) 

0.0540 

0-.,0245 

0.0146 

0.0093 

0()0730 

0.0472 

0.0230 

0.0198 

o.o64'li 

0.0353 

Oo0258 

0.0211 

0.0133 

102 

Propane 
:from EqnS) ( 4s6) 

0.,0827 

Oe0378 

Ov0224 

0.0144 

0.1360 

0.0478 

0.0413 

Oe0920 

0.0674 

0.0552 

0.0360 



Fig.(4.2.7) 

Comparison of Experimental and Calculated Selectivity of Ethane 
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found to be small numbers far less than unity. This indicates that the 

rate of cracking of ethane is ver,y much slower tban its desorption. The 

reversible adsorption-desorption reactions in the network can, to a good 

approximation, l~ assumed to be in equilibrium. The cracking of-carbon

* I carbon bonds is the slowest step. The parameter k2/k2 decreases with 

increasing pressure but increases with increasing temperature as shown i.n 

Table (4.3) and (4.4). 

It " The parameter k2/~3 is the ratio of the rates of hydrogenolysis of 

ethane to propane. The values for k;/k; were found to ____ be small numbers, 

increasing witb increasing temperature but decreasing with increasing 

" " pressure. The values for k 2jk3 cau be fo~le (4.3). This result 

confirms the work by Kempling (1) that tbe hydrogen~ysis rate for a. 

straight chain hydrocarbon increas~s with number of carbon atoms in the 

" " hydrocarbon. The activation energy for k2/k
3 

is 11.2 kca.I./mole. Since 

tbe activation energy for bydrogenolysis of propane is 28.9 kca.l./mole, 

the ethane bydrogenolysis activation energy would be 40.1 kca.I./mole. This 

Value is quite close to the activation energy of ethane hydrogenolysis 

obtained by Tajbl whicn is 42 kcal./mole (22). 

on total reaction pressure is estimated to be in tbe order of -1.85. 

As it has been shown in Chapter Three, the pressure dependence of hydro-

genolysis of' propane is to the order of' ~0.90. Thus, the dependence of 

total-pressure of hydrogenolysis of ethane would be to the order of -2.76. 

Therefore, hydroge~olysis rate of ethane is decreased mor~ by pressure than 

tfiat of propane. 

It was noted that l/s2 vs x/(1 - x) plots are not a.lw~ys v~ry- good, 

yet the calculated selectivity curves agree quite well with tbe experimental 
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selectivities. These was shown on fig" (4e2) to fig& (4~4)v fig~ (4~8) 

to (4el0) a .. nd fig .. (4ol8) to (4fl20). Therefore, the network e.ud. equations 

were found to he consistent with the experimental observations. 

The parameters from equation (4.6) were estimatedQ The paracreters, 

* v ~~ ' 
h2/h2 and h3/h3 are the ratios of the rate constants of cracking t.o desorp-

tion of ethane and propane, respectively. ~be dependence of the paraJneters 

was represented 1Jy Arrhenius expressions" The activation energies were 

found to be 26.6: kcal/mole a.oo 25e2 kcal/mole for propane and ethane 

respectivelyo These activation energies compare favourably with previous 

investigations. For ethane over ruthenium, the activation energy for 

hydrogen.olysis was much greater than that for deuterium exchange (2t9)w 

The parameter, h2/n3 corresponds to the ratio of the rates of adsorp

tion of ethane to propanee The values obtained show that propane adsorbs 

much faster than ethane o Equation ( 4.,6) is insensitive. to the parameter 

h2/h3 b~cause their values are quite close to zero ; therefore, a temperature 

dependence expression for this parameter was not determinedo 

The ratios of the rates of cracking to desorption for ethane and 

-r(' fl . * ' 
propane were calculu.ted from the parameters h2/h

2 
and b3/h3 f) The ratios 

are· shown in Table (4o6)e The values vere found to be snail enough to 

assume that the cracking rLta is much slower than the desorption ratee 

Comparison between the ratios for rates of et~ane cracking to its desorp-

* 1i * I tion calculated from the parameters h2/b2 and k2/k2 appear in Table (4.6). 

The rate ratios calculated from both parameters show the same trend, ieeo 

increasing with increasing temperature but decreasing with increasing 

pressure. The values obtained for both parameters are of the same order of 
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m~gnitude. This result shows that both equation (4.3) and (4.6) have the 

abiJlity to estimate the ratio of tb.e ro.tes.of cracking of ethane to its 

desorption. 

A comparison of the experimental and calculated selectivities based 

on equation (4.6) are shown on fig. (4.21). The figure ,demonstrates tbat 

the fit was good for the temperatures and pressures examined. Therefore, 

the assumption that reactions are proportional to first order of hydrocarbon 

and certain powers of hydrogen is valid. 

There are two criteria for rej~ction of a reaction network. Either 

tbe residual sum of squares~is large or an unreasonable value of one or more 

of the parameters is obtained. Comparison of the observed and calculated 

selectivities ha.s demonstrated that the postulated reaction network is 

capable of fitting tbe experimental data. From tbe informations obtained, 

it is confirm.~.d that the mechanism of bydrogenolysis consists of a rapid 

reversible a.dsorp~ion-desorption pr~cess and tb~ rupture of carbon-carbon 
- ~...:.· . 

bonds on the surface is the slowest step. Both equations derived from 

the network are ·applicable. Equation (4.3) bas the ability to estimate tbe 

* • " " paranteters k2/k2 and k2/k3 while equation ( 4.6) can evaluate tbe parameters 

* t * I h2/h2 , h3/h3 and h2/h3 • Therefore, equation (4.3) and (4.6) should be used 

simultaneously to get more insight into the mechanism of hydrogenolysis. 



CONCJLUSION 

was fo~nd to be proportional to a positive power of p~opane partial 

de~raa~ed u!th inc~eaaing pressuwee However, a single power rate expression 

failed to correlate the rate at diffe~ent pr~ssures$ 

A me©ha.mism was proposed consisting of dissociative adsorption 

ca!r'bon. bonds on the surface which was the rate determining stepE) Tbe 

number of hyd~Ggeu atom- lost om ad~o~ti@~ to fcmm ~~a~tive adsorbed 

c; spe~ies was 5o The i~te~ediate was dis~~ssed in terms of 11 2·

diad~orbed spe~iesQ The aetivation ~~e~gy f@~ the hyd~@ge~®lysis ®f 

prr@pa.ne was 28a9 k©al/mol\'a!) The beat of a.daorrption of prcpa.iiMl was =2Gl9 

k©nl/mole and the adsorption ~ea~tion w~~ endothe~ico The heat of adsowptio~ 

of bydrcgen was 1o95 k~al/mole and the reaction was e~@the~ico The ~~te 

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

Pea Partial pressure of propane (atm) 

PH2 Partial pressure of hydrogen (atm) 

Rate of hydrogenolysis of propane (mole/g. cat~- sec) 

The analysis of product distribu~ions yielded a consistent description 

of tbe mechanism. The mechanism involves a rapid reversible adso1~tion-

desorption of propane and a surface cracking reaction which is the slowest 

atep. The desorption of c2 and c
3 

adsorbed species were very much faster 

than cracking$ The hydrogenolysis of propane was found to be faster-than 

the hydrogenolysis of ethane. The adsorption rate of ethane. was smaller 

than the adsorption rate of propane. The activation energy of-hydrogenoly

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

_Measurement of Pore Size Distribution and Specific Area 

_!ly liercury Porosimeter 

The pore size distributiQn and the specific surface area of the 

catalyst, 095 weight percent ruthenium impregnated on Q =alumina were ,, 

measured by a mercury porosimeter ( Micrometries Inst~ument Corporation9 

Model 900/910 Series )o The instrum.ent operates on tne principle that 

0 
mercury exhibits an angle of contact with the catalyst greater than 90 ; 

the mercury does not wet the catalysto . Thus an external force is required 

to force the mercury into the poreso The mercury surface tension ( 474 

dynes/em .. at 25°C ) is the measure of this resistance<) If pressure P is 

iarc>e.rted to the mercury, the force which tends to drive mercury into -the 

9 
cylindirical pore is lftr~ and the toree due to surface tension is 2lTrocos-e-. 

Equating these two fo~ces 9 gives 

p -20' cose ( Al ) = 
1r 

wbeJre ~ 'if the cylindE'ical po1re radius 

e the angle of contact 

(f the fn.llrface tens ion 

The sample was dried l>efore pla.cing int.o the sample cella The 

pressure chnmhei' 11as then evacuated and the me1rcuey was allowed to 

enter the cello The pressure iJelow atmospheric was obtained by sla:rwly 

opening the valve to the a.tmosph.erre a Higher pres sure ·rn!.s genere.ted wi tb a 

hydwaulic pumpa The amount of mercury penetrating the pores was measuwed 

by foJI.lcnd ng the mercury level in the constant diameter "(,ube cf the 
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porosimeter cell by a movable electrical contact mechanism. 

The pore size distribution for cylindrical pores ca.n be represented 

as ( 41) 

D(r) = 
P dV - rd'P ( A2 ) 

where D(r) is the pore size distribution functione The right hand side 

is plotted as a function of' r from the da.ta. shown in T0~ble (Dl). The 

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

dS = P dV 
crcosa 

For mercury-&is 130°a.ndois 474 dynes/cm'3 at 25°C. Then 

s = Oo0225 P dV 

v.rhere : P pressure in psia. 

V volume in cce/gm. 

and s specific surface area. in m
2jgru. 

The integretion is obtained graphically from Fig~ (AI) 

Tbe average pore ra..dius 'rrLS evaluated from ( 42) 

2 v 
max 

s 

where V is the pore volume of the sample. max 

( A3 ) 

( A4 ) 

( A5 ) 
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APPENDIX B 

Various Possible Mechaniscs for the HJ:'lirogenolysis 

of Propane 

Various mechanisms were proposed for the hydrogenolysis of propane, 

nnd the Hougen-ttatson type of rate expressions,.were derived from the 

proposed mechanisms$ The parameters in the rate expressions were obtained 

by linear least squareso The appropria.te mechanism will be the one that 

gives the smallest !"esidue.l sum of squares and acceptable parameters. 

The follolring is the derivation of tlte equations from the proposed mechanisms. 

( 1 ) The proposed mechanism involves a dissociative adsorption of both· 

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

hydK·ogen and c
3 

species which is the rate determining step. 

C3H8 
kC3 , * n 

C3H8-n + 2 H2 

1 kH * -H ,.., 
H 2 2 ~.._ 

• 
* * k * * C.,H

8 
+ H > CH + C0 II 

v -n X " y 

Tb.e fractional coverage of adsorbed hydrogen . and c
3 

species 

cn.n be rep1"e sented e.s 

e 
II = 

( 1 + k..P!/2 + k Pea ) 
11 u ca ;n72 

II 

( Bl.) 
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and -e-C3 ( B2 ) 

If the rate determini~ step is assumed to 1~ the surface cracking 

reac-tion, then 

r ( B3 ) 

or r = 

k p p(l-n)/2 
C3 H . . 

( B4) 

( 2 ) The proposed mecha.n.ism involves an initial a.dsorJ?tion of gaseous 

propane. The adsorbed c3 species gives off n/2 molecule of hydrogen-on 

the surface to form the renctive c3 species which cracks into adsorbed c
2 

and cl species~ 

a * C3H8 ~ 
C3H8 

' 
* ~c * C3H8 

~ c3IIS-n + n/2 H2 ' ' * k *' * C3H&-n ~ CH + c2II 
X y 

* is The surface coverage of c
3

H
8 

( B5 ) 
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If the surface cracking reaction is assumed to be -the rate determining 

step, then 

( B6 ) 

( B7 ) 

Substituting equa.tion (B7) and (B5) into (B6} obtains 

r ( BS ) 

( 3 ) The proposed mechanism involves adsorption of hydrogen and propane 

on different sitese The initiel adsorbed c
3 

species gives off n/2 molecules 

of hydrogen to form the reactive c3 species. T~e final c
3 

species reacts 

with adsorbed hydrogen to form cl and c2 species. 

a * cans ~ 

C3HS 
~ 

1 b ~ * 2 H2 H ..,.. 

C H* 
KHC 

~ cafls-n + n/2 H2 3 8 " 
* * * C'>HB + H 

u -n > CH + c2H 
X y 

The surface coverage for hydrogen and 

b pl/2 
H 

= 
1 + b pf2 ( B9 ) 

( BlO ) 

Xf the surface r·eaction of adsorbed hydrogen and c
3 

species is assumed to 
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be the ra.te determining step, then 

t ( Bll ) r = k eiiec .. 

where ec = e -n/2 
~C C3 PH ( Bl2 ) 

Substituting equa~ions (Bl2) 7 (B9) and (BlO) into equation (Bll) yields 

( Dl3 ) 

( 4 ) The proposed mechanism that bas been tried is exactly identical 

to tbnt proposed by Cimino et al., and it hus been described in full length 

in Chapter One. The rate is expressed as 

r = 
k ( Bl4) 

Equation ( B4) is rejected because the heat of adsorption for bot& 

hydrogen and propane are- endothercic. Equations (B8) and (Bl4) are 

rejected because the residual sum ot squares ( in the order of lo-12 ) 

is large. Equation (Bl3) is unacc~ptable because. the rate of adsorpt~on 

constants evaluated are negativeo 



APPENDIX C 

Product Distribu~ion Network, 
.. 

The reaction network proposed for the hydrogenolysis of propane is 

shown in Fig. ( Cl ). Each of the hydrocarbons vaa assumed to adsorb 

and desorb reversibly to produce reactive species on the metal surface. 

The adsorbed species were assumed to react irreversibly via the rupture 

of one carbon-carbon bond to produce smaller adsorbed fragments~ This 

assumption is propeT, because the hydrogenolysis reaction is so highly 

favoured thermodyanmieally (44) that the reversed reaction does not occur. 

Each reaction was assumed 'to be first order in the concentra.tion of the 

hydrocarbon involved. The effect of hydrogen pressure was assumed to be 

1'!1early constant a.t a given pressure and incorporated into the rate con-

stant. The \Corresponding rate constants are sno1m in Fig" ( Cl )ca 

From the reaction network, the overall rate of foraation of propane 

is 

I 

r3 = =-k c + k3A3 3 3 
( Cl ) 

* r3 = ka-Aa ( C2 ) 

where r
3 

is ~he overall ~ate ot formation of propane, c3 &nd A3 are the 

concentration of gaseous propane and fractional coverage of c
3 

speciesa 

The combination of equation ( Cl ) and ( C2 ) yields 

-r = 
3 

( C3 ) 

119 



where 

Since tbe bydrogenolysis reactions are equimolar, tbere 

ia no change in'volum.e and flow-rate between inlet a.nd outletc A 

propane mass balance over the reactor yields ~ 

wherre tl co concentration of propane Q 

3 

ca concentration of propane 
~: 

F flow rate 

v reactor volnme 

t reactor· residence 

From the definition of conversion 

Re~rranging equation ( C5 ) 

"t 
k3 

or t 

obtains 

time 

in inlet 

in effluent 

( v/F) 

The overall rate of formation of ethane is 

( C4) 

( C5 ) 

( C6 ) 

( C'! ) 

(- C8 ) 

( C9 ) 
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~ 
k3 :a C3 k' 3 

~ 
k2 :a. C2 k2 

c, kl c1 t 

kl 

~3 
k* C2 c; 3 > + 

0 k* 

2 c1 2 > 2 

C3 , C2 , c1 - gaseous propane, ethane and methane 

* * * C3, C2 , c1 - adsorbed hydrocarbon species 

ki - adsorption rate constant 

• ki . - desorption rate constant 

* ki - cracking rntc constant 

Fig. < C 1 ) 

PropanQ Hydrogenolysis Mechanist-n 
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{ ClO ) 

tb.e coneeHtration of gatseou.s ethane 

Substit.uti41.g equat.ions ( C2 ) a,ud ( C3 ) into equatior;:s ( C9 ) and 

( C!O ) yields 

* ~ k + k 2 2 

_Substitution of equa.tio11s ( C6 ) ~ ( C'l' ) an.d ( C8 ) yields 

l:f the selectivity of ethane is defined as 

( Cll ) 

( Cl2) 

( Cl3 ) 
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Co 

s2 = ~ @ 

c:l's 
( Cl4 ) 

Then l'l 

k2 

* ij 

k2 + k 

s2 
2. 

= 
" k2 xs 

l +=y;-

( Cl5 ) 

k3 1 -x 3 

tl i~ 11 

The parMeteE", k 2/(k2 + k 2) ©Oli'"Iresponds to r-ela.tive rates o£ d®sorption 
v~ n · 

tvnd crs .. eking of £!,.,clsor'b.sd c
2 

apecies and k 0 /kn is tne ~a.tio @f rn.te 
,;;, ~ 

constants of byd~ogenolysis of etha~ to propane. Since all the reactions 

o.tre a~at:m.1ed to be first orde~ in the concentration of the hydrocarbon 
t9 iV 

involvedo Then k2/k3 represents tne ~elative hydrogenolysis rates of 

etb.e.n.e to propane~ 

The methan.e selectivity can be obtained from o. carbon balance ace-

3 ( Cl6 ) 

In the previous development of equations, the hydrogen partial 

pressures were ass~~ed to be eonstent and i~©o~orated into the rate 

constant. Another reae~ion network was proposed a~d is ahovu in fig~ 
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atoms acquired hy the adso~bed specie~ on desoli:"ptione The adso1rptio!Il 

rate -v1as assumed to be independent of hydrogene The e.dsorbed hydrogen 

species we.s a.ssurued to be p&"oportional to l/2 Clrder of b.ydrogen partial 

pressure o 

Simila.t" derivation to the previous network leads to the selectivity 

{ Cl7 ) 

'\rhicb. simplifies to 

1 
( Cl8 ) 
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1 h 1-r - 1-J 2 2 h' 

h3 • n Ca h' CJ T 21-12 
3 

c2 
b2 

c2 ~~-~ h' 
+ 

·, 2 . 

C,. 
h] ::. c; ~ J 
h' z'-~ 1 

1-r c3 h* 

c2 c; + 3 ) + 

I-I~ c2 h~ • + ) 2 c1 

c3, c2, cl - gaseous propane, ethflne and 1J1ethn.ne 

* * * . c8 , c2, c1 - adsorbed hydrocarbon species 

h1 - adsorption rate constant 

' hi - desorption rate constant 

* h. - cracking rate constant 
1 

* H
2 

and H .., gaseous and adsorbed hydrogen 

Fig.< C2) 

Propane Hydrogenolysis Mechanism 
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TABLE ( ~1 ) 

. H1Rrogeno1ysis Data at 2psig • and 120°C 

.... 

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

lie thane Ethane · Propane Hydrogen moles 
g • cate.lyst - seco 

.2686 .1857 e0794 • 6022 4,150 

.2476 .1724 o0628 .6532 3.545 

e0412 .0358 .0319 1.,027 1.110 

.1026 .0779 .0668 .8886 2.,875 

.2277 ol628 ~0782 .6673 3.600 

.3].88 .2080 .,0668 .5425 411)310 

.2190 al580 .0672 .6919 3.204 

o269~ .1851 .0626 .6190 3(>620 

o238() el638 .0472 .6877 2.760 

ela'13 1.)1220 .0447 .,8019 21)270 

<;14'18 .1152 .1165 .7566 4e200 

.o2078 .1563 .1550 a6l'l0 6o830 

.2892 .2029 .1271 (1)5169 1.600 

02391 el'/01 .0621 .6640 3.430 

.2231 <1)159'2 .0573 .6964 3.,170 

.41'12 .2l~i4 o0239 .4846 2"340 

.3092 .1884 ()0273 .6113 1.661 

.1554 .1127 .0332 e8347 1.270 

Q2202 ol563 .0490 .'1105 2.130 

.1t446 olOB4 .0483 .834'1 1.'1'10 
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TABLE ( A2 ) 

Hydrogenolysis Data at 15psig • and 114.5°C 

..... 

Partial Pressure ( atm. ) 7 Rate (X 10 ) 
Methane Et,hane 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 .1172 1.522 .'1890 

.2592 .2342 .2'152 1.252 1.791 

.2386 .2134 .1158 1.453 .8540 

.0978. .08'13 .0709 1.'164 .50'10 

.1212 .1441 .1606 1.595 .9070 

• 0879 .0756 .1085 . 1.749 .'1612 

.2639 .2390 .3'188 1.140 2.510 

.0950 .086JI. .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 .1523 .5572 1.148 3.510 

.1657 .1493 .2544 1.451 1.518 

.1760 .1568 .2594 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 
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'fABLE ( A2 ) 

Hygrogenolysis Data a~ 20psig. a.nd 126°C 

Partial Pressure ( atm. ) '1 

IE ethane 
Rate (X 10 ) 

Ethane Propane Hydrogen moles 
g~ catalyst - sec. 

~ 

o2287 .2009 .2309 1.702 2$066 
ol575 el395 .2219 1.842 1.940 

ol26"l .1114 el416 1.98ll. 1.490 
.1152 (!)1022 el253 2.018 1.180 
o2658 .2318 t>l983 1.665 2.496 
.1181 .1572 .2106 1.732 f!c2l4 

ol480 .1006 .. 1589 1.953 1.403 
o2606 .2286 .2070 1.664 2.477 
.2703 .2453 e2211 1.663 2.6'14 

~1419 .1268 .1924 1.900 1.698 

.1973 .1'147 .2453 1.'143 2.370 

.1135 .1018 ol657 1.980 1.450 

.1452 .1291 .2007 1.886 2.005 

.0994 .0881 el295 2.044 1.320 

~0250 .0214 (J0210 2.293 e2943 

.3823 e2460 ol997 1.638 2.6'10 

.li487 .1265 (!0442 2.241 .5606 

.132'1 cvll33 00534 2e063 .6480 

.0818 .0763 .0538 2.143 .-6083 

o2932 .2545 .1960 1.61"/ 2.1'14 

.0368 o0314 .0108 2.282 .2366 

.3182 .2788 ~1886 1.5'15 3.040 

02453 .21'79 • 21'12 1.680 . 2.810 

.. o2842 e~253l .2828 1.541 3.68 
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TABLE ( !3 ) (Continued) 

Partial Pressure ( atm. ) 
'1 Rate (X 10 ) 

Methane :Ethane Propane , Hydrogen moles 
g. catalyst - sec. 

o25'11 o2299 e3583 1.515 4~240 

o418l .3368 e2870 1.289 4.502 

@1'723 .15~ .2623 le771 8.840 

04065 .3539 .2363- 1.365 4~096 

.3763 «>3350 .2096 1.4.-40 3e800 

.8295 .2887 .22'13 1.515 3.145 

.0609 .0548 .1452 2.099 1.190 

el2~8 .1119 «)2863 loaM 2.566 

()1685 .1511 .• 3966 1()645 3.810 

.2899 .2561 .322'1 1.492 4.260 

.25QO ®2226 a3314 1.556 4~072 

.~23]. el981 (1)2627 1.677 2.4'10 

.8521' .3078 .2462 le454 3.520 

.2474 o2169 .2091 1()687 2.290 .. 

• 1910 ol'159 .6643 1.324 6.540 

.3281 .2870 .6267 1.119 8e690 

.3:$24 e3085 f)5736 1.145 7.'190 
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TABLE ( A4) 

H~rogenolxsis Data at 40psig. 
0 

and l44e5 c 

Partial Pressure ( atm. ) 7 Rate (X 10 ) 
lie thane Ethane Propane Hydrogen moles 

g. ca.ta.lyst -- sec. 

.4875 .4134 ol260 2.694 3e~897 

.411.8 .3929 (!)1113 !.'139 3.878 

«!6318 .5-165 .2532 2.319 8.960 

.8].18 e6385 .3335 .1.93'1 13.88 

.6538 1)5295 .2009 2.337 '1 • .23.0 

.8287 o6385 .1046 2.149 4.661 

o4756 .3952 .1150 2.735 3 • .890 

o2891 <12460 .1273 3.059 2.856 

.3412 .2932 .2061 2.880 4.415 

.5425 .4525 .1965 2.530 5oQ79 

.2995 .252'1 .1206 3.048 3.184 

.. 4603 .3836 .1"186 2e'100 4.871 

~'1613 .5751 .1005 2.283 3.825 

.4402 .3721 ..• 2471 2.6617 6.853 

.4986 .4110 ol'i'08 2.632 4f)l90 

~8905 • 6858 e4242 1. '121 . . l9o65 

.9954 .14'14 .3483 1.631 11.74 

e8893 .6702 .3222 1.839 13.63 

.7'192 o6218 .2549 2.065 9.250 

.8090 .6282 .2151 '- 2.060 7®198 

.6605 ~5336 .1894 2.338 6.350 

o5l5'1 .4231 .16'14 2e615 4.990 

af3449 ct4930 .0893 2.493 3.025 

.5310 e428'1 .1399 2.622 4.250 

()3721 e~3l03 .1630 2.876 4.638 

®4968 .4283 .1440 2s652 4.157 

.4283 .3632 .1176 2.812 a;55o 

.1520 .5559 o3170 2.096 11.67 

-.9545 .7383 .204'1 1.824 10 •. 06 
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TABLE ( A5 ) 

Hydrogenolysis Data at 60 psig. and 147.5°C 

Partial hessure ( atm. ) 
Ueth~ne Ethane Propane Hydrogen 

g. catalyst = ~ec. 

e6922 e6250 (1)3163 3.448 4e265 

m413Jl. .3191 .29'13 3.992 8e578 

.8979 o3654 .8511 3.-967 4.676 

o6lS9 ([)5463 .1692 3.'14"1 2.736 

(l>4402 .4.11 t~5183 3.'10'1 '1t>441 

o9004 .8084 .4360 2.94:() 8<!)428 

o7440 .6713 .3425 3o324 5.587 

.478'1 .4385 .44'1'1 3o"ll'l 6._666 

.1)153 \!)4"121 .3593 3.'135 4.201 

.4619 .4243 o3440 8.851 4e049 

.4101" .3T91 o4335 3.860 4.'193 

"4670· .4304 .45'19 3.726 5.351 

.4841 .4467 .5864 3G563 7.412 

.8649 o'l694 .3080 3.139 5c0ll 

.3150 o3481 .5630 3.196 6e659 

.4314 .8989 .'1160 3o535 9.281 
...... 

ot$121 ·"l7:tll .46'15 8.630 6.210 

.8019 .'1331 .6489 2.968 12.26 

87943 .1191 .5'193 2.989 9.723 
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'fABLE ( A6 ) 

Partial Pressure ( atm. ) Rate (X 107) 

lfeth.iane Ethane Propane Hydrogen moles 
g. cat~lyst = sec(!) 

()8665 .1666 e4155 4.394 2.756 

ct5064 .4555 .3505 5.130 2.006 

2Gt674 1.'130 .1643 1.873 8.240 

1.276 
~ 

1.126 .5328 3.529 4.664 

1.'103 1.401 .40'12 2.931. 6.021 

1.191:. 1.011 o3163 3.931 3.243 

.9251 .8040 1}2'157 4.437 3.009 

1.161 1.007 .2577 4.017 2.6'17 

1.625 1.371 .3305 3.090 5.371 

1.928 Jlo583 .3002 2.681 5.258 

1.808 1.454 .2809 2.899 4.988 

o9831 .7834 .1623 4.514 2.234 

2~~893 1.602 .1134 1.836 6.448 

1.'185 1.478 .3968 ~.'183 6.9'15 

1.488 1.304 .5366 3.114 6.665 

1.699 1.450 o4387 2.855 6.828 
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'fABLE ( J."l ) 

Hydrogenolysis Da~a at 20 psig. 

TEMPERATURE ~ 122.5°C 7 
Partial Pressure ( atm. ) Rate (X 10 ) 

moles 
lfethane Ethane Propane Hydrogen catalyst - sec. g. 

.1402 .1249 .2472 1.848 1.320 

.1036 .0921 .2762 1.889 1.380 

.1331 .1185 .2653 1.844 1.440 

.1320 .11'13 .3092 1.802 1.710 

.1435 .1282 .3048 1.784 1.810 

.0956 .0843 .2290 1.952 1.300 

TEMPERATURE = 131 °C 

.1362 .1135 .0754 2.035 1.210 

.3217 .2705 .2120 1.556 4.340 

.8753 .3163 .3052 1.364 7.050 

.3989 .3340 .2564 1.372 5.550 

.8612 .3012 .2106 1.487 4.860 

.4509 .3678 .1'121 1.358 4.940 

.1759 .1504 .1966 1.83'1 3.480 

.4312 .3583 .1848 "\ 1.380 4.910 

.4065 .3352 .1846 1.434 4.630 

.4126 .3404 .2'110 1.343 6.960 
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T.ABLE ( AS ) 

Hydrogeuolysis Data at 40 psig. 

Temperature = 126.5°C 

Partial Pressure ( a-tm. ) 7 Rate (X 10 ) 
If ethane Ethane Propane Hydrogen moles 

g. catalyst - sec. 

.1105 .1008 .380'1 3.012 .0923 

.0'122 .0655 .5035 3.202 .7470 

.0'196 .0722 .8283 3.066 1.000 

.2556 .23'10 .99'12 2.230 2.410 

Temperature = 128°C 

.0790 .0733 .3903 3.179 .8590 

.1157 .10'15 .6129 2.885 1.422 

.1474 .1366 .6103 2.808. 1.540 

.1291 .1206 .5563 2.915 1.860 

.1548 .1447 .7118 2.709 1.'190 

Temperature = 139°C 

.6679 .5786 •. 3993 2.0"15 6.440 

.5924 .5087 .2984 2.322 4.610 

.3628 .3241 .3862 2.648 4.634 

.6341 .5496 .3859 2.152 6.090 

.5098 .4443 .4313 2.331 6.676 

.2486 .2199 .8081 2.945 3o607 

.7167. .6129 .8446 2.047 6.680 

.6229 .5399 .3231 2 • .234 5.500 

.3438 .3051 .5050 2.56'1 5.530 

.6084 .5206 .6936 1.899 "11.78 

.5295 .4564 .6069 2.126 8.910 

.7669 .6397 .394.-8 1.920 '1.156 



TABLE ( AS ) (Continued) 

~emperature = 139°C 

. Methane 

.. 4982 

f)3602 

c'1308 

.4130 

.8894 

.2687 

.3551 

.,5591 

Partial Pressure ( atm.) 

Ethane 

.4298 

e3l55 

.6043 

e3598 

El2984 

.2359 

.3100 

.4'778 

Propane 

(113639 

®4000 

.2523 

.4752 

.5299 

.4J)'10 

o4484 

.4482 

Hydrogen 

2e429 

2.645 

2.134 

2.473 

2.553 

2."149 

2.607 

2.241 

Rate (X 10 7) 

moles 

4e900 

4.825 

3.526 

4.658 

48883 

4.250 

4.482 

5.084 

ia4 
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TABLE ( !9 ) 

Hidrogenolisis Data at 60 ~sigG 
' . 

Temperature • 152.5°C 

Partial Pressure ( atm. ) 7 Rate (X 10 ) 
Methane Ethane Propane Hydrogen moles 

g. catalyst .,., seco 

.5336 .4558 .1276 3.965 3.168 

.5905 .5112 .199'1 3.781 4e948 

·11'6~44 .5262 .1753 3.766 4o3'l6 

.3374 .2804 .0483 4o417 1.553 

.2714 e2383 ()1016 4.470 2.861 

.'1831 4i)6845· <&2307 3.383 I 6.010 

()7688 1!)6693 Cl2134 3.375 '1.100 

o6215 .5326 .1265 3.'170 3.10'! 

o3938 ~3450 .1321 4.217 3.293 

()"/'175 (1)6819 .4064 3.21'1 12.01 

(t9680 .8080 .2022 3.1033 6.850 

Temperature = 132°C 

.1453 ol352 .8136 3.988 1.183 

.1626 .1519 o5900 4.17'1 .8880 

.1408 .1311 .4182 4.392 .6197 

.1616 .1514 .'1739 3.995 1.158 

.0416 e03'll .3135 4.688 .4724 

.102ll. o0945 .9106 3.974 1.320 

.1306 .1230 .8'110 3.957 1.301 

Temperatue = 130°C 

olOll .0935 1.213 3.674 1.500 



TABLE ( A9 ) (Cofttinued) 

Temperature = l30°C 

Partial Pressure ( atm. ) 
Methane Ethane Propane Hydro~n 

.1199 .1123 1.079 a.'l'll 

... 1814 ~1692 1.101 3.621 

.1865 .1743 1.060 3.661 

.~343 .2297 1.083 3.535 

.2164 .2002 .9584 3.587 
.. 

):-... ' 
.. ' . ~ ~ 

~ 

·' 
.. 

, .. ·~ .· ~ 

1as 0c Temperature = 
::-~·- t- ~ 

.• 8776 .3526 .8949 3.54'1 

.5478 .5092 .6774 3.348 

.6798- .6210 .5925 3.198 

.8385 .'1602 .4751 3.001 

1.033 .9264 .3725 2.'149 

.2973 .2749 .4004 4.109 

.5661 .5183 .3135 3.684 

.1763 .1621 .2830 -4.~0 

.0798 .0727 .2343 4.691 

.2216 .2058 .3344 4.320 

.• :~-= ·--~~., ~ 

t~·; 

.1", ,..j ~-. --

-· 
·' \ 

Rate (X 101) 
moles 

g. catalyst - sec. 

1.251 

1.390 

1.400 

1.494 

1.329 

3.28'1 

2.498 

2 • .245 

2.510 

2.380 

1.415 

1.199 

.8600 

.7020 

1.050 

136 
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TABLE ( AlO ) 

Hydrogenolysis Data at 80 psig. 

Temperature = 147°C 
I 

Partial Pressure ( atm. ) 7 Rate (X 10 ) 
Uetbo.ne Ethane Pre pane Hydrogen moles 

g • catalyst - sec. 

e>8149 o'f628 • 8658 8.999 4.088 

~6081 o5'121 t~6565 4.655 2.950 

e>639l .6062 «19232 4.2'14 3.8'16 

o5482 .5199 .8987 4.475 3.453 

o3827 .3633 1.032 4.664 3.465 

()4214 .3981 .1'814 4.841 2.635 

<t4909 e4658 1.708 3.778 6o'120 

l~t042 .9702 1.024 3.420 5.286 

o2841 .2667 1$1'12 4.719 3.541 

o43'l4 .4142 1.078 4.512 3.990 

.163(!) .1450 .5740 5.561 2.244 

.3550 ~33'16 o9296 4.819 2e830 

.5605 .~302 1.067 4.285 3o548 

.4980 .46'11 1.006 4.471 3.160 

Temperature = 131°C 

.2016 .1933 1.488 4.560 .6550 

.2036 (J1933 1.549 4.496 .5890 

.1862 .1754 1.887 4.194 .'1590 
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TABLE ( Bl ) 

Hydrogenolysis Data at 128°C 

Total Pressure Partial Pressure ( atm. ) 7 
Raiie (X 10 ) 

( psig. ) Methane Ethane Propane Hydrogen moles 
g • cat.-sec. 

10 .4743 • 3156 .1143 .7760 5.564 

10 .4481 .2998 .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.'145 

20 ·.4395 .3727 .3524 1.196 5o645 

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 .3114 .2731 .4537 1.323 6.422 

'20 .3742 .3177 .3970 1.271 5.907 

20 .2370 .2061 .4580 1.460 5.608 

ao .3166 .2913 .5662 1.86'1 3.433 

30 .408'1 .3719 .5078 1.752 3.593 

30 .2877 .2643 .6146 1.874 3o425 

30 .3220 .2956 .5945 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 .2968 .2728 .6295 1.842 3.759 

30 .4019 .3634 .5641 1.112 .3.835 

30 .3485 .3169 .5255 1.850 3.4'12 



foto.l Pressure 
. · ( psig. ) 

•: 

40 

40 

40 

40 

40 

40 

50 

50" 

50 

·50. 

50 

50 

!ABLE ( Bl } ( Con1ii~ued) 

Partial Pressure ( atm. ) 
He~hane Ethane Propane Hyd~ogen 

al'l23 .1604 o'/785 2.610 

(1)1663 .1567 .'1345 2.664 

~1388 .12'13 .8525 2.603 

e422'l .3918 .8841 2.023 

.2504 ~2348 .1896 2.446 

.2021 .1890 .8551 2.475 

el734 .1408 .8886 3~199 

6)1131 ol0'18 s9040 3.2'7'1 

.2359 o2236 1.005 2.937 

.1202 .1140 @8820 3.285 

.1'148 .1655 1.010 3.052 

ol272 - el206 .9084 8.245 

139 

Rate (X 101
) 

moles 

1.942 

le645 

2.013 

2a505 

2.0'10 

2.150 

1.110 

.9250 

1()225 

1.011 

le224 

1.038 
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'fABLE ( B2, ) 

H1drogenolysis Data at 139°C 

fotal Pressure 
! 

Partial Pressure ( atm. ) '1 Rate (X 10 ) 
( psige ) Uetha:as Eiihane Propane Hydngen moles 

g. catc-seco 

20 .1894 .3956 .0753 1.100 6.334 

20 o5800 ()3609 .1839 1.236 10.23 
'· 

20 105'1'16 (!)3508 .2049 1.227 12.,16 

30 .5224 .3990 e>l855 1.934 4.015 

3()) ~5410 .4032 .1983 1.891 4.694 

30 ~1622 t~4941 .1350 1.649 4.070 

30 c63T4 .4516 .1803 le'l'll 4.631 

30 .5680 ,4129 .2348 1.825 5.808 

30 .4516 .3445 .3208 1.924 'leOOl 

30 .6219 .4412 ol937 1C)?'l8 5.428 

30 .609ll .4443 <11872 1.800 5.340 

30 cr4'141 o3628 .8363 1.868 7.600 

80 .472.5 o3585 .2941 1.915 4e853 

30 o5972 .4324 ~24'15 1.764" 5.350 

30 o5023 .• 3749 .S424 1.821 '1.050 

30 .4105 .3118 .3971 le916 fo534 

40 ~4331 .3807 .5120 2.395 4."116 

40 o4666 .40'11 .5623 2.285 5.760 

40 o5l20 .4462 .4469 2.316 4.026 

40 o8fl4 c32'18 .6162 2.406 5.209 

40 <)7688 .6240 .4060 1.922 6.057 

40 ,3844 .3353 .6'176 2.324 6~656 

50 .4102 .3'110 o6065 3.014 2.'1'1'1 

50 .2522 e~2320 .6193 3e298 2.646 

50 e2223 ()204'1 .4569 3.518 2.219 

60 .2324 .2122 c6655 3.292 2.730 



I_ 

Total Pressure 
( psig. ) 

50 

50 

50 

50 

50 

50 

50 

50 

60 

60 

60 

60 

60 

60 

60 

60 

TABLE ( B2 ) (Continued) 

Partial Pressure ( atm. ) _ 
Methane Ethane Propane Hydrogen 

.1989 .1831 .6312 3.386 

.3680 .3358 .6215 3.077 

.4'145 .4296 .5678 2.930 

.4679 .4217 .5229 2.989 

.2903 .2667 .'1086 3.135 

.2729 .2491 .'1430 3.136 

.44'16 .4032 .7209 2.830 

.4309 .3886 .5902 2.992 

.4294 .4040 .9579 3.290 

.2200 .2068 .9223 3.'132 

.3638 .8405 .8674 3.511 

.2327 .2180 .9040 3.'11'1 

.1840 .1723 1.107 3.617 

.2876 ·.2678 1.173 3.353 

.4055 .3760 .8136 3.486 

.3659 .3415 .8319 3•542 

141 

Rate (X 10
7

) 
moles 

g. ca.t.-sec. 

2.484 

2.515 

2.913 

2.393 

2.8'10 

3.122 

3.616 

2.900 

2.932 

2.040 

2.1'19 

2.208 

2.'15'1 

3.301 

2.223 

2.162 
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TABLE ( B3 ) 

Partial Pressure ( atm. ) 1 Total Pressure Rate (X 10 ) 
( psig. ) Methane Ethane Propane Hydrogen moles 

g. cat.-sec. 

40 .5984 .5072 • 2605 2.355 5.640 . 

40 .5731 .492'1 .35'16 2.298 7.230 

40 .6862 .5753 .3044 2.155 '1.2'11 

40 .7148 ~969 .3029 2.107 6.959 

40 .525·8 .4521 .3297 2.414 5.894 

40 .5642 .4957 .4168 2.164 9.694 

40 .6802 .5608 .4369 2.043 9.177 

50 .5907 .5308 .5458 2.'134 5.880 

50 .'1201' .6382 .4974 2.546 7.292 

50 .4996 .4546 .6840 2.766 6.763 

. 50 .6313 .5651 .527'1 2.697 5.843 

50 .6686 .5951 .5070 2.631 5.935 

50 .4"198 .4344 .'1133 2.774 7.130 

~0 .50'12 .4685 .631'1 3.478 4.132 

60 .4889 .4523 .'7419 3.398 4.760 

60 .4380 .4050 .5371 3.'102 3.228 

'60 .5346 .4946 .6601 3.395 4.346 

60 .3425 .3181 .'1714 3.650 4.412 

60 .3'176 .3511 .'1180 3.634 4.347 



Total Pressure 
{ psig. ) 

40 

40 

40 

50 

50 

50 

50 

50 

50 

'50 

60 

60 

60 

60 

60 

60 

60 

70 

'10 

'70 

'10 

70 

70 

'10 

TABLE ( B4 ) 

Hydrogenolysis Data a.t 148 CC 

Partial Pressure ( atma ) 
Methane Ethane Propane Hydrogen 

.9173 • 639"1 .1124 2.051 

1.085 .7252 .15"14 1. '754 

1.243 .7059 .0852 1.688 

.9045 .7196 .2434 2.536 

1.020 .8015 .2086 2.371 

.8662 .'1051 .2579 2.572 

1.251 .8688 .1184 1.163 

1.086 .6307 .3037 2.381 

1.845 .9234 .1580 le-:9'11 

1.06'1 .8085 .1~91 2.34'1 

.7048 .6189 .4502 3.307 

.7912 .6855 .4110 3.194 

.8857 ·.7511 .31~ 3.135 

.6459 .5691 .5778 3.289 

.8'100 .'1404 .3222 3.149 

.6'128 .5874 .4741 3.347 

.6820 .5966 .4426 3.361 

.9174 .8291 .5382 3.477 

.8931 .8101 .5289 3.530 

.6315 .5785 .6638 3.889 

.8182 .7421 .4650 3.737 

.5566 .5186 .6960 3.9S)l 

.7571 .6937 .8080 3.502 

.9317 .8401 .'1010 3.283 

143 

Rate (X 107) 
moles 

g. cat.-sec • 

6.283 

10.60 

7.513 

'1.884 

6.449 

8 .. 399 

5.050 

10.96 

7.736 

6.551 

6.135 

6.045 

4,764 

7.699 

5.025 

6.544 

6.279 

5.340 

4.718 

5.324 

4.312 

4.869 

6.876 

7.856 

\_ 
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TABLE ( B4 ) · (Continued) 

Partial Pressu~e ( atm. ) '1 
~otal Pressure Rate (X 10 ) 

( . psig. ) Methane Ethane Propane Hydrogen moles 
g. cat.-sec • 

?0 • 4656 .4281 .19'15 4.071 5.932 

80 .5513 .5192 .'1461 4.555 3.573 

80 .4419 .4123 .6848 4.903 3.215 

80 .'1369 .6?84 .6036 4.423 3.394 

80 .f177 .65'18 .4903 4.5'16 2.580 

80 .5476 .5122 .9361 4.446 4.621 

80 .5341 .4986 1.370 4.039 6.986 

80 .5991 .5553 .8'194 4.408 4.044 

80 .8310 .7660 .688'1 4.15'1 3.887 

90 .3868 .3682 1.105 5.261 2.590 
I 

90 .4088 .3875 1.363 4.962 3.428 

90 .6966 .656'1 .8996 4.870 3.054 

90 .4943 .4601 .4001 5.16'l 1.366 

90 .3433 .3319 .7158 5.'131 2.361 

90 .3490 .3298 .8511 5.593 2.677 

90 .4252 .3996 .6211 5.6'17 2.090 

90 ,4444 .4209 1.3'16 4 .. 881 4.7'13 



TABLE ( B5 ) 

Data for Pressure Dependence of Rate 

Flow Rate m 8.041 ~ 0.05 ml/sec. 

Flow Ratio = 0.22 ± 0.01 ( C3H8/H2 ) 

0 
Temperature = 128 C 

'l'otal Pressure Partial Pressure ( atm. 
· ( psig. } He 'thane Ethane Propane 

10 .3134 .2429 .1183 

20 .2212 .1959 .2970 

30 .2247 .2047 ~4546 

40 .1667 .2244 .6738 

50 .1624 .1505 .8319 

60 .0976 1!0879 .7932 

Temperature = 138°C 

20 .6307 .3819 .1142 

30 .5410 .4032 .1983 

40 .5120 .4462 .4469 

50 .4309 .3886 .5902 

60 .3659 .3415 .8317 

Temperature = 148°C 

40 .91"13 .6397 .1124 

50 1.020 .8015 .2086 

60 .8699 .7404 .3222 

70 .8182 .7421 .4650 

80 .7810 • 6784 .6036 

90 .6966- .6567 .8996 

) 

145 

7 Rate {X 10 ) 
Hydrogen moles 

g. ca.t.-sec. 

1.006 5.020 

1.646 2-.686 

.2.157 2.195 

2.686 1.510 

3.257 1~020 

4.103 ..• 54'10 

1.237 6·.28"'4 

1.898 4.694 

2.316 4.026 

2.993 2.900 
~ .· -

3.542 2.162 

2.051 7.404 
~ ~ k·~ •• ~·~ 

2.371 6~450 

3.149 5.02 

3.737 4.312 
..; ... ~- ... ·.r . 

4.423 3.394 

4.8'10: 3.054 



146' 

TABLE., ( Cl.) 

Product Distribution Data at 2 psig. and 120°C 

Frac~ional Conversion ~elect.ivity 
of Propane Uetha.ne Ethane 

0.6226 1.168 0.9162 

0.6064 1.178 0.9109 

0.7654 1.319'1 0.8401 

0.7287 1.259 0.8705 

0.'1587 1.254 0.8731 

0.5411 1.057 0.9521 

0.7641 1.338 0.8311 

0.7023 1.235· 0.8827 

0.7558 1.302 0.8492 

0.7263 1.228 0.8860 

0.7130 1.264 0.8682 

0.3520 1.065 0.9680 

0.2300 1.054 0.9730 

0.6457 1.248 0.8'158 

0.4531 1.105 0.9451 



TABLE ( _C2 ) 

Product Distribution Data at 30 psig. and 130°C 

Fractional Coversion Selectivity 
of Propane Methane Ethane 

0.4916 1.0'18 0.9611 

0.4408 1.075 0.9628 

0~4400 1.0'11 0.9645 

0.3418 1.0'10 0.9652 

0.3355 1.0'12 0.9639 

0.104'1 1.104 0.94'19 

0.6226 1.092 0.9541 

0.5'163 1.085 0.9573 

0.5132 1.09'1 0.9517 

0.4'114 1.081· 0.9593 

0.4608 1.0'14 0.9300 

0.5052 1.0'17 0.9617 

0.5318 1.081 0.9597 

0.4703 1.0'19 0.9806 

0.5555 1.095 0.9530 

0.5287 1.08'1 0.9563 

0.'1141 1.131 0.9361 
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TABLE ( ~3 ) 

Product Distribution Data at 80 psig. and 150°C 

Fractional Conversion Selectivity 
of Propane Methane Ethane 

0.6581 1.083 0.9584 

0.5141 1.0'12 0.9641 

0.9256 1.308 0.8462 

.0.4609 1.069 0.9656 

0.6882 1.085 0.95'16 

0.'1'184 1.108 0.9460 

0.'1'121 1.112 0.9441 

0.7539 1.096 0.9519 

0.8150 1.116 0.9419 

0.8472 1.158 0.9209 

0.8484 1.150 0.9250 

0.8397 1.157 0.921'1 

0.5028 1.0.'12 0.9638 

0.7993 1.129 0.9353 

0.7119 1.090 0.9550 

0.7775 1.108 0.9459 

0.5572 1.077 0.9680 

0.8:l28 1.12'1 0.9360 
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TABLE ( C4) 

Product Distribution Data ~t 40 psig. 

Reaction Temperature Fractional Conversion Selectivity 
( co) of Propane He thane Ethane 

189 0.~170 1.162 0.9193 

139 0.6037 1.098 0.9511 

139 0.6426 1.104 0.9480 

139 0.4660 1.07'1 0 •. 9617 

139 0.5996 1.098 0.9513 

139 0.5194 1.094 0.9532 

139 0.6527 l .. l07 Oc9466 

l39 0.5317 1.089 0.9555 

139 0.6368 }.098 0.9513 

139 0.4285 1.084 0.9581 

139 0.3864 1.081 0.9594 

13;9 0.6334 1.124 0.9378 

139 0.5543 1.108 0.9496 

139 0.4524 1.090 0.9549 

139 0.4159 1.097 0.9514 

139 0.7193 1.130 0.9348 

13'9 0.4427 1.094 0.9530 

<J89 0.3706 1.088 0.9562 

139 0.~460 1.089 0.9557 

139 0.4204 1.094 0.9532 

139 0.5326 1.108 0.9460 

139 0.8638 1.194 0.9030 

139 o. '1525 1.147 0.9265 

139 0.3005· 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 ) {Continued) 

Reaction Tempe,rat.ure Fractional Conversion Selectivity 
( co) of Propane He thane Ethane 

144.5 0.5751 1.126 0.9370 

144.5 0.'1397 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.'1157 1.149 0.9254 

144.5 ().6151 1.115 0.9425 

144.5 0.7257 1.156 O.f1222 

144.5 0.5010 1.118 0.9413 

144.5 0.6500 1.141 0.9311 

128 0.1379 1.039 0.980'1 

128 0.3446 1.044 0.9'179 

128 0.1788 1.040 0.9798 

128 ().2331 1.043 0.9783 

128 0.1841 1.045 0.9776 

128 0.3943 1.045 0.9'1'1'1 

l28 0.4554 1.047 0.9'163 

133 0.854-8 1.062 0.9692 

133 0.4286 1.061 0.9693 

133 0.5556 1.072 0.9640 

133 0.681'1 1.072 0.9638 

133 0.6845 1.087 0.9565 

133 0.7183 1.094 0.9531 
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TABLE ( C5 ) 

Product Distribution at 30 and 50 psig. 

Pressure = 30 psig. 

Reaction Temperature Fractional Conversion Selectivity 
( co) of Propane Methane Ethane 

.. 

135 0.363 1.106 0.9471 

135 0.5556 1.188 0.9310 

135 0.6364 l.l53 0.9232 

135 0.6875 1.180 0.9111 

135 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 0.9'110 

128 0.4151 1.065 0.9676 

128 0.2533 1.057 0.9716 

128 0.6529 1.107 0.9467 

128 0.4036 1.067 0.9666 

128 0.3085 1.057 0.9'713 

128 0.4001 1 • .068 0$9661 

128 0.3839 1.064 0.9678 

139 0.5424 1.188 0.9062 

139 0.7222 1.24'1 0.8'164 

139 0.5432 1.186. 0.9072 

139 0.5737 1.192 0.9041 

139 0.6632 1.226 0.8873 

139 0.4675 1.17'7' 0.9113 

139 0.6150 1.208 0.8961 
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TABLE ( B5 ) (Continued) 

Pressure = 50 psig. 

Reaction Temperature - Fr3ctional Conversion ·selectivity 
( co) of Propane He thane Ethane 

128 ·o.I195 1.036 0.9819 

128 0.1847 1.036 0.9820 

128 0.1163 1.035 0.9823 

128 0.1191 1.036 0.9821 

128 0.26'11 1.038 0.9813 

128 0.1430 1.035 0.9826 

139 0.4364 1.073 0.9636 

189 0.38'17 1.068 0.9660 

139 0.24'15 1.062 0.9692 

139 0.3580 1.062 0.9691 

139 0.4391 1.06'1 0.9663 

139 0.4553 1.071 0.9648 

139 0.2794 1.059 0.9'106 

139 0.25'10 1.062 0.9692 

139 0.3670 1.071 0.9645 

139 0.4059 1.0'10 0.9650 

139 0.5459 1.077 0.9610 

148 0.7624 1.158 0.9211 

148 0.8074 1.16'1 0.9168 

148 0.7463 1.142 0.9292 

148 0.8332 1.193 0.9036 

148 0.8'109 1.230 0.8850 

148 0.'1333 1.131 0.9346 
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TABLE ( C6 ) 

Product Distribution Data at 60 psig. j 

j 

Reaction Temperature Fre.ctiena.l Conversion Se le·ctivi ty j 

( co) . of Propane Methane Ethane j 

141.5 {).1455 '1.049 0.9756 j 

141.5 0.2086 1.046 0.9771 j 

141.5 0.2431 1.048 0.9'161 j 

141.5 -0.166'1 1.044 0.9781 j 

141.5 0.1260 1.041 0.9'19'/ 
j 

141.5 0.0645 1.049 0.9754 
j 

141.5 0.0962 1.044 0.9779 

141.5 .0.1350 1.047 0.9765 j 

141.5 0.1440 1.046 0.9772 j 

141.5 0.4352 1.049 0.9757 j 

141.5 0.5182 1.051 0.9'145 j 
141.5 0.6234 1.066 0.9668 

j 
141.5 Oe7208 1.074 0.9632 

j 
141.5 0.4136 1.053 0.9736 

141.5 0.6302 1.060 0.9702 j 

141.5 0.3'102 1.057 0.9716 j 

141.5 0.6156 1.062 0.9690 j 

141.5 0.46'14 1.047 0.9765 j 
141.5 0.3869 1.050 0.9751 

j 
14'1.5 0.6719 1.069 0.9655 

j 
147.5 0.5172 1.058 0.9712 

14'1.5 0.'1'112 1.085 0.9575 j 

147.5 0.6581 1.073 0.9635 j 

147.5 0.6700 1.070 0.9652 j 

147.5 0.5152 1.060 0.9704 j 
14'1.5 o.41a2 1 • .053 0.9'135 

j 
14'1.5 0.49l5 1 •. 055 0.9724 

j 
147.5 0.4393 1.055 0.9'124 

j 

j 

j 

- j 
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' TABLE ( c6 ) ( C~ntinued) j 

j 

j 

Reac~ion Temperature Fractional Conversion Selectivity j 

(oc ) of Propane Methane Ethane j 

144.5 0.7224 1.080 0.9603 
j 

j 
144.5 0.3640 1.053 0.9736 

144.5 0.5092 1.057 0.9714 j 

144.5 0.5623 1.067 0.9663 j 

152.5 0.'1907 1.108 0.9462 j 

152.5 0.7292 1.098 0.9509 j 
152.5 0.7602 1.106 0.9471 

j 
152.5 0.8611 1.121 0.9865 

j 
152.5 0.'1104 1.088 0.9558 

152.5 0.7566 1.092 0.9542 j 

152.5 0.7194 1.090 0.9551 j 

152.5 0.8163 1.105 0.9473 . j 

15.2.5 0.7323 1.090 0.9550 j 
152.5 0.6377 1.089 0.9554 

j 
152.5 0.8099 1.124 0.9381 

j 137 . 0.2~0 1.042 0.9'190 

137 0.3'151 1.049 0.9'161 j 

137 0.3865 1.058 0.9709 j 

13'1 0.4152 1.055 0.9732 j 

137 0.4413 1.068 0.9661 
j 

j 

j 

j 

j 

j 

j 

j 

j 

j 
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_,...TABLE ( C7 ) 

Product Distribution Data at 128°C 

aeaction.Pressure Fractional Conversion · Selectivity 
( psig. ) ot Propane II ethane Et.hane 

20 0.5285 1.113 0 .. 9436 

20 0.612'1 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 1.099 o.g5o5 

20 0.5943 1.130 0.9352 

40 0.1879 1.039 0.980'1 

40 0.3446 1.04.4 Oo9779 

40 o .• l788 1.040 0.9798 

40 0.2331 1.043 ().9783 

40 ().1844 1.045 0.9715 

40 0.394, 1.045 0.9'177 

40 0.4354 1.0474 0.9'163 

*** Data at 3,0 and 50 psig. can be found in '!'able ( C5 l *** 



Reaction Pressure 
( psig. ) 

40 
40 

40 

40 

40 

40 

60 

60 

60 

60 

60 

60 

60 

60 

60 

. fABLE ( C8 ) 

0 
Product Distribution Data at 139 C 

156 

Fractional Conversion Selectivity 
ot Propane Methane Ethane 

0.6039 1.100 0.9499 
0.4375 1.088 0.9561 

0.4316 1.093 0.9535 

0.5116 1.094 0.9531 

0.35'11 1.085 0.9576 

0.2871 1.085 0.9571 

0.1863 1.042 0.9792 

0.2865 1.045 0.9776 

0.1978 1 .. 044 0.9780 

0.13'13 1.044 0.9779 

0.1896 1.048 0.9759 

0.8217 1.051 0.9745 

0.2960 1.0465 0.9767 

0.3310 1.052 0.9740 

0.4811 1.053 0.9749 

*«•* Data at 30 and 50 psig. can be found in Table { C5 ). **** 

- j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 
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TABLE ( ca·) 

Product Distribution a~ 1428C 

Reaction Pressure Fractional Conversion Selectivity 
( psig. ) of. Propane lfethane Ethane 

40 0.6736 1.118 0.9435 

40 0.5923 1.103 0.9484 

40 0.5911 1.103 0.9485 

40 0.5242 1.112 0 •. 9438 

40 0.~789 1.133 0.9337 

50 0.5023 1.073 0.9688 

60 0.4071 1.064 0.9618 

50 p.52·68 1.075 0.9624 

50 0.5500 1.079 0.9604 

50 0.3866 1.067 0.9663 

60 0.29'13 1.050 0.9751 

60 0.8339 1.048 0.9755 

60 0.4325 1.054 0.9'133 

60 0.3850 1.053 0.9737 

60 0.4865 1.053 0.9735 

60 0.4349 '1.053 0.973'1 



..... ,. ~ 

\. ~. 
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TABLE ( ClO ) 

Product Distribution Data 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 1.069 0.9658 

70 0.6130 1.066 0.9670 

'10 0.4'132 1.059 0.9704 

10 0.6227 1.066 0.96'10 

'10 0.4693 1.059 0.9705 

70 0.5519 1.059 0.9711 

70 0.3559 1.,058 0.971'1 

80 0.4160 1.091 0.9545 

·so 0.3814 1.047 0.9766 

80 0.5803 1.089 0.9'105 

80 0.3589 1.045 0.9775 

80 0.2714 1.046 0.9769 

80 0.3932 1.051 o;9744 

80 0.5335 1.055 0.9725 

90 0.2245 1.086 0.9820 

90 0.4269 1.040 0.9802 

90 0.5404 1.048 0.9758 

90 0.2831 1.038 0.9809 

90 0.3965 1.041 0.9791 

90 0.2370 1.034 0.981'7 

90 0.5913 1.046 0.9"170 

*** Data. at 5C:t psig. can be found in Table ( C5 ) • *** 



TABLE ( Dl ) 

Porosimeter Data 

Applied Pressure ·Pore Diameter Volume of Pores 
. (psia.) (microns} (cc/gm) 

0.5 1'16.76 o. 
1.0 88.38 0.00659 

'1.,3 12.10 0.00934 

4000 -8 22.10 X 10 Oe0335 

5800 
. -3 

15.24 X 10 0.04-12 

6500 13.60 X 10 -3 0.0544 

7000 -3 12.60 X 10 0.0654 

8000 -a 11.05 X 10 0.1555 

9000 9.82 X 10 -3 0.1620 

10()00 -3 8.88 X 10 0.1686 

11000 -3 8.03 X 10 ~.1747 

12000 -3 7e40 X 10 . 0.1813 

14000 6.30 X 10 -3 0.1928 

16000 5.52 X 10 -3 0.2049 

18000 -3 4.91 X 10 ·. 0.2186 

20000 4.42 X 10 -a 0.2346 

22000 -3 4.02 X 10 ().2516 

24000 3.68 X 10-a 0.2834 

26000 -a 3.40 X 10 0.3054 

28000 3.16 X 10 -3 0.32'19 

30000 -a 2e95 X 10 0.3411 

32000 2.'/6 X 10 -8 0.8483 

34000 -3 2.60 X 10 0.3587 

36000 
'.' -3 

2.46 X 10 0.3559 

38000 -3 2.33 X 10 0.3587 

40000 2.21 X lO-a 0.3598 




