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ABSTRACT . -

The_hydrogenofysis_of propane, n;hexane, 2,3-d'ime-
thylbutane, and 2,2-dimethylputane was studjed'over sdpporteq
catalysts of ruthenium, pickel;.cobalt, ond iron, some.gon-
'tain1ng structural promoters The cotalysts were prepared by
1mpregnat10n of severa] supports, and were character1zed
using ma1n1y atomic absorption and chemisorpt1on techniqugs.
A differeptia1-reaofor system was used, consisting of a
fixed-bed_reéctor and an external recycle pump..The data f}om.

_‘propane hyd%ogeno]ysis were fitted to a power rate equation

and a selectivity equation. The results are in general agree- -

ment with those of similar experiments with ethane. The pro-
‘ducts from the hydrogeno]ysis of the hexanes were fitted to
'se1ect1v1ty equat1ohs~that were based on react1on networks
derived for reversib1e\adsorption desorption of the hydro—

carbons and irrevers1b1e rupture of the carbon carbon bonds

"~ .of the surface species. The product distributions were

measured over a widewrange of éooversion (10 to 86%);'but in
most cases on]y at one _temperature. In the sequence -ruthen1-
uni, nickel coba]t, iron - the distribution shifts toward
.smaller hydrocarbons Ruthenium tends to split the carbon—

carbon ‘bonds. 1h\a stra1ght chain with equa1 probabi]ity, .
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while nickel breferably splits terminal bdnds. Structural

promotérs‘increase thg activity of ‘the nickel and cobalt

catalysts, and stabilize the iroﬁ catalysts. Because of this

Fd L3

' ~the catalysts on low area supports had activities very simi-
Tar to those on h1gh area supports; the amount of meta]

however, was higher on the low area supports.
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Chapter 1
INTRODUCTION

1.1 Genera]

The cata]yt1c hydrogenolysis of hydrocarbons usua]]y
refers to reactions involving the rupture of carbon-carbon
bonds- by interaction of the hydrocarbon with hydrogen. Other
bond'typeg that can be considered in hydrogenolysis are
carbon-oxygen, carbon-nitrogen, and carbon-ha]ogen {1). The
hydrogenolysis react1ons of hzgher hydrocarbons to lower ones
are a]ways thermodynam1ca11y favourable (1]6) -

Hydrogendlysis of hydrocarbOns is closely related to
hydrocrackihg; which is one of the important hydroprocesses_
‘and is used in the pe;rofeum industry. The hydroprocesses
are carried out under hydrogen atmosphere and on-a bi-
functional cata]&st; combining the features of metal and ecid
céta1ysis. They also include hydrorefining, hydroisomerisation,’
and hydrodea]ky]ation The main reactions are cracking of
hydrocarbons, remova1 of su1phur and nltrogen, 1somer1sat1on
'of paraff1n1c hydrocarbons and remova] of alkylgroups’ from
a]ky{aromat1cs. The hydrogen is needed to saturate, bonds that
are broken and to keep the catalyst actrve and free of
carbonaceous deposits. .

Besides rupture of carbon carbon bonds, the hydrogen-
olysis reactions a]so invo]ve xhe rupture and the formation

1
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9.
of. carbon~hydrogen bonda. The ultimate prbdubq of the

reactions is methane, but selective rupture can take p]acé .
with paraf%ins and cycloalkanes using the right catalyst and
under moderate coniitions. The cataiysts used in the hydro-
geqalysis reactions are usually transition metals, and most
qf the investigations were doné ﬁ1£h supported metal catalysts;
%hese'aké of'interest'because of their .commercial importance.
At higher temperatures hydrogenolysis can also occur on
acidic oxides such as alumina or silica-alumina (2); in this’
case the reactions are qommoniy consiQereH in terms o%
,carbon}um-ion mechanisms. ' (

The éiﬁp1est examp1e is the hydrogenolysis of'ethang,
which has bee% investigated:- by maﬁ} researchers over a wiae L

range of catalysts and exper%menta] conditions. ~

(\".

H ' + H

2 .2 CH

. (-1)

Many reactions, like hydrogeﬁo]ysis and.isofopic
eicﬁahge, are'Sest exp1aiﬁed\by radiba]-f&pe, neuiral'intér-
~medijate species bbpded to the surfacef(3). Vari&tions {n abti-
:vity Eetweén pafa]ysts can then be .related to thé adsorption

properties of the reactants. If the.édsorﬁtiop bond. is too

strong, the catalyst may bg-fully'coyéredpwith axsurfabe-spef



cies which are too stable to react (in hyarogenolyois ahnd
exchange réactions cris is the case on_meta]s of group V A -
and'VI. A, such as ranadiuh,'molybdcnum, chromium and tung-
sten). If chemisorption of the reactant is weak (group 1 B
metals, copber, si]vér, gold), the reaction may be Timited

by the adsorption étep Maximum activity therefore results

.. when chemisorption of the reactant is fast, but not very

strong, as in the case of group VIII transition meta]s WIthl.
their incomplete.o-shéll available for c00rdina§e-type bond
formation (4). 1

The purpose of tre pme§ont investigation fs to ob-
tain jnformacion'oﬁ the kinetics and mechanisms of hydrogeno;
"lysis of soVeral hydrocaroons (propane, n-oexane, 2,2-dime~ .
thylbutane and 2.3—diﬁethyfbutane) using supported.catalystc
of iron? cobalt, nickel and ruthenium, andﬂexam1nfng.both the
rate of react{on and the diétribucion of products. A gas re-
cyclc system was used to obtain differential reactor condi-
tions, the system acting as a comp1ete1y mixed reactor. so
that data were obtained at one level of concentration and tem-l
peratore. The cata]ytic behaviour of the different meta]s was

investigated.

1.2 Hydroganolysis of Hydrocaroons over'Tranoicion Metals

' The kinatics of the hxdrogenoiysis of ethane were
first 1nvestigated'oo nickel'(S),‘cobalt (6) and .dron (7). In
the reaction over nickel, dissociative adsorption took p1ace.

The apparent activation energy was 180 kd/mol (43 kcal/mo1);

.r -




and the rate was a strong 1nverse‘funct10n:6f the hydrogen
pressure. Later experiments showed an increase of activation
eHJng with increasing hydrogen pressure (8,9). The reaction

on cobalt was also inhibited by hydrogen, but to a smaller

extent than on nickel. This inverse depehdence of the rate on

the hydrogen pressure has been found to be typical for a num-
ber of metals, 1hc1uding_a11 the metals of the platinum group
i.e. Pt, Pd, Ru, Os, Rh, Ir (10-20,177). The magnitude of the
inverse dependence varies with the metal, and in some cases a

positive dependence of the rate on the hydrogen pressure has

been found: on iron (12) and on rhenium (20). Table 1-1 shows

a summary of the kinetic results of the hyd%ogenolysi; of

ethane on a number of silica supported metals as obtained by

Sinfelt et. al., where the rate data were- fitted to the sim-

ple power rate expression .

“ . oL cam n

r = k- ex -E RT ' Py. P . ' (1'2)
0 P ( -E4/RT) Hy Peoly

The activities for Ag and Au were very low, and no data .were

available on Tc, but the group VI A metal, Eo]ybdenum, has a

very much Tower activity than the group VIII metals (21); the.

reaction proceeds only at temperatures. high enough to cause

carbiding of the molybdenum (400°C), and the rate increases .

with carbiding. S : L A .
A compensation effect is observed, but this effect

seems to be smaller for the metals in the platinum grdqp-than.

for the métals of the-iron group (Fe, Co, Ni, Cu ). In the
platinum gfoup,faﬁ'jncreaSe in activity 1s always accompanied

-~
a
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TABLE 1-1

\

\

Kinetic Parameters for ééﬁgne‘ﬁydrogenolysis ’
:.')"o;er Silica Supported Metals
Metal Reaction Orders T gd a® af Ref.
na mb (oC) (kJ/mol)(kcal/mol)
° 3 . .

Fe 0.6 0.5 270 - - 1 - (12)

.-Co 1.0 -0.8 219  126. 30.0 .2 1.(10)
N 1.0 --2;4 (177 170, 40.0 32 (10),
Cu 1.0 -0.4 330 90. 21.4 1 - (10)
Ru 0.8 . -1.3 188 134, 32..0 3 2 (11) .
Rh 0.8 2.2 214 176, 42.0 3 3 (11)
Pd 0.9 -2.5 354 243. 58.0 3 .3 (11)
Re 0.5 - . 0.3 250 130. '31.0 1 - (20)
Os 0.6 -1.2 152 147. 35.0 . 3 2 {12)
Ir 0.7 -1.6 210  151. 36.0 37 2 (11)
Pt 0.9.. -2.5 357  226.°  54.0 3 3 (10)

a. Power of the ethane pressure.

b;7éower'of‘the hydrogen pfessure. ]

.¢. Temperature at wﬁich n and m qre‘détbrminéd.‘

d. Apparent activation energy. ' _ .

e. Degree of u saturat1on of the species Csz , az (6-x)/2

- from r= kPEc pé; "&)‘ ' .
f. Degree of unsmturation of C H usihg’ r= kPac P(Z"a)



"
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a decrease in activation enery. Maximum activity in the

three transition series occurs for Os, Ru, and Ni. The diffe-
rent behaviour between the metals of the iron-group (1e tran-

ose of the platinum-group (2% and 3

sition series) and
series) refle s .known chemical differences (22? Within gi-
ven trans1t_on series, a 51m11ar pattern exists for hydroge-
nolys1s activity as. a funct1on of percentage d- character of
the meta]s {24, 136); the Iatter represents the extent .of
6grticipat+on of d~brb%ta]s in the bonding between atoms in
the metal lattice (§3'23). It has been suggested that except
for this electronic. factor, an additional geometrical factér

is.drivolved (24,.25),which might explain thé different behavi-

, gﬁgiof the metals in-the iroﬁlgrdub; the lattice spacings of

F;pese metals are relatively smaller. At 2p5°g‘, the sequence

“of activity. for-ethane hydrogenolysis is = -

r

* .0s > Ru-> Ni > .Rh > Ir'> Re > Co > Fe > Cu > Pt ~ Pd

A kinetic interpretation of the hydrogenolysis Of;;ij
ethane was first given by Cimino, Boudarf and Taylor (7)~'
a. f%rst step it was assumed that ethane chemisorbs dissocia-

r,"‘

tiveiy to give an unsaturated surface spec1es CZH which is

' tth*attacked by hydrogen resu1t1ng 1n the rupture of the |

qarbon- carbon bond. The monocarbon fragments hydrogenate off
the SUrface to form methane.-
- ;? CoHg :+;i. CZH (ads) + aH, a=(%-x)/2 C (1:3)

.Y, 4:-H2 +¢€Hi(ad§) + CH (ads) - (1-8)




. +H2
CHy (ads) = + CHZ'(éds) z :2CH4 (1-5)

Reaction (1-4) is assumed to be irreversible, j.e. no chain
growth occuts. Deuterium exchange experiments.showed that
the rate determining step in the sequence is the rupture of
_the carbon-carbon bond (5,26). If reaction (1-3) is in equi-

librium, the Langmuir adsorption isotherm is given by

b (P / Py ?) |
6 = C2He H2 (1-6)
' . ay - '
1+b (PCZ_H6 / PH2 )
where ‘ g = fraction of surface covered, by CZH;

a

b

adsorption equilibrium constant
Over a limited ran§e of pressures, (1-6) can be approximat-
. I B N

ed by - s = p"

a n

with 0« n< 1

The reaction rate is determined by the slow sﬁep;(l-dl

i o i o n 3 (1-na) | :
ros kP, o = k' Peoug Pu, | (1-8) .

where k' = kb" i} .
This schémgﬁ&des not apply in cases wﬁere the adsorPtion
and desorptfoh reactions are nqt in equi]iprium,‘as has

" been claimed for iron and cbba]f (12, 27, 102). A reasonabie

assumption is that "a" ¢an have the values 1,72, or 3, cor-

responding to ethylene, acefy1ene, and acetylenic residusds



on the surtace. Values for "a", the degree of unsaturation
of the surface complex, can be calculated from equation (1-8)
and the experimental exponentt of ethane. These values are
given in table 1-1 in column e. For rhenium and iron, the
positive hydrogen exponents suggest that equilibrium in the
initial ‘dehydrogenative adsorption step.is not established.
Methahe;deutgrium exchangg experiments'suggested that the
desorption of aqsotbéd ¢y fragﬁents as methane may be rate
c6ntro1liﬁg on. several other metals as ye]]. Apparent activa-
tion energiés tn table 1-1 increase as the degree of unsatu-
rétion.of.csz tncreases. The appa;ent activation énergy is
composed of th2 true activation energy for the C-C bond rup-
ture p]us the heat of -adsorption, if coverages are low.. This
kinetic analysis does not take into account competition for
'active sites by hydroben and the reactfon ﬁroducts; it is
possuble that part of the inverse dependence on the hydrOgen"
’pressure 'is due to. this effect (28) . '

Recently, the kinetic scheme was s]ightly modified
by'SinfeLt (29); this new scheme yieldedra much 1mproygd fit‘
of the kinetic data: ) _ )

CoHg ;1- : c2 g (ads) £ H (ads) - (1-9).

ki - .. . ) -
Czﬂs'(ads} +H (ads) c (ads) + aH, < (1-10) .

e | SO
Ry (363) Mf}f‘ . adsorbed C1 fragments_ (1-11)
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The reaction scheme differs from the previous one in that the
CoHy -scission step does not involve hydrogen interaction, so
that the reaction rate.now is

- n ~-na
r= k Pcz”s PH2 | (1-12)

The values of "a" calculated according to this scheme are in
“table 1-1, column f, ‘ , |

At high temperatures, the assumptibn of adsorption
equilibrium pétween C2H6 and CZHx’ on thch,equation (1-12f
is based, greaks‘down; the rdte'o? deuteriuﬁ excHange'becomes
small compered to the'réte of hydrogenolysis (30). In order
to account fdr’the kineticé over a wide range éf temperature,
a steady staté‘treatment can be used in which the net
rate of chemisorptién of ethane is balanced by the rate of

disappearance of CoH, (136). )
[ ane “+aliti]

) = k

p - k! .

k ; 8 8. (1-13)

If an effeétfve equilibrium is assumed between CZHS (ads)

.and _CZHx (ads’), i ‘ . |
: K, 8 6y, = .8 pad - . (1-14)
- . 2 "CyHg H CZHx H, _
F o=k oo 'k, P (1-15)
) csz 1. CoHg )
(1-+ b P2 )
H2;~ A

O : ’i;where b = ki / (k3K2) o
3;;; Since b is temperature dependent,'so is the dependence of the

rate on the hydrogen pressure,



{

For cobait (24,27), b decreases with increasing temperaiure,

10

SO thet at sufficienfly high temperatures the rate becomes
.independent of the hydrogen pressure, r = kl pC2H6 , COor-
responding to the situation where.ethane chemisorption is
completely irreversible. This was also observed in hydroge-
nolysis and exchange reactions of ethane on niokel powders
(30); at high temperature the reaction was independent of
the hydrogen pressure
An alternate scheme was proposed by Boudart 97);
the reaction is considered to be a two-step 1rreversib]e ‘se-
.quénce on a catalytica]]y non- uniform surface. For nickel,
platinum, and copper-nickel cata1ysts, this modei predicts
the sameé composft%on for the surface intermediates as the
Sinfelt model (100)
The most recent studies of ethane hydrogenolysis
have been.on bimetalliccatalysts, often consisting of a
group VIII-metal and a group IB metai. For nickel-copper al-
Toy powderE; the catalytic act1v1t& decreased'marked}y end
continyous1y as copper was added, a1tnough’most of the_de-~
cline was observed on addition of the'firsé few percent of

Cd'(Gl. 136); 5 at% of copper causes a deérease of three'or-

’(jﬁv’

ders of magnitude. On the same alloys, reactions with cyclo- .
propane and methy1cyc10propane (62, 63) showed that al]oying
influences. the reactions of carbon- hydrogen bonds less than
reactions of carbon-carbon bond;, 1.e{ alloying fevours

tsomerisation'reactions‘but_suppresses the hydrogenolysis -

.
. d ‘
. . :
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reaction; in other words, a]]o;ing can marked1y shift selec-
tivities. Experiments with q-hexane.supported these rebu1£s
k154). The -effect of cepper was explained by the decreasing
percentage d-character as copper is added. The very sharp
initial decrease in activity suggests that fhe surface regi-
on has a much higher copper content than the buik; hydrogen
chemisorptien studies squort_thfs~'copper does not chemi-
sorb hjdrogen strong]y (51, 64). It has been conc1uded that‘
highly dispersed bimetallic c]usters exist on the surfate of
the_support. Similar phenomena were observed on ruthenium -
cOppef‘anq'osmium-copper systemé (64), 'and an increased l
.catalytic performance was found for platiﬁem-molybdenum
catalysts compared to the platinum cata]yst (118); the dctij
vity was higher, the cata]yst more stable, and the 1nh1b1—
ting effect of hydrogen was decreased Shifts of se]ect1v1ty'
from hydrogeno]ys1s to 1somer1sa§10n reactions were also
repoﬁted for fi]ms.of gold with platinum or iridium (72),
aﬁd for nicke]-copper_en zeolite Y (73).

Some work has been done to study the effect of the
'support ane state of dispersion on the properties of the
metal. Theﬁgrder of effectiveness of different supports for
ethaee’hydrogenoTysis on cobalt_gnd‘nitgel was '

10, > -Al,04 >>.~s'10.2 - A1,05 ~C (15,17,24).

A1l the oxide carriers had about the'sameiactivat{on energy,

.but _on carbon it.was much lower.

»
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?electivities alsqg were influenced by'the support.used (56).
The support effects are not yet'fully understood. .On a nfcke1
on~§i1{ca catalyst, the hate of ethane hydrogenolysis was
proportional to the nickel surface (16), and the reaction
onders and apparent activatioh energies wene unchanged; The
effect of metal dispers%on has been investigated for Ni (19)
and Rh" (18); the crystallite sizes were varied by sintering .
the catalysts in “hydrogen at different temperatures. The
specific catalytxc act1v1ty of the metals (1 e. per unit met-
a1 area) decreased as the degree of s1nter1ng and the crys-
ta111te size 1ncreased The study suggested that u1t1mate1y
the catalyt1c activity decreases as the metal dlsperswon is
increased to_a very high degree; highest cata1yt1c act1v1ty.
Was aSsociated with an.intermediate range of dispersion,
about 3.0 nm crysta111tes TheseVobservations suggest that

metal atoms may be more act1ve 1f they have a low coordina-

tion, 11ke corner or edge atoms’ or lattige imperfections

(123,124). In terms of the characteris'ti n introduced by

Boudart j96), hydrogenolysis reactions are therefore demand-

ing or stnucture sensitiye. Metal oart%cle size may a]so

" influence the selectivity towards skeletal reactions as report-

'ed for. supported platinum (127) and p1at1num films w1th a

range of crysta111te sizes (123 125). )
Cons1derab1y less work has- been done on hydrogenoly-

's1s react1ons of hydrocarbons 1arger,than ethane.



-13
The hydrogenolysis of p;;pane on supported nickel (9) and
nqthen{um (31, 101) and on films of nickel, rhodium, and’
platinum (32) occurs more readily than ghat of.éthane, par-
allel with a higher rate of deuterium exchange, At higher
temperatures %nd low pressures, the amount of méthane in the
products incréasesﬂ The pressure dependence of propane hy -
drogenolysis. was studied over supported ruthenium (33). Us-
.ing calculations simiiar'to thosé.for ethane, the acti&ated
surface species was found to be 03H3, indicating an 1,2-diad-
sorbed species. The reactidn rate decreasea with increaging'
pressure and the hydrogenafive desorption of C1 and FZ spe-
cie§ was much faster than ;he cracking reaction. The rate of
hydrogenolyss 1nc}e%sgs with the nuﬁbe? of carbon atoms in’
normal hydrocarbons, while branching decreases ﬁhe rate. The
activation energies for the hyd%ogeno{ysis of higher hydrq—
'carbons are usually much lower than fb} ethane; the reaction
orders with‘resp@ct to thé hydrocarbons are égain unity ori-
s]jghtl&'smal]er, while phg hydrogen exponents are large and
négative on most metals, similar to ethane. Reaction schemes:’
similar to those.for ethane seem to apply. The increased
rate could.in part result frﬁm 1oweriqveragé di¢sociation
‘energies of carbon-carbon béndé in largér molecules (34).
Anéthet reason may bé'that 1,3qd€ad§orbed sbecies can be f@fm_
ed as has been suggesped'py‘Anderson and Avery (35, 36) for
some metals, notéb]y platinum. Ethane cén on]y(form 1,2-diad-

t

sorbed iniermediafes.

PR 2
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On‘platfnum and sometimes ‘on paTIadium, isomerisation and
dehydrocyclisation reattione can take place in addition to
‘hydrogenolys1s (35 37-41, 53, 54, 135). The hydrogenolysis
reactlons on p]at1num are so slow that much higher tempera—
tures arearequ1red than for the other noble group VIII me-
‘ta1§, so that isomerisation tou]d also occur on these other
metals at siﬁifar temperatures, but'can not be obserted
since-tte-hydrogenolysis is too fast. On p]atﬁnum three dif-
.ferent mechanisms have been proposed for various hydrocar-
bons (123): a) 1;2 adsorbpd intermediates, b) 1-3 adsorbed
intermediates, ¢) w- adeorbed intermediates. .
Interesting results can be obtained from-the product -
distributions frém hydrogeno1ysis reaqtions/of hydrocarbons
with several non-identical carbon-carbon bonds; there may .be
different rates of rupture of bonds at different locations
in the ﬁoTeeu]e.jgemp1ing used 6- aed isobutane and iso- and
"neopentane over supported ruthenium (44-47). He fopne the -
fot1owing relative reactiv{ties‘of hyerocarﬁons: C2 0.02;

" €3 1.0; n-C, 10.0; i-C, 0.8; i-Cy 9.5; neo Cg 0.04. The

5
number of'hydregen atoms dissociated to form the surface in-
termediate was 5-6 for norma] hydrocarbons (and j- 5)and 4

" for neo—C5 and i- C4. This again suggests 1, 2 type 1ntermed1—
'ates, comp]etely str1pped of the hydrogen at the adsorbed
carbon atoms. In n- butane, all the bonds had an equa1 ¢change

of break1ng. for isbpentane the probabil1ties were 82% type 1,

4
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I 1 . ILI :
C — C = (I: ER2Y 10% type I1, 8% type III.

Desorption of the products was much faster than the cracking

reactions, .justifying the original mechanism. Sb]itting fac-

tors of this type are also given for other molecules (3, 135).

" The product di;tributions very much depend on the metal .,
used, the hydrocarbon and the temperature. In a1] cases more
extensive cracking occurs at higher temperatures, so that
more smaller products are obtained. |

A classical examp]e of catalytic specificity is the
h1gh1y.se1ective attack of nickel catalysts on the terminal
carbon atoms in contrast to for instance platinum where the
rupture of different bonds is non-selective (48-50). Ruthe-
nium also cracks the d1fferent carbon -carbon bonds in nor-
mal alkanes with equal probability, but in branched paraffins
- splitting occurs preferentijally in the‘sfréight obain'portion
of the molecule. Abrlow conversion, hydrogenolysis of n-hex-
ane on nickgl yielded on]y methane and n-pentane in equal
amounts (51, 82). On platinum, where the oaébon-carbon bonds
crack a]mostjétdtistdcally, a~carbooium-ion mechani;m'has
been proposed to interpret both the initial product dis%ri—
bution and the skeleta]»isoﬁerié?tion (25, 32, 82). Accor-
ding-to this theory, splitting of a carbon—hydﬁogen bond
yields a carbonium- 1on, which is easily isomerised and .

thereafter splitting of carbon carbon bonds occurs by

eemvi ey e
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B-scission. Similar examples of specificity were found'with
several other hexane isomers (51, 52, 82) and n-pentane (53,
'54, 130). In these experiments it was again Roticed-that on
cobalt and iron the traditional mechanism does not apply
because the desorption steps are rate oetermining; this is
"shown by the large yields of smatll paraffins on these meta]s:
Octanes and decanes over nickel showed a similar pattern of
successive demethylation as the predominant reaction (55).
In case of branched molecules, only methyl groups bonded to
secondary ano‘tertiary.carbon atoms were éttacked; the reac-
tion stopped at.quaternary carbon atoms. Experiments with
n-heptane over a series of noble metai'cata]ysts in powder’
form (Pd, ﬁh; Ru, Ir,'Pt), showed that skeletal rearrangel
ments took place on pletinum only. Again the‘attivity of
p]atinum and pa]iadium was much lower than that of the other
metals. Paliadium and rhodium behaved Tike nickel in cracking ,
almost exclusively the-terminal,carbon-carbon bond, the '
other metals were non-seiective.

Hydrogenolysis of cytioalkanes-over seierai group
VIII metals in-the form of films and supported catalysts has
covered cyc]opropane_and methy]cyciopropane (1, 56, 57),
cyclo-butanes, -pentanes, and -hexanes (55; 5§; 60, 148).
Pi-bonded species, invoiving partialfy déloch]ized electrons
of'the ring and unfilled d-orbitaIS'of the metals, are sog-;

gested as the adsorbed intermediates for the noble metals,
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_where mainly ringfopeniﬁg occurred._Oyer nickel and cobalt
frqgmentation reactions are also observed, and in these
cases the intermedistes may be dissociétive]y chemisorbed.
Oﬁ platinum and pa]]a&ium, thg cleavage of the cyciic’bonds
was nsn-selectivé, while on nickel only disecondary cyclic
bonds were brsken. Alkylcyclohexanes over-nickﬁ]'(ss, 60)
showed a‘successivé demethylation of the alkyl grouh. while
the cyclohexane ring was not cleaved under these conditions;
this‘in contrast to pentane- and heptane rings}-where ring -
opening was observed. ) ‘
Interesting-fésu]ts;were obtained by using hydrocar-

bons with tagged sarbon atoms, C13 or c14 (135).

1.3 Reactor

The goal of a kinetic study 1is to &eve1op a fundamen~
'tél\yate equation that fits the kinetic data and is consis-
tent with observations about the reaction mechanism The fol-
lowing stebs c_qge distinguished in catalytic pr'ocesses (77):
1. bulk diffusion to the externa] surface of the catalyst
2. &iffusion in pores o
3.-'adsorbtion‘pf'reactanis
4. reictions at the catalyst surfacs"
5. 'desorptiqn of products
'6; 'diffusion sut of'pores
A bulk diffusion from external surfacé .

The cata]yst bed should be isothermal. and intra- and inter-_
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particle mass and heat transfer should be rapid compared to’
the reaction rate and the rate of heat generation. Concen-
tration and temperature gradients should be eliminated. Cri-
teria expres;eq in terms of severaizdimension1ess groups
were derived to assess the relative importance of trans-
port effects in heteroéeneous catalysis (23, 74-76). The
most critical consideration in the design of fixed-bed reac-
tors is maintainjng isothermal operation (74). The way to
achieve this ié to reduce the reactor nadius, but this can

\ ,

be done only to an extent,‘because'walf\éffec:s may become im-
_portapt, i.e. the more open packing near the wa1j causes larg-
er fluid.velocities (69). Experiments have shown that the
best'compromise)is a value of 5-10 for the ratié RO/rp, )-
radii of the reactor tube and an average partic]e,,respec;ivf-'
Yy. Another method of achieving isotherma]_cbnditiohs js by '
: di]ﬁting the'cata]yst.bed with inert particles to reduce thé
heat‘ggneratedfper unit volume. The reéétorhshould have %/'
simple flow pattern, either plug flow (fixed bed reactor) or
complete mixing (continuous flow stirred tank reactor):‘Thé
teéua%ions determining réaptjdn rates in these systéms can be
derived ffom a mass balance around the reactor.
Differenfi&l-type reactors have the practical advéni
tage of pbtainjng’data at one level of cancentration and - .

temperature; no integrations of rate equations are necessary.

In addition differential selectivities are obtained.



The reaction rate can be determined directly from the:effiu-
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ent flow rate and concentration (69):

. dX, - X: Q.
r. = 1im i ©oo= i Y9
i —_— i = (1-16)
Xj> o d( ¥/q;) W
where w= weight of the catalyst

Xi= fractional conversion

Q= moTar feed rate
ry= reaction rate
Empirical‘or #heorefical]y derived rate equations can be
examined by direct application of the data. l |
Severé! types of differential reactors are possible:
_a.fixed-bed reactor aﬁd very low conversions;-a  fixed-bed
wiih recycling where the conversion per pass is maintained
sufficiently low as to meet the requirements of equation
(1-16), while the tpta]aconvergion can be higher so as not
A to cause analytical problems; énd finally a continuous
stirred reactor®can be u§ed‘(31, 45). For an isothe}mal con-
"secutive reaction system, mixing favours formation of the
ultimate product, the yield of intermediate is lower than -
in the absence of mixing at the same bonversion, For isother-
mal simultaneous react{ons! mixing favodrs ﬁhe ;eactidn of
lowest order and 3f'a§1.reacti0ns are pf the‘saMe ordera the
product ratio is-uﬁaffected by'mik%ng‘(Qg;’109). -

o~
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1.4 Analysis of Data

Ap adequate theory of hetérogeneous céta]ytic reac-

tions should providé:

1. a kine?ic description of the detailed path along which .
reactants are converted to products. |

2. a conceptional foundation by which, at least in principle,
the funddment;] parameters(rate constants, activation
energigs and heats of ddsorption):may be computed from
.the physicochemical properties of the System.

The basic assumptions are:

1. uniform surface.

2. the number of'écfive gites is constant and propo}fional
to the mass of catalyst.

3..no interactions between adsorbed species. .

4. the. concentration of intermediates is cohstanf?:

-Basical]y}'two‘types_of equations or mathématica]

mod?]s can be used to correlate kinetic datawz' H ‘

The power rate functions qré empirical:

ro=. kPS P3 T where k = k(T) . (1-17)
The power r;te law rests upon a nonideal real-surface pre-
misél characterized by the'Freundiich jsotherm, @ ='-kAl/n,
which is an dpproximqtign of the Langmuir isotherm,
9 = KA on Qh%cﬁ'the Hougen - Watson type models

1 + KA -

~

. are based.

.o
* s - M
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fraction of surface covered by @dsorbed species

6

A

concentration of adsdrbed species in gas phase
The Hougen - Watson type models are based on Langmuir - Hins-

helwood kinetics and possess the form (77, 99),

ro= “ P Py (1-18)
(1 + KAPA + KBPB)
where kJ= B exp (-E/RT). is a rate constant
and - K = A exp ( Q/RT) . is an adsorption constant

A plot of 1nK vs 1/T reveals a slope 95, the lowest value of
the heat of adsorption, q, corresponding to hiéh cover%ge.
(The heat of adsorption usually decreases with incréasfng ..
coverage(132)). This type of rate équation'is derived from
a ‘specific feacfion mechanism, often aisuminé a sing1é rate
determining step. An attempt should be made to select.a mo-
del with a-minimum number of parameters

Kinetic-data for heterogeneous systems often(mn-
. tain so much error that the use of mathematical expressions
like (1-18) or even more complicated equatioﬁs is unwarran-
téd, and an improved fit %o these.equafions,ofien arises
solely by %he:greater flexibili;y of the equqt%ons due to the
abundance of p;rameters It has also been pointed out that
the assumpt1ons 1n'der1v1ng these equations are seldom. met,
and that it wou]d be better to use simp1e empirical forms |

like (1-17) whenever possible (131, 133).
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- A discrim1nat10n technigue, ‘1ike m1n1mum sum of . y 1
squares between observed and predlcted rates 4s usually used
to, obta1n the ‘best: équat1on (78), the assumptwons be1ng that
the errors are 1ndependent and norma]ly distributed wwth
‘constant variance (99) 0bta1n1ng parameter est1mates usua1-

ly involves the use cf linear or non—llnear regre551on tech-

" hiques’ (80 81) Mode1 reaestion crwteria may . be based on

a. 1ack»bf f1t ] . - "‘ “§j;vf_'5”;' f
b. unacceptab1e character1st1cs of est1mated parameters, .o ‘
T A':.~
such as negat1ve rate constants. rg',}‘

Negative adsorptlonAconstants are~usua1%y also reJected

but they may result from enhanced adsOnptxon and shou]d not
necessarily be rejected (99,/¥31, 133) Many rate equat10ns
" can be 11near12ed, and re1evant p]ots w111 enable the reJec-
t1on 0f inadequate models: The procedhres in model dxscr1m1-

nation apd-parameter es§1mation are discussed in appendix B.

1.5‘Thermodynam1c considerations ‘

Hydrogeno]ysis neactions are thermodynamically fa-
.vourable, there haxe'beEn no reports pf_chajn growth over
the metaI cata?yste used in fneéé-réact%ons. Equi]ibrium
-constants were ca}culated uswng free energy function data _
'from P1tzer (121) and from Stull (137), tabulated free ener—
.gy funct1on values make it much easier to’ calculate A G for
a reaction at variOUS temperatures than it would be by us1ng
aranaJytiqal.equatdon.for a 6°. }h, . o

- - -~

{
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Free energy functions are given for individual compounds,"
and are handled 1like free energies of formation. Free ener-

gy functions are defined as ({ (-6° - HXO)/T }, where 6° is
the standard Gibbs free energy and on the standard entba]py
at "x"K; in general they are based on 0 or 298 K. The func-
tions are derived from the properties of a single substance,
they are not very sensitive to temperature, so that it is
convenient. and accurate to interpblate free energy fucfions.
Some results at 500 K are tabulated in table 1-2. The equili-
brium constants show the hydrogenolysis reactions are very -
favdurab]e whereas the-isomerisation reactions given, of
. noermal to branched paraff1ns, are also favourable. R1ng for-:
ming reactxons of n- hexane to benzene, cyclohexane or methyl-
cyciopentane are thermodynamically unfavourable at the tem-
peratures used in these exp?rimeﬁts. During the experiments,
no isomeriéafion pboducts, heptane, benzene or cyc1oheXane'
were observed in the products. The gaSchromatographiblsystem
was able to separate the Cs and C6 isomers, methy1cyc10pen-
tane and cyc]ohexane (appendix A). The separation of benzene
and cyc]ohexane wou]d requ1re different column conditions.
There have been réports that some of the -metals
used in these experimente are hard to-reduee;.esbecially i-
ron, oxides, and to & lesser extent those of cobalt and.nickel
(12, 913 129' 150)' Promoiers a@peareautb slow the»reductiop

of iron, wgile an 1ncreased temperature or space vetocity

- -
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TABLE 1-2
Equilibrium Constants at 500 K, Calculated from Ffee
Energy Function Data
reaction N ]ogiOKe :
C3H8 + HZ- + C2H6 + CH4 6.5
C3H8 S+ 2H2 + 3CH4 14.9
n"CGH14 z C6H6 .+ .4H2 . i’ -?-8 )
" (benzene)
- M-Celyg 2 CCelia + Hp "2.5
‘ . (cyclohexane)"
(methytcyclopenténe) -
n-CeHyy :  2-Methylpentane 1.1
C (graphite) + 24, -+ - CH 3.4 ’
’ 2os 3.0 (650 K)
3Fe #. CHy. 2. FeyC + 2H, 4.8
i S v s , £ .-3.1 (700 k)
3IFe -+ C.Hy > Feo,C + 2CH 18.2 -
- | SR TIPS S “16.9 (700 K)
9Fe’ +63H8 (Z.03FegC & aH, . g;s
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increased it; on the o6ther hand, promoters'also stabilized
the a-Fe structure (150). Equilibrium constants for the re-
duction of oxides of nickel, cobalt, and. iron are g1ven (66)
and they confwrm that the reduct1on becomes more difficult
in this sequence.

Silica-supported metals-are in general much easier

to reouce than those sopported on alumina where the metal .
reacts with the support more readily (124, 128). But silica-
supported meta]s are harder’to reguce than bulk metals (132,
150), and the reducibility decreases greably with increasing.
degree of dispension. For iron it’has been shown that even
though‘thermodynamic‘cbnsigerations suggest that bulk iron
oxides can be reduced to the metallic state by hydrogen at
400°C, more severe'cond?iions are needed. if, the metai is on.-
a support 1129, 150). '

. In the case of iron cata]ysts, prob]ems may -also a-
rise because the 1ron may- form cagbides easily., as is the
case in a H2 -CO atmosphere (66). Th1s has been reported to

'occur at 327°C with paraffins of carbon numbers greater than-'.
2, and from methane at 500°C. Cobalt also can carburize, but

1s more readily reduced in a hydrogen atmosphere A final

prob1em that may arise in these react1éns 4is the deposition

,.of elemental carbon, especzally if the hydrocarbon to hydro-‘

gen ratio.is.high (91) In the present experiments th1s ra-

3

Ttio is kept Tow. to avoid this problem.



_ Chapter 2_
PREPARATION.AND CHARACTERIZATION OF THE CATALYSTS

2.1 Introduction

A1l the catalysts used in this work were sppported
metal -catalysts. They are of special 1nperest because metal
~can.be dispersed as very small crystallites on the surface of
fhe carrier which is commonlp a porous, inert oxide such as -
alumﬁna‘or-silica In this form fhe metal has a~high surface
area and is more res1stant o sintering than unsupported me-
-ta] powders or films (24, 135). There are different ways of -
preparing supported metel cafa]ysts,(124, 132, 134); in this
work the most common method, impregnetiqo, has been used. The
support is contacted with a soiutfbp of ions of the.metal in
question, and_thelpete11ons are'deposited onto the carrier -
surface If avadAab1e; nitrates of the metals arevuséd, since
they- decompose read11y upon heat1ng.. ’

To compare activities of different catalysts, it is
'important po ‘determine their physjcal propert1es also. The —
following sections summariie ihe prepapations and‘the inves-
tigat1ons performed to characterize the catalysts. The high

i state of d1spers1on of supported metals makes them very dif-

) ,ferent from bulk_metats in some'of—theirhppopert1es (24).

There may be differences in mignetic properties, and the. X-ray

. 26 . .°
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diffractiénrpatterns may show very broad and weak lines in
contrast to the strong, shatp 11nes observed for large metal
crystals. Since there usually is a metal phptic1e size dis-~
tribution, the average crystallite size obta1ned by d1fferent
methods (magnetic, chemisorption, X- ray line broadening,
transmission electron microscopy (T.E.M.), Mdssbauer spec-
troscopy),. are usua]ly not directly'comparab1e. Magnetic pro-
perties of'dispersed metals have been desqribed;(ss,.67, 68,
88, 122) '
Low area supports and high area supports can be used

in the preparation of the cata1ysts The high area supports

'usually require a lower metal loading, because the metal is

more highly dispersed than on 1ow area supports. Low. area

. -supports have the advantage that the pores are larger, there-

by making it less*l1ikely.that diffusion effects will be a
slow steb in tpe reactions. For the same ‘reason, 1arger par-

ticles can pe‘used, which is of advantage, especia11y in a

gifferehtiai,recycTe reactor. where the pressure drop overz

the catalyst. bed should be‘ rather low. 1f low area supports

are used, it will often.be advantageous to add a structura?l .

promoter tp the eatalyst. Such as magnesium oxide or calcium
oxide, to 1ncrease the metal sur?ape area and avoid‘sinte-

r'ing of the meta'l crysta‘l'lites. pr area supports are also less

> like]y to react with the meta1s they support.
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2.2 Preggration-of the Catalists

.Seyeral types of supports have been used to prepare
catalysts containitg njckel, cobait, and iron. The ruthenium
catalyst and one'of the jron c&talysts used were tommercial
preparations, their propérties are ‘discussed in.section 2.4.

A high area‘silica gel ffom Grace (57-08-5x-1950)
was qsed to prepare the high area catalysts. This silica gel
was‘crushed, sieved into fractions of 14-28 mesh.and 28-48
mesh, and dried at 400°C for’24 h.-The.propérties of this
support are given in sectfon 2.3. '

Several low area suppéfts were used in the prepara-
tiqn of tbe low atea tatalysts:'si]jconcarbidé} sintered
a]um}niumoxide, silica and zircon. Thgsé';uppqrts were fur-
n1shed by The Carborundum Company. They were sieved to a

size of 10 12 mesh, and their strength propert1es and thermal

conductivities are better than those of the h1gh area support,

siliconcarbide -being the best. Some of the properties of
these suppo}ts, as giyen by the ménufécturer tre 1istéd in
table Z-i.'The sdpports were’&rﬁgd at 400°C for 24 h before
being‘psed.in_the cata]yst‘préparations. ‘

"The themjca]ézused in the impregnations were:
. o (NO 3)p * BH,0 (A.C.S.Y and Ni(NO3), ° 6H,0 (purifiéd),
'.both from F1sher Sc1ent1fic Co., Fe (NO )3 . 9H20_(Anélyzed
Reﬁgent).gpd.Mg (Np3)2_‘ GHZO (Analyzed Reagerit), both from

J.T. Baker Chemical Co,.'The.metal nitrates were dissolved .

D L Terran Rty LI L o
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in the appropriate amount in distilled water; for promoged
catalysts, the metal and promoten ions were in the same-so—
lution. The nmount of solution used in each impregnation was
1.5 - 2.0 times the pore'volume of the support sample.

It turned out -that the catalyst was more uniformly
imnregnated if twice the pore volume was used,‘as opposed to
the standard ore tinés the pone ynlume. The support and the
solution were mixed well, dried overnight dt,lOSOC in air,
and ca1cjned‘at 450QC for 2 h in air to decompose the nitra-
tes to metal oxides. Visuai and microscopic inspectizz shp;
wed that after cé]cinin§ the metal oxidé seems to be distri-

buted throughout the support partic]eé in both the high area

and the low area catalysts. For the low area catalysts, three.

consecutive impregnations were performed, -each one followed

by a drying and calcining stép This was done because the

metal loading in these cata]ysts must be h1gher, to obta1n a

reasonable activity, and also because the pore volume of

* these supports is rather small.

High aréa catalysts wene prepared for - iron, cobalt
and nickel on high area silica (28-48 neSh); cobalt. and ‘
nickel cata1v§ts-were(a1so prepared on larger partidles (14-
28 mesh) with approx1mate1y equaI metal 1oad1ngs. Low area
cata]ysts were prepared in the fo]low1ng camb1nat1oqs

nickel on. s11iconcarb1de, and iron on si]ica, s111c ncarb1de,,

\ IS

b
-
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Promoted catalysts were prepared only on the low area supports,
using magnesium as a promoter: nickel-magnesium on silicon-
carbide, coba]t—mggqesium on siliconcarbide, and iron- magne-

sium on silica.

2.3 Characterization of the Catalysts

2.3.1 Chemical Analysis

The catalyst samptles were'treated with a mixture of
nigfric acid and hydroch1or€é acid to dissolve all of the me-
tals. The solutions were fi]tered‘and diluted, and atomic ab-
sorption spectroscopy was used to determine the metal loading
on éach.of the catalysts. The results of these analyses are
"shown in table 2-2. The'amount of metal on the catalyst was
usually slight!y lower.tﬁan that calculated from the amcunt‘~
and the concentration of the 1mPregnation solution. ‘. -

No iron was detected in.the sbJutipns prepared from
Vthe’catalysts supborted on siliconcarbide, even though the
chemical composition of this supbdrt.show 0.42% ifon. Tﬁis
_result indicates that this iron is in the bulk of the support
and should have no effect on the catalytic aéti&ity The unpro-
.moted jron catalysts on the Tow area supports were made to ‘
conta1n approx1mate]y 20% iron; they were not analysed s1ncé
lthey were inactive for hydrogenolys1s '

2.3.2 Physica] Adsorption

Physical adsorption of nitrogen at its boiling po1nt

can be used to_determine the total surface area and the pore

[
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-Properties of the Cata]ysts prepared in this research

Catalyst Chemical Total Metal - Metal -
' Compo- Surface Surface Disper-
sition Area Area sion
(a) (b) (c) (d) (e)
wt.% mz/g m2/g nm
high area
nickel on silica -

(14"28 lTleSh) 235. 7.7 7.0 -
e e ey 4.1 NP 253, 8.3 2.8 0.28
°°?§;fzg"m:;;;°a 7.0 Co  248. 3.2 12.3  0.06
°°?géf4g"m:2;;°a, 6.3 Co - 2.1 16.9  0.05
e e hs mean) 8.1 Fe - .  0.35 150.° 0.0l

low area ’ P

(10-12 mesh)
nickel on @ ide 16.7 Ni 0.2  0.12 780.  0:001
nickel-magnesium ,14.9 Ni . )
on siliconcarbide "1.0 Mg 2.6 2.0 4z. 0.02
cobalt-magnesium 17.3 Co 3.0 - _ .
on siliconcarbide . 0.7 Mg :
iron-magnesium {14.5 Fe’ - - - -
on silica 0.9 Mg~ (’

(a) by.atomic absorption. spectroscopy

(b) by nitragen adsorption at 77 K

t Y

(c) by chemisorption of hydrogen at room temperature

(d) average érysta1lite size using equation(2-7) -

(e) defined-as the ratio of the number of hydrogen atoms’

‘adsérbgd and the ﬁumber'of metal atoms present

.,
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volume of the catalysts:and the supports. A conventional
volumetric technique was used to measure.adsorption and de-
sorption 1sothé;ﬁs of high area silica and the high area cat-
alysts (69). A sample cell fitted with two stopcocks permit-
ted flowing hydrogen over the samples during reduction. The
dead volume of the cell was' minimized by using glass beads
and glass .rods. The catalysts were reduced under approximate-
ly the same cond{tions as used for the hydﬁoge%o]y5is experi-
ments, usually 24 h at -450°C. The Sahp]es wéré then evacuated
gf this temperature for one hour, and cooled to room tempera-
ture under vacuum. The nitrogen adsorpt{on isotherms of the
high area catalysts were determined af 77K over a range of
relative pressures of 0.05 to 0.99. The isothern, as expected, -
is a fype IV isotherm xgéﬁ, and the surface'arga can be deter-’
mined. by using the‘lineérized BET equation (66, 70), andrp]of-g
ting */(V(1-x)) against thé r%]atiye pressure:‘ . .

X - 1 4 x{c-1 -.(2-1)
V(l-g) . Ve Vi©
where: . X = ‘relative pressure = p[po
. , & . -
V. = vdlume adsorbed
Vg = volume corresponding to a monolayer
c =

- constant

In. the calculations it is asspmeh that each molecule of ad- -

2

< .
sorbate COven§:.163“nm of surface, based on the density of

the physical!y.hdéo}Bed‘1a&er‘beiug equal to that of the

- R . Lt . -
ot . -
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L )

liquid phase. The surface area is then equal to

s = .37 v - (2-2).
The pore volume Vp is calculated from the total amounf adsor-
bed at saturation (relative pressure 1.0), and an average pore
radius can be determined from:

Fosav, /s ‘ (2-3)

with thélagsumptiqns that the pores are uniform and cylindri-
cal (69). ' _A .

The adsorption isotherm of the high aréa gi]ic& gave
a pore volume of 1.0 cmalg‘and a guyface area of 265 m2/g; the .
average pore radius is 7.5 nm..The isotherms of thé«micke] and -
cobalt catalysts,including an <isotherm of the ‘nickel haté1yst.
after using it'for-éne month in hydrogenolysis éxperiments,ga-

ve slightly lower 5?éas and pore vo]umes,_but the results were

.very sxmilar, areas varied from 240 - . 255 me /g, pore volumes

from 0.92 - 0.96 cm /g, and the average pore rad1us was be—'
;ween 7.0 and 7.6 nm (tab1e,2-2).

An giample of a complete isgtherm ié.given'iﬁ fig.
2-1:fbr the nickel on silica cétalyst. Fig 2-2 shows that the -

&p1ot of X/(V(1-x) versus X 15 :Finear . 1n the region x is 0.1 -

"0 3 For this catalyst the avea was 253 m2/g, pore volume'
: 0 96 cin /g and average pd?é\radius 7.6 nm. . A e

The areas of . the low.area supports and- catalysts,

cou1d not be determined by the volumetric technique, since too .

much of thelqatqjys;-would»be~qeeq§df*
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Instead a sorptomat was used for these catalysts, a diagram
of which is shoun in fig. 2-3 (89, 90). Only two points of
the isotherm are obtained, both in the linear region of the
isotherm: p/po apptoximate]y 0.1 and 0.2. The total sur-
face area can now-be calculated as before, but the pore vo-
lume is not'obtainedﬁ Nitrogen is adsorbed by the sample‘at
1iquid nitrogen temperature from a gas stream of nitrogen
and helium, and eluted upon warming up the sample. The ni-
trogen liberated is’ measured by means of a therma].conduc-
tivity cell. There are several advantages of this method
over the cenventional volumetric BET method: no vacuum.tecu-
niques are injo]veu, it is <astec and‘simpler for routine
applications, and it is more sensitive to low'area'samples
because of the h1gh sensitivity of the therma] conductivity
ce11. Ca11brat1ons were made us1ng pure nitrogen and ca11g
brated sample loops. The results aréftabulated in table 2-2.
To check the method, the area of h1gh area silica was deter-
mined and found to _be 240 m /g The total area of the n1cke1
on si11concarb1de catalyst is of the same order as that of
the support, while the -promoted catalxst has an area of a-
_bout a factor ten higher; i.e., most.of the area‘of the pro;
motea cata!yst-must be.meta1f _

2. 3. 3 Pore Distr1bution ' L

The pore distr1bution of the high area s111ca was

‘measured with a mercury porosrmeter (Micrometrics Instrument
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COrp;ration), and the average pore diameter eompared with
the one.obeained from the nitrogen adsorption experiments.
MerEury, unlike most other liduids, has a poeitive contact
angle with most so]id maéeriels}‘hence pressure must be
_exeried for. mercury po peﬁetrate the pores; the séa]]er

" the pore radius,.thelhfgher the pressure'requiree te force
_the mercury. into the pores. The catelyst saﬁple is evacea- ;
ted and the'sampletholder is filled with mercury. The a-
bmount'of mercury ehterfné'the pores is then measured as a
function of,pressure. The equation relating the pressdre

b4
-

and the bore radius.js (23, 53, 66, 71):

-2 ‘cqehe/r o (2-4)

P =

where: r = cylindrical pore radius
8 = contact angle of-mercury {taken to be 130°).°
¢ = ‘'surface tension of mercury B ;

(0.474 /m at 25°c>
This yields: °
r.o= 61 /P . . : (2-5)
where the pressure is in pasca]s and r in -meters. '
' The pore size distribution D(r) for cylindr1cal po-

res can be represented as (23)

| 6:(»--)',: (26

I

'

1
R~ -
P < 2 L ol
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. A plot of D(r) ver;us r can easily sé ohtained, and is shown
in fig. 2-4 for the silica sample.. The pore distribution is
rather narrow, with a peak .at.r = 7.0 nm; which is }n good
agreement wiéh thé results of the nitrogen adsorption experi-
ments. The pore volume is estimated trom the,tota1 amount of
mercury penetrated and it is ‘found to be L.O cm3kg,‘which el—
so agrees with the previous resu1ts: The'surtace area cen‘be
obtained by graph1ca1 integration (23) and'this gives"a value
of 225 /g, 7 |

2.3.4.Chemisorgtion

‘An important prop1eﬁ in studies of supported metal -
catalysts is the determination of. the surface area and the
size of the metal crysta111tes The most effective method- of
obtaining the metal surface areas is chemisorption of a gas
that adsorbs selective]y on the metal rather than on the sup--
port (1},-65, 96). Hydrogen and €erbonmonoxide at room tempe-
rature have been used for several metal cqta]ysts'(ld-iz,'IS--
-20, 44,‘83i 132). To correct for the amount of'adsorbate that
may be weak]y adsorbed on the sopport, a second isotherm is
usually obtained after a brief evacuation perjod, and the
difference between the two isotherms is considered to be the

amount which is strongly chemisorbed (18, 44 62)

Hydrogen was used as an adsorbaté on most .0f the cata—

”1ysts prepared in this research at room temperature, It is:

genera11y assumed hydrogen adsorbs dissociative]y (88) on

il
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these'metays, with‘oa}.hydrogen atom adsorbed per surface
'metal-atom From thelamOUnt adsorbed at saturation; the spe-
cific surface area of the metal can be ca]cu]ated, us1ng an
appropriate value for the area associated with a single me—
tal atom on the surface (10, 11, 65)“/The average area equi-
valent for nickel is 0.065 nmzlnickeﬂisurface atom, and this
value is the same for cobalt aﬁd iron (10. 12, 15, 16).

" average crystalldte\size can be/;alculated, assuming cubic

crystallites of length 1 with .five exposed faces (65):

1" = 5 /(sd) ' (2-7)
where S = surface area per.gram of metal o
d = density of the metal !

Before the chemisorption ekperiments.'the cata1ys£s are re-.
duced and evacuated at the reduction temperature. The adsorp—
tion experiments were performed at room temperature and hy-
drogen pressures up to 0.40 atm. The time required for equi-
Tibration was approxima;ety 45 min..The evacuation step be-
tween the two fsoéherms-was 20 min, but s was‘obseryed that
the results did not change even if the evacuation wou]dilasf
.as. long as oae week. The results, expressed as meta] surface )
area in- m2/g are g1ven in tab]e 2 2. the results are based '
on the difference of two hydrogen adsorption 1sotherms. The
average crysta]lite diameters are also given, based on equa-
'_tion (2 7), with appropriate values fOr the bulk metal .densi-
tieS' 8 9 g/cm3 for coba]t and nickel, 7.86 9/cm3 for iron.\
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Finally, values of'thehmeta1 diépergion, defined as the ra-

'tio of the number of chemisorbed hydrogen etoms and .the num-

ber of metal atoms, are given

The results for cobalt on silica and ehe nickel on
si1ice catalysts indicated that the mepd1 area was not influ-
enced by the sintering step in the caﬁelysf-preperation, i.e.
if tne catalyst is reduced directly after dfying; tne met&]
area is the same as for the eatalyst sinteked befene reduc-
tion. A blank experiment was performed with the high .area
sil?ca.‘After tneatme%t-in hydregen'ét 400°c no:adsorption
took p1ace on -this samp]e; ' .'

On the supparted 1ron cata]yst ther@ appeared to be
only weakly adsorbed hydrogen, and. the amount adsorbed in-

creased w1th teméerature, whereas on the nickel catalyst the

amount adsorbed decreased when the temperature was raised,

from 20°C" to 2009Cu;The results bonpaned favourably with ad-

-

.:fle size is Xa ray Iine broadening ': --,»'¢

sorption isobars kahydnogen on an iron ammonia syn;heﬁie
catalyst (bl{ fig. 16) and a nfcke! nn.gieseiguhf catalyst
k94). Tnefirgn eetal&st.was reduced-at SZDQC‘since it had
been reported (lé 91, 93) that these'cafa1ys£s are hard to -
reduce, if structura] promoters are present (150) H&drogen -
isotherms are shOWn 1n fig. 2 5 for cobalt on si]ica (14 28
mesh) and nicke1 .on s111ca (28 48 mesh)

- 2 3 5 X-'ray L1ne Broadening L
Another method'for obtaining an average meta1 part1-

» 0_,
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~ Nickel:on S111ca(28 48)—3.0
P - - mesh

o =first ddsorption
A =second adsorption —§ 8
(20 min evacuation) | .
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The mean diameter, D, of crystallites is related to theé pure
X- ray diffraction broadening g, as (65, 87):
D

ka/ (8 cos o) L a (2-8)

where: k constant and approximately unity

il

A radiation wavelength

1}

8 Bragg angle

The‘me?]ected X- rays are recorded with a proportional count-
er, twhich_hae a Iinear response.

The line broadening due to crystallite size effe;tg must be

corrected for the effects of instrument broadening by:

. (8% -p2)% . | - (2-9)

il

" where: B observed di%fraction Tine width

i

b width of a 1ine‘under.simi1ar conditions of a

material with-a crysfa]]ite size well in ex~

¥

.. cess of 100 nm. _
The reference dsed here to determine the instrument broade—
-ning is a quartz powder . .
' High area nickel and cobalt on silica were studied
us1ng th1s techn1que The reduced catalyst is kept under
ethanol, crushed to a_fine powder,mixed with quart; powder
and collodion, mounfed on a minoscopic slide, and dried un-
;der vacuum. Samples were scanned from 29 = 7° to 70° at
S | /m1n, a Cu tube was. used (16mA, 100kV).

In the nickel sample no oxide peaks were observed,

indicating that the preparation of the samp]e prevented

5

g A i
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extensive ox1dat1on The maih nicke] peaks areiii 44.5%° and
51.8%, the (111) and (200) peaks, respectively. The (111)
peak gave a value for the average crystallite size of L =
13.5 nm. An oxidized nickel sample §howed no nickel peaks,
and from the oxide.peak (100) at 43.6%, a crystallite size
was obtained of 12.0 nm. ‘The cobalt samples gave very weak
peaks, and a thick layer of f1ne1y crushed powder was n;e- -
ded. The crysta111te size was estimated to be 8.0 nm, but
the. accuracy was 1ow.

In a]]bphe samples, a very prbad signal was obser-
ved at 21-22°. A-sbectrum of pure'silic§ again showed this
peak; two silica samples; hgated at 150°C and at 560°C; gave
the.same vesults. It is therefore safe to'assume that this
peak is due to ‘the support, and the bhase‘it appears to in-
dicate is a-cristobalite, which has a strong signal in this
region. Cristdba]ites have béen detected in some kieselguhrsi
before (92). The temperatu%es-of,transformaiion of:the dif-
ferent Qilica.phases are as follows:

<

870°¢C - 1470%C Lo

g quartz. > y tridymite a 8 cristobalite
++ 5759C L : - 4+ 220°C

« quartz ' I “a cristobalite

‘B cristoba]ite can beeformed 1n kxeselguhrs at fower tempe~
ratures 1f alkali are present 1n the samp1es Detecting cris-
_toba11te in the si]icagel is an unexpeﬁted result '

. The w1dth of the cristobaIite peak cornesponds to a crysta]-

S~

’ - . - i ° ‘-&',\
PR IR . . \ B .
» . . - . . . .
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lite 'size of 2.5 nm. An-example of parts of a spectrum is
shown in fig. 2-6 for a nickel on silica sample.

2.3.6 Electron Microscopy

The nickel on silica catalyst has also been exam-
ined using transmission electron microscopy. This technique

has the advantage that information can be obtained on both

‘the shape and the size of the particles. A distribution of

particle size can be obtained, as well as, sometimes, infor-

mation on the interaction of the metal particles with .the

' A
support. Improved electron microscope designs have decreased

the rogtine resolutipn 1imit to less than 1.0 nm (9, 65, 85,

D}

86, 126).rAverage particle sizes can be calculated, and it

Ean be determined whether the metal particles EYQ randpmly

"distributed or concentrated in clusters. If the particles

are.large enough, their crystalline form may also be deter-

mined. Because of these advantages,,electron microscopy is

Eapable of revealing more informatieh aboht the samples) if

'compared to X- ray d1ffract1ov and chem1sorpt1on

A Ph1111ps E.M. 300 transmission electron microscope
{100 kv) was useq,to investigdte the nickel on ;1]ica cata-
lyst. 'The cata]&st was redeced' ground and stored under etha-
.nol. The suspension was then m1xed w1th c0110d1on, and made
1nto a very th1n f1]m by pressing between two m1crosc8§g sl1des.
The . f11m was coated wlth -a thin 1ayer of carbon, to im-°

pfove its strength, cut 1n€o pieces, and f]oated on dis-

t111ed water.” - % -

L. P
[ 4 B -

)
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Pieces of the film were then picked uﬁ by fine conpee grids
(éOO mesh) and d}ied. Hagnifications were up to 120.000 =*.
Several samples were prepared, and photographs were taken of
a number of areas at each sample. For eomparison; also ,some
photographs were made of the silica gel. The negativee were
projected on a screen,- and the partic]eé were coynted and
measured. 27 Photograph;‘were use& jn this counting process,
and a total of-300 particles were measured; this number '
should be sufficient, since the particle'eize distribution
~was rather narrow. Most of the particles had a rafher regu-
lar, round shape,’ and they could only be observed near the
edge of the silica part1c]es, and on very small s111ca par-
t1c1es A histogram is shown in fig: 2-7, and some of the
photographs are in fig. 2-8. The meximym of the histogranm

is in the region 8.0-9.5 nm. '

A'numbe?-aVerage diameter can be obtained from:

dn = z n:d. / I.ny = 9.3 nm

Similarly, a surface -average and a volume-average diameter

" can be ca1cu1ated (134)

= 37, o 42 . Py ;
ds S - 'Z n.id.i ./' .2 n:lq.i ‘:" 13.0 nm .
' = . 4 .0 d 3--

The volume average dﬁameter is what’ one wou]d expect to ob-

tain from”Xg ray T1ne broadening exgeriments, and the agree-

-

ment is satisfactory. The SurfacefaVefege_&jameyetJehpula'

g - . -
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Magnification

34,000 *

64,000 * -
1
- 200 nm
'l’
Figure 2-8:,Wtansh{§sioﬁféfeqtron*Mimrographs of a ‘Reduced
- 'Nickel on Silica Catalyst ' |
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correspond to the results of ‘the Ehemisorption experiments;

the agreement is not good here.

2.4 Induséria] Cata]y;?s
Experiments have also eeen performed with two indus-
_trially preparee catalysts.
A‘O.5 weigh; percent ruthenium on ;-alumina catalyst
was used (Engelhard Industries, Iﬁc.). Tr{s catafyst was ie
) the‘form of 3.2 by 3.2 mm cylindrical Pe11et§: that had: to
be cut in half in order to be used in the reactdr._kemp]ing
’(44) studied this catalyst using adeorptiop studies and an
electron brobe quroana]yser; He found-thét’the'ruthenium is
deposited near'the periphery of the pellets, in-a shell of"’
™ about 200 um ﬁhickness. The total aree,of the catalyst.was
about 90 mzlg, with an average pore radius of 5.0 nm. The.
ruthenium area as determzned by hydrogen chemisorpt1on was
82 m2/g of cata]yst, correspond1ng to an average crysta]]vte
' size of about.2.5 nm. ' _
“The other, 1ndustr1a11y prepared cata]yst was an am- a
monia synthesis catalyst (D 3001), crushed and sféved to 14-
28 mesh. " The propert1es of this cata]yst have been descr1bed
(93)' after ‘reduction the surface area is 10 mz/g, the compo--
<

sition of the cata]yst 15‘
67 4% total Fe, " 4 6% - MgO 0. 5% K20 0 7% 5102, U 6% Cr203

This catalyst was alSo extracted thh hot distilled water in

- a soxhlet unit fcr 20 dqys to remove somé of the promoters,

FI R

£ LT .
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which may have an effect on the cdfaiytic properties (7).

After the extraction it was found by atom1c absorpt1on ‘spec-
troscopy that the concentration of MgO had dropped from 4.6%
to_0.9%. Most of the alkali should have been_removed in this

© treatment.

.
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Chapter 3
EXPERIMENTAL

3.1 naterials )

"The catalysts used have been described in the previ-
ous chaptar. The carrier gases of the gaa chromatographs
.were hydrogen (Matheson, prepurifjed), helium (Mathoson, high
. purity), .and argon (Ltnde,'high purdty); all of these were
dried over 4 A mo]ecular sieves (activated at 400°C)

Propane and hydrogen were from the Matheson Co. as
we]] as ethane (CP grade), methane {UHP), isobutane (CP grade),
" n-butane (cpP grade), and neopentane (CP grade), which were
" used only to ca11brate the gaa‘chromatograpns The hydrogen
was u1tra high purity (99. 999%) and it was passed over a de-
0X0 untt(Engelhard, Ind. Inc) and dried over 4 A molecu1ar
"_s1eves (activated at 400°C). The propane, CP grade, only sho-

wed traces of impurities and was used directly.

2,3- Dimethylbutane (di isopropy]) was from Aldrich ,

Chemical Company Inc. (97 %) and gas chromatography showed
_}on1y traces of 1mpur1t1es. n- Hexane was from Fisher Scientific
(cert1fied 99 %), no. 1mpur1t1es were found by gas chro-
) matography 2 2~ Dimethx]butane (neohexane) was from Phi111ps
J,Petroleum Co. (pure grade, 99 %) An 1mpur1ty of approx1mate-
'Iy 0 25% was- present, but it could not be 1dent1fied

[
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¢

In order to check for impurities in the liquid hydrocarbons,

large samples of 1-5 pl were injected and the column tempera-

‘ture wds increased from 166°C, where all thé smaller compo-

nents can be seperated, to 190°C, to check for higher boi-
ling impurities. Isopentane.was used in one experiment and
for ca]ibratdpns, and was from A]drich‘(99+%), n-pentane fdr
calibration was.from Fisher (certif{ed. 99+%).

The liquid hydrocarbons were used directly, but pu-

"rification of 2,3-dimethylbutane was attempted after it was.

found to deactivate the ruthenium catalyst (This study will

be descrlbed in chaptér 5).

3.2 Equ1pment

3.2.1 Introduction

The dﬁfterential meactor used in these studies con-
sisted of a recycle pdmp:and-a fixed-bed reactor. The rea-
sens for nsing_a differential reactor were described in
section 1.3. The flpw system consisted of fdur partsa the
feed system, the recycle system, tne reaetor, and the efflu-

ent system. A schematlc of the- flow system is. shown in-fig.

'3 1, and the diffenent parts are described in the following

sections.'

3.2. 2 Feed System

Durwng the propane experiments, hydrogen and propane

were mixed and fed to the reactor at the appropr1ate “flow

i

Iy - Co -, - ~ -, o b

. .rate.‘ o Lo _ . R

.~
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A 15 cm section ot 1.20 em'i.d. copper tnbing was.filled

with 3 mm solid glass beads and placed before the‘entrance
'to‘the reactor'system to ensure mixing of propane and hydro-
" gen. The lines in the reaQton system were always 0.64 cm o.d.
copper tubing, but .in the feed and' effluent systems, 0.32 cm
o.d. tubing was used wherever possible to'minimize the
volumes; Both the hydrogen and hydrocarbon flow Trates were
controlied by fine metering valves,-and an estimate of these
flow rates'was obtained by monitoring ca1ibrated.cepi1]ary—
type manometers. .

The liquid hydrocarbons.were introduced using a .
multispeed transmission pump (Harvard Apparatus Co.) and two.
'50 cc gastlght syringes (Hamilton 1050), mov1ng in oppos1te
directions, so that one syringe could be filled wh11e the.
other was being ‘emptied. A brass four -way ball valve (Whitey
Company) connected the two syringes to a vessel containing -
the feed hydrocarbon, and to the recycle part of the reactor
system where the feed entered into the centre of the tube
via a hypodermic needle soldered into the tube. nhen a li-
quid feed was used, all the lines of the reactor system ds
well as the effluent system were heated with heating tape»
to 70- 80°C The mu1tispeed transm1ssion pump. had 12 d1screte

'settings and could. accomodate syringes of 2-50"cc capacity

‘0n1y 50 ce syringes were used._with “the lowest six settings,

;the mintmum fTow rate with a. 50 cc syringe was 0. 00764 cc/.
" min of‘lwqqid,”correspondjng to about 0.0035 mo]/h of hexgne,

Ve
’
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. The pump wés calibrated with water and n-hexane, pumping
aga1nst pressures of up to 2 atm. At pressures above 1.5

atm 1eaks occurred when hexane was used, otherw1se the flow
rate; were cons;apt and 1ndependent of small ¢hanges in 6125-
.'sure..Since the hypodermic needle ends just dopnstream from~
Phe recycle pump, where'the gas f]pw is large, the liquid ‘
evapdrate& in the gasstream epsily. Over an eight hour peri-
od, phg poncentration of n-hexane in the reactor system, as

measured by gas‘chromatography, was constant within 5%.

3.2.3 Recycle System

A metal bellows pump (MB 41, Metal Bellows Corpora-

';1on9 was used to rec1rculate the gases. This type of pump

has several advantages

no leakage

- cpnfaminant free, stainless s;eel and teflon are'the-only
materials, in cpntact with the gas |

- consistent pump performanpéy unaffected by continuous
operation ‘

a-maintenance free |

-'tpe volume of the pymp_is'very small (less than 4 cm?) and
thg speed is high (3000 rpm), so_thaf'pulsations in the

' flow are not important ' ] ' o

The maximum flow rate pf the puhp is 11.2 1/min at zero pres-

sure drop, and the capacrty decreases 1inear1y with pressure

drop to 5. 6 Ilmin at a pressure drop.of 0.55 atm between the
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inlet and eut1et of the pump. The maximum .pressure af which
the pump could operate was 2.4 atm:'to‘ﬁqu at higher
pressures, the pump sﬁoulq be enc1osed in a pressurizing
system. A bypass around the pump with a needle valve was
sed to control the recycle f1ow'rate.‘During the experiments,
the recycle to feed ratio was kept high (> 20).
3.2.4 Reactor

~The reactor was e 39 cﬁ Tong stainless steel tube,
0.75 ecm i.d., surrounded by a 20 cm long a]uminiumhcylindee
of 10 cm diameter. Six holes weré drilled in the top of the
cylinder, equally spaced between the reactgr‘tube and the
outsiye of the ty?ineer. The holes accoqueted six 15 cm -
250 watt (100 @) cartridge heafers. } '

' | The catalyst was placed at the centre of the reactor,
resting on a retention device of 200 mésh sta1n1ess stee]
gauze. A trap pf'the same gauze was used at the end of"’ tbe
reactor tube to collect. any bartip[es that fe1] through the
retention device and might confaminete the redyc]e pump or
the vajves. The only times particles were found on this
gauze was with the:28>48 ﬁesh catalysts, and they amounted
to 2-3% of the catalyst charge. ' ‘

A chromel a]umel thermocoup1e was placed in the cen-
tre of the catalyst bed and was connected to.a: proport1o;al
temperature controlIer (ETectronit Contro} System, Inc. ) ,i
The tempenature of the bed c0u1d be held constant to’ w1th1n

0.2%.



ot 3/2 5 Effluent System o e R o

“e%fluenf and tb analyze the composition of the eff1uent ‘ ':.‘ R

istfeam. A back presSUre regu{atbr (Fairchild Hi]ler) with .8 _" L
2:Hrange_nf-lelmswzwatmmwaseused.dinectly‘downstream fnom the '*T\{' '
< reaetof. The'eff1uent*was then passed thYQth twossampling - -
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Three heating elements, in parallel, were placed in

an asbestos plate in series with the furnace, to decrease

the voltage to the reactor heaters. A switch a]{dwed“these

resistances to be bypessed if desired. .- (

Another ﬁhermocoﬁple was placed in the centre of the

Aluminium b]ock,’betweeg two heaters. Both thermocouples

were connected to a didita] multimeter (3465 A, Hewlett Pack-
ard) and a porta@ﬁe Dcfpotentiometer type P.3(Croydon Pree1-
sion Instr. Co ). The]reference Junct1ons were in an ice- bath
The temperature difference between the cata]yst bed and the
furnace never exceeded 2°¢C.

The amount;of catalyst in the reactor varied from
1 to 3 g, the depth of the bed from 1.5 to 4 cm. The thermo- -
coup1e was posieioneﬁ 0.8 cm ?bove ‘the retention device° The '
reactor space above the catalyst bed, about 12 cm in length,
was filled with 3 mm g]ass beads, which. served as a preheatvng
zone for thefbasstream The- direction of gasf]ow in’ the reac-

tor wa's do‘n,‘and the reactor could be bypassed if des1red A

e

/’The purpose of the effluent system was to regulate. ) !

the pressure in the reactor, t@,measure the f1ow rate -of. "

8 |

e e . '-"' ' ‘ 5"4"..~v- ~’_... PR Y "‘,‘
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of the eyétem'%s“described_in appendix A. Just before taking
the sapples, the effluent streah was switched to bypass the
éaﬁple valves so that samples were'g}ways takep at atmosphe-
ric pressure, and the flow rete through the valves did not
-affect the size.of the samples. The effluent stream then

3

went to a 50 cm” soap flow meter.where the total flow rate

'

of the eff]pent was measured. Since all the hydrogenolys1s

reactions are equ1mo]ar, this flow rate equals -the feed rate.

_3 3 Operating Procedure

After the catalyst and the g]ass beads were introdu-
ced, the reactor was f1ushed with hydrogen and leak tested
at 2.0 atm. Tpe-catalyst was then reduced‘with UHP hydrogen;
the reac;or-being operated as a single pass unit wjth the
reqyc1e part of the system closed. The hydrpgen flow phring
réduction was 40-60 cc/min, depehding on the amount of cata-
lyst present, and the temperature and period of reduction
depended on. the type of catalyst “for ruthenium 16 h at
350°C, for nickel and cobalt catalysts the reduction was et
430°c for 24-36 h, and for iron 40-48 h at 460°cC, |

To begin an experiment the- gas was passed through :

the- bypass around the reactor, the . tlow rates of hydrogen .

- and hydrocarbon were set at the desired leVel, and the recy-

:c1e pump waS«started The reactor temperature and pressure

AR P ..-.eav_..._.-r-_‘. e e — —p e — e e s e e e . —

were a‘so set &t- the desireﬂ valnes. The recyc1e f]ow was-

. ~then s_itched from the bypass to the reactor and the reactor'
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temperature was-allowed to stab11ize .The flow rate, feed
composition, temperature, and pressure were maintained con-
stant for a time equal to at least five reactor residence
’t1mes/p1usthe res1dence time of the feed and eff]uent lines.
Steady state was then assumed to-have been'at;pined. The
effluent flow rate was measured with a soap film flowmeter,
the final reactor temperature and pressure were recorded
“and a set of samp]es taken and ana]yzed One or more of the
exper1menta1 conditions was then changed and a new experi-
ment was started. The pressure was taken as the average be-
' tween tne pressdres recorded at the top and the bottom of
the bed, the pressure drop was usua]1y very. Tow: about 0.04
atm w1th the large part1c1es of the 1ow area catalysts, and
0.1 atm with the high area ‘catalysts. .-The- pressure drop a-
cross the catalyst bed a]so depended on the compos1tion of
‘the gas (mOre hydrogen, 1ower drop)- and on the recyc1e flow
rate. The pressure gauges were calibrated with a mercury

-

manometer._
7o,

'o ' The . composit1on of the feed was calculated from ‘the
.composrtion of the effluent stream by means of a. carbon ba-T

”lance and the know1edge that allxhydrOgenOstis reactions

3

, are equfmolar. Carhonaceous deposfts‘Were never observed on-

-----

' :j_the-catalyst samplesx the pnesence of an excess hydrogen at

a]l timeswmakes such daﬁostts un1{ke1ys During Qne of the

......
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11n this way were compared with the compositions obta1ned by.
tak1ng the samp]e directly from the feed stream and analy-

sing it by gas chromatography. The results agreed very well
and are shown in table 3-1. |

¥

. Overnight the hydrocarbon flow was usually shut off

and the recycling system cloéed; hydrggé as passed over
the cata]xst.atggbod¢'30 cc/min, usué]1&?;§L£heltemperature
of the_previous exper%ment. If the'éatalyst showeg signs of
deactivation, the temperathré was increased §0.400°C over-
night. In ;ome'df the prépane experimen§§, fhé hydrogen-pro-
pane_mixtnrg and the recycle wefe maintained overnight, this
pyocedure did not seem to deactivate the cata]ysf more ra-
. pidly: B | |
_A cy]inder with a prepared mixture of 10% propane 1n

hydrogen (Matheson) was used ence a day at a standard set of

conqitions to check ‘the ac;ivity of the_cata1yst. If the ac-
~tivity changed substantialiy, corréétions were made to fhe

néaction natééi tﬁislﬁapﬁened véry‘fareiy, usua]1y on1y if

experiment& wgre carried out over periods of several weeksr 7

>

-

3. 4 Investgggtions of the Reactor System
3.3~1 Recyc1e Fiow -

.“‘

The flbw rate'in ¢he recyc]e part of’the reactor wasf

: not mgnsurad d1rectfx. Tb obtain-d1fferentia1¥cond1t1dns.«:jff

.....,..»......s...__.i__ - — - L P,

tha reqycia flow had tﬁ he at 1east twenty times 1arger thau il

that af theufresh‘feed. ;“;’ij;j“;'"‘ '«ﬂzﬂi:;:f ,;ag;‘gzg'” j”%

.......
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Table 3-1

Composition of the Feed g e

1

% bropéﬁé from feed ' % propane from effluent
(a) : (b)

12.3 - g 12°.1

14.9 . .14.9
11.5 - . 11.6

" 12.0 et 12,2
8.2 - L1807

11.9 . o . 11.7

5.0 ) . 5.6

.
.

rs

(a) sample from feed,analysed by GLC
"(b)" sample from effluent,using carbon balance
‘to calculate feed ‘composition
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An excessively high rec&cle to feed ratio‘does not improve
the d1fferent1a1 conditions, and 1s undesirable because the
pressure drop across the cata]yst bed 1mé?eases and the high
flow may coo] the - cata]yst Since the feed flow rate never
.exceeded 250 cc/ min {(and usua]]y was less than. 100 cc/miny,
and the capacity of the,recyc1e.pumo was 11 1/min, a bypass
with a needle va]ye was made around the pump to allow the
recyc]e.f]ow'rate through the reactor to be‘reguTated: When
the bypass valve was compiete]y open, most of the gas recy-
cled”oy the ponp flowed {n'the“bypass loop, when the ‘valve
was comp]etely c1osed, a11 the gaSFwas torced through the
. reactor. Complete m1x1ng of the different components in the
B} gas was ensured by the glass. beads and the cata]yst bed The
recycle bypass was set at an 1ntermed1ate value, except at
very high feed rates, when 1t was a]most c1osed
: " Two observations could be made as to obtain an esti-
‘mate of the recycle flow rate.. -
1. The tubes immed1ate1y downstream of the reactor became L
‘ quite hot, 1nd1cating a high gas f]ow through the reactor~.‘
the toggle vaTve behind the reactor had to %e air coo]ed

a very high feed of'hydrogenvand propane was led through
the reactOr*at the same temperature and-with the recycle ;

- - 3 .

pump offt The”1tnes began to feeT warm:onﬁy at flow rates
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" N * . « : SR . - . N B
. . '3\4 Lo . 3 g e e e . -‘_-_ S . T

gt - bove 2 1 ,[ - ST e T T T ',' D .4‘_‘..,,_- . - -,
i v e T T T I CL Wy
e S0 R | PSS UV SN PR . x

= .
- . S -._..,..*._._v_»..,.‘ s o e e ——  m



PR

-~

68,

2, The pressure drop across the catalyst bed is a function
of the recycie flow (as well as of the composition of the -
If the pressure '

gas and the catalyst partiole size).

: drop is measured with the recycle bypass closed the cor-

responding flow rate can be obtained from the pump speci-

fications, assumlng all of the pressure drop is caused by

-

the bed. Us1ng the same gas compos1t1 n and at different
poslt1ors of the bypass valve, the 'gas flow can- now be
g determtned from the new pressure drop and therelation
'that the pressure drop var1es W1th the gas flow to the po- °
wer 1. 9 (108, 107)0 The flow rates calculated in this way
sat1sf1ed thé requ1rements. Another. simllar method to ‘
calculate the flow rate throggq\a porous bed when given
the pressure d¥op and the condftions of the bed and the
gas was g1ven elsewhere (108) ' B " ‘ f&,:~
3.4. 2 C S.T. R“Béhaviour

s A

In the analysis of the déta, differential reactor

= Vs
< . [

i e ~,
. v
3

L

.
\_os

":‘.:: conditions were assumed, neaning that the'composition of, the .

‘._.,

effluent gas was %aken to represent the.composition of the ;

A Plng Flow,Tqbulq} Reactor (PFTR) operating atffarge recy~

cle ratlo, R' beggyes as a‘stngle»well-stirreﬁ perfectly mix-_ﬂ_~

«. v c\

ed vessel uixing"

»3~

ah‘*:erfttt m%xint”'iﬁf "i At W s of R

st/gs %he calculations of rates anﬂ selectlvlﬁjés conslderahly oa
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‘of tracer concen ratioh is given by (109 111)
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.of 10-20, C.S.T.R.behaviour is qpproached c1ose1y (99, 110).

s . . . .
The composition of the fluid contacting the catalyst is near-

nder these conditions. The

Q in fig. 3-2 (99).

1y the same throughout the bed

-~

recycle ratio is defined as R

Fig 3-2

Recycle.Reactor

Q. (Q+q) [ . (Q+q) .
c= + PFTR | —

A 4
. O

>
n

T

’ { : 5 C

-

To check whether the recyc1e system worked as a

C.S.T. R.,1t was subjected to pulse and step ihputs o? an g

“inert tracer, and the respohse was registered If a pulse

of inert tracer is added to a C. S T R.reactor, the response

-~

LN

= ZE -.'~"c‘?'f?""' exp’ (- m) - ':i_*:" (3 1)
R T T - ".*“g Sy

Vv s
. \ .

cencentration of tvacerfat t*O (meximum)

concentration of &racen at t

‘ '“.'t?L-» reacton residencj time - V/Q Awfh; "

. A Hoa N
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A plot of log C/C* versus't should then be a straight line

" with slope -1/7. A pulse of tracer injected to a plug flow

reactor, i.e. the system with the recycle part closed,

should cause a delta response function. Similarly, if at

‘t < 0 the concentration_of tracer is_C* in the reactor and-

the feed, and‘at t = 0 the tracer concentration in the feed
is set at:C = 0 the response of tracer concentration in the
reactor and the effiuent can be found to be, by a 51mp1e

mass balance,C/C* s exp'(- t/t), ‘jdentical to (3-1), but

C* is- defined differently, if tne'chenge in'tota] flow rate .

b

can- be neglected (1 e, tracer concentration was small to
start with). The latter test can be considered as a ‘"negative
step input"‘ ' .

Both these tests have been performed at different
recycie ratios, to check for cC. S T. R~behoviour The'reactor

was filled with a nickel catalyst and a preheating zone, and

-was .at operating conditions. The tracer was nitrogen, propa~

ne or ethane in a heiium stream that wof Ted direct]y to a';

:«thermal conductivity celi, and was monitored continuousiy
f on-a recorder. In this way. the response was obtained direct-
'.1y as a function of time. though a delay occurred equai to
B ;tne-time needed for the disturbance.to reach the T€. oeli
j"ﬁéome of the resuitsQ V‘ shoWn in figures 3 3 and‘3~4 The

.
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At all but very high f]oQ rates ( > 200 ch3/m1n) can the re-
cycle bypass be opened completely and still maintain 'good
mixing. There was. no difference between the use of nitrogen
or a hxﬁrogarbon as the tracer, the‘amount of catalyst is
clearly too sya]] to cause 91ffen§nces due tq the hydr%car—l
bon adsorption. If the recycle flow was led through the by-
pass, the results were identical as 1f it were through the
reactor thhout recyc]e the responses were those expected
for a plug flow reactor:

Thé values for V, the reactor volume, are shown in
fig, 3-3, and are obtained from phe's1opes and the correspon-
din§“f1ow rates. Thé volume of the reactor and other pérts
of the system were aISo.measured by cb]lecting and measuring
the. amount of gas escaped after depressur1zing several ses- ~
‘tions of the system. The volume of the reactor ﬁgasured in'
"this way, ihcludiqg the'bypass and the recycle Syst;m was
‘145 CC3‘1n good agfeement;with the valués‘in fig. 3-31 The
total volume of'feéd &nd effluedt }%nes was about Zdo-cc{

When a reactiOn takes place in the reactor, 1t has
been shown that steady state conditions w111 be reached af-
' jter about five residence tTmes (44) Since it would take too
[ long to check for steady'state each time (ana1yses last a1—*

Qlimost 30 minutes) the sqmp]e uas taken after steady state |
3'{ﬂ ;shode haVe been reached. Since the vo1ume of the feed and

R T ot ‘.“\»

e

ﬁ..efﬂnent hnes has to be arccoumtéd for too. t“he minimunL time '

-
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assnmed to be needed to reach steady'state was 1000/F minutes,

where F is the fjow rate in cc/min at the pressure of the
reactor (5 * 156.(= V reactor) + 200 (feed+effluent) = 950
cc). This was checked and justified perindically by taking‘
replicate samples.

The influence of the recycle flow rate on the reac-
tion rates was also checked for several cata]&sts duriné the
experiments with propane. Differences were always found to
be within experimental errors when the recycle bypass was
varied from completely open to complete]y-c]osedAW1th other
conditions about eqnal*(the pressure drop changed during this

procedure)..Some results are shown in table 3-2.

- 3.4.3 Mass and Heat Transfer Effects’

Catalytic reactions~can‘be considered as a sequence
of fouf steps- bulk diffusion to and from the extetna]isur-
face of the cata]yst d1ffusion in and out of the pores, ad-
sorpt1on of - reactants and products, and reactions at the ca-

. talyst- surface To ensure that k1net1c data obta1ned in an

" experimental reactor r f1ect on]y chemical events, the’ first

two steps must be fast 'mpared to the last two, so that in-

ter~ and 1ntrapart1c1e ma S and heat effects,respect1ve1y,

are negligib1e. _ ‘ 3 \
Ki Several methods have been renoﬁ%ed tQ measure and

{,

~ e >

’ »control these effects and to dp ca1culations as to their Tm-a:
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portance (44 74, 75 76. 112) In genera],‘intetparticle "'_



Table 3-2
Effects of Recycle Flow on
Reaction Rates in Propane Hydrogendlysjs

Ho

Co/S'Oz, T=287 °C, P=2.2atm ,fiowrate 55 cm3/min

(a) (b) (c) ‘ (d)
min. 0.75" 2.47 2.89
(recycle . - A 0.75- 2.42 ° 2.89
flow - . 0.75- 2.35 2.89
increases) - 0.74 2.37 2.88
' max. 0.74 2.36 2.88
same,with flowrate 320 cm3/mip - -
(a) (b) (c) (d)
min, =~ -0.31 " 5.75 2.81
I 0.31 5.80 2.81
- . 0.32  ~ *5.59 .2.80
-~ 0.31 _ 5.74 2.82
max, 0.32 5.62 . 2.82
Ni/SiC; T=305°C, flowrate 50 ¢m>/min - oot
(a). - (b) (¢} -+, ~(d).
min. . 0.66 2.54 o 2.62
- . 0.64 2,49 = 2.61
Comax. 0.6 0 247 2,60
D 3001, T=316°C flowrate 52 cnd/min SR
‘min.. - 0014 .0.19. . 2.96
- 014 019 - 2,96
max. ';_ Qo.lsl‘ R ',vizq" ° 2595.,

&

- (a), recycle flow as reguiated with bypass recycle ?ump
(h)- conversion of propane o ',;,°

" (e¥ . rate of reaction- (umollsgg‘cat ) . ”’fz'f'&f:ff-"')';yf
SO {d). setectivi for n T AR T Tem e '



76

effects are minimized by using'high flow rates, and intra-
.particlq effects by.using small catalyst particles. Empirical
tests f6r intra- and interparticle 1iﬁitatioﬁs, respectively,
include the use of progressively smaller particle sizes, and
the effect of flow rate on convers{on at constant space velo-
city. If transport effects are absent, these tests do not af-
fect the“reaction rate per unit particle volume o; the con-
version. This type of tests has not been done, though experi-
ments with cobalt catalysts of different si;es (14-28 mesh
and 28-4é‘mesh,respective1y) and apprOximately equal metal
content indicate that transport limitations are small.

Sample cq]cu]ations are made fo check for transport
Timitations. Ihterparticle effects are dueito the boundary
layer around the éartic]és.’The transport mechénism across
this film -varies from molecular diffusion near the surface to
turbulent mixing in the bulk fluid ﬁhase. Mass and heat trans-
fer rate can be expfessed as |

Ny = kg (Py - Pg) (3-2)

Ny = h a (T, - Tg) _ . (3-3)

where Nm; NH .mass and heat transfer rate

a = area:availab]é for transfer‘
kg» h "= mass and heat transfer coefficients
Po’ PS = partfa] preésure of component in.bulk and
at surface - |
T T. = temperature {n bulk ana at surface

. et e

Ao ¢ - A A $A

mn A o————
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The transfer coefficients can be obtained from correlations

by De Acetis and Thodos (113); Reynolds, Schmidt and Prandtl

numbers neéd to be computed first.

-

: d G
‘Re = I (3_4)
u
Sc = - : (3-5)
p D .
. ) . _
. u C .
Pr - —2 (3-6) 3
. k . N . 3
’ i
where dp = diameter of particle
G = -mass flow rate
U = viscosity of fluid
o = density of fluid,
.D = bulk diffusivity of fluid
Cp = heat capacity of fluid -
k = thermal conductivity of fluid :
Ya]ues used in the ca]cuiations were: d =,0.6 mm, maximdm

p .
diameter in 28-48 mesh fraction; p = 3.0 * 10-4 g/cm3, - .

density of a 5:1 mixture of hydrogen and propane at 2759C and

1.5 atm; uw = 1,9 » 10-4 g/s, ‘cm, for the same mixture ‘at 550

K, using the ChapmanlEnskog kinetic theory for viscosity

(114);. G = 9 = 10'2‘9/5 cmé, for the same conditions and a

flow of 3.0 1/m1n, D =0.88 cm2/sec, using the Chapman Enskog

theory for d1ffus1v1ty (114) and the appropriate Lennard-Jones |,
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poteritials; k = 2.5 % 10-3 J/s, cm, OC. using the same the-
ory for thermal conductivity (114); C p = 5.0 J/g, 9C, using

parameters from Smith & Van Ness -(115); heat of reaction

(-aH) = 59 kJ/mol, again at these conditions (550K), and u-
sing the Cp parameters (115); a = 75 cm?/g catalyst for
0.6 mm spherical particles. ‘
This gives:- the following values for the J?mension1ess num-
bers: Re = 28 .S¢ = 0.72 Pr.= 0.38

Usin§ the corre]étions'from De Acetis and Thodos, this gives

A
.

kG'
h.

3.2 * 10-3 "mol/s, ﬁmz, atm

0.39 - J/s, cm?, °C

Negligible driving'forces of concentration and temperatdre

differential between buik and surface gas are considered '

10"3atm and 0.1 Oc, so thqt substitution into (3-2) and (3-3)

gives: Ny 5 % 10°9 . mol/s,g cat.

ll

Laann oy

Ny =. 2.4 * 10‘4 mol/s,qg cat. _ >

According to these calcu]at1ons, no interparticle heat trans-

fer lTimitations will occur as long as the react1on rates do
not exceed 50 y mol/s,g cat., and no mass transfer limitati-
ons. until the reaction.rates exceed 240 yu mo]/s,g:qét. The -

expefrimental reaction rates seldom exéeed 5.0 'and are usual-

ly smaller than 1. 0‘ so it seems appropriate to ru1e out 1n-.
terparticle 11m1tatwons in these exper1ments The results of
table.3—2, with different recycle fliow rates,.supportlthis

assumption. ' . ' .
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)

The‘calpu1ations were made for a typical sep'of con-.
ditioﬁs,'using the high area catalyst; for the low area cata-
lysts, Ya]hes of a and dp‘are smaller and larger, fespective-
ly, but this is offset by la;Ber flow rates used heré, so
that the conditions are still easily Satisfiédt

Intraparticle calculations are doné for the high area
catalyst; the low area catalysts will certainly not exhibit
any diffusion probTems in'fhe'porgs, because the pdrg radii .
are abodtiBOOO times larger than those of high area catalysts.
Most 1ikely bulk diffusion wi]]_ocbur in these pores és op-
pqéed to Knudsen diffusion in the smaller pores.of the high area
catalysts (75). The calculations.are performed for propane .
only; the otﬁer main component, hydrogen, diffuses much faster
and no concentration gra&ients are expected for it. In
kinetic studies, it is advantageods if the effedtiveness fac;
tor, n, is close to unity. n {s defined as .the ratio -0f the.
ﬁctua] rate to that which would occu}_if the temperature and
. concentration were constant throughout the particle. If dif-
_fusion of reacténts ahd/or products 1is rate Timiting, temper-
ature and/or concéntrations gradients will exist in the gata-
lyst particles. The maximum rate at which the effectiveness‘
factor is near unity is ca]cu1ated.as foflows, wﬁere the sys-
tem is treated as isothermal and the reaction is assumed fo
be first order in hydroEarbon. For chemical reﬁctions in a
-Bpherical catg]yst bartjc]e, the effect?vengsé factor is

(114} :

ok e S

RN PR

B I T PR
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. n - = 3 (.__..._1____ - ..._..1_._) (3-7)
. ¢ tanhe o>
where ¢ is the Thiele modulus, defined as )
4= R (k/D) | (3-8)

- where R = Fadjus of catalyst particle

D = effective diffusion coefficient

k = fjrsf‘order reaction ratq‘cqnstaﬁt
'Ip pores of this size, Knudsen diffusion will be operative,
and the g%fecfive-diffusion coefficient can be calculated

@

using the following  equation (75, 76):

] Tk |
Dy = 9700 r ({)F (2) | . (3-9) .-
where T = temperature (K). ,
M = molecular weight - ) g

e‘= poiosity of the cAta1yst .
t = tortuosity factor . s ' “
r = average ‘pore rddius. o
" substitution of.0.6 and 2.0 for ¢ and <, 550 for T, 44 for M.
and 7.5 nm for the'average r&dius, gives -
Dy = 7.7 » 10-3 cm?/sec
By'p{ottinqn versus ¢ (eqhati9q (3-7)),the maximum value for
¢ can be obtained for which n>6”95 P9 <0:9 |
Equation (3-8),with these values %or'¢ and D,.and R equal to

<

0.2§ mm, gives the maximum value for the first ofder rate

>
3
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conétant,k;whi1e diffusion s still fast compared to reacti-

on: k < 7.42 sec'l.-This corresponds to a rate of 90 yu mol/

s,g catl.at typical experiﬁental‘conditidns (10% propane-
and 1.5 atm). This again’1§ much Targer ‘than the experimeni
tal rates aéé: A .

To check.thc'assumption of an i;otherhal cataiyst
particle, ‘the following relationship.is used (44), which is
based on \the fact that at steady state,-the diffusion of re-
actants across a boundary*equals the rate of react1on within

that boundary, and the heat releasad must all be transferred

across the same boundary.

) . ("A H) DK :
AT = ———— (C - C ) (3-10)
ok : S0
where AT =.temperature change
(-2 H) = -heat of reaction
k = thermal conductivity
CS{ C = €bncentration 6f reactant at surface and

w1th1n the part1cle '
The maxwmum temperature difference between cata]yst surface
and centre occurs when all of the reactant is consumed, and

'th1s g1ves aT = 1.0°cC. The assumption of 1sotherma1 parti-

cles seems justified, espec1a]1y cons1der1ng that the con-~"“

centration gradients within the partic]e were shown to be

small..
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Chapter 4
HYDROGENOLYSIS OF PROPANE

4.1 Introduction

The rates of hydrogenolysis of_proponetwere examined
over the different catalysts as a function of temperature and
partial pressures;'the total ;ressure was -also varijed, put'on-
1y over a 1imited range: 1.1 - 2.1'atm.g The experiments were
always performed in an excess hydrogen (ratios of nydrogenu
to propane in the feed varied from 411 to 100:10, and at ap-
propriate temperatures, such that. the rates nere measurable )
but not so.large that they could tause diffusion effects. "
Blank experiments were made w1th 20% propane 1n hydrogen over
the high area 5111ca and the low area s111concarb1de us1ng
'p}ugflow conditions. In both cases no’'reactions were observed‘
'up to 450?C{ the resu]fs jndicate tnat the’stafn1ess steel
reactor was inert‘and.that the meta11io imppriiies in the si-
liconcarbide are in the bulk, and do not contribute to the
catalytic dctivify. The differentia]'rételand se1ectdvity da-
ta cou]d be applied d1rect1y to proposed rate- and- se1ect1v1-
'ty equat1ons Ca]culat1on procedures are descr1bed in appen~..
dix B.1. A w1de range of cdnversions was covered

Cata]yst act1v1t1es were ghecked as -a function of

“time usrng a premixed 10% propane_wn hydrogen m1xture at con-

stant flow rate and reactor pressure .and temperature.

.
¢ .

"82

perdmy e ¥ %

P g i,
.
[




83

This' test was uéué]ly“done once a day..In‘most cases'the
catalys@ activfty was essentiai]y_conéiant throughout the
experiments with a particu1ar.cata1yst; if the activify was
not.consta;ﬁ the readtionwrates were corrected, extrapolated
to the acfivity of the fresh catalyst, -using the activity at
the,&tﬁﬁgfrd conditions as a measure of the extent of deacti-
vation. ' ' l

_Deactivation of a catalyst can have three djfferenf
causes_(99)." ’

a) boisoning: chemisorption_df reactants, produc£s or impu-

e " rities. - ' : )

b) fou]iné: solid deposits on the surface, like ‘coke in
cracking reactions. .

c) sintering or phase fransformapions.

The remedies against causes ai'énd b) are elimination of im=

purities ‘and increasing the hydrégen pressure. Adding promo-

té;s_to the gata]yst may gﬂso‘hé?p. Against cause c),iaddi— .

tion of promoteré may help as well as temperature control of-

the catalyst bed. . _

" The kinetic data on all catalysts were.fitted to a .
pSwer rate expréssion to Abtain.the'ﬁest parameter estimates,
u;ing a linear o} nonlinear rggreSSion program to minihizq
the sum of squérés of the‘dﬁfferencés Qetween‘;h; experimen—;

tatl and‘calculatéd'rateé. The assumptions and procedures in -

using the regression programs are discussed in appendix B.2.

e Al
. .

— -
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r = Aexp (-Eg/RT) ¢l pl (4-1)
4 = . H2 C3H-8
where r i = rate of hydrogenolysis of propane
PH s PC B = partial pressures of hydrogen and pro—'
2 ‘38 . :
pane X
m, n’ = reaction orders with respect to hydro-

gen and propane

A exp (-E,/RT)
= rate constant

E

a - apparent -activation energy

A

u

preexponential factor’
Data at gonﬁtantitemperature were fitted to the same equati-

on with only three parameters. The reaction orders were used

1

to calculate the degree of unsaturation of the adsorbed hy--

drocarbon species acc&rdiﬁg to équﬁtions (1-8) and-(1-12).
The'premiked gas could also be used to obtain an
estimitg of the activat?oﬁ energies; if tﬁe_f]ow rate is ad-
justed to keep the.conVersion very low (legs than 10%); the
compoéftion of the gas'in the reactor can be cons{dered con-
stant, and by covering a }ange bf temperature§ the apparent

¢

activation energy can be Qbiained from\ﬁhe slope of a plot

-

of 1n r versus 1/T. S ' ﬂ_ - .
" In most cases the détéﬂwera also fitted to a number
of mechanistic-rate gquations hased Jn Langmuir~Hinshelwodd

reaction mechanisms. ~ Ve i

A
; "qsw:v::{qﬁ-,'wrr. sy

o,

O

o SN MR TR S

t.‘i." g



85

A number of these equations are described in appendix B.3.
Experimental errors in-the rate data are estimated to be 10-

12%.

The propane‘m01ecu1e has two identical carbon-carbon

‘bonds, no sﬁlitting factors are therefore necessary. The on-
"1y possible products are ethane and methane; the ethane can

‘crack further to form more methane. The maximum selectivities

for ethane and methane are 1.0 and 3.0 respectively. The se-

‘lectivities for ethane and methane were plotted as a function

of conversion, qﬁd the gthanelgelectivities were fitted to a
seleétivity equation. The derivatibn of the equation and the
§s§umptions on which it is based are shown in appendix €. r
and C.2. The reaction network for propane 1nvo1ved rever51b1e
adsorpt1on desorpt10n of each hydrocarbon and 1rrever51b1e
cracking of carbpn-carbon bon@s of the_adsorbed surface spe-

cies, The network and the analytical solution are shown in

'_fig. 4-1. The selectivity data were fitted to this equatibn

using nonlinear regression (appendik B.2) or sihply by 1ine-

arizing the equation and“p10tting 1/52 versus {he function

'X/(l-X) The parameters obtained are - k2 / k3 and k2 / kz,ﬁ

respect:ve]y the ratio of overall rates of hydrogeno]ys1s of,

ethaqe and propane, and the ratio of cnack1ng and desorption

of késofbed €y species. If the raté of cérbén-éarbon spfit-

tiné‘is the rate determining step, k;‘/ ké w§11ubé very small.

The data used 1n the se]ect1vity equatxon were from the same

-exper1menta1 runs as those used in the rate equat1ons

v EL et R ak et T -
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<
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ki .
A3 ———> Az +Al ) ' !
. y
* .3
Ko ;
A2 ——D> 2A1
* o
, ks/ (ks +ky)
Selectivity for Ethane: S, = -
. 2 k> X3
. 1+ —
kg 1"X3 :
3
where X3 =  fractional conversion of propane i
ki o=k Ky /(K ke ' E
x T Ky Ky /Ry x)‘ ;
C, = gaseous hydrocarbons
Ax = adsorbed hydrocarbon species
-k = adsorption rate constant ) g o
lki = desorption rate constant
N . ) .
ky = surface cracking rate constant
Figure 4-1.‘ Reaction Network for Hydrogen61ysis of Propane . ﬁ
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Experimental errors in the se]ecfivity‘data'are estimated to

be 6-8%. In the followi sections the four different metals:

‘are examined individually, and the results will then be sum-

marized in the final section,

4.24Prqgane over Nickel Catalysts

Propane hydrogenolysjs experiments were performed on
three nickel catalysts, supported on: high area-silica (28-
‘48‘mesh), low area siliconcarbide (10-12 mesh), and low area
-si1iconcarbi@e with magnesiumoxide as a structural promoter.
Their compositions ‘are described in section 2.3. The experi-
ﬁenta] conditions and the kinetic results are shown in ta-
b]és D-2, D-3, and D-4 respectively. The data weré fitted to
equation (4-1) using nonlinear least squares techniques} and
.the results of this ana]ys1s are shown in table 4-1. The 95%
conf1dence intervals are given in the table, and the average
deviation between the calculated and exper1me&ta] rate in
the table is defined as

( RSS/n )% .
% 100% L (4-2)

average rate

where RSS = residual .sum of squares, minimized in the
program
n = number of'observations

D]fferent 1n1t1a1 guesses ywelded the same parameter va]ues,‘

but the number of 1teratwons differed widely. The confidence
limits of the parameters are only very approximate in these

experiments (abpendix B.2).
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The data were also reparameterized around 550 K, but the re-
~sults were almost identicatl, ﬁhe correlations being slightly
smaller. A plot of the calculated vérsus the experimental
rates based on the data of table 4-1 is shown in fig. 4-2
for the Ni/SiC catalyst.

The activities did not change significantly during
the two to four weeks of experiments with these.catalysts.
Only for the promoted catalyst on siliconcarbide were slight
correctiOHS‘necessary since the activity dropped about 10%
in two weeks of experiments. Since data were taken at sever-
al constant temperatures, they wére also fitted to the pow-
er rqte law at constant temperature, with only three para-
-meters. The fit of the data usually TmproJed and an inter-
esting)resu]t was obtained: the exponent of the hydrogen
préssu;é increased (became less negative) as thé temppraturé
increased for all nickel ;a;aI;sts. Similar resuits were ob-
tained by Sinfelt (27) and 9uczi (BOL for ethane over cobalt
and nickel, and by Sheppard (9) and thzi (138) for propane
éver nickel on a]umina and over unsupported nickel réspectiVe—
ly. The propane exponen£ remained nearly constant. The re-
sults are shown'<dn table 4-2. The rate constants obtained in
this way‘ean ﬁot be applied to the Arrhenius equation since
the hydrogen exponents .are different at each temperature.

Under'the_eonditions used, the p%omoted nickel catalyst is

about ten times more, active than the unp%omo;ed one on the
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Table 4-2
(a)

Erog;qé Hydrogenolysis over Nickel at constant Temperature

Catalyst Temp. L (b) ‘ average
m n . ,
. (OC) deviation
%
254 ° 8.5%1,1 -2.37:0.15 1.00%0.08 . 9
Ni/S10, 278  30. 5. -2.04+0.11 0.7640.07 10
303 149. #27. ~1.43+0.10 0.73+0.06 7
277  1.5%0.2 <2.98%0.12 0.77+0.07 7
Ni/S#C 991.5 5.4:0.4 -2.50+0.08 0.80:0.05 8
305  17.9:3. -2.33:0.14 0.85:0.07 8
250.5 2.2+0.2» -2.77:0.13 0.89:0.06. 6
Ni-Mg/$iC 266.5 6.5:2.  -2.56+0.26- 0.75:0.15 20
281. 14. 6. -2.16%0.28 0.57:0.17 23

(a) r = kK pm pn
C3Hg

(b) wunits of k are based on rate in fumol/s,g cat.)
with partial pressures in atm. '
- - \-
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same support, while the kinetic parameters are not very dif-
ferent. .

Values for "a", the degree of ungaturatioﬁ of the
surface complex were calculated dsing Sinfelt's theory and
equaéion (1-12). The values for-"a" are 2.5 and 3.0, corre-
sponﬂing to adsorbed surface species of composition C3H3 and
C3H, respect1ve1y (table 4-3). C,H, can be visualized as an
1,2- d1adsorbed species losing al] the hydrogen atoms of the
adsorbed carbon:atoms; C3H2 cou]d be a similar 1,3-d1adsorb—
ed species. The fact that all the hydrogen atoms are lost
does not conflict yith‘known facts (122, 136). The power

rate law was also extended, adding the par%ia] pressures of

the reaction products raised to some'power. The fit did not

improve signi%icant]y and-these exponents always were small.
The data were .also fitted to equation-(4-1) at constant lev-
els of total pressure, although.the range of total p¥es-

sures covered was very limited, 1.1 - 2.1 atm.” The fits im-

prbvgd slightly and the exponents for hydrogen were more nega-

tive at high pressures. The propahe exponent was constant,

and the activation energy fluctuated irregularly. This is in’

accordance with obsérvations by Tsjeng (33) and Kemp1{ng(44)
"thgt the power rate law may in some cases not bé able ‘to '
provide a‘gqod fit to data over a.wide range'of pressures.

. The kinetic data were fitted to most of the mecha-

nistic rate equations described in appendix B.3; this-was

I
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done at constant temperatures to keep the number-of parame-

ters small..None of these models fit the data better than , P
. the power }éte law,. .in many cases the agreement was much i
worse. In the modeis that fitted the data as well as the pow- :
er rate law, the parametérs varied erraticallv with tgmperj
ature.

The'se]ectiv%tiés for ethane were fit%ed to the
selectivity equation of fig. 4-1. P1ott§ng 1/S2 Qersus .
{X/(1-X)} yielded values for the groups of parameters kj /kj,
the ratio of overall rates of'hydrogeno]ys§s'of ethane and ) v}
propane, and k; /k,, the ratio of the rates of cracking and
desbrptfon of the adsorbed C2 species. The 1inear plots were
not a]wayslﬁe]] defin;ﬁ, but they wére gufficient to obtain
reasonable estimates of thé parameters. Some axamp]es'for
Ni/SiO2 are given ﬁn'fig. 4-3, and a summary of all the re;
sults is.given.jn table 4-4. The rate of desorption of ‘the
Cz'sﬁecies is noé rapid compared to the rate.of cracking,
especially at higheg temperéiure§" The rate bf'hydrqgen-
olysis of ethane is lower than that of;;;opawe, but the ratio

depends very much on the temperature.

- et ot . » b
.

4.3 Propane over-Cobalt Catalysts

' Thrée cobalt catalysts wqré used in the hydrogen-
0lysis of propane: cébaTt on high area silica, with particle
sizes in the range 14-28 mesh and 28-48 mesh, and cobalt

promoted with magnesium on low area siliconcarbide.
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Tablé 4-4
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S

Propane Hydrogenolysis over Nicge1;

fit td Selectivity Equation(a)

96 |

v Catalyst Temb. Pressure *, W
: 0 ! k7 k kp/ k3
("c) (atm.)

254 1.1 0.6 0.5

254 2.0 0.4 0.6

278 1.1 1.6 0.2

Ni/si0, '

278 2.0 0.9 0.2

303 1.1 3.0 0.1

303 2.0 1.6 0.2

277 1.1 - -

277 2.0 0.4 1.4

_ 292 1.1 1.4 0.2

Ni/SiC '

‘ 292 2.0 0.8 0.3

305 1.1 2.2 0.2

305 2.0 1.2 0.2

250 1.1 0.8 0.3

250 2.0 0.3 0.1

, ' 266 1.1 - -

Ni-Mg/SiC - :

266 2.0 .0.5 0.6

281 1.1 1.1 0.5

281 2.0 1.0 ° 0.3

"‘(a) figure 4-1
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- The composition of these catalysts is described in section

2.3. The k{netié results and experimental conditions are -
shown in ‘table D-5 for Co/Si0, (28-48 mesh),and D-6 for
CoMg/SiC The k1net1c data were f1tted to equation (4-1) by
methods s1m11ar to those for nickel in section 4.2; thg re-

sults are shown in tables 4-5 and 4-6. A plot of the exﬁer—

imental rates versus the ca1cd1ated ones, based on the para-

meters of table 4-5 is shown in fig. 4-4 for CoMg/SiC. The
activity of the Co/SiOz (28-48) catalyst dnépped about 25%

in three weeks; the rate data were corrected. The activation ’

energy efvthﬁg catalyst was very low, but this is compen-
sated by a small value of the preexponential factor (see also

section A.GY. ) . . //;

—

Activation ene}gies obtained from low conVersioﬁ
runs with the 10% propane in hydrogén m1xture gave values of
34.-36. kca]/mo1, which agrees much better w1th prev1ous1y
obtained va1ues ovyer cqba]t ‘The exponents for propane and
hydrogen ana the reaction rates are similar for the two high

area catalysts of different particle size, indicating that

“diffusion control was not an important drob1emh in agreement

with the calculations in sectioﬁ’3.4.3. The fit of the ex-

periﬁenta1 data was imp}oved substanfia]ly'again if. data.at

constant temperatire were used. The exponent for hydrogen |

increased with increasing tenperature od,COYSibz Just Tike

in the case of nicke]; but this was not so clear on-CoMg/SiC.

e ¥ cor RSN et
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- Table 4-6

Propane Hydrogenolysis over Cobalt at constant fempérature(a) ‘ ;

»

Catalyst Temp. : k(b) , m n average . S
(OC) o deviation
.
228 1.3820.14 ~-1.89:0.11 0.75:0.06 6 ;
Co/Si0, 248 7.4 1.3 .-1.25%0.13 0.90:0.10 10 i
(28-48) 268 9.3 1.8  -0.61:0.16 0.78:0.13 13 5
M N }: ‘
oy - 245 2.2 $0.3. -0.85:0.04 0.80:0.10 7 ]
Co-Mg/SiC 256 . 6.1 $0.3 -1.00%0.3 0.90:0.12 9 :
266  19.4 $0.3 -0.71:0.06 1.05:0.05 4

. (a) r = k pM" ph
Ho ~C3Hg

(b) units "as. in table 4-2
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The-values of "a" calculated are close to unity, which means ’

’

that the composition of the adsorbed surface species is C,H

3°6°

The much less dehydrogenated surface species for cobalt as
compared to nickel agrees with the results of other workers

(24, 136). Mechanistic rate equations (appendix B.3) were

used with these kinetic data, but none of the models fit the

data better-than the powe? rate law, and parameter values

d were erratic. The e;tended power rate law, includ-
“terws for'the reaction\products, improved the fit only
lightly/.and the ekpqnents.for‘ethane and methane were ra-
all. ‘

The se1ectiviiies for ethane were fitted to the se-.
1ecfivity equation using non]ineer least squares; the Tni-A
tial va1ues for the parameters were obtained from p]ots of
1/So versus X/(1-X). The parameters ks / k3 and k2 /k2 are
shown in table 4-7. The selectivities for ethane over cobalt
are very small, which causes some erratic results, espec1al-
dy at low temperature, where the range ef conversion covered
is notllarge.According to the k; / ké values, the rate of
cracking of adsorbed C2 species is larger than the rate of

desoﬁption.

' 4.4'Prqgane over Iron Catalysts

Supported iron catelysts were prepa}ed without ﬁro-
moters on several supports: high area 5111ca(28 48 mesh),

and low area silica, a1umiha, s111concarb1de and zircon,
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‘ ¢ Tab]é 4-7
. ﬁrppane Hydrogenolysis over Cobalt,
1fit to Selectivity Equation(a) ’
Catalyst Temp. ‘ Pressure * /
,-.,. N . - k /kl kll kll
228 1.2 2.7 1.4
228 2.2 0.9 3.6
: : 248 1.2 5.5 0.4 °
Co/SiO2 . . . N -
(28-48) 248 ‘ .2 2.6 ‘ %;5
268 _ 1.2 - 7.2 0.6
\\\-// 268 - '2.2 4.2 . 0.5
245 1.5 4.0 0.7
Co-Mg/SiC 255 - 1.2 4.3 0.3
| ’ 265 1.2 4.3 0.6

-

“(a) O f

igure 4-1 -
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-

(10-12 mesh). These cata]}sts were used for propane hydro-
genolysis after reduction at 450°C, but none of 2hem Were
active catalysté. The observations were jdentical with'theb
five cata]ysts:‘inifia11y they had a low activity, and the
temperatures had to be at least 30000: The activity decneq-
-sed steadi+ly during the test to become hardly measurable af-
ter one.day (temperature 350-400°Q). The catalyst could not
be reactivated by treatment with hydrogen at temperatures as
high as 500°cC. Durinq the short active period, a]mostla11lof
the produci was methane. The 1nitia1‘aqtivi}y was appr6xima—
' tely equal on all supperts. Iron is known to form cépbiﬁes‘
and depbsit e]ementa] carbon, but in-both cases one might
ggpgct the éata]yst to be reactivated %n hyd}ogen (section(
1.5). Another possibility'is that iron'reacté with the sup-
>bor} (1505, buf'this“seems unlikely qith for instance sili-
conéﬁrbide. Tbe(impuriﬁies in the iow a}ea_sdgports (Ca, Mg,
K, §E,QNa) abpear to be located in the bulk since they do
nét seem to serve as pfoﬁotefs for the -iron cata]yétf.

The iron ca§a1ysts used in the propane hydrogeno?y—Q
sis kinetics weré.iron ﬁromoged w%tﬁ magnesiumoxfde on low
area giiicaf an qmmdnia synthesis catalyst (D3001) and the
sameicata]yst that was éxtﬁacted.for 20 days with water to
remove most of the alkali. The com}osition of these catalysts

"is. described in section 2.3} and the reaction conditions and’

kinetic results are dn tab1es D-7, D-8, D-9 respectively. .
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These café]ysts had a rather'constant activity,though it de-
‘creased somewhat after several weeks. It is especially re-
markable that the magnesium promoted catalyst on silica
shows such a marked improvement in stability compared to the
unpromotea catalysts. It has been suggested (139) that mag-
nesium actively interacts with theviron to form stapifized
metallic particles.

The kinetic data were fi£ted to equation (4-1), fﬁd
. the results are tabulated ip tables 4-8 and 4-9. A plqt of :
experimental versuS calculated rates for FeMd/SiOé is shgwn
'in fig. 4:5. Tﬁé data.of‘the ammonia'synthesis catélysis,
gave a.much-worse-fit than any of the other catalysts. It is
not frﬁitfu] to calculate "a" values in these cases, since
different mechanisﬁs appear to be operative for iron cata-
lysts (7, 12, 24),which 4s indicated by the positive expo-
nents for the hydrogen pressure.

The extracted ammonia synihesis catalyst is about
five times .more aFtive as the promoted one, wh;ch agrees
with re;u]ts,by'Boudart‘et.aln (7) on similar systems, where

it was a]so.ﬁotjced that the exponent for ‘hydrogen was nega-

tive for catalysts without promoters and positive for'-those

'_ with promoters., This also agrees with the results of tabﬁg
4-9, Increasing temperature again shows, an increase in the
exponent for the hydrogen pressure, as observed for nickel

and cobalt..
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‘Table 4-9

Propane Hydrogenolysis over Iron

at constant TEmperature(aJ

106

Catalyst Temp. k(b) m n average
o deviation
(°c) .
314 0.21:0.04 '-0.53:0.25 0.45:0.10 16
Fe-My/Si0, 334  0.74:0.08  0.23:0.12 0.6340.07 - 8
. 353 1.58:0.41 0.78+0.20 0.6920.15 15
288 0.14+0.04 0.03:0.32 0.96+0.22 13
D3001 311 0.71%0.38 0.86+1.40 1.15:0.50 22
(promoted) 330  0.9840.16 3.47:0.82 1.47:0.26 18
270 0.08%0.01 0.12:0.39 0.60:0.27 .15
297  0.52:0.16 -0.03:0.46 0.71+0.17 20
D3001 g . ﬂ
(extracted) 318 2.22:0.39  0.2010.27 1.10:0.17 16
338  1.76+0.80° -0.22:0.17 0.3950.25 23
I * .
(a) r =k Pl pl
Hy " C3Hg

(b) units .as in table 42
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Mechanistic rate equations did not fit the data better; the
extended power rate law improved ;he results slightly, ‘but

the exponents for ethane and methane were always small. The
selectivities for ethane using iron catalysts were very small,
SO that'no satisfactory results were obtained by applying the
selectivity equation. Selectivities for ethane rarely exceed
0.05 and often are too small to be measured; especially at

low cpﬁvefiibns they can.not be ﬁetermined with accuracy.'If.
the propgsed network is valid, this can oﬂ]y mean that the

values of ké /k; are very small for iron. : : *

4.5 Propane over Ruthen%um

Only one Euthenium catalyst was uséd; it is descri-
'-bed iq section 2.4. The expérimental conditions and kinetic
resu1t§ are shown iq table 6-1. Thé amount of ethane.in the
products fs'lérgest over thi;'cata]yst compared with all the,
catalysts described in previous sections. The results of thg :
fit to equation(4-1) are_shown in table. 4-10 and the plot of
calculated versus experimental rates is shown in fig. 4-6. .
The hydrogen exponent again increases withothe temperature;
'ruthenium beizves in the_same way as @ﬁe other'catalysts in
this respect. The value of "a", *derived using equation (1-12),
is 2.5;-this corrsponds to an aésorbed §urf$ce épec{es C3Hg,
‘whicﬁ cduld be an 1,2-diadso%bed sﬁedieg.devoid of hydrogen
at th;?édsorbed carbon atoms. This agrees with intermediates
sugdested for propane and éther Hyarocarpons on ruthenium

(31, 47, 101).
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The ethane selectivity equation was applied to the selectivi-

ty data for ethane, the results are in tab1§-4-11, and show

- that the rate of cracking of an adsorbed C, species is much.

lower than the rate of desorption. This 'is one of the assump-

tions of the Cimino and Sinfelt models, and it only appears

" to hold for ruthenium in these experiments. It is in agree-

ment with data of other hydrocarboris over ruthenium (44, 47,

101). A bossib]e reason for this phenomenum is that the tem-

peratures used in the reactions with ruthenium were much

Tower than for the.other metals.. .

4,6 Discussion

‘ ' Some values of'kinetic parameter§ from the literature
are shown in table 4-12. Table 4-13 shows 'the results of the
experiments described in. the previéus sections. The exponents
for ‘hydrogen and prépane appear to agree quite well with tho-
seiof table 4-12, and they seem to bé rather independent of
the support for a given métal an§ whgther or.not,a.promoter
is pregént. The values near unity for the.exponent of propane
suggegt a low surface coverage.by the adsorbed hydrocarbon

species, fﬁe negative hydrogen exponent is due.to dissociative

" adsorption of the hydrocarbons. Increased hydrogen pressure

causes the adsofption equiiibr1um to shift.and decreases the
number of reactive speqieS'on,thé'surfaceu The compositions
of the surface 1ntermédiates,'ca]cdlated from'the'ekponents,

suggest 1,2-diadsorption on rh;hgnium {surface Spec{és C3H3),

-

N A e g iy o
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Table 4-11

.
F e ten et i cos R
* ~

.

Propane Hydrogenolysis over Ruthenium,

fit to Selectivity Equation(?)

Temperature Pressure

* .
°c) (atm) et
150 1.3 0.0
150 2.0 " 0.01
179 1.3 0.03 o
179 2.0

.0.02

1

(a)- figure 4-1
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. Table 4-12

Hydrogenolysis of Propéne and Ethane,some

. i
values from the literature e - ;
Propane
cata]ysf o Ea. m ‘ n ‘reference o
kcal/mol’ . ‘

. n i

Ru/A1203 35.8 -1.5 1.0 - (31) :

S ‘ : " variable variable i
Ni/mt 04 50, (-1.0+-2.4) (0.6+1.0) - (9
31/5102 34, -2.6 . 0.9 (124)

’ " ‘ variable,
\ 31(,!? . 33. (0.0""‘0.6) 0.9 - (138)
.Ethape
tatyst Ea : > m ' n reference -~

__keal/mol

36, -1.5 1.0 (117)

.N\/S\Cz -2.4 1.0 ( (10.)

¢o, 510, 0.8 1.0 (10)
N sariable - -

. Co/kieselqguhr 39.-?4. ngz7f'1-2) - (6)
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Tab1e 4-13

Summary of resd]ts of Propane Hydrogenolysis,power rate 1aw(a)

-

Catalyst temperature 10910A _ E ' m " n

a
range(°¢€) kd/mol kcal/mol !
" Ru/A1,0, 150-180 19.1 155. 36.9 '-1.98  0.80 %
. _ ; _ | : ;
O |
Ni7S30, . 254-303 - 18. .  175. 41.8 -1.57 0.73 b
. . " b H]
. i
. ‘ _ . %
Ni/Sic ° 277-305 20.8  217. 51.8 -2.41  0.86 }
| i
Ni-Mg/SiC  250-281 19.5  193.  46.1 -2.29  0.67 ;
Co/Si0, 233-268 15.95  140. 33.3  -0.95 0.70 - ;
(14128mesh) . ‘ 1
Co/Si0, . 228-268 10.0 93.  22.2  -0.72 0.79
(28-48mesh) ' : g
Co-Mg/SiC  245-266 21.0  204. - 48.6 -0.78 1.03
Fe-Mg/Si0, 314-353  12.6 149. 35,6 .0.67 0.65°
D3001 288-330  11.0  -129.  30.8  2.00 1.17
D3001 270-238 1.0 "124.. 29.5 -0.06 0.80

(extracted)

"

(a) r = A exp (-E_/RT) pM PN
A Hy CaHg
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and 1,2- or 1,3;diédsorption on nickel (C3H3 or C3H2), all

et i d AR, ot an =
.

completely devoid of hydrogen at the adsorbing carbon atoms.
For cobalt C3H6,is found to be the surface species, no con-
clusion can be made about the type of adsorption. The appa-
rent activation energies are much higher on the low area
catalysts than on those on high area supports. This poses tﬁe
question whether a compensation ef?ect may be observed,as was
the case for ethane hydrogenolysis over group VIII metals
(24). Fig. 4-7, where logjgA is plotted versus the apparent 1
\\ éctivatign energy for all the catalysts, shows that a compen- ;

" _sation effect is indeed operative: higher values of E; are ) ;
. compensated by higher'va1ues of A. The correlation is satis- ]

facfory for.a11 ca£a1ysf$, except for the ruythenium catalyst. f~

This agrees with results by Sinfelt (24), who suggested se-

parate combensdtion lines existed fof the noble and.the non-

noble metals of group VIII. Comparable pattérns of kinetic

behaviour have been described for many surface reactions, a . {

.-

number of examples and several possible explanations are dis-
cussed in féference (151)l

" To compare the activities of the different catalysts,

2
3.
i
i,
!
§
3

reaction rates were ca1cu1ated'a;'a set of conditions: at
24OPC, 1.0 atm hi&rogen pressure aﬁdlo.é atm propane‘pressu-
re._These~values‘are shown in table 4-14 together with va-
lTues ' of T, for all the catalysts. T, is defined as the

. temperature at which the rate of reaction is equal to a ceri
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Table 4-14
£}
- Comparison of Activity of the Catalysts
Catalyst Téa) R(b) Metal surface
(°c) ~ umol/s,g cat. arealc)
Ru/A1,0, 167 ©733. 0.8
Ni/si0, 255 0.50 o 8.3
Ni/SiC. - 297 0.01 0.1
Ni-Mg/SiC 268 0.21 2.0
Co/Si0, " 252 0.61 3.2
(14-28) ) —
. /
\J,//£9/5102 244 0.97 2.1
(28-48) ‘ ’ ‘
.. Co-Mg/SiC . 252 0.38 —
Fe-Mg/Si0, 360 0.001
03001 353 0.002 13.8
D3001 _ 341 0.01
(extracted) . :

(a) - temperature at which the rate of reaction is
1.0 umol/s,g cat.

(b) rate at 240°C,1.0 atm. hydrogen pressure,0.2 atm.
’ ' propane pressure

(c) ( m? metal)/(-g catalyst)

Q
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tain Va1ue,'in this case 1 umoﬁ/s,g cat.. This concept was
introduced by Boudart (98), it avoids extrapolation and is
therefore a ;;?% useful pprametef to compare activities. The
hydrogen and propane partial pressures used to calculate fr
were 1.5 and 0.25 atm respectively. The ruthenium catalyst

is ths most active, the iron catalysts are the least active;
this agrees with the results for ethane hydrogenolysis (24,
136). The prométed nickel catalyst is much more active thhn
the corresponding unPromoted one, as was expegted from the
surface area measurements. The activity ‘per unit metal area
is almost the same for all three pickel cata]ysis. The activ-
ities of the nickel and cobalt catalysts are almost equal,
cobalt being 'slightly more active. With ethane, mickel was
more active than cobalt. The_ﬁgét,interesting fact observed
is., that both for nickel #nd cobalt, fhe'catalysts on the
low area.supports have similar activities as those on the
high area supports, a]beit,that they contain 2;3 times as
much metal. gow area suppérts have several bracticaf advan-n
téges as explained in section 2.1.

Vartous mechanistic rate equations, derived from
Langmuir—Hiqshe1wopd type mechanisms (appendix B.3) were test-
ed . but none of Fhese gave an improved fit of the data and
the parameters obtained were erratic. .

A summqry of the values of k; /ké and k; /k; is given’
.in table 4-15 for“the high pressufe-region (2.0-2.2 atm

_ total pressure), k; /k; values behave erratically with
- / ‘
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Table 4-15

Summdry of results for Ethane Selectivities.(2.0-2.2 étm.)

Catalyst Temperature

* o (a) )

. 150 0.01 0.03

Ru/A1,04 180 . 0.02 ‘ 0.01
255 0.4 0.6

' Ni/sio, 278 0.9 0.2
304 1.6 0.2

277 0.4 1.4

Ni/SicC . 292 0.8 0.3
© 305 1.2 0.2

: | 251 0.3 0.1

Ni-Mg/SiC 266 0.5 0.

281 1.0 0.3

. 228 0.9 3.6
Co/Si0, 248 2.6 0.5
268 4.2 0.5

245 4.0 0.7

Co-Mg/SiC 255 4.2 0.3
265 4.3 0.6

*
ki/(ki+k,)

L+kg/ky Tox . -
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temper&ture, kg /ké values always increase with increasing
temperature. This suggests the cracking step has a higher
activation energy than the desorption step. The values for

kg /ké indicate that only for ruthenium is the rate of de-
sorption of the adsorbed C2 species fast compared to the rate
of cracking; for nickel these rates are roughly equal and for
cobalt the cracking is faster than the desorption. This par-
allels a decrease in the amount of ethane in the p;oducts..
This fact aﬁd the previous suggestion that the surface spe-
cies on both ruthenium and nickel is C4H, indicates that t@é'
modes of adsorption may be different on these metals. In

both cases m&ltip]e bonds are present, but most 1ike1x thése
are in the adsorbed hydrocarbon in .the case of ruthenium and
between the metal and the hydrocarbon in the case of nickel.
The-overall rate of ethane hydrogenolysis is always 10Wer
than that of propsne hydrogenolysis, but the difference is

. 1ar§est on ruthenium and smallest on cobalt. At lower pres-
sure the.va]ues for k; /ké are always somewhat 1owér, but the
values of kg /kg aré not affected by the pressure. This agrees
Qith observations by Tsjeng (33)..

| The values of table 4-15 were used to calculate
ethane selectivities at several levels of conversion, the re-
sults are in table 4-16. The data for iron are estimated from

the experimental selectivities and are not very accurate. At

lower total préssures the amount of ethane is slightly sha]]er.

.
N2 A2t e hea e A £ f Qe s e T pAnerer,

Al BA

o ¥ Ay e A},

4 2 Anlidanacavanm Aha e mamb




- 121

Table 4-16

<

Selectivity for Ethane at various levels of

Conversion,using parameters of table 4-15

Catalyst ‘Temperature ‘ S2 at conversion X
(°c) X= 0.0 0.4 0.8
" 150 - - 0.99 0.97 0.88
Ru/A1,04 180 0.98 0.97 0.94
255 . 0.71 0.51 - 0.21
Ni/si0, 278 0.53 ' 0.46 0.29
, 304 0.38 . 0.34 0.21
, 277 . 0.71 0.37 0.11
Ni/SiC . 292 0.56 0.46 0.25
305 0.45 0.40 0.25
251 0.77 0.72 0.55
Ni-Mg/Sic 266 0.67 .  0.48 0.20
281 ' 0.50 0.42 0.23
| . 228 0.53 0.15 . 0.03
Co/Si0, 248 . 0.28 0.21 0.09
268 0.19 - °0.14 0.06
| 245 . 0.20 -  0.14 0.05
Co-Mg/SiC 255 - - 0.19- ° 0.16 0.09
265 0.19 . 0.13. 0.06
Fe-Mg/Si0, 330  °  0.05 0.02 0.01
D3001 310 0.06 0.01 * 0.00
D3001(extr.). 300 . 0.07 . 0.04 0

.02




ruthenium, nickel, cobalt, iron-; data for iron were not ana-

122 .
.
The selectivity for ethane decreases in the sequence -
lysed because the- amount of ethdane in the product was always

very low. The amount of ethane decreases with increasing

temperature and increasing conversion, but selectivity over a

given metal appears not to be very dependent on the support,

and is about equal for promoted and unpromoted catalysts.

H
3
&

Fig. 4-8 shows the ethane selectivities at zero convérsion as

a function of temberature (vatues a}e from table 4-16) .-

<
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Chapter 5
HYDROGENOLYSIS OF HEXANES

5.1- Introduction

The hydrogenolysis of higher hydrocarbons, in this
case three hexanes (n-hexane, 2,2-dimethylbutane, 2,3- dime-
thy]butane), y1e1ds a number of a]kanes because there are se-
veral nonidenticdl carbon-carbon bonds, and.because the ini-
tial products can. react further to y1e1d more smalier molecu-
les. The products from a given hexane are funct1ons of the
catd]yst, the temperature and the extent_of reaction. The
selectivities are related to the reaction mechanism, and the
compositions are‘not equilibrium compositions (except in the
'case of 1ron), so .that studying the product d1str1but1ons
should provide more insight 1nto the react1on mechanisms.

The effluent concentrat1ons were measured (append1x
A) and the data were reported in terms of se]ect1v1t1es, the
selectivity for a part1cu1ar product is defined as the ratio
of the moles of the product formed to the mo]es of feed hydro-

arbon reacted The calculation procedures are in append1x
" B.1. The extent of the reaction is expressed in terms of con-,
version of the feed hydrocarbon. A1l the experiments were -
performed at one operating pressure, 1.20 atm and over-ds '
wide a range of conversion as possibLe: Higher pressures codfd‘

not be used because of leakage in the feed system.

124
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The formation of smal1ér‘products 1s‘favoured b& high con-

version, high temperature and Tow hydrogen pressure (44). The

product distribution at very low conversion is representative .

of the hydrogenolysis of the feed hydrocarbon alone. In appen-
dix C, reaction networks are proposed with consecutive and
parallel.  reaction paths and including the‘reversib1e adsorp-
tion and desorption of all hydrocarbens and the irreversib]e'
splitting of the carbon-carbon bonds of the adsorbed speeiee.

Equétions relatjng‘the selectivities of all products
and the conversion of the.feee hydrocarbon Were'derivee from
‘these networks; no rate determining step was assumed in this
process, at1‘steps were coupled. Simultaneous multiple -bond
breaking was not considered, since this can not be distin-
guished from the case where an initial product w111 crack be-
- fore desorption from the surface Other s1mp11fy1ng assuymp-
tions in the derivations are given in appendix C. The se]ec-
tivity data wére f1tted to the appropriate selectivity equat1-
ons using non]inear 1east35quares ana]ys1s, to obta1n the
parameters. Sp]itting ‘Factors are some of these, they are
’.defined as the probab1]1ty that a particular carbon carbon
bond wiTl break in molecules with several nonidentical bonds;
for. a given metal they are assumed to be 1ndependenx of con-
,vers1on, but may change with temperature |

In the fol]owing sections each of the hydrocarbons

is exam1ned individually over each of the catalysts, the re-
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sults are then‘summarized in thé final section. fhe catalysts
used in these experiments were Ru/ Alp03, Ni/ SiC, NiMé/ sicC,
CoMg/ SiC, ang FeMg/‘SiOZ. The nickel and cobalt catalysts on
high area silica were not used since they increase experimen-
tal prop]ems anq did not differ significantly from the cata-
lysts on the low arealsuppdrts during the hydrogenolysis of
propane. The modifications of the reactqr system were desc}i-
bed in section 3.2.2; the liquid feeds are introduced with a
calibrated syringe pump, anqﬁghé'tubing in the reactor and
effiuent systems a}e heated to about 709C (poi11ng noints‘
"of ‘the hexanes vary from 50-68°C). The‘mo1fraction of hexane‘
in the feed is kept be]ow 10% to avoid condensatfon and be-
cause mucﬁ more hydrogen can be consumed in Fhese reactions
combared to those of propane. If the hyd}ogen to h{grocarbon
ratio becomes too low, parbon deposits may foul the catalyét.

‘ During these expenimenps the activity of the catalysts
decreased:chh more rapidly than was the case for propane.
This deactivatfon:was observed for all three hexanes and on
all cata]ysts,ibut was especially severe for 2,3-dimethylbutane
on ruﬁhenium. fhe deactivation was slower with nickel and co- .
balt, possibﬁf bépause the feacﬁion temperatures were higher.’
. 0n ruthenium the rate decreased by a factor 20 after 3 days of
‘ operat1on with 2,3- dimethylbutane at 180°C, at higher tempera-

ture the decrease was s]ower. Treatment with hydrogen ovem- ’

night at. temperatures slight]y higher than those of the,reacti-_
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ons reactivated the catalysts to'their(origina1 aceivity. The
10% proeanefinﬁhydrogen mixture was used again to determine
the activity. It was thought at first that iﬁpuritiee in the
hexanes might be responsible for the deactivation, and puri-
fication of 2,3-dimethylbutane was attempted. First, the
“ﬁexane was stored over a mixture of Raney nickel and 3A and
5A mo]eeu]ar sieves. The Raney nickel should remove sulphur
components, and the mo]ecelar sieves should adsorb traces of
water and straight hydrocarbons. This treatmenf did-not
change the rapid aging of the catalyst. Peroxides are another'
possible cause of aging. In_édhene cracking, beroxides have
been showa to be precursors in the coke formation (152, 153).
The hydrocarpon was treated with 59-200 mesh silica that was
heated at 400°C; a method used~to-remove'peroxides from cu-
ﬁene. The silica shqu]d also remove other polar impurities.
After this treatment of fhe feed,deactivation still oecurred
'Due.to the rapid deactivaﬁion, kinetic analysee, Tike the:
‘'ones for propane,.could not be made; moreover the range of
partial pressures covered was very.narroy'so that orders of
reaction could not be determined Qith much accuracy. However,
the selectivity data were ne; affected by the deactivation:
selectivities determihed at constant temperature over a
per1od of four . days a11 fltted the same curves, even. though
'the actjvity of the cata1yst decreased substantial]y over
this pe;iod..The aging apparent]y did not involve selective

-

&
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poisoning of particular actiJe,sites.

It was decided that .produtt distributiong would be
determined ak'one 1éve1 of temperature for all caombinations
of catalysts and hydrocarbons; if necessary the catalyst
could be reduced to recover the act1v1ty The temperature was
chosen for each system such that as. wide a range of conver-

sion as possible could be ‘coveréed.

5.2 2,2-Dimeth¥1butane

5.2.1 Introduction

2,2-Dimethylbutane contains three different types of

carbon-carbon bonds:

t

.III 11 ¢

|

~

Crackfng of bond I yields methane.and neoqéntape whfch can
crack‘further to isobutane, propane, ethane and methane.
Breaking of'bond 11 gives'ethane'and f;obutane which can
crack further in a simi]ar wa} Cracking of bond type III gi-
ves methane and isopentane, wh1ch in itself has three d1ffe-

rent bond types.and can yield all the above ment1oned pro-

ey

ddcts plus n-butane. 1,2-diadsorption at bond I will yield
ﬁeopentade,'while 1;3-J1a§sorption is expected to yield 159-
pengaﬁe initially. On_ ruthenium, is&pentane was shown to
réact-for 82% to\form'isobutanpiand.only for 8% to form n-

butane (47). Lo ‘ ) : b
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On nickel, 2,2-dimethylbutane yielded almost only methane and
neopentane in almost equimolar amounts at low conversion (51,
55), indicating that demethylation takes place, but this stops
at quaternary carbon atoms. This result agrees with other data .

on nickel; a- scission occurs along the Tongest alkyl chain at ;

§econdary or tertiary carbon atoms (48, 53; 54, 125). On plat-
{num a carbonium ion mechanism is operab?e,lisomerisat%bn
takes place as well as hydrogeno]ysis._No neépentane was pro-
duced and the product contained mainly i-butane and ethaqe
plus some i-pentane and methane (51). Thus, methyl! groups at !
quaternaf&lca}bon atoms are not always the most stable (50)..
Isémerisation of neopentane was observed on Au and Ir as well

as on Pt (41).

The proposgd Feaction scheme for 2,2-dimethylbutane
and the.pertinent rate .constants and splitting factors are
shown in fig. 5-1, the assumptions and the derivations of the !
selectivity equationg are discussed in abpéndfx c.4.

. The aha]ytica] solutions are: o

kl; t / (kl + k* ) N 1
neb neb neb : . .
ne5 = ‘ e {5-1)

I +(ki g / k) (x/(1-%))

kige'/ (klp + k¥g) ' . . . ;
SiS _ i5 i5. i5 . (5-2) :
1 H(kYg /KB X/ (1-X)) o

5\
Ma_,ifﬂ;u.i-,vmurr,.;&‘-m",m' b
A MR £ D =

A R
A e Vi

A e
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k6 k k k.
" C Ag¢ neCs Zﬂg; neA s i-Cs < i-As i-C <1“>1—A
6 (Ft—“ 2 - L ] L
6 i§hes ;5 kiu
k k k k
1 2 . 3 ny
Cy <ETi Ay Ca <k,> Az Cs <k,> A n-Cy, <k,>n A,
2 3 ny
.k* _____-L__..._> ne"'As + Al
AG 6 !I > i-AS + Al
l-p=£') . i-A, + A,
k* f > 1*Au. * Al
i-As 1e T n-Ay + Ay
&f—_f.)_> A3 + A2
K> :
HE"AS nes - > i-Aq: + Al
k*.
i-Ay. i > A3+ Ay
* m 2 A
n-Ay knh ‘ O 2
. N l-m S A, + A,y
o (
A3 3 > Ay +A
. N k* . .u
Ay oo - 2 > 2 A
x ~ 9gaseous hydrocarbon,carbon number x
Ax = adsorbed hydrdcarbon species
kx = adsorption rate constant’ k;=desorption_rate constant
- ; . . ’ . * . *.
k, = surface cracking rate constant ky = Kk kx/(k; tky )
. '
Figure 5-1 Reactfon Network for Hydrogeno]yéis of"2{2-DMB

-

.
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nd =

Sy + 25, + 355 + 4(sn4+s14) + 5(Sne5

. where

1 ' [ ' . :
[kig /- (kjq +°K{gl {1 - g (1-F) =S 5 -FS;c}-

R

1 +(kyq/ kgl {x/(1-x))

[kng / (kgq + kpgdt (F ('=Si5))

1+ kool ke ) (x/(1-x))

k3

(k +k* )

\
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(5-3)

" (5-4)

4}

1 +kg/ kg) (x/(1-x)}

k v
2 . L] 1 ) | t
—=— (2 -t - fL - f 2 +mfL -5, -S 1+m)
(ky+k3) 3 “Sna
-S54 ~Spes -S;g(2-f-f +mf )}

1 +(ky/ kg ){x/(1-x)}

]
(<]

i5)

X = f?actiona] conversion of 2, 2;dimethy1butane
Sx = se]ect1v1ty for product x ' _
k = rate constants as defined in f1g 5-1

(5-5)

(5-6)

(5-7)

e Ay g Bl bR N

meoHan
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Maximum\se]ectivities are I”O‘for the pen;anes, the butanes
"“.and propane, 2.0 for ethane, and 6.0 for methane. Isomerisa-
tion products and hydrocarbons larger than hexaneswwere not
observed in any of the experiments with 2,2-dimethy1buténe: a
The reaction of 2,2-dimethylbutane over the iron
catalyst (FeMg/Si03), xie]ded mainfy methane, and some neo-
pentane (seléétjvity 0.11 to 0.27) and isobutane (selectivity e
0.06.to 0.20).'0n]y traces of the other products were pre-
sent. The methane seltectivity varied from 4.0 to 5.3.'Temper--
9tur§§7'8f at least 300°C weré,requﬁred for this catalyst,
and this may be paft of the ré?sop for the high methane
o Xie]dt No analyses were made on the data of iron, because the

~“yield of products other than methane was too small. The acti-

vity of the iron catalyst was quite constant, albeit low.

5.2.2 2,2-Dimethylbutane oVer‘thhenium
The'exper?mehta] data, expressed in terms of Ee]ectiv-
ities 'of the ﬁrdduéts, and thé conversion of 2,2-dimethy1-'
butane are tabulated in tables D-11 apd D-12. Al the.exberi-
ments yere.peyformed at a total pressure of 1.20 atm, and at
~ 1850C and°200°cvrgspéétive1y. The se]ectivitieskarg mlotted
és,a'function of thie conversion of 2,2-dimethylbutane in fig:
"5-2 and fig. 5-3 at 185°Q“and 2oo°c; The experimental .selec~

tivities are indicated by the'points. Isqpentane'and.n~bu§ane

were never detected, neopentane and methane were the main

» o ——— . . . . L.
products, with small amounts of ethane and i-butane and traces

of propane. -
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At low conversién approximately equa1 amounts of methaﬁe and .
neopentane are formed. Thus, almost all the reactions take
place at boﬂd t&pe I; neopentane has been shown to be very
stable over ruthenium (44, 47), the order of reactivity be- ;
ing much ‘lower tﬁan that of other large hydrocarbons, about :

equal to that of ethane. Once neopentane is formed, it will

T PR

not react further readily.- With increasing conversion the

5 PrsMean, e,

neopeﬁtane se]ectivit& decreases, while the selectivities of
isobutane,ethane and especially methane increase. At 200°C,-
the isobutane selectivity also decreases with increasing

coriversion in agreement'w{zﬁ\the observation that the pro-

SRR LRI A o

ducts of neopentéﬁe h&drogeno]ysis react faster than neopen-
fane itself (44).

The selectivity equations (5-1), (5-3), and (5-6) 1
'-were applied aireét]y to the éxperimen;§1 data using nonli- i
near least squares'techniq&es (appendix B.2). Fikst equation :
(5-1) was used Qith the neopentane data, initfa] values for

the parameters being obtained from a plot of 1/5nes versus . i

x/(1-x). Then equation (5-3) was fitted to the data for iso-
butane, using the predicted values of the neopentane selec-

tivities. Finally equation (5-6) was applied ‘to the ethane

selectivities using the predicted values of the 'selectivities -
for neopentane and isobutane. The predicted values of the

selectiviiiqs o?isopentane, n-butane, and propane were a]waysf

o ey

zero since none of these were observed. The methane selecti-

.
L SR e R RN T
[ 1 s

'vitfes were determined using equation (5-7) hndlihe'éalcula:

[ SN SR TR
H

iy avr Rt
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ted values of the selectivities for the other products. The
calculated selectivities, using the obtained parameters are
shown in fig. 5-2'§n& fig. 5-3 as the solid lines. The esti-
mated parameter values are in table 5-1 with their approxi-
mate 95% confidence intervals. The confidence limits are
large for the smaller products as js explained in appendix
B.2. The average deviation between the calculated and experi-
mental selectivities is less than 3% for neopentane; but‘
quite large fof i-butane and ethane, due to the fact that
they were ﬂ%esent in only small amounts. In section 5.5 these
values will be shown for a11 the exper1ments fhe estiﬁatéd
"value of £ ijs close to unity, confirming the observation that

mainTy bond I is attacked. The_rate of desorption of the ad- ©

sorbed species is'greater than the. rate of surface cracking, .-

and the overall rates of hydrogenolysis of ethane and neo-
pentane are of the same order and much smaller fhan that of
2,2-dimetﬁy]butane. -

5.2.3 2,2-Dimethylbutane over Nickel

Two nickel cata1ysts were used: Nng/Sic'and Ni/SiC.
The exper1menta] data expressed in terms of the se]ect1v1t1es
of the products and the conversion of 2, 2 dimethylbutane are
jabu]ated in tables D-18 and D-15 for the two catalysts, re-
'sﬁective1y.The‘experiﬁehté were performed at 265°C.wi§h the
promotéd‘cdtalyst at 290°C w1th thefunpromoted one. P]ots

of the product d1str1but10n as a function of the convers1on

N

FRCA

"
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.

Table 5-1
Ana]ys{s of Hydrogenolysis of 2,2-Dimethylbutane

over Ruthenium. Equations (5-1),(5-3),and (5-6)

. Parameter Estimated value
185°¢ 200°¢C
kﬁes £ o
T % 0.93 £0.01 . 0.88 +0.03
knes *Knes. ' )
Knes/ kg 0.01 +0.06. 0.01 £0.01
Kig o .
TS " 0.34 £0.10 ° ~» * 0.43 £0.03
ki4+kiﬁ . . ) : : )
kia/kg g 0.005:0.1 . 0.19 +0.04
k. o . - L
T 0.86: : . 0.99
k2 +k2 . i
i ' 1.0 - 1.0
Kplkg- -0 1075 - 0.01 £0.05,
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of 2,2~-dimethylbutane are given in fig. 5-4 and fig.5-5, the

experimental points are described in the figures. On tﬁe pro-

'but at higher temperature more extens1ve cracking takes place.

mo ted n1cke1 catalyst, 1sopentaneand in most cases n-butane
were too small to be measured. The main products. were neopen-
tane ﬁnd methane, but the amounts of ethane, propané, and
i-butane obtained were larger than for ruthenium. With in-
creasing conrersion, the selectivity of neopentang decreases,
thét,of'methang increases, the others .vary only slightly. On
the unprrmoted nickel cata]jst, no i-pentane was observéd,
Eut the amount of n-butane was measurable and decréased with
increasing cohvérsjdn. Theré are more smaller products than
on the'promrted cata]yst,vespecia11y.methane and e;hane,
probably due %o the higher temperature. The neopeﬁtane se]gc-
tivity is consequently smaller and decreases.with'increasﬁng.
conversion and the same is observed .for the selectivity of
isobutane, Ethane; and to a'lesser.extent propéne,:shd@ a
maximum in selectivity plots. Apparently rfcke1 behaves basi-

cally like ruthenium in sp11tting prwmarily bonds of type I,

The selectivity equations (5-1) through (5~6) were
applied to the dat; in" the same way as f&r ruthenium; the re-
su]ting estimates of the parameters-ére in table 5;2 'Initial
guesses for equation (5- 1) were. aga1n obtained from p1ots of
1/Sg versus x/(1-x), and the predicted methane se]ect1v1ties

were ‘obtained firom the carbon balancg of equation (5-7). The

calculated éelectirities-are Showﬁ as the solid lipés in

.
.
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Table 5-2

Ana1xsis of Hydrogeno]ysis‘of 2,2-Dimethylbutane over Nickel

Equations (5-1) through (5-6)

"Parameter ’ ‘ Estimated value .
Ni-Mg/SiC(265°¢C) Ni/SiC(290%¢C)
k' _ 2 ] o .
hed 0.76 £0.01 0.39 10,01
Knes. "knes
n n’
Knes/ g | 0.07 £0.02 - © 0.09 £0.01
Kl ‘ . - .
. *  0.50 :0.02 . 0.35 +0.02
Kig *kig ~ -
A FYAY: ' 0.62 +0.07- 1.2 +0.2
k', 2' f°
nd ~ - 0.04 +0.02
kn4‘+kn4
. kna/kg - 1.7 +1.3
' T e
K} , : _
w 0.35 +0.02 0.48 +0.02
k3 ks 0.4
kg /kg , . 0.04 +0.05 ; 0.25 +0.03
Ky . _ .
T 0.52+0.08 . 7 0.49 +0.05
k2 +k2 ) . -
e 0.99%:0.02. 0:73 +0.05

ky /kg - 0.03 ‘ 0.04 +0.01
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’.fig. 5-4 and fig. 5-5. The average dev%atjgn between:experi-'
mental end ealcu]ated selectivities never exceeds 8%, except
in the case of n-butene on Ni/SiC, because -the experimental
values are very sma11; Again,neopentane reacts slower than
most of its products, but over these’catalysts cracking is
not the slow step in the process; the rates of,crecking and
desorption of the adsorbed species- are about equal. A plot
'of the experimental selectivities versus the.calculated ones
is‘shown in fig. 5-6 for Ni/S$iC, and it shows that the data .
fit the se]ect1v1ty equat1ons quite well, Methane data are o-
m1tted because their sca]e is very d1fferent For ﬁng/SiC,
the methane data instead of thpse of ethane were fitted to
‘equation (5-6) after substitution of equatten.(5-7), because
the data_ﬁor ethane were small. The results weére nearly iden;
_tical than by fitting the ethane se1ectiv1tiee'direbtly_to
equat1on (5-6). ' . . |

-~

A few data were obtained at different temperatures
to compare. the two n1cke1 catalysts end to study the effect
of temperature on select1v1t1es The resu]ts are shown in
tab]e 5- 3 The promoted catalyst was more active than ‘the un-
promoted preparation and the unpromoted catalyst prb&uce¢

more ethane,.propane and isobutane.
5.2.4 2,2-Dimethylbutahe over Cobalt

The experimental -data are expréssed in terms of se-
lectivities.qf\the products and the fractional conversion of

2,2-dimethylbutane, and aré tabulated in table D-21.
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'@.= ETHANE
v = PROPANE -
0.3} :
@ = N-BUTANE

o = TSOBUTANE

+ = NEOPENTANE -

0.2

0.1

01" ’ 6.2 . 6.3
EXPERIMENTAL SELECTIVITY
ngure 5-6 Experimental versus Ca]culated Se]ectivities
1n the Hydrogeno]ysis of 2,2~ Dimethy]butane over
Ni/sic at 290%C and 1.2 atm.
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5
The experiments were carried out at 2450C. A plot of the
produkt nistribution as a function of conversion is shown inr
fig. 5-7 forfthe CoMg/SiC catalyst:-The main products are _
neopentane and methane, suggesting that splitting of bond
type I is again favoured. The amount of methane produced is
1arger'than for the promoted ninkel catalyst, but lower than
for the unnromoted nickel catalyst, though the temperature is

(4

" much 1nwer for th%}gonalt catalyst. No isopentane and n-buta-
ne,sére observeﬂ.iwith 1ncn3asing conversion, the selectivity
of neépentane decreases, nnife that o; methane increases. Thé
amounts of other products remain small and ne::?} constant{> r
indicating‘;géin that neopentnne réactsls]oher than its pro;
ducts.

The data were f1tted to the se]ect1v1ty equat1ons ”
(5- 1) through (5-6), and the results are shown 1n tab]e 5-4;
the solid curves in fig 5 } are the corresponding calcu]ated
selectivities. If the methane data were used #n equations

(Sss)_and'(5-7), instead of the data for ethane, the parame-

tens obtained did not change. Over cobaﬁt the rate‘of cracking

of the adsorbed species is faster than the rate of desorption,

wnich agnées with observatidns-in'the hydrogenolysis of pro-

1

pane: ‘ N ,

b

§,3 2,3~ imethy1Qutane

5.3.1 Introduction . ‘
.2,3 Dimethy]butane has “two different types of carbon—

-

carbon bonds:
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" Analysis of Hydrogenolysis of 2,2-Dimethylbutane over Cobalt

Equations {(5-1) through (5-6)

Parameter Estimated value
Co-Mg/Sic(245°¢C.)
k! L :
_nes - 0.78 £0.02
nes TKnes '
Knes’Kg '0.06 £0.02
Kig -
. * 0.19 0.03
Kig *kig
Kia /X6 0.64 +0.-03
Ky - o
3
1k 0.14 :0.01
3 *K3 .
k3 /kg 0.30 £0.08
ky
L 0.11 £0.04
2 *ky . 5
L 0.8 +0:1
Ky /KL

0.02
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c Cracking of bond II yields

.propane, which can crack

further to ethane and methane.
Breaking of bond type I gives methane and isopentane.
Isopentané‘has three different bond types ifself and can
yiefd n-butane and i-bufane_p]us propane, ethane_and methane.
Oh_ruthenium'i-bentane gave ﬁainly j-butane (47). 2,3-Dimeth-
ylbutane over nickel &ielded i-pentane and methane only at
-low conversion (51), while on Pt sébstantia] amounts of pro-
pané were also obtained énd isomerisation to- 2,2-dimethyl-
"butane also occurred.Branched chain hydrocarﬁons were sﬁown_to

be more reactive than the corresponding straight paraffins

over nickel (55).
The-proposéd réaction schemé and the cormespond%ng ,

rate constants and';plittjng ch;ors are shown in-fig. 5-8;

the derivation o%-the gelectivity equations\and the physical

significaﬁce of the‘paraﬁetér§_are discussed in aﬁpendix c.3.

The analyticaLvresults are:

. ' N
kijgt / (kyg + kjg)
(5-8)

Sig =—
T kg £ kD X/ (15) )

kg 4 (kG K F(E-Sgg) oo

Sig = : ‘ . — - (5-9)
i4 . . .
w1 kg, /o kg) T x/(1-x) ) '

LI
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thog / (kpg + K5 3L T (2-5.6) )
S 5 = . _

néd . ) .
1 +lkey / kgll x/(2-x)) (5-10)
kl3 o ' ' ’ '
(katks) ,
Sz = — —
1 +(ky / kg){ x/(1-x)} . A(5-11)
k2 2 - £ (f+f' f'). $.-S..~S_,(14m) -5
— { - + -m - -S.,- +m -S.
(ké+k§) o 3 “i4 ‘n4 e B
: (24mf-f-f') 3}
S, = — _ ;
o Lwlky /o kg x/{1-x)y L (5-12)
Sy + 25, +.355 + 4‘sn4:+ Sig) * ssj5_ = 6 | (5-13) .
where x =‘frac¢iona1 conversion of 2,3-dimethylbutane

: Sx se]ectivify of'product X

}ate'constants as defiﬁéd in fig. 5-8

The maximuh*possible va]ues-for thé §e1ectivftigs are 1.0,for
i-pentane and the butanes, 2.0 for propane and ethéne, and oo
6.0 fér methane. No products of isomerisation or cha{n g%owth
reactions were observed durfng thé expérimenés Qitﬁ 2{3-dime-

thylbutane.

PRI
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, ks k'iS' K1‘+
Ce <FT1 6 i-Cg <ET1 i-Ag i C“<_F% i-A,
6 is iy
k1> kz k3> s ) kn,_’> .
C A C > A C A n-C n-A
kT 1 .z_<§§— 2 37T 3 5{F::' Y
Ke E . oAt A
Ag . -
1-!’ > 2 A3
. iRyt A
K. )
i-As 15 D o n-A+ A
- - . ’ )
*
K, |
1.-A1‘ - 1 > A3+ A]_
® m__. 24,
nk
n"Aq 1-m
. > Azt A,
*
} k3 ) .
\ As ; > A+ A,
. j
k2 "
A2 > 2 Al
i - .
¢, = gaseous hydrocarbon,carbon number x
A, = adsorbed hydrocarbon' species

Kx

*
X

adsorption rate ponétant k; =

. - - »* i
B : . . " o= '
surface cracking rate constant k} 5 k, kx;/(kx,+k

desorption rate constant

*')

X

Figure 5-8 ‘Reqéﬁion Network for Hydrogenolysis df 2,3-DMB ’
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‘ fhe iron catalyst, reMg/SiOZ,-gave almost only metha-.
ne, selectivities ranging from 4.3 to S.Q, no isopentane or
butanes were observed at all, and ‘only traces of propane and
some ethane. The activity of the iron catalvst was nearly
constant, but also rather sma]l: the temperature required was
280-34Q°C; The large yield of methane indicates that the ad-
sorbed species crack‘much faster than they desorb, this may
be due part]y to the high temperature .o T

5.3.2 2,3-Dimethylbutane ‘over Ruthenium

The experimental data are expressed in terms of se-
lectivities of the products and conversion of. 2,3-dimethyl-
butane and are tabulated in table D-13. A1l experiments were
performed at a total pressure of-1.20 atm and at 2009C. Plots
of the product distribdtfon.as a functiontof conversion are
shown in fig. 5;9. Only .traces of-n-butane were detected
during‘the experiments*with rnthenium, too small to be measu-
red. These'experiments agree with results of Kempling (44,
47) that fsopentane cracks mainly to isobutane and only a

mal] fraction forms n- -butane. The ratio 1sobutane/n butane_
appears to be even 1arger here The main product was methane,
1ncreasing with 1ncreasing conversion. The selectivity for
i-pentane decreases with increasing conversion as expected,
those of.i-butane’ and ethane increase.. The i- butane se]ecti-.
vity 1evels off at high conversion and- was expected to exhi-
bit a maximum. but this occurred outside the range of. the-

experimentaI conversions. The propane se]ectivity 1s remark-

-
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ably low, indicating that little, if'any,~cracklog occurs at
toe centre bond (I1). Selectivity'equations (5-8) uhrough
(5-13) were applied to the experimental data using nonlinear
regression techniques. | |

The selectfviey data for pentane,_butahe, propane,
and ethaoe were fltted consecutively to-the equations using
the oredicted values of the selectivities of the larger mole-
cules in the equations of the smaller ones. Initial values
for the i~ pentane‘equatﬁon were obtaiuéd from the plots of

1/S75 versus x/(1-x), in case of the other equations a grld

‘ search was used The calculated selectiv1t1es are the sol1d

lines in figqg. 5&9, and the estimated parameters with their

95% confidence limits are showniin table 5-5. The goodneéss &

of fit is_indlcated in fig. 5-10, where the calculated and’

. h
experimental selectivities are plottéd. Methane was omitted

Because‘theﬁsCale is very *different. As explained 1n_appen-
dix B.2, the COnfidenCEfllmlts become large for the final
equations for S3 and especially for Sp; the ethané data
could not be fitted well.as 1s also clear from fig. 5-10. The
average deviations between ‘calculated and exper1mental selec-

tivities will be shown in section 5.5. Of the products. onty

~isopentane reacts at a comparable rate with the: feed hydro-

carbon, the other products are much less reactive.

5. 3 3 2,3~ Dimethylbutane over Nlckel

The experlmental data are tabulated 1n tables D-19

. " and D-16 for the Nng/SiC and Ni/Sic catalysts, respectively.

N

-

A gy A R k-

Y St

% A,

g
Wk e
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‘Table 5-5

Analysis of Hydrogenolysis of 2,3-Dimethylbutane over Ruthenium

Equations (5-8) through (5-13)
baramefer_ S Estimated valye ' o
: Ru/A1,0, (200°C) _ o ;
ki £ :
15 0.49 +0.03
Kis *kis . :
Kig/kg - B  0.68 20.15
ty f -
14 ’ 0.79 £0.22 y
iq Tkia
1] 11 . . g
kia/kg - ~ 0.03 £0.03
T ) 0.85 0.09
-
3 . . 0.22 0,16
ky +ky |
ky/ke - 0.001+0.08
-‘k' ’ E3
2
2 0.37
ka: ks _
kll./klt ’ ) 3 .*.10"’5
2/ kg . >

) . ) 1
F4f! N e 1)




' CALCULATED SELECTIVITY

155

® = ETHANE
0«5} ’
V = PROPANE -
. +
¢ = ISOBUTANE
-+
+ = ISOPENTRNE
0-3"’
OIi'-
{ { g
0.1 0.3 0.5

EXPERIMENTQL SELECTIVITY

. Figure 5-10 Experimental versus Ca]culated Se]ect1v1t1es

in the Hydrogenolysis of 2 3- Dimethbeutane over
Ru/A1203 at zoo°c and 1.2 atm.

-
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The experiments were carried out at 245°C with the promoted
catalyst, ﬁt 260°C with the unpromotéd'one. Fig. 5-11 and
fig. 5-12 show thé product distributions as a function of
conversion of 2{3sdimethy1butane."

The data were fifted to the select%vity(equations
(5-8) through (5-13); the estimated parameter values are tab-
ulated 1in table 5-6, and fié. 5-13.and fig. 5-14 show the
goodness of fit iﬁ the form of plots of calculated versus
experimental ge]ectivities._The fit was.much better tﬁan for
rutHenium, the average deviation between calculated and expe-.
rimenta]_se]ectivjtfe§ never exceeds Si.lCalcu1ated selectivi-
ties are jndicated in fig. 5-11 and f%g. 5-12 as so?id lines.
The most remarkable ob§erVation is that theée is a .substan-
tial amoﬁnt of n-butane from both catalysts. The ratio n-bdtaﬁé/
isobutane approaches unity at higher conVérﬁions on the pro-
moted catalyst, while on the unpromoted one the amount of
n-butane exceeds that of ispbutane, the ratio varyiﬁg from
4.0 to 7.0. The se]ectivity %or n-butane passes through é,,
.maximum when p]ottéd versus tonversion, while fhat of isobytane
is rather constant with coﬁversion. The amouﬁt o% methane
produced is slightly larger on the unpromoted cata]yst,‘and_
the amount of i-pentane is slightly lower; this niay be due to
the'différedce in temperature ﬁéqui}ed. The selectivities for
propane are also §ubst§nt1a11y 1$rggr than for the thhenjum
,catalyst. -The values in table 5-6 indicate that the rates of

surface cracking and deso}ptioh of the adsorbed surface spe-
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i
axd

Tabte 5-6

Analysis of Hydrogenolys1s of 2,3-Dimethylbutane over Nickel
Equatfons (5 8) through (5-13)

Parameter f . Estimated value
S Ni-Mg/sic(245°C). N1/SiC(260 c)

k_‘is“e j . . ’ ‘
e l . . 0.53.:0.02 ., 0.39 20.01
kis *kys SV S '

I 4 t .
kis/kg  ; : . 0.46 10,06 0.65 +0.05

. /" 1 < | 0.79.:0.32 " " 0,50 +0.02

,I k“4/k“ : ‘,- 1 0.37 +0.,25 0.08 0,03

20_/ AT 0.64 +0.06 0.9

. k '-"4 L:F . "f { ) '
) ~__r__;__ - .06.39 +0.18 0.13 20.01

}i ' ' Ce . ' )
,k kg 1 0.23 :0.13 0.23 20.06 '

T ) )
o , 0:93 +0.2 )
3 - % ' ’
ky (kg +k3) 0.5 . © 0.55 £0.11
* P . —\ ’ ' ’ , «
b kg /KR . ]0.03 0,01 £0.01
. ' - . -f'.' ’ - 4 -
m f' . 0. - 0. 0.1
mo 0.16 30.78. =~ o0, _
~k2 /(k2 +k2) T 10.41:0.85° 0,60 £0.06
o sk T T 0008 7 0.001£0.02
o S P ‘ : R , ST . ]

:\’Ih”f¥fm oo 0.9941.287 0,98 40.05
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CALCULATED. SELECTIVITY

0sif

H . =1

0.1 : 0.3 o5
EXPERIMENTAL SELECTIVITY

- Pigure 5-13 Calcﬁ1ated veréus Expefimental Se]ectivitiés_

in the Hydrogenolysis.of 2,3- Dimethylbutane cver
Ni- Mg/SiC at 245°C and 1.2 atm.’
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@ = ETHANE '
t ¥ = PROPANE
- .
> 0.3:L
tj a = N-BUTANE
Q L
u o = ISOBUTANE v
TT
0
o = ISOPENTRNE
iTY| ;
g 0.2}
od . ;
b
Q
-J
(2
Q
0.1" )
-4 oy 1 : i
Oni/ '0.2‘ 0-3

- EXPERIMENTAL SELECTIVITY .

Figu}e 5-14: Calcu]aied versus Experimenta?l Se1ectiv1ties in the

Hydrogenolysis of 2 3-Dimethy1butane over Ni/SiC at
zso"c and. 1.2 atm. S )

o T
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/
cies are about equél. to .

' The fact that the amount of n-butane equals or ex-
ceeds that of i-butane may be. explained in two ways: a) i-pen-
tane prefers to react to n-butane rather than to isobutane,
i.e., the sp11tt1ng factors are dlfferent- b) i:butane reacts.
faster than n- butane, leaving more n- butane in the products.

It had been suggested (55) that branched chains are more re-
active than the cosrespnnding straight ones. The change of the
selectivities as a'function of-csnversion suggests.that the
‘ second way may be the'most impprtaht one in this case. In any
case, these resu]ts_ase very different from ‘the ones obtained

with ruthenium in séction 5.3.2 and with isopentane on ruthef
nium (44, 475. , ;f
- A few experiments wese performed at othsr tempers-
_tures—as.shOWn in table 5-7, in order to observe the effect
pf temperature on the‘prodyct d{stribution for both catafysss.
g}hg promoted catalyst is more active than tﬁe dhpromoted.
.. one. The ratio h-butané/isobutane increases with fncreasing
tqmperature for both catalysts, but 1t is a]ways h1gher ﬁor '
-the  unpromoted cata]yst
To compare the-resuits with Kemp]ﬁng's work on iso-i‘
pentane over ruthen1um. a few exper1ments were carried out '
" over Nng/S1C using isopentane, main1y at 248 C. The results p
are tabu?ated in- taple D-10. The product distribution as a .
Jfgqqt}qn“qf_copvgrsipn 'is shown in fig. 5-15, and a few se-

- lectivity- curves at different p?mperatures,fn}fig. 5-16.
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Seleétivity equations derived by Kempling (44), and similar

to the ones used in this chapt r, were applied to the data ‘at
248°c, the estimated parameter _alues are shown in table 5-8,
and the solid eurves in fi -15 are the calculated values

using the 'obtained parameters. The confidence!11m1ts for the

parameters from S; and S, were very large. The results in fig

" 5-15 and fig. 5- 16 agree with those of 2,3- dimethylbutane The

selectivity of n-butane-exceeds that of isobutane, and their
ratio seems to Tnéreesé’wjthfinqreasjng temperature.lThe'a-,
mount of propane obtained ie'afsd eubstantial. The.fact that

) thé~§electiv1t?es of both butanes change in about the same way
as conuersion'increases,suggeets,that spidtting factors are .
responsible for the large amount o? n- butane'prbduced.

5.3.4 2 3 Dimethy]butane ‘over Coba1t

The experimental- data are given in table D 223 the
eiperihents were'carried out at 2279C. Fig. 5- 17 is a plot of
the produCt distribution uersus’the‘conversion of 2,3-dime-
thylbutane. In agreement uith the results.for propane on ‘co-
baIt the amoJ;:grf sma]l products_is 1arge' 1arge amounts of
_umethane are produced and ethane is the second most abundant
“'product The selectivity'of 1sopentane 1s 10w compared to the
' ruthenium and nigkeT cata\ysts. The amounts 6f n-butane and

..isobutane are again approximately equal, the splitting fac-

':tors for cobalt seem to be similar to those of n1cke1 ’ "-f

Equatiohs (5 8)~fhrough (5 13) were nPPiied.ta these 1

-

~
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Table 5-8

Analysis of Hydrogenolysis of i-Peitane over Nickel

«
*

"Equations from Kempling(44)

Parameter _ Estimated value
" Ni-Mg7/Sic(248%C)

) ’ * ‘ )
kig £ /(kjgkig) o 0.2%5_+0.03
(£ (kEgrkh) " 0.46 20:02 |

n4 nd "nd’ . . '_ v i
k;;‘,' A f['5 ' . | 0.42 +0.07

¢
t .
s . —E
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Table 5«9
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Adalysfs of Hydrogenolysis of 2,3-Dimethylbutane over Coba1f .

Equations (5-8) throﬁaﬁ (5-1@{_

Parameter Estimated value

' Co-Mg/Sic(227°c)
ki e/(kio +k¥ ) ©0.21 £0.01
i5 i5 *Xy5 , .21 0.

kis }kE_

(g £k,
kna /kg -
o 1K
kia /kg

L

*
k3 /(_k3 +k3)

Ky /g
m .
A-» ) *

k2 I

. 0460 20.12
. . :
*kpg) . v 0.19 20.01

"0.16 +0.03 °

%*
+ki4) 0.24 +0.07

0.09 +0.01

. 0.21 0,01

©.0.02.£0%01. _

B

"
. * - * *
1 . >
.
L2l B PSR ARSIt G
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‘solid lines "in fig. 5-17 are the calculated selectivities.

Fig. 5-18 is a plot of caTcu]ated=Vereus experimental selec-

tivities; the agreement is géod, everabe deviations not ex-
ceeding 10%. Values in table 5-9 show that the rates of

cracking of the adsorbed species are greater then the rates

on cobalt. A few experiments at other temperatures showed

that,similar to nickel, the ratio -n-butane/isobutane- in-

creeses with increasing temperature. The se]ectivity for

both butanes decreases as the temperature is increased from
260°C to 240°C, but the i- butane selectivity decreases much

more rapid]y

5.4 anexane

5. 4 1. Introduction

n- Hexane has three different types of carbon-carbon

bondét

H

C C c III-C Il C Tc'c

Cracking of bond type I11'yields propane which can crack

_furthef to etﬁane and methane. Type II gives ethane and

, n-butaﬁe; boihyof‘which edn redct further. Breaking of bond

giVee.ﬁefhene eﬁd n-penfdnETWhich can;reaéf’further to give

-of desorption; this situation was also observed for propane

all thepraducts mentioned above. On eickel primarily succes-

~'swe demethylation takes place at tevminal ‘carbon- carbon

bonés to give methane and a hydrocarbon with one less car-

- ———a

bon atom which wi]l react further in the same uay (a-scis-

sion)

[
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i
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" 0407F
1 : i 1 1
0.07 014 0.21
A - EXPERIMENTAL SELECTIVITY:

ﬁ;‘.a.].‘Se'lg.cti\(i‘ties in-the -

~Hydrogenolysis.of 2,3-Diltethyibutane over Co-Mg/Si¢ . _

at 227°C and. 1.2 atm.
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Suep’was the case with n-penfane (53, 547, n-hexdne (51, 125),
qetane and decane (55). At high tempereture and low hjdrogen
pressure, more extensijve érecking took place to give'smangr
molecules (53). On most of the metals of the pfatinu@’group
""the’andsﬂseemed to break almost statistical]yﬁ and on Pt
and Pd fsowerisetion and cycTisation took place as well. Ce~
-balt and iron gave mafn]y methane as the product (54); the
: mechanism could not be deduced with certainty because desorp-
tion of products was slower than the crack1ng, but there were
ind1cat1ons that successive termina1 demethy]at1on occurred on
these meta]s as we]l A sim11ar patterg was observed for Pd .
and Rh with niheptane (120), ruthenium was less selective.
The proposed reaction. scheme and correspond1ng rate-
and splitting constants are shown in fig. 5-19; t the deriva-

tion of the selectivity equations is discussed in appendix’

c.5, theAanalytical reéulfs are: . s .
) ', v * . . T
/ knsde / (kns + kns) . - P , ]
Sn5 = — - — = » ) |
: . f, w , .
. 1+ (kpe/ kedx/(1-x)1 - . _ (5-14)
R .7 . e Q B

o - |~'* * | ' ‘ . ' K "". s
’jﬁn4'/» an4 * kh4)}{£ +f£’f5"5} S

n4 ' ‘ - ’

Cq +(k"4/ ks){x/(l-i)}
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n-As

n-Aq

i

k; =

.

Kn
"Cs<r
kz
C, <
2 3
_ a
*
ke T
g1J£.£'2>
* f
Kns
(1-f
* m
Ky,
1-m
*
k3
*
ko

n-C

n-A5+ Al

n“Au+ A2

2 A,

npAyt Ay

As+ A;
2 A,

A+ A,
Azt Ay

2 A,

adsorbed hydrocérbon species

adsorption rate constant

desorption rate constant

surface cracking rate constant

Tk, K. /(K K
kx X /(kx

X

" gaseous hydrocarbon,carbon humber x

Figure 5-19 Reaction Network For Hydrogenolysis of n-C5'

N
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ké H 1 ’
{2 -2-2 -mf& - mfe - Sn4(1-m)
(ké+k§)
"Sns(l‘mf) }
S3 = -
1 +(kg/ kg){ x/(1-x) } (5-16)
K, , : '
{2 - f2 + m£ + mfl - S375n4(1+m)
(kp+k3) _ , ,
9 ) -Sn5(2+mf-f) }
S2 =
1 +(ky/ kgt x/(1-x) } (5-17)
where x = conversion of n-hexane
Sy = selectivity of product x
k = rate constants as defined in fig. 5-19

Maximum-possible Valués for the selectivities of n-pentane,
n-butane, propane, ethane, and methane.are 1.0, 1.0, 2.0, )
.3.0, and 6.0, respectively. No products.of chain groﬁth'and
isomerisation reactions were obseryed during the experiments

L7~ with ﬁ;hexane. ‘

‘ The. iron catalyst, FeMg/SiOz, yielded aimost exc]ui

g . sively methane, with small amounts of ethane and propane,

B trace% of n-butane, but no n-pentane.

} L . :Q\.-
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The catalyst activity was nearly constant and low, tempera-
tures had to be at least 270°C to observe any reaction.

5.4.2 n-Hexane over Ruthenium

The experimental data, expressed in terms of selec-
tivjties of the products and conversion of n-hexane are tabu-
lated in table D-14. The experiments were performed at 1.20
atm total pressure and at 149°C. Fig. 5-20 is a plot of the
“product distribution as a funciion of‘conversion‘of n-hexane.
A1l the possible prgﬁucts are present, and it appears tﬁat_the
crackiné of the different bonds is almost statistica]]y:'at
low conversion the setectivity of all products is almost
_equal, exceﬁt for methane. At highef conversion more of tﬁg'
smaller products are obtained: methane, ethane and propane.
\Selectjvity equatibns.(5-14) through (5-18) were applied to
these qgta, the estimated paraméters are tabulated in table
5-10, with their approximate 95% confidence 11h1ts; the solid
curves‘in fig. 5-20 are the calculated values. Fid. 5-21 is a
p}ot of the calculated versus the experimenéa1 selectivities’
and ft indicétes fhé goodness of fit. Average deviations do

not exceed 4%. From the values in table 5-10 it appears. that

the rate of surface cracking of the adsorbed species is much..

lower than the rate of desorption, as is commoen on ruthenium

in the other experimenis. The rate of reaction decreases ra-
\‘_kf_,/ﬁzdly as the length of the carbon chain decreases. :

A few experiments were carried out at other tempera-
»

tures to check the dependence of the product distribution on

.
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Analysis of Hydrogenolysis of n-Hexane oyer Ruthenium

Table 5-10

Equations (5-14) thpoughv(5—18)

177

Parameter

Estimated value
Ru/A1,0, (149%¢C)

] k] *
kns £ /(kns +kn§).

i /ks
(2 +fe)/f
ha /%

t ' 1 *
kn4 f((kn4+kn4)
ki /kg

[ ‘| "‘ *
ALY Y
(1+g '+me ' +mfe )

m
2 /%
m

*
ky 7(ky +k,)

(mfo+me' -2 F)

0.

36
.34

.05
.06

;47
.03
.97
.00

.42’
.03

28 i
.96

+0.01

£0.04

£0.29

+0.03

+0.19

+0.09
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Figurg 5-21: Calculated versus Experimental Selectivities in the

Hydrogenolysis of n-Hexane over Ru/A1,0, at 149°¢ and
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temperature. The Eesulte in table 5-11,a) show that with in-
creasing temperature the amount of smaller products increases
ae expected, Fib. 5-22 shows a few selected pfees of selectivi-

Kties at three different temperatures as a function of conver-
s1on, these p]ots agree with the observat1ons of table 5-11,

a). The data of fig. 5-22 are tabulated in tab]e D-24, includ-
ing the se]ectivifies-that are not shown .in the-f1gure.

- Values o% F;S /kg and késl /(kgs + k;s) were obtained by -
plotting 1 /S ¢ versus x/{1-x) at the different temperatures,

" the results are shown in table 5-11,b). The value of k;S /kg
.increases with'inCreasing temperature, indicating that the-

activation energy for the react{on of n-pentane is larger thaﬁ'

that for n-hexene. The values of kézﬂl(ké +‘k;) do not chapge

much. If'random‘eracking is assumed, the value of £ is 0.4,

so that the valeesnof ké /(ké % k;) are always c}ese to uni-

ty; that i;,the ratesef cracking is slow compared to the rate

of desorption. |

5.4.3 n~Hexane over Nickel .u

The exper1menta1 ‘data are tabulated in tables D-20
_and D-17 for the promoted and .the unpromoted nickel catalysts.
The experiments were performed at 255°C and 285°C respective-
ly. P]ots of the product distributions as functions of the |
- conversion bf‘n-hexane are in fig. 5-?3 and fig, 5-24. The
ldata on Nng/SiC eeem te :;ree'w%th the ear1ief observations
that mainly successive demethylation takes place at the ter-

minal carbon atoms: initially the main product is n-pentane,

o



é) Proﬁuct Distribution  from n-Hexane over Ruthenium

Table 5-11

at other Temperétures(Ru/A1203)

. 180

Temp. X Sn5

Sn4

S

Sg

3 1
- 139° 0.24  0.32  0.36 0.49 0.44  0.63
149° 0.42 0.28 0.35 0.49°  0.50 0.74
159°  0.61  .0.21  0.33 0.50 0.59 0.99
170° - 0.79-  0.13 0.26 0.49 0.75 i.33
180°  0.89  0.04  0.16  .0.44  0.98 1.85
'b) .Values of k;srlkg. an& kﬁs 2 7(#65 +k;é)

obtained from blots.of 1 /Sns.Jérsus /(1 -x) at

different [temperatures

s (K¢

139° 149% 163°
0.16 . '0.34 "0.50
0.34 .0.36 0.36

t - ] *
kns L/(kn5+kn5)

:
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and the next most abundant products are iﬁ decréasing order
n-butane, bropane and et2§:€f/0n the unpromoted catalyst more
of ﬁhe smaller prodycts a present, probqb]y/due to the
higher temperature required. The selectivity of n-butane ex-
.hibits a maximum. '

The data were fitted to selectivity equations (5-1})
through (5—18); the estimated parameter vaiues afe tabu1ated
in table 5-12, the solid lines 15 the figures are the calcu-
lated values:. Fig. 5-25 is a plot of the ca]éu]ated versus the
experimental selectivities for the ‘promoted nickel catalyst.
The average dev1at1on_doe§ not exceed 4%. The reactivify of

' the hydrocarbons decreases rapidly with decreasinb length of

the carbon chain. A few experiments were carried out at other

temperatures, the results are shown in table 5-13 for the two .

nickel qatg]ysts. The promoted catalyst is significantly more
active than the unpromoted one. At~1ncﬁeésin§ température,
the selectivities of the smaller products increase as expect-
ed, especially that of methane.

5.4.4 n-Hexane over Cobalt

The experimental data are expressed as se]ectiéiiies’

of thg prqductsaand conversion 6f ﬁ-héxane’and are shown in
~ table D-23; they are also plotted in fig. 5-26. Thé data were
obtaiﬁéd a£<219°c. In aéreempnt with results from cobalt wfth

other feed molecules,'more smaller moleEu]es are obtained.

PN . . ~ . .
The selectivity of methane is high, if compared with the other

catalysts, and ethane is the second'hbst abundant product.

N ————
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Table 5-12
Analysis of Hydrogenolysis of n-Hexaﬁe over Nickel
‘Equations (5-14] through (5-18) ’
Parameter Espimatedovg1ue . : »;

Ni-Mg/sic(2557°C) Ni/sic(2857C) ]
- - 1
- ) -

* < .
kps & (Kyg *kpg) 0 0.42.50.02 7 - 0.28 20.01
kng /kg , 0.46 +0-.07 0:63 +0.06 .

(g'+fe)/f .0.82 +0.19 " 0.52 £0.01

U
Y

k£4 /kg - 0:16 +0.08 . 0.32 £0.03

) .* ‘r ‘. -
Kpg T/0K1a +K o 4) : 0.§5 +0.22 ( 0.49 . 1
Ky 7Kg 0.09 | 0.15.£0:93
T ok SR
k3 /(k3 k3) 0.54 10.4‘3 - 0.9 . .

(k+£') T ‘\\\N_; 0.89 £0.12 1426 $0.1
3 . N ~ * . .

{
- AN

m o, 0. 0.

-

Ky /ke 001 0.0i

2

‘ * - )
ks /(kp.¥ky) - 0.33 . 0.71 20.05

~
.
. .
.. L
RN I SSRI ~
N

(mfgrme' -Fg) . . -=D.57 : L ..

(1-f) LT 0,58 - PN

T

r
L4
R B L e
)

< v
Mo RPN
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1 - ]

1
1 0.2 . 0.3
EXPERIMENTRAL SELECTIVITY

Figure 5-25: Calculated Qeréus Experimental Selectivities in the -
Hydrogenolysis of n-Hexane over Ni-Mg/SiC ai 255°¢
and 1.2 ai:m.
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This result suggests strong]y‘adsorbed species that tend to
crack furthe} rather than desorb.

The data were fitted to the selectivity equations
(5-14) through (5-18), using nonlinear least squares. The
resulting estimated parameters are shown in table 5-14, the
solid Tines' in fig. 5-26 are the calculated values. The aver-
age deviations between the calculated and ekperimenté] values
do not exceed 7%. The parameter eétimates confirm that the
desorption step is slower than the erackiﬁg step on cobalt
for the adsorbed species involved here. The reactivity of the
hydrocarbons decreases rapidly with decreasing length of the

carbon chain.

5.5 Discussion

The hydrogenolysis of the three hexanes was studied
over the same .four metals that were used in the experifients
with propane.The tatalysts supported oﬁ the low area supports

were used (excgpt ruthenium), because they caused less pres-

- sure drop and were less 1ike1& to cause d1ffusiona1‘prob1ems.'

" The effect of a structural promoter was studied by using the
magnesium-promoted and the unpromoted nickel caéq]ysts; Kine-
tic experiments were not made since.the catalysts lost activi-
ty too rapidly in most cases. Some kinetic results were ob-
tained ngverthé]ess. Logarithmic plots of rate versus partiq]
pressﬁre of hexane give.an estimatg of the order of ;he_ieaq-
_tion w{fh Eespect to. the hexaﬁe, because the eiperfments were

isothermal and the hydrogen paftia1 pressure did not vary

e Vs s

PR L AR

T s 1




Table 5-14

Analysis of Hydrogenolysis of n-Hexane over Cobalt

Equations (5-14) through (5-18)

190

‘Estimated value

Parameter o
Co-Mg/SiC(219°C)
) 1 *
kng £/ (kle +k o). 0.16 %0.01
kng /kg : 0.39.£0.07
(L'+fR)/f . 1. .
| Kna 7kg . C . 0.14 x0.04
'l ] * - . .
Kng T/ (kpg *kpg) 0.14 +0.01
k3 kg . 0.09
; " * .’///
ky /(ky +kg) _ 0.14 :0.06 _
(e+2") - . - 0.79 +0.47
m ' ‘ : 0.
ky /kg S 0.04
' L sk 0.2 2
ky /(ky +k,) | | 0.21 0.1
(1-fe) 0.51 £0.67

e s et Vi kg Y

mppt s sy e
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much (excess of hydrogen). These plots were always nearly
linear and gave values pf the exponent varying from 0.5 to
1.1. The hydfdgen exponent'éould not be determined in the
same way because the partial pressure of the hexane varied
over a much wider range, and the plots were not Tlinear. It
was Oobserved thqugh_that the 6rder with respect te hydrogen
was again negative for these reactions;

The data of the expériments with isopentane over o
NiMg/SiC were fitted.tq'the power rate law; no deactivation
of the catalyst 6ccyrred_in this case. The orders 6f reaction
with respéct-to hydrogen aqd isopeniane were (-1.6) qnd 0.8
. respectively, and the activation energy 43.3 kcal/mol (181
kd/mol), X much Tower value thaq thaz for propane on the |
same catalyst. From. the values of these exponenté, a value of
"a", the degree of unsaturation of the surface comp]ex, was
.Ealculated similarly as in chapter 4. The value is 2.0, i.e.,
phe adsorbed species. is*missing -4 hydrogen atoms, suggesting,
1,2-d1ad30rption at the tertiary carbon -atom-and a terminail
carbon atom, which would exp]ain the large amount of n -butane
gbtained in the products. On ruthenium (44), the va1ue of "a"
was found to be 2.5, "and the mechanism-was explained as 1,2-
diadsorption at the opposite end of. the _chain from the terti-
ary carbon atom The main product was 1sobutane ’ ‘g

The Qeactjvapion process had 11ttle or no effect“on
the selectities of the réactibns; ;hé}efore thg atteéntion was

»

focused oﬁ the product diétributions.
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.0.
Experiments were carried out at constant temperature and to-

tal pressure, and as wide a range of conversion as possible.

For practical reasons, the conversions were not greater than

@0% or much smaller than 10%. The product disfributiong were
applied to the reaction networks, derived in appendix C. The
selectivity equationé.wehe derived assuming no specific rate

]imiting step; adsorption and desorbtion were assumed to be
reversible for all hydrocarbons, and rupture of th;-carbon-
carbon bonds: irreversible. A11.tﬁe reactions ‘were assumed to
be first ordér in the hydrocarboﬁ involve&,,and the effects
of hydrogen p&rtia1 préssure were ihcérporated in thé rété ‘
constants. The &ata fitted éhg equations very well, as is
shown by the p]ot§ of calculated versus experimental selecti- ] ‘a
vities (figures 5-6, 5-10, 5-13, 5714, 5-18, 5-21,-5—25).

.A measure of.thezgoodness of fif was defined as in chapter 4,
o equation (4-25,'using the resianI sum of squares after

fitting the selectivity data. A summary of these results-is“

qiven in table 5-15. The f}ts are satiéfactory; they are only
poor, if the experimenta] selectivities are small. The values
' obtafﬁed for the parameters were in.most cases acceptable and
agreed with observations on the produkt dis?ributﬁons'aé
functions of conversion. These two f;cfors combined suggest
that the proposed reaction networks are a satisfactory way of
reprgsent{ng the compiex seduence'of reactions 1n‘the hydr&-f

genolysis of these molecules. - \
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-k

J Table 5-15

Average Deviations between Calculated and

Experimental Selectivities

Expressed in %, using equation (4-2)

2,2-Dimethylbutane

Ru/A1203 Ru/A1203 Ni/SfC Ni-Mg/ Co-Mg/ -

(185%c)  (200°C) Sic Sic
Snes 2 3 4 2 5
Sia 40 5 : .g ' 4 27
S.n4 . - - .52 . ;: -
53 - - 50 sl 10
5 34 15 2 - - 71 ' 10
. ' - .
2,3-Dimethylbutane
Ru/A]-203 Ni/SiC N.i-Mg/SicC Co-Mg/SicC
S 8., 5 | 5 : 10
Sig - 5 8 . 3 6
53' 13 4 4 3
S, 21 5 8 - .6
n-Hexane
Ru/A1,0, Ni/SiC Ni-Mg/SiC  Co-Mg/SiC -
S,5 4 4 4 - 7 .
Sna ‘2 4 2 6
S3 2 4 2 4
S 2 3 4 6
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The iron catalyst produced almost only methane,‘ae'
was found in the exﬁerimeﬁts Qith propane. Apparently the
hydrocarbon species are adsorbed\very strongly on.iron. The
only experimenps that showed appreciabie amounts of other -
products were those with 2,2-dimethy]butaﬁe, neopentane being

obtained inh relatively large amounts. Neopentane is clearly

not very reactive, so that it has a good change to desorb in-

stead of reactiné further. This'result was observed on the
other cetalysts as well, the selectivity for neopentane was’
always large, near unity, especia11y at low conversions. The
one exception_wae the unpromoted nickel catalyst, but the
temperature for this catalyst was much higher, almost as high
as that used for the iron caﬁa]yst.’ '
Using 2,3~ dimethylbufane as feed'hydrocarbon, ne
n-butane was .obtained over ruthenium, in agreement with ear-
'11er ﬁesu1ts (44, 47)_ Over .nickel and cobalt,however, the |
amount of n-butane usually exceeded that of isobutane, and’
the1r ratio 1ncreased w1th 1ncreas1ng temperature. This was
confirmed by us1ng 1sopentane as feed over the nickel cata-
lyst. Clearly a d1fferent mechaq1sm is operable in the adsorp-
tion'andzon rupture over nickel compered to ruthenium.
Indications are that on nicke1'adsbrptioe is principally at
the tert1ary carbon atom and a terminal carbon atom; this
type of adsorption should 'yield n- butane This also agrees
with observations that branched hydrocarbons are.mbre;reaCJ

tive than straight ones over nickel (55).
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195 .
‘On ruthenium, branched hydrocarbons are Téss reactive‘(44),
and the adsorption of isopentane was suggested to be primari-’
1y. at the;straight seceion.of the -chain. Cobalt behaves 1ike
nickel, but produces more smaller products. The adsorption an
cobalt 1is strangerf but not as strong as on iron. The results
'with n-hexane indicate that .there is close to random splitting
-over ruthenium, while ,on nickel and cobalt the spfitting is
preferential]y at the terminal earbon-carbon bonds.

Three types of parameters were obtained from the
selectivity eduations The paraﬁeters had good confidence
limits for the equatlons of S5 and S4, and somet1mes for S3,
but the. equat1ons for -the sma]]er products, S and usually
S3, gave values with large confidence limits because of an in-
creased number of parameters and large corre]at1ons between
-them. The first type of parameters are the groups k /(kx + -
k;), where k and k are the rate constants for desorption
and cracking of the adsorbed species of hydrocarbon X, respec-
t1ve1y Because.both reactions were assumed to be first order
in the concentration of adsorbed hydrocarbon, .the rates of
desorption and cracking-vary direct1y with the values df
éhese rate constants. This type of parameter must have a var'
lue between ;ero_and un}}y. in hydnogedolysis‘reactions the
rupture of "the carboh-carbod bond -has oftea been shown.eo be
the#sldwest step (24, 44, 53), and the parameter k; /(k; +
k;) will then have a va]ue c]dse“id unity;‘A'summary of the

values of this banameter,,obtained from the different cata-
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l}sts and using all ‘three feed hydrocarbons, is shown in table
S—lsl In some cases thé parameter could ‘not be separated from
. other parameters. Onfy for ruthenium are the values close to.
unity in most cases, indicating that desorption is fastér than
‘cracking; with 2,3-dimethylbutane though, this i5 not so be-
cause of the higher temp;rature u;ed‘in the experiments. On
the nickel cata]ysts,:the rates of desorption and cracking are
about equal, and on éqba1t fhe rate of cracking is usually
greater than that of desorption. These results agree with ob-
sefvations that in the sequence, ruthenium-nickeT-coba1t-iron,a
. the amount of smaller molecules .in the product increases; in
this sequence the strengtﬁ of adsorptiqn of the hydrocarbon
species increases. fhe parameter for neopentane is large on
@l] catalysts, which agrees'with the fact thafxneopentane is

. not Very reactive, and k: is relatively small.

eb .

The second type of pa%ameter¢obta1ned are splitting
factors, representiqg the probabi]ify that‘h particular bond

| will.break in a molecule with différént types of carboh-carboq

. bonds:. Ihese parameters must:aiso be between zero and unity, &

because the cracking is assumed to be irreversible. For 2,2- J

Himethylbutane, the value of "£" was close to unity for all

cafalysts; thus most of the reaction took place in the ethyl

end of the molecule .and producéd nedpentane.;Quaternary car-

bon atoms appear to betvery stable. For 2,3-dimethylbutane,

the value of “g* was also close to gnitylfor all cata]fsts,'

indicating that the central bond is not 1iké1y to break; the .

¥ .
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Table 5-16
Summary of Desorption-Cracking Parameters

2,2-Dimethylbutane

Ru[Alzo8 Ni/SiC Ni-Mg/SiC Co-Mg/SiC
(185%c)(200°c)  (290%c) . (265°cC) (2a45°¢C)
. +* .

Knes/{kies*kpes) 0.93 0.88 °  0.53 0.77 . - 0.98
. n ‘

kig /(kig4 +ki4) 0.34 0.43 0.35 0.50 0.19

> * . i
k3 /(kz tkj) - - 0.48 0.35 0.14
. * N . . .

ky / (kg +ky).o. 0.86 0.99 0.49 0.52 0.11

2,3-Dimethylbutane

Ru/A1,0, Ni/SiC- - Ni-Mg/SiC Co-Mg/SiC
_ (200°¢) (260°¢C). (2a5%)  (227%)
. .
kig /(kig *kig) © 0.58 0.43 0.57 - 0.30
. .
kg /(kg +kg3) 0.22 0.55 . 0.50 0.15.
* : . . .
ky /(ky +ky) 0.37 0.60 0.41 0.21
. _ -
n-Hexane _
Ru/A1,0, Ni/SiC Ni-Mg/SiC Co-Mg/SiC
(149°¢) (285%) - (255°%C) (219%C)
: *
3 /(ky +kg) 0.97 0.90 . 0.54 0.14
* .
ky /(ky +kp) 0.96 0.71 . 0.33  0.21
Propane
Ru/M 50 ~Ni/sic | Ni-Mg/sic
N (180°)(150°))(277°) (292°) (305°)|(251%) (266°) (281°)
ky / (k) %kZ) 0.98 0.99 | 0.71 0.56- 0,845'(0.77 0.67 0.50

-
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~initial reaction is most likely the.removaT of a methyl group.
The sp]ittiﬁg factors of isopentane could not be separated
from the data of 2,3-dime£hy1butane, but the product distri-
butions ‘suggest that on ruthenium most of the cracking is in
the Straight section of the molecule to yield isobutane. On
nickel and cobalt the methyl groups at the tertiary carbon
atom are removed as rapidly as the methyls at the other end
lof the m01e6u1e. For n-heXane, the splitting factofs could
only be separated for rut:éhjgm, values of "&" (0.35) and of
ng'v (0.43),for the splitting factors of n-hexane, indicated
that splitting of the different bonds was almost at random;
the expected ‘values. in that case are 0.4 for both parameters.
fhe estimated value of "f", the splitting factor of'n-pentane,
is 0.62, aéain-c]ose to the expected value for statistical.
sptitting, 0.5. Two ?stimates of "m" were obtained, the split-
ting factor in n-butane. In case of random splitting this .pa--
rameter should have the value 0.33, the estimates were 0.24
and 0.42. The produet distribution on nickel suggests that on
this metal the splitting is prefereniia]]y at the terminal
karbon-carbon bonds,-as has ‘been” shown in séverpl previous

studies (51, 53, 54, 55). .The same pattern appears to -

"hold for cobalt, but the results are less obvious because the .

adsorbed products are 1ikely to 'react further rather than to

desorb.

-

‘The final type of parameter obtained are the groups

ky / kg, representing the ratio of overall rates of hydrogen-

-

e omo
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olyeis of product x and fhe-feed hyﬂrocarbdnﬁ This {é aéain
SO because ihe elementary steps in the‘regctjon§ were assumed
to be first order in the hydrocarbon species involved. The
estimatedbparamecer}va]ues are summarized in table. 5-17. In
general the rateskb} hydrogenolysis.decrease'rapid1y as the
number of carbon/étome of the melecuTé~decreases, with .the
exception of neopentane which neacts slower than.j;s products.
with one exceptibn the feerhydracarbon is always meré reac-
t1ve than any of its products. On ruthenium the decrease of n\
reactivity with carbon number 1s,1argest, over n1cke1 and
cobalt it is more‘graddal. If this parameter becomes Very

small, the value can not be estimated accurately because of

. the nature of the selectivity equationi. The.eduationglﬁre

not sensifive to this parameterfif it has small values?-unless

L Te

the conversion of the feed hydrocarbon is very 1arge.
For ruthen1um the hydrogeno]y51s reactions _were fast-

er for normal hydrocarbons than for branched isomers of the

t

‘'same carbon number (44, 47), wh11e on n1cke1 the opp051te was

" found (55), for kydrocarbons with tert1ary carbon atoms. The

present data confirm this observation: the temperature re-

" quired for n- hexane was much 1ower than that for the branched

.hexanes ovwer .the ruthenium cata]yst. On the nickel catalysts

this was not the case, and the rates of hydrqgéno?ysis of
isobutane and n-butane also were about the same. The sequence
of activity of the.catalysts can roughly be estimated from -

o .
the temperatures required for the reactions. The promoted

-
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Summary q% the estimated values of the rat

Table 5-17

o

200

ios of

overall rates of hydrogenolysis of products and feed

knes/kg
kia’kg
Kna/ kg

SN TIY.
ky /kg

kis/kg
kia/Xs,
kna/
k3 /g
kz /g,

Kns/ ke
“na/ ke
ky /kg
s IRy

¥

Ru/A1,0, Ni/Sic
(185°C) (200°C) (290°¢)
0.01 0.01 0.09
0.01 0.19 1.2
- - 1.7
- - " 0.25 -
1% 0.01 0.04-
2,3-Dimethylbutane
Ru/A1,04 Ni/SiC
(206°¢) (260°¢)
" 0.68 0.65
° 0.03 0.23
- '0.08
- 0.001 0.01
1072 0.001
n-Héxhne
Ru/A1,04 Ni/siC
(149%C) (2859C)
0.34 0.63
0-.06 0.32
0.03 0.15
0.03 0.01

2,2-Dimethylbutane

s

Ni-Mg/SiC
(265°¢C)
0.07
0.62.
0.04
0.03

Ni-Mg/SiC
(245°%¢)
0.46
0.23
0.37
0.03
0.005

Ni-Mg/sicC

(255%¢)
0.46
0.16
0.09
0.01

Co-Mg/SicC

(245°¢C)
0.06
0.64
0.30
0.02

Co-Mg/$iC
(227°%¢)
0.60
0.50
0.16
0.09:

. 0.02

Co-Mg/SicC

(219%)
0.39,
0.14
0.09

0.08
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nickel catalyst was always more active than the unpromoted
.one. The sequence of activity of the different metals was the
same_for all the,hydrocafbons used: Ru > Co > Ni > Fe, and
this sequence was also found for propane in chapter 4. The
sequen%e of reactivity of the feed hydrocarbons depended on
the metal used. On ruthenium n-hexane was most reactive, 2,2-
dimethylbutane, 2,3-dimethylbutane, and propane were about‘
equally reactive. Over nickel 2,3-dimethylbutane was most re;
active, n-hexane and 2,2-d1methy1but;ne were about equa}1%3 °
reactive, and propane had the lowest activity. bver coba]?
n-hexane was slightly more reactive than 2,3-dipethy1butane
followed by 2,2-dimethyibutane and propane. On iron n-hexane
was much more reactive than the otﬁer three molecules, which
had about equal reactivity.

Some of the selectivity equations simplify as the'
conversion approaches zero; for instance a value for the
group of parameters { két /(ké + kg)_} in the selectivity

equaéions for pentane (1ike equation (5-14)) can be obtained
directly frém the initial product distribution. With 2,2-di-
methylbutane, parameters for isobutane and‘propane cah be
obtained direct]y.from the initial djstribdtion also. All the
. parameters obtained in this way agreed very closely to phose-
obtained from the non]jneér regression programs, This is an

indication of the vaii&ity.of the technique used.

A few parameters can be obtained from different sources,

and the different estimates can then be compared.
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Unfortunately, the only parameters that can be considered are
those of ethane and propane, and these have the largest de-
grees of uncertainties as has been mentioned before. Table
5-18 tabulates three parameters that were determined from se-
veral different sources. k; /ké and k; /ké are the relative
rates of cracking and desorption of an adsorbed C2 and C3
specjes and are determined from the values of k; /(k; + k;)..
Values of k; /k; indicate the relative rates of hydrogenoly-
sis of ethane and propane; these values from hexané tests are
determined by d%viding k; /k; by k; /k;. The temperatu}es
at which the bxperiments were performed are included in the
table, and differences in temperature should Bg considered in
coﬁbaring.tﬁe parameters. With a few éxceptions, the parame-
_ﬁers from different sources are self-consistent. Values of
k;/ ké are very small. for ruthenium, around unity for nickel
and larger for cobalt. Values of.k; /k; 4150 were very small
for ruthenium, and somewhat larger for the nickel anﬁ coba]t
catalysts. It has been known.that-hydrogeno]ysis of ethane‘is
much. slower than that of propane over a number of metals. The

parameter values were not accurate enough for evaluation of

the temperature dependences quantitatively.
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Comparison of Parameters from different sources

* ]
Ak /Ky

Source .
(feed hydrocarbon)

Propane

n-Hexane

2,3-Dimethylbutane

2,2-Dimethy1butahe

Source
(feed hydrocarbon)
n-Hexané
- 2,3-Dimethylbutane
2,2-Dimethylbutane

w

Ru Ni
(1,%) (1,°C)

.01(150) 0.4(277)
.02(180) ~0.8(292)

1.2(305)
.04(149) 0.4(285)
.7 (200) 0.7(260)
.1 (185)

, 1.0(290)
.01(200) ,

Ru Ni

(1,°9¢) (7,°C)

.03(149) 0.&(285)

.6 (200) oﬂg(zso)
1.1(290)

Ni -Mg Co-Mg
(1.°¢C) (1,%) .
0.3(251) 4.0(245)
0.5(266) 4.2(255)
1.0(281)  4.2(265)
2.0(255) 3.8(219)
1.4(245) 3.8(227)
o.9(éssi 8.1(245) .
Ni-Mg Qo:Mg
(1,%)  (1,%)
0.9(255) 6.1(219)
1.0(245) 5.7(227)
1.9(265)  6.1(245)
éontinued-
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C. ky / ki

3
Source ’ Ru .
(feed hydrocarbon) (1,%)
0.03(150)
Propane 0.01(180)
n-Hexane 1.0 (149)

2,3-Dimethylbutane 0.02(200)
2,2-Dimethylbutane

Table 5-18

(continued)

NP
(1,%)
1.4(277)
0.3(292)
0.2(305)
0.1(285)
0.1(260}
0.2(290)

o O o o e o

- Hi-Mg
(1,%C)

.1(251)
.6(266)
.3(281)
.1(255)
.2(245)
.7(265)

Co-Mg
(1,%)

.7(245
.3(255
.6(265
.4(219
.2(227
.1(245

)
)
)

— et e
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shown taqge negligible ﬁnder the reaction conditions. A gas

Chapter 6

CONCLUSIONS

The hydrogenolysis reactions of propane, n-hexane,

2,3-dimethylbutane, and 2,2-dimethylbutane were studied over '

catalysts of ruthenium, nickel, cobalt, and iron. The metals

were impregnated’ both lTow-area supports and high-area

subports, and“some of the nickel, cobalt, and iron-catalyEiS'
contain magnesiumoxide as a structura]fpromoter. The hefa]
loading varied from 0.5 to 20. weight peréent. The cat&]yﬁts

and the supports were examined using nitrogen ad§orpti3n at

- 78 K, hydroggn adsorption at room temperature, X-ray tine

broadening, and electron microscopy, to determine theﬁr'
physical p;opqrﬁies. The total suréace'area and-the metal
surface areg were measured, and in one case the pore‘d%strii
bution and the. metal particle size distrjpution:

A récyile-type differential reactor provided close

to ideal mixing, and physical- transport limitations were )

2

_chromatographic system wasiable to‘separéte and ‘measure all

tﬁe reactants and products.‘No products of isomerisation- and
chain growth reactions were observed. Th§ unpromoted iron

détaTysts lost their:activ{ty very quickly and could not be

205
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\reactivated. The promoted iron catalyst had nearly constant
but low act1v1ty The promoted catalysts of cobalt and
nickel were more active than similar unpromoted ones, in
fact the promoted catalysts on the low area supportsrwere as
active as the cata]ysts on the high area supports but the9
contained about three times as much -metal. The d1fferent

supports used d1d not seem to 1nf1uence the. activity of the

catalysts. The sequence of agtxymty of the metals was ruthe-

nium > cobalt > nickel > iron. For the hydrogeholysis of pro-
pane), thegreaction order in the hydrocarbon was uhity or
s]ight1y smaller over al]'the cata]ysts The hydrogen order
varied from small pos1t1ve for iron to Targe negat1ve for
n1cke1;.and the act1vatvon energies varied from 93 to, 217 kJ/
mol. A compensation effect appears to be operable. In a]l
cases it was noticed that with increasing temperature the '
hydrogen exponent jncreased. The number of hydrogen atoms
lost on adsorption of the hydrocarbon was cé]culatedvacoord-
ing to.the mechanism of.SinfeTt;,l,Z-diadsorbed species were
suggested. The hydrocarbon orders in the reactions with the
hexanes were also close to.unity and the hydrogen pressure
had again a negative effect on the reaction rate, but this
’cou]d not be determ1ned quantitative]y The ‘order of react1-
vity of the four,feed mo1ecoles depended on the metals, but:
in general n—he;ane was most reactive an& propane was least
reactive. ) '

The.prodoct distrfbutions of the reactions were ana-
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P

lyzed using selectivity equations that werz based on revers-
ib]e_adsorption and desorptién of all hydrocarbons and ir-
reversible rupture of the carbon-carbon boﬁds; no ra?e’
]imiting step was assumed. The amounts of smaller molecules
%p the producfs increased in the sequenc; - ruthenium,
nickel, cobalt, iron -, and also with iﬁcreasiné temperature
and conversion. On ruthenium the surface splitting reaction
was much slower than the desorption, on nickel the two rates
were about equal, and om cobélt the desorption was slower.
This probap]y is du@-to different modes of adsorption on thg
different metals. The rate of hydrogenolysis decreased as
the carbon number decreased, ;nd‘this-wds mést Aoticab]e
over ruthenium. thhenium preferred to attack the strhight'°
"section of the chains, and in stra1§ht'cha1ns the splitting
of different carbon-carbon bonds-was a]most.statistjcaf]y.
Nickel and coba]i prefe}éhtially attacked the terminal car-
bon—carpbr bonds of the molecules, énd there was no prefer-
ence %or'splitting methyl-groups attachéd fo secondary or
tertiary carbon atoms. Qu&terhary cafbon atoms were very
stable over all cata1ysts;.wh11e tertiary ones were rela-
tively stable on ruthenium,'but not on nickel and cobalt.
The parameters‘obtained'froﬁ thé_selectivity equations-were
consistent with other observations and with previous work.
Thg fit of the data to these equations was good.

//
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APPENDTIX A

ANALYSIS BY GAS CHROMATOGRAPHY

During the firsi part of the experiments with pro-
pane, one chromatograph was uéed to separate hydrogen,
methane, ethane, and propane. This unit was a Varian 1520 B
- Temperature Programmable chromatograph with helium (high
purity, Matheson) as carrier gas and a 2m boropak Q (50-80
mesh, Waters Associates Inc.) column. Poropak Q is a borous
polymer from ethy1v1ny1benzenes and styrene, surface area
500-600 m2/g, pore voiume .34 g/cc. It does not have strong
adsorptive sites which usually cause tailing, and no liduid
phase bleeding is poesible. Poropak Q is staﬁie up to 250°¢.
A six-way linear gas sampling valve from Varian-AErograﬁh,
with a'sampie ]ooé'of 0.2 cc was used. One of the problems
with this setup was that the thermal response of hy&rogen in
helium i$ not a linear function of the concentration (104,
105), the thermal conductibity of helium-hydroéen'mixtures'
exhibits a minimum at 8% hydregen and 92% helium. Very sma]i
samp]e loops had to be ueed to avoid sp]itting the'hydrogen
peaks into three parts (104), and this limitation decreased

the sensitivity for the other‘components, which were present
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in the mixture in smaller amounts, The sensitivity of.hydro-
gen in helium is also very low, because the difference in
therma1>conductivitiés'is small., The calibration for hydrogen
was not satisfactory, the c§1ibration curve not being linear.
Deviations from linearity were especially large if the efflu-
ent stream contained more than 90% hydrogen, which was often
the case.

(Td avoid problems of this txpe, the'analysis éystem

was changed for the experiments with the hexanes and the

'propane experiments with the low area catalysts. In the new

setup, two Varian 90-P gaschromatojraphs were used with-
isothermal columns. -The first column was a-2m (0.64 cm 0.D.)

coconut charcoal column(80-100 mesh), and argon (high purity,

Union Carbide) was used as a car}ier gas. The sampling yalve'

had a sample loop of 0.6 cc. This column separated hydrogen
from all the hydrocarbons, which had very 1oﬁg retention ti-.
més. The response of-hydrogen in argon wa; found to be lingai
witﬁ concentration, and the sensitivity was férge. After the
hydrogen peak was recorded, the integrator was sw1£ched to .
the second chromatograph, which contained a 2m Poropak Q
column (0.D. 0.64 cm); a sample loop of 0.5 cc; hydrogen
(prepurified, Mgtheson) was used as a carrier gas. Both car-

rier gaséé were dried with 4A molecular sieves.
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A second sample was taken here from the effluent etream at

“the same time of the first sample, andkan.emoty column of

4m (0.D. 0.64 cm), before the Poropek Q.co]umn,\retained the
gases for about two minotes, until the hydrogen peak had
been integrated and the system was switched to the second
chromatograph. Because hydrogen was the carrier gas, the
hydrogen io the sampie did not disturo the second part of
the chromatogram. The Poropak column.cou1d separate all che
products that were possible in these experiments: methane,

ethane, propane, ¥so- and n-butane, neo- iso- and n-pentane,

" 2,2-dimethylbutane, 2,3-dimethylbutane and n-hexane; al}l

"within 28 minufes Ca1{brations of all the hydrocarbons were

checked with 1iterature values of thermal, response factors
(103), and were found to agree well, usually w1th1n 3%. To-
check for the linear response of the different components,
binary mixtures were analyzed, of hydrogen, methane, ethane
propane, and isobutane, cover1ng a w1de range of. composi-
tions. The agreement w1th the response factors obtained from
the pure components was always good, less than 1% dev1etion.
The résoonée factors for the liquid hydrocarbohs,were ob-
taioed from a range of mixtures of the. hydrocarbons with
hydrogen and propane. The'thermal responses-were all linear
with concentration, and the calibrations were checked regu-
larly. ' )

Taole.A-} shows toe conditions of operation of the

two *gas chrqmétographs, table A-2 the retention times and
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Table A-1

Operating Conditions of Gas Chromatogrqphs

220

G.L.C.I(hydrogen)
Varian 90-P

2 m chércoa]
79°C

123%.

80°c

100-mA

Argon

50 psi

67 cm3/mim
25 cm3/m1n

1

.G.L.C.II(hydrocarbons)

Varian 90-P.
4 m empty
Fo1umn 2 m Poropak Q-
Column temp. 166°¢C \

Detector temp. 193%
Injector temp. 122°¢C

Filament current 200 mA

Flow rate Ref.’

Attenuation

Carrier gas Hydrogen
Pfeésure 50 pSi
“Flow rate 76 cm3/,min.

29 cm3/min

1
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Table A-2

221

Retention Times and Thermal Responses of the Components

component, * 10

5

Component Retention MW, Boiling Igzgggz(a) Thermal
time . point tivity *10° Response
{min) (°c) (cal/s,cm,°C) Factor(p,c)
Hydrogen 0.65 2 1 471. 0.169
Methane 2.25° 16 -162. 89.3 - 0.278
Ethane 2.7 30 - 87. 58.3 0.202
" Propane 3.8 44 - 45, 48 .3 0.161
- Isobutane 5.7 58 - 12. 44.2 - 0.138
" n-Butane 6.4 58 - 0. 43.2 0.133
Neopentane _ 8.9 . 72 10. 0.117
Isopentane - 11.2 7? 28. 0.115
n-Pentane ©12.4 72 36. 0.113
2,2-Dimethyl- 19.6 86 50. 0.104
butane ‘
_2,3-Dimethy1- 22.6_ 86 58. 0.106 -
butane _ _ )
n-Hexahe 25.5 86 68: 0.101
(a) at.48.9°C ’
(b) 3% . ’
(c) defined a§ tﬁe inverse of the response”of ;he bdre.
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the_response factors of all the components, and tig. A-1

is an example of a chromatogram with all the products pre-

sent, ThiS'chromatogram is plotted using a 1ogar1thmic scale.

The chromatograms were analyzed with a Hewlett Packard
Integrator (3380 A), which was programmed to 1dent1fy each
possible component, based on retent1on time, and also con-
tained the calibration factors. The integrator then calca-/
Tated and'printed the normalized composition of the .gas /
sample. This printout is shown in fig. A-1, as well as the
’settinos of toe integrator To avoid effects of gas flow.
through the samp]e loops, the eff1uent gas was sw1tched to

bypass the loops just before the samples were taken, so that

the samples mere always at atmospheric pressure. The tubing,

" in the complete system, including the effluent lines and the

sample loops, were heated with heating tape t6 avoid conden-_~

satton; the temperatures-of the lToops were about 80°¢.
Sensitivity and accuracy in gas chromatography are
'1argest 1f the thermal conduct1v1ty of the carrier gas-.and’
the component to be measured are as far apart as poss1b1e,‘
and if the thermal conductivity of the mixture is linear
with composition. A number of values of thermal conductivi:
ties are given in table A-2, and if they are compared with
the values at the same temperature of argon (45- 7) and
,hydrogen (471), 1t i's evident that the present system com-
bines a maximum sensitivity with the ability to separate all

" the components very well.
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APPENDTIX B

CALCULATION PROCEDURES AND KINETIC MODELS

B.1 Caldculation of Conversion, Selectivity and Rate of
Reaction

The composition of the effluent éas was representa- ;'

tive for the composition of the gas in the reactor once
steady state was reached, since the reactor was a differen-
tiai one. All the rgactions are equimolar, so that. the efflu-
ent flow rate also represehted the feed flow rate and that through the
rﬁactbr.Other meésdred vériab1es, except for effluent flow rate
and composition, were reactor tempeéature and pressure. In
ca[culafing the pért1q1 pressures‘of the components, ideal

gas behaviour was assumed. The fractional conversion, Xn’ of .
‘the féed hydrocarboh was defined. as the rafio‘of the moles of
"feed hydrocarbon reacted and the moles of feed hydrocarbon

supplied to the reactor; fhe following gene%alizgd equation

was used:
N M .
*n = IogYy - Iy Yy ' - (B-1)
=1 R L3
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where X = fractional conversion
J = series of integer numbers representing the

different products in the effluent

Yj = mole fraction of hydrocarbon j in effluent ?
nj = carbon number of hydrocarbon j ’

N = total number of hyﬁrocarbon products |
M =’(N+1), includes the feedfhydrocérbon E

Only hydrogenolysis reactions were considered, and it was

assumed that no significant amounts of carbon were deposited

Wd SRR A sun & AP

. on the catalyst, so that a:carbon balance over the reactor
was valid. The se1ectivity‘si,’ﬁor a reaction product i, was
defined as'tﬁe moles of that product formed per mole of feed

hydrocarbon consumed, and was calculated from

Y3 o (8-2)

where n number of carbon atoms of feed hydrocarbon
The fate'of,reaction, r, of a feed hydrocarbon was caThulate&

in moles per second-gram of catalyst:

c N S S
ros— I gy /. (Be3) ,
Wooo§=1 . q.
where F = effluent flow rate (mol1/s) ;
W = ;ﬂeight qf catalyst (g). ;{%
: , g

> ,,[‘-F.
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The rate data can easily be converted to other units,’sucﬁ as
per weight of metal or ﬁer metal surface area, using the re-

sults of chapter 2.

B.2 Parameter Estimations

Parameters in the power rate law (equation (4-1))

and in several mechanistic rate equafions (described in
appeﬁdix B.3) were estimated from the kinetic data, while the
selectivity data were used ﬁo calculate parameters in selecti-
vity equations for ethane in the case of propane hydrogenoly-
sis, and for ethane through pentane in the hexane hydrogeno-
lysis reactions. The best estimates of fhe parameters were -
ﬁaken to be tﬁose that minimized the sum of squares of the
differences between the eiperiménta1 and—calculated values of
‘the rate or seaectivity. Nonlinear least squares analysis was
used in all of these parameter estimations. In some cases
parameters were also obtained by using linear least squares
and a linearized form of the rate- or se1ecfivity equation,
or by plotting a linearized form;,these results were always
very close to those obtained by the nonlinear program.

' A general non1inea; equation can be représénted by

(79,-80)

f (X, 8) + e | T (B-4)

where vector of observations (dependent variables)

< K< 1<
[}

matrix of'independent varigbles (temperature,

pressure, etc.)’
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8 = vector of parameters
€ = vector of errors
and 3 f/ 368, = F(8) for a nonlinear model.

The vector of errors includes:
1) measurement aﬁd sampling errors
2) incorrect form of the model
3) errors in the fndepéndént variables
4) ef%ect of any independenf varjaé]es not included in the
‘ model - . )
The assumptions in least squares analysis are:
i) the 1ndependent variab¥es have fixed and known va1ues
ii) tHe model is adequate: E (y) =.f (X, 8)
iii) the errors are ypdependent and normdlly distributed
~with constant variance o2 '
If.the assumytions a;é vg]%d, the parameter values which mini-
mize the residual sum of squares will also be the maximum-

. 8

Tikelihood estimdtes (80)?‘ ' (b
RSS = £{ y'- f (X, 8)}° {5 the residual sum of
"squares which is minimized.

The adequacx'of‘a model can be checked by p]otting_the resid-

-uals versus the 1ndependent variables'(fﬁé 145) or by an
- analysis of variané@-(?g 80) If the assumpt1ons are not

..sat1sf1ed,we1ghted least squares.can be used (144, 145), or

'

a transformat1on of the dependent variable which does sat1sfy

the assumptions (141).
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blotting of residuals was used to check whether the errors
were normally distributed with constant variance.

The approximate indjvidual 95% confidence intervals
of the parameters, based on a”[inear approximation in the’

region of 8. (= vector of best parameter estimates), is ob-

tai using the values of the "Student's t" distribution

. s R
,corresponding to the appropriate -number of degrees of free-
4

doms\\\\‘h - )"
s
S e

o = 4 + thas { (X'x)7 1% ® (B-5)

where sz, an .estimate of o5 can be obtained from replicate
erperiments.elndividua1 confidence intervals can be mislead-

ing. if there is a large correlation between the parameters.

-,

cov {61 ,82) -
Y — — ' (B-6)
.91 62 * - ~ . -~ ;5 )
. { var(e;) var(e,)}

Large corre?ationsvcan cause a compensating effect where both
parometers can be changed substantially withoﬁt changihg RSS

very much. This can be redUCed by using weighted least squares
- {144, 145). or by'reparameter%zino the equation (for jinstance
around "a mean temperature if an Arrhenius type expression 1sy
ysed). Reparameteriz1ng was tried in some cases with the pow-
er rate law, but-the results remained the same. Large corre-
1ations occurred also in some of -the selectivity equations,

but reparameterlzing was not. possible in those cases. There

are several methods to obtain the parameters:

-~
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a) a simple grid-search
b) minimization routines like steepest descent‘or Simplex
hethods
c) Gauss' linearization méthog, where the model is €xpanded
as a Taylor series. _
This gives good rgsu]ts if the starting values éf the para-
meters are goo&.
In the presént work, Marquardt's compromise was used,
which is a combination of the methéd of s;gipest descent
and a linearization mgthod, with mo}e emphasis on the latter
as’ the prograﬁ converges. The initial values of the para-’
meters were obtained by 1inearizatfon.of the equation_or'by
a.;}id search techniqqe. Other techniques can be uséd (149).
These initial guesses are very important in.determining ﬁﬁe
number of jterations requirea and whether_a‘minimum is local

or global, A description of the Gaushaus program can be

found in refe}ence (143). A main program“suppTied the vari-

ablés, the model to- be fitted and initial guesses for the

parameters. Criteria of convergence were if either the RSS
or all the.parameters did not chéﬁge more than Ofl% betyeen

two iterations. The program provided the parameter values

"and their approximate individual 95% confidence 1imits, the

K cérre]a;ions between.all the pardmeters, the final calculat-

ed function values, the residuals and the approximate con-

fidence iimit; for each function value. It was Verified that .

the experﬁmental.vaiues always were within these confidence
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limits. The confidence limits of the parameters are oniy very
approximate in these euperiments because the assumptions of
Ieast squeres are not necessarily satisfied (rates and sé¢lec-
tivities are not the true independent variables). 3

In the‘seIectdvity experiments with the hexanes, we

are dealing with a multiresponse problem since both the con-
version and the selectivity for all the products are dependent
var1ab1es (81, 140) In multiresponse situations, the errors
are again asssumed’ to be normal]y distributed and observational
errors are correlated in the same run, but uncorrelated in
separate runs. TPe standard procedure, 1n which the sum of
squares is minimized for all dependent variables, causes
problems since the number of parameters involved was very
large. Instead, the problem was solved by consecutive fitting
of the data to the selectivity equations, sterting with 65.
products, and moving down to ethane. In the equétions tor Cz-
4 (append1x C), .the se]ect1vity of the products with h1gher
carbon numbers were regarded as independent variab]es, and
the1r calculated values were used gs 'such. Th1s worked weil,
| except for the se]ect1v1ty of ethane, and sometimes of propane,
where ccrreletions‘and,confidence intervals now became a -

serious problem.

B.3 Kinetic Models in the Hydrogeno1ysis_ofnPropane

Seuera1 mechanistic rate equatidns based on Langmuir--"
Hinshelwood reaction models were tried. The modeis_usuaily
1nvolued one or more adsorption steps, and the creck%ng step
was supposed to be the rate determining one in most ‘cases; this

step could involve adsorbed hydrogen,
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gaseous hydrogen, or just the adsorbed hydrocarbon species.
in the derivation of the rate equations fron‘the reaction
mechanisms standard procedures were followed (77, 99).

power rate law as given in equations (1-8) or (1-12), is in
fact a simplification of a mechanistic rate equation. Some of
the rate equations examined are shown in table B-1.

Equat1on (1) was derived by Sinfelt (29). No adsorp-
t1on equilibrium was assumed and in principle this equat1on
can account for hydrogen exponents that change with tempera-
ture' Eouation (2) was proposed‘in references (146, 147); "a®,
as usua], stands for the number of hydrogen molecules released
in the dissociative adsorption step, A is an adsorpt1on equi- -
11br1um constant for propane. The crack1ng reaction is the
s1owest step and involves a react1on with gaseous hydrogen.
This equation, like most others, can’'be 11near1zed, and’ plots

of PH' / r versus PH / PC H for different acceptab]e va]ues
2 2 8

of "a" (0.5, 1.0, 1.5, thiough 4.0) may determine which value
.or "a" is best, and allows determination of the other para-~
.- meters ‘from the slope and the intercept (146, 1#7)1-L1near
'piots were frequently used to obtain initjal_parameter estil
mates for the least squares programs. Eduation {5) was founn
by Tsjeng'(33) to prdvide the oest fit for the reaction of
propane over ruthenium over a wide range of pressures In the
derivation of equations (6) through (10), 1t was assumed that
the hydrocarbon species as wel] as the adsorbed hydrogen were

absorbed on pairs of sites

-
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Table B-1

.Mechanistfc rate equations for the Hydrogenolysis of Propane
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(continued)

kK Peays 2
(1+4k"Pe3pg/ Pya*k"Pyp)
K Peayg
1+ k'Peang/Pya
)  na¥l
K Poapg/ (Potk'Puo™)
"1+ k" Peayug/Pya
K Peays.

. ol
1+KyoPyotKiPena/Pho

+
L4

233



B | : 234
- e
A§ in Sinfelt's mechenism; two types. of adsorbed. hydrocarbon

species are assumed, the first'being in equilibrium wjih the

gasenus hydrocarbon, the second is the dehydrogenated species.

The cracking étep is irreversib]e. Equations (6) through (10)
were also extended by aséum{ng interaction of gaseous’ or
adsorbed'hxdrogen and/,or competition_ for eites by hydrogen;
the eqnatinns'beCOme more comp]jcated in theee cases. All
these equations were a resu]t of a baiance for the dehydro-
genated species. Model 11 was der1ved on the assumpt1on of
ls!ow and strong adsorpt1on of a11 hydrocarbons. The surface
splitting reactions are 1rreVerSIb1e, "but they are fast compered to o
adsorpt{on, so that most of the éurface wi]J-be covered by
.adsorbed Cy spee}esz This Mechanism,mjght_exp1ain‘the high

seTectivity of methane on the iron catalysts. The value-of.

¢ is the number of hydrogen_queéu]es needed in the desorp- -

tion of the‘clfspeéies. 0f all the models tried with the
propane date, only model ? gave consjstently\reasonable
%esu1ts; the fit was usua]]y‘aboué'as good as that tb the
power rate law while the parameters had accebtab]e va1ues,
although at 1ncreasing temperature values for "a" tended to
decrease here also, and the rate and adsorption constants
nsually could not be fltted to an Arrhenius type equation.
‘This mechenism'was based (146) on the‘aséumption of a'single_
catalytic site, a preponderance of the most dehydrogenated

species, and adsorption desorption equiIibr1um

LY oy W guvepy

N Lingh BT
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APPENDTIX -C

THE DERIVATION OF THE SELECTIVITY EQUATIONS

C.1 Introduction

The se]ect1v1ty for a particular hydrocarbon was de-
fined as the mo]es of that product formed per mole of feed
hydrocarbon consumed. The product distributions depend very
much on the catalyst used, and on the temperatume, but not

ve?y'moph on tne total pnessure (44). As the temperature

increases, the product distributions shift more toward pmo- o

ducts with lower carbon numbers, and the same change in se-
lectivity occurs in going from ruthen1um to nickel, to co-
ba]t, to iron. The product distribution a1so depends on the
.c0nvers1on of the feed hydrocarbon, because every product,
except\methane, can crack furtherJto give still sma11er
produots..Any reactipn network_proposed to explain ;he pro=-
.duct distributions, must take these consecutive reactions
_fnto account, and must also allow for the parallel hydroge-
_nolysis in case of'hydrocarbons.with mone than one type of
carbon;ceroon bond. Since the reaction schemes are too
_complex for exact solutions, some simplifying assumptions
are made, but the resulting equations are sti]l very gene- .

ral, since no. rate lxmiting step is assumed and all the
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»

‘possible reactions are considered.

The assumptions are:

1. Isomerisation reactions do not occur, since no isomer-
isation products were observed in the experiments.

A11 hydrocarbons are assumed to adsorb and desorb revers-

i~

ibly; to.form surface intermediates; this is according to
the schemes developed by Cimino et al (7) and Sinfelt (29),
and in sohtfast'to the scheme proposed by éoudart (97).
This assumption agrees also with deuterium exchange ex- )
periments (26, 42, 43).'Iren may be different in this
respect (102). ‘ :

. The surface intermediates react irreversibly via the

|

rupture of. one single carbon-carbon bond to prqdece
smaller adsorbed sﬁecies. Multiple bond breaking does not
occur, and the reverse reaction of chain growth also is
not considered because the hydrogenolysis reaction is’

highly favoured thermodynamically.

b
-

If the feed hydrocarbon and/ or one of.the products con-
tain more than one tyte of carbon- carbon bond, a'fractidn-
al sp11t factor is assigned to each bond type, defined as
the probability that hydrogenolysis will occur at that .
bond" type. These split factors are assumed to be constant
) thh'sonversion. ' .

A1l the surface reactions are assumed'to be first order

jor

in the hydrocarbon species invo1ved which is reasonab1e,\

‘s1nce hydrogeno]ysis reactions always have been reported

Y
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to be nearly first order with respect to the.hydrocarbon
(24, 44).

Hydrogen may take part'innthe'sdrface cracking.reaction
either in an adsorbed form or from the gas phase._The
effects of hydrogen are assumed to be nearly constant,

and incorporatedlinto the rate constants. This is reason-

able because the parameters in the selectivity equations

always occur as ratios of rate constants, thus any errors

of incorporating hydrogen pressure effects into a rate

" constant are minimized by d1v1d1ng by another rate -con-

stant with simi]ar errors.

No rate 1imjt1ng step is assumed, but overall balances

. are used in the derivations.

Time is eliminated as a variable} and only ratios of rate
constants are obtained. On- this basis the first order
kinetics can be justified, as common terms cancel, e.g.
the denominator in Langmuir Hinshelwood equations

A consequence of the features of the selectivity equations

" as described in 8 is that the: equations may be valid, in

‘some cases, for cata]ysts with changing activity,

C. 2 Propane )

The proposed reaction network for the hydrogenolys1s

of propane is shown in fig C-1 with the .corresponding rate

steady state approximation for the adsorbed species, (98, 99).

,constants. This reaction network can be solved by using-the

-~
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" Figure C-1
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Propane Hydrogenolysis Reaction Network

L | I )

"

A

2 A,

gaseous hydrocarbon,carbon number x

adsorbed hydrocarbon speciés_

-adsorption rate constant

desprpf¥on rate constant

surface ¢racking rate constant
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The overall rate of propane formation, R3, is:

*

[

where C3 and A3 are the concentration of géseous propane and
the fractional coverage of the cafa]yst surface by the ad--
sorbed C3 species.

Combination of (C-1) and (C-2) gives:

it

Ry K3y - o | _ (C-3)

1]

* ! * .
. kK /(k + K3). (c-3a)

[ L

where k

The hydrogenolysis reactions are equimolar, so there are no
changes in volume and in flow rate between inlet and outlet,

N
and a propane mass balance over the reactor gives:

| FC§ = FCy + Vky Cq , (C-4)
cg = Cq + ;kg Cj : ‘ (c-5)
where Qg = concénf}ation:of propane in in?et
Cy f- concentration of propane fq éff]uent ,
F = total flow rate. in moles/ unit time

v = . preactor volume

. = reactor residence time (V/F)
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Using the qefinition of the conversion of propane,xs:

- 0 0
X3 = (C3 - C3) / C3 (C-6)
' one obtains
Xy = tky /(1 + tk3) (-7
or T = X3 /1 kg (1-X3) Y ] (c-8)

The overall rate of ethane formation, R2, is similarly,

Rz = ‘szz .+ k2A2 . i (C-g)
- * * . .

Sdbstiiution of (C-2) and (C-3) yields

n k3k2 ( )
Coh = ———— C,- c-11
272 " K] . : )

...th

K

A mass balance of ethane, using (C-11), gives.

kpkz -

0 = Cp + 7 {kpC, - Cs) ‘ (c-12)

LN
ka+ks

s .o -

and‘sdbstitution,of (C-6) and (C-8)
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. K2
R . X3
c, kotky |
- = : ' (C-13) .
0 ‘ K n R
C3 - kg X3
1+ ‘
k3-‘ I'XB
The selectivity of ethane, S,, is defined as
s, = €, /(C9%g) I (C-14)
] ) 1 * ’ Ce
' kg /(kptks) \ 5
So thaf, S, = ~ ‘ " (c-15)
- kz‘ . X3
1 + .
kg ~1-X3

-

" The p;rémeter ké [(ké#k;)‘ corresbonds to the relative rates
of desorption and cracking.of the adsorbed Cz species, whi]e
k2 / k3, is the ratio of the overall rates for ethane and
propane hydrogenolysis, since all reactions are aSSumed to bq
first order in the hydyogarbon involved. Siqilar ratiog
ko [ kg .and K /(K +ky) Wil appear 1h the selectivity
equatiéns'for the hexanes. If desorption of the adsorbed
hydrocarbon sbgc1e§ fg‘muph.faété; than crécking, as is often
L

assumed in the hydrogenolysis of ethane (surface cracking

rate-1imiting step),the parameter ké /(ké+k§) should approach



e

or, by combining these two

LR 2 s
i ]

L

unity. The methane selectivity, Sy» is fixed by a carbon

ba1§hce,acpoéding'fo

S, + 25, = 3 ) (C-16)

.3 2,3-Dimethylbutane

The reaction network for hydrogenolysis of 2,3-di-
methylbutane is given in fig. C-2. The assumptions and the’
deﬁjﬁ%t}ons of the rate constants are identical as for pro-

F . 3y

pane, and splitting factors are assigned were necessary:A

's1ight1y different approach is fo]lowéd to derive the se]ecti:

_~v1ty equat1ons Jhe overaIT rate of formation of hexane (1n

th1s case 2 3+ démethy]butane) is given by:

Rg = -Kghg. 1 . _ (c-18)

n

(-Rg)= kgl | | 1} ’ i':,(c-19)‘

6

: - " ) ’ . v \
where kg is definpd as in {(C-3a). . .

+

Some'groués of constantséénd variables are defined as follows,

in ordér to make gerivations easfer.

J, . =" .'TT%‘;T‘ . ' ) :(C-?Q)

242
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. Figure C-2
Reaction Network for the Hydrogenolysis of 2,3~-DMB

Constants are defined in Figure C-1

ke , Kis A 1T
< A6 . ?-CS T 1-A5 1-Cu < i-A,
6 , is iy
K K K K
R 2 3 ne :
=M G TR A TR A nG R neh
1 2 LR ny
. . :
Ke P s i-Ast A
A — 2
L g oa,
. LA
kis. fl
i-As > n“Aq+ Al
T_fF_f! . ’
. | (1-f-F') Ayt A,
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k.
i'Aq .. ’ 1 > 'A3+ Al
* m -
knu i 2 Ay
n-Ay 1-m '
. > A3+ Al
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3 .
A3 > A2+ Al
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. kx o '
or (l-Jx) = . : ) . : (C-21)
. k +ki .
Yo = Xg /(1-Xg) . (c-22)
kx
ZX =1 +‘ —n—k YG (C-23)

From equations like (C-17)}, it can be observed that for a

component x, - . . -

A = X 'x e X X ¢ (C-28)

R . .
Sx = '———-——-x (C'zs)
.("Rs)
. \ c. - Co
or . 'Sx = _...____x = <X . _(C-'Zsa)
', 0 - - !
CeXg Ce Xg /(1-Xg)

Sfarting from (C-24), the following general path-can be
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followed.

A 3 k. C
X = - - XX (with (C-25))
S K c :
= 3 + 3 X (with (C-19))
Ky » keCg .
s k S.Y , o
= X s X8 (with (C-25a))
Ky ke kg
S K
kx ks
.now’ .
* . . % . * C X
KyAx "= 5 ¢ Ky + KyKy Y Kytky }
R XUyl Kkl 6 ket
6 X X6 _ X X
* ' * . ' - *
= S { kx + 7 kx+kx _ kX+kX )
X k! . X k! K-
X X X
Z, o
= S. { -1} (C-26)
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The overall rate of formation of isopentane is given by

C * g * .
Ric o KY A kEA
\ L
Sig = (__li_)=: - i5 15 ) + '6 6 (C-28)
-Rg -RGL (-Rg).

and with (C-26)

Sl

i5%is :
Sis .- *Sip v L
Jis

working this out, and substituting the appropriate para-

meters gives

Kis 2
£ ( kig¥k} 3 ' -
S, - is = 15 ™5 . (C-29)
15 Zis . Kis . ¥e B
{1+ — )}
. k6 ‘ 1'x.6
and ' - Sistis (C-29a)
Jis

The selectivities of other products are determined in exact-
ly the same way.

.. 3 3 ) ' >= .,.* * " . . "-'
For isobutane, Ry, k.MA.‘4 + fkisA15 . - (C-30)

s s b WAL o Sy 9 o S F et A € s 1o

oo
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R

y S Zey - | z:
i4 . __11_.1:4__+51,4+f5i5(1§__1)
-R.. j . . j

6 i4 i5

Sig

" using (C-29a) this gives

Siglig  _

- fe- fSiS’ and with the necessary
- J - -
i4

substitutions,

1

X k - .
) £ £555)
' Kigtkig ‘
Sig © — - (€-31)
Kig - X : )
{1+ —2 )}
k6 1-X6 .
S:pZsy. . S ‘
T —"Lak L S 7 . - (€-31a)
A 314 . * : .
Similarly for n-butane
' i
k' .-
o ~ : {(— fQ* } f(e-S,g) ™~
v " - B n4+kn4 . - - -
- Sn4 - " (C“32)
k X :
o+ 0 (8,
i ¢
, ks 1-X6
'S .7 - S - :
and DML eresy) 0 : (c-32a) -
Jna ) ) .

wBrviian ¥ 3

N haa e

T AT R T R S TR T
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for propane
- * . * . ' * *
B ' . |
+ (1-m) kpghng (C-33)
S3 = (Rgy /-Rg), with the appropriate substitutions gives
{——Eé———} (2 - £(1+mf') -5 s ,(1
ekt i mf') =Syq ~Spall-m)
3*k3 ,
* 53= . (1] ‘ )
. o Kk X
B _ {1+ f (—2 )3 ' (C-34)
. . k6 1-X6 )
.for'ethane'
ké o ) L - .
-Sg(24mf - f-F))
and . 52=
. . k = X . ) .
12 (8  (c-35)

[

The se]ectiv1ty for methané can be -obtained by a simple car-

bon balance:- S1 + 252 + 3S3 + 4(514+S 4)  + 5515 =6

which can be verified by deriving Sl, in the same way as’ the

other séiectivities, ;tartTng:from'the.overa11 rate of

~ b o

.
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‘formation of mefhane:
R. = k.* +-* + Lk * . ' *
1 = 2kpAp + kgAg + {1-m) kpaAy + Kyghpy +i(FHF ) kyghsg

y
ATLYS

3

Equations (C-29), (C-31), (C-32), (C-34), and (€-35)

are relations between the selecfivities of the products 966
the ﬁonversion of 2{3-dimethy1butane, and these equations can
be applied directly to the expgriménta] data.to f{nd the
parametérs.‘lf one or morg of the ﬁ;oauctg are never present
~on a tertain,cafalyst, the équations simplify accordingly. It
is not always possible to sepérate 51] the éroubs of. para-
metgrs. The value for k; /kg-is‘the ratio of the rates of
hydrogenolysis of prodJct X apd ihe'feed h}drocarbon. Values
for k; /(k; + k;)-can give the relative rates of.desorptioﬁ
aﬁd surface cracking for component x, and are an indication

of which steps,in_the'network may be rate-l1imiting.

C.4 2,2-Dimethylbutane

Thg reagtiog network for the hydrogenp1ysis.of
Z;Z-dihethy]butane_is given in. fig. C=3. In the derivation of
. the selectivity’equatjons, the saye approach is used as
before: starting froh an exﬁression of tpe overall rate of:
formation of the product and using'equation-(CTZB).

The summarized results are as fol1bn;{'

for neopentane,

e - .
Rnes = ~Kneshnes. * ghe

.

. et e e

ah o e e i
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Reaction

Figure C- 3

Network for the Hydrogenolysis of 2,2-DMB
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(— ::2 } L -
_ ne5 "neb o ' (o
and Snes = " » ' {C-36)
' {1+ —nes ® )3
k6 1 X6
for isopentane,
kiS X
. k! k . :
5* ‘
. Sis = 1" (C-37)
k15 X6
{1+ — ( )}
k6 ‘ 1—X6

for isobutane

_ * .‘P.ﬂ' * * '
Rig = ~kighiq * (1-1-57) kehe + Kpoghpes + 7K shss

K. ) B}
i4 . .
{ Kotk } (1'£§¥17f) “Spes.~fSi5)
and S., = 4 14 '
i4 K
. ki4' X6
{1+ " ( )}
k6 I—XG- - S (C-38)
for n-butane
kl
- :4 y f (z -S46)
: +
Sog . nﬁl ng f . ©(C-39)
-kn4 . Xg ' :
{1+ — )}
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for propane,
- * + 'k* + k* + fl k*
Ry = -k3gAg + (1-m) kaAng + kyghyy + (1-F-F ) kyghyg
k; o
{-—.k—c-_l-(-*_} (1-mf 2 -Sn4(1-m) -S‘i4 -Snes
37%3 :
-S..(1-mf )
and S3 = i5
1"
' k X
3 6
{1 +. ( )} ( ‘
" C-40) ;
k6 I-XB \\ !k
for .ethane,
{ 2 } (2-2-Fe'-f' 2'+mf'2' -5, -§
- Toee - m "3 " n4
(1+4m)-S., =S, ¢ ~S;5(2-f-f +mf ))
S =
? ok Xg | B
. {1 — ( )} (C-41)

the methane sefectivity follows from the carbon balance:

Lt 252 + 35S +S.g) =6 (c-42)

3

FA(Spg * Sy 5(Spes

C.5 n~Hexane

The reaction network for hydrogenolysis of n-hexane
is in fig. C-4. The derivation of the selectivity equations
is ‘as before, and the results aré as follows.

for n-pentane,

- .
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F%gure C-4

Reaction Network for the Hydrogenolysis of n-Hexane

Constants are defined in Figure C-1

k = kns
€y <_F; 6 n-Cs <FT1 n-Ag n
6 ns
Tk ko
C1 <ET:'A1 C2<E{i A2 c
. [ n-Ast
kg ey
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* . .
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{-—Tfﬂi;—_J 2
s . < “n5*Xns L (C-43)
ns ku x
(1 + 08 & )
kg 1-X,

for n-butane,

CKa \
(—M% 32’ ¢ fL - FS )
% 5
k' o+k n

s = né_nd ' (C-44)
nd - K X
{1+ D4 (T8
N k6 1'x6 ‘
$ v

for propane,

kytk}
“ +Sn5(mf'1))
S = n
3 Ky Xg
{1 + — | )} .
Kg l‘xs._ (C-45)

for ethane,

2 - )
{————1}(2-fL+m& +mf L -S4 -Sn4(1+ml

kptky
g . ' i '-Sn5~(2+mf-f))
2 Ky . Xo
{1 + f ( & ) o
- g X6 .  (C-46)
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for methane,

S, =6 - 55 . - 45, - 3s3 - 252. ' .(C—47)
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TABEL D-1 _ ' 257

e Ty Al Cowmien et amewy
150.2  1.31 6985,  0.125 1,034 1,03  0.99
150.3 1.30 © - 73,08 ~  0.122  0.859 1.03  0.99 -
150.3  1.30 84,25 0,116 0.410 1.03 . 0.99
150.3 1,30 8121 - 0.183  0.505 1703 0.99
'150.2  1.30 75.81 - 0.195 . 0.692 1,03 0.98
150.2 1.29 89,32 . 0.179  -0.238 .1.03  0.99
150.2  1.29 - 93.19  0.113 0,148 ' 1,03  0.99
150.5 1.95  77.hb. 0.037 - 0.332 .. 1.01  1.00
15001 1.95 (8?}96  0.03%  0.210 i.o1 . 1.00
150.5 1.9 92.29 0.032 04081 1.02  0.99
150.1 . 1,95  82.99 0.062  0.155 1,01 1.00
149.5 1.95 70,97 - 0,068 . 0.336 1.01  0.99
149.7 1.95 77.95 0.0k - 0.221 1,01 . 1,00
19,9 - 1.9% 85.47 0.025  0.130 1,02 0.99
178.6 1.95 87.88 0,183  1.864% © 1,05  0.97
178.8  1.9% - 92.27 0,192 . 1.174 1,05  0.97
178.8 1,93 ' 97.03 10,206 0461  1.06 0,97
179.2 1.93 95.29 :"0.297 0.665 . 1.05 '6.97' |

178,8 " 1.9%  91.96 0434 0,981 . - 1,05 0,97




258 -
TABLE D-1 {(continued)

Tem nggzg:re % Hydrogen | Conversion Rété S;eleotivity
(ocC (atm) ~ in feed 4 mol Methane Ethane
. ) Es-g cgt.-_)-]

178.2 “1.95 80,01 0,538 2.852 .1.,07  0.96
178.7  1.95 86.56 0,380 . 2,019 ©  1.05  0.97
178.3 * 1,95 78.22 0395 - 3.767 1,06  0.97 -
178.9 1.30  93.33 0.490 1,390 1,09 0,96
179.0 1,31 -80.22 0.421 5,117 1.10 0,95 °
178.7  1.31 85,03 0.335 4,026 1.08 0,96
178.8  1.30 93.02 . 0,355 ° 1,813  1.08  0.96
178.8  1.29 - 94,79 0. 504 1,079 . 1,08 - "0.96
178.8 1,30 95.27. . 0,573 0778 - 1.08 0.96

'178.5 . 1.30 . 82,47 0.392 4,269 1,09  0.95

-

@
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~" 25"’.2

. d 186~

Ty TR ey el jn o gmuiny
. Esog cat .ﬂ . .
254.6 2,07 89.30 0,157  0.37%  1.61°  0.70
- 254,2 2,08 82,12 0.181 ‘04765 1.64 0,68
2548 2,10 71.35. . 0,320 2.448  1.86 057
2544 2,10 - . 72,92 0,260 2.022 1,80 0.60
255.8 2,08 | 8131 0,118 0,935 1,66 0,67
2548 2,09 - 76.83  0.13F  1.386 . 1.69 0,66
254,5 2,08 79414 *04131 1,186 1.67  .0.67 .
254,7 2,08 - 85.13 0,100 . . 0.604 1.61  0.69
256,68 2,05 92,30 0.087 0,253 1,67 0.67
2546 2,09 75,69 0,128 § - 1,432 1,68 0,66
2544 2,10 72.61 LRI 1,873 1,72 0.6k -
2544 2,09 © T 77.41 0,094 1,23 1.66 0,67
253.5,  2.10 - 73.01 0,108 . - 1,793 1,70  0.65
Zshal 1,67 81.63  ...0.336 - 1,067 - 1.85  0.58
2541 - 1468 77.6% © 0,201 | 1513 1.84%  0.58.
2541 ' 1.67 84,05 . 0,172 0:860 ~  1.78 061
254 ‘1.@5 L 90,41 04173 . 0.578‘ 1,76  0.61
1.6k 93.54 . 0. 152.‘ 0.273 _1.73' 6J64
25h5 1,67 . BN.63 0170 '0;891_" 177 06
1067 . 80.20.. .20 ~1.80

0460 -
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TABLE D-2 (continued)

1
o

Total . ’
Tem Pressure ‘¥ Hydrogen Conversion. BRate - Selectivity

(oc (atm) in feed Methane Ethane
. . . [3°g oat - .
254.3 1,67 78439 0.212 1,509  1.83 0,59
2544 1,66 83.86 . 0,139 0.912 © 1,76  0.62.
2546  1.65 : 9,92 . 0,124 0,373 1,72 0.64
“25h.5 1364 93,66 0.127 0.292 1.78  0.61
25,0 . 1,68 . 73.99 . 0.17% 2,068  1.85  0.58
) gss.é - 115  83.69 0,567 1.&06 ' 2,18 O.41.
25k -1, 5 . 8871 0,359 0,851 2,00, 0,50
258.6 . 1.15 91.86 . 04341 0.558  1.98 0,51
" 254.0  1.17 77.78 oMk 247k 2,17 .02 .
25,2  1.16  B0,89 O.4hk. 1,896 2,14 0,43
254.2 © 1,15 85,96 0.379 1.127 . 2.04  0.48
2542 1.15 88.90 ~  0.291 ° 0,846 1,99 0,51 -
- 254,2 1.14 93.39 0,266 - d;uuo - 1,95 0.53
253.9 1,15 ° . 85.65 0,300 1,178 . 2,00 0,50
254.2 - 1,16 82,35 - 0332 1.659. 2,05 0,48
254,2 o ola7 o  79;63,' " 0:360 2,143 2.09 - 0.46.
To254.0 'l.ij B 7% AR é.595 2,790 2.8 .'.0543'
2552 1,17, 78,31 o.glé 2,811 2016 o2
' 27?.8~'-fé.gsjf 189.53 . o.121 1,804, 1,98 0.5
277. 2,08 87,67 '*"oigél'_-' 21 C 1,96, Gusz N\

v
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TABLE D-2 (continued) b .
‘ Total Lo ’ ’
Temp Pressure % Hydrogen Conversion Rate Selectivity
(°c) . (atm) . An feed ~ . Methane Ethane :
, ) [:(s-g cat, . )
279.0 2,08 89.50 o.bzu 1,682 2,05 .o;a7
278.2° 2,10 81,27 0.185 "'5.290 2,01 0,50
278,2 2,08 81,67 0.179 © 4847 1,99  0.51
278,0 2,08 . .[ss.oo.' 0,163 34508 1.95  0.53
278.2 2,08 88,43 0.160 2,551  1.93 0,53
278.5° 2,06 _  91.20 'o;ish 1,803, 1.93  0.53
© 2787 2003 97.74% 0,159 ' 0,463 2008 0,48
278.,2 2,04 k.67 .0.305 0.835 1,97 = 0,52
278,0 2,08 . 85,51 ' 0.383 3.03? - 2,04 0,48
278.0 | 2,09 81,48° 0435 4,638 2,11 045
278.2° 2,06 92,60 . 0,152 1.555 - 1.93  0.54
278.5 1,68 81,70 0.223  © 7.051 2,12 0.4k
2784 1,67 87.60 0,214 . 4,300 2,08 - .0.46
'278..5 © 1,66 '91,22° 0,208. 2,843 2497 0,47
278.6 . 1.64 -  95.01 B 0.505 ‘1,569 2,06 0.47
. 278,7 1.63 - 98;58 0,218 . 0.460 2,13 0,43
278.3  1.63 9928 0,222 . 0,232 2,19 0.40
279.1 1,65 92,62 0571 . 1.513 2.9 0.ko
278.5 | '1.67 8415 . 0,668 4092 2.33 0,33

/

N e L



TABLE D-2 (continued) 262
. ! ' ’

Tem ngggire % Eydrogen Conversion Rate Selectivity K
(°c) . (atm) in feed Methane Ethane
o [:s-g cat,)
278,2 ‘,1.65 . 94,88 0,540 0.967.-“ %2.167” 0.42
277.9  1.66 - 90,5k (0,345 . 2,680 2,10 0.45
278.5 . 1.06  .89.92 04459 'u.igd 2¢33 0,34
278,6  1.15 . 95.10 0.447 1,906 2.31 . 0.35 -
2784 | 1.14 98.18 - 0.442 0.676  2.27- 0,36
278,5 1416 . 90,00 . 0.468 ° 4,305 . 2.3% 0,33
"278.4 . 1.17 87.75 ©0.473 55.#1# S 2438 0033
278.4 1.7 . 86,00 —__ 0.488- . 6.538  2.37 . 0.32
278.6  1:18 78,98 0,525 11,417 . 2,43 0,28
278.5 . 1,14 - 94,06 0.776 1:.250 2,49  0.26
278.6 ,1.16 - 87.48 0,820 2,980 ©  2.58 0,21
279.2 2,08 9143 0.545 1,589 . 2.10 0,45
279.1 : 2,07 9@.35!_‘_ 0,535 . 1.616 | 2,09 . 0.4
S 1279.1 | 2,07 9t.26 0.522 :». 1,669 ‘;f 2,08 0. 46_
279.5 © 2,07 . 90.15  0.550 2,108 2.1z T 0.4b
279.2 - 2,07 .90}47; 0.525. 1,897 .2 08 046

279.0 © 2.07 90,99 . . 0,537 .. 1923 2.08 . 0,46
278,87 '2.08 - 89.79 " o s34, 1,961 T 2,07 0.6

!279 o ”,,.2.06._ 909k . 00361 L.BSK 2010 . O.bF i
2?9 6 z;QS vetio o, 636- 2058 2,15 043

. - . L a
B A d - e e B - -

S P
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TABLE D=2 (con;inued) o . 263
Total .
Temsv : Pr::;t)xre 4 ﬁdgggn Conversion Rate | ﬁizigg:igtﬁgne
) og ocat ﬂ B
279.k 2,06 . 90.96 b.565<f;J 1911 z.1b'”_ 0.45
279.2 2,06 89.25" 0,470 2,623 2,0k " 0.8
-279.3 2,06 - 90,02 0,569 2.106 2,10 . 0,45
30817 2,07 . 9129 0791 - 6,147 2,50 0.25
302 2,06 - 93.92 0. 667 5.476. 2,38 0031
303.9 2.07 - 88.80 -  0.705 11,138 2.6 0,28
303.5 2,08 . 85.72 0.731 15,271 2,49 0,26
303.9 207 86.35° 0,614 - 17,608  2.40  0.30
3032 2,06 89.88  0.592  12.683. 2.37  0.32
303.2 2,067 - 88479  0.59% - 13,694 2,37 0.31.
7303.9 2,06 9117 0.580 --10,202 2,35 0.3
© 303.9 2,050 92.48. 0.576 . 8.537 2034 . 0.33
303.9 2,03 93.38° 0.2 7.39k . 2.3 0.33
303.9 - 2.03  gu, 11 C0.550 6,98 2,31 0,34
3086 .65 safB 0887 1 6353 271 0.5
S 30k L6 . 9. 06 - 0.782 . 6,282 2.5 0,22
30347 © - 1465 ,<9o 10 0789 9371 2.58 - 0.21

303.7 166, -89.54\ 0,791 10.350.° 2,59 . 0,20 -
. Jo3e6 166 87468 ; . 0,801 12,078 . 2,60 . 0,20
30334 . T66 - - BP.25 - 0,998, | 12,527 | 2461 .0.20

Caamid

.
. ' . .
L4 .
. . 3
T e e ORI o) y
. — "
T I C
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- TABLR D-2 (oontinued) . 264 %
{
Total - : %
Tem Pressure % Hydrogen Conversion’ Rate - Selectivity . . §
(°c _(atm) . in feed A mol ~|Methane- Ethane 3
. ‘ . [(s's_oat.;_] : {
303.5 © 1.67 . 85.33 b.§13' 19.248 2.55 0423 ?
303,5 - .66 85,92 0.713 18,300 . 2.5% ° 0,23
303.3  1.66 °  88.18 0,700 14,805 .  2.52  0.24
303.4 1,65 90,24 0.695 11,694 2,51 0.25
3034 1,64 95,80 . 0,695  W.783 2,49 0.25
34,6 . 146 . 8977 -0.937. 5736  2.85 0,08
1304,0  1.15 93,02 0.869 6.111 ‘z,éu3_ 0.13
303.6° : 1.15 9503 0.796 5,982 2,67  0.17
303.8 . 1.16 90. 52 0.784  11.785 . 2,67 0.16
303.2% | 1,16 88.19 0.765 :_1u.802_- 2,66 0.17
303.2 1.7 86,41 0,770 17,423 . 2,68  0.16
30344 1,47 8.7 0731 17,101 2,65 0,18
303.8  4.16  89.91 0,759 14,368 2,67 0,17
303.7  1.16 ,'91.66 0.773 £1,982 2.67°  0.16 X
: 503.6 1.15 © 94,69 10,693 L 9.348 - 2,62 . 0,19.
303.8 £.16 91.90-' 0.662 - 13,991 2,600 0.20
303.8 - 1.16 | 90,04 - 0,637 . 16,788 2,59 o.zq;. ’
| 281.5 20,7 - 90,82 0,633 - 2,037 2.7 042 i
309.2 . 2.07° . 91418  .B5 6579 2461 0,20 .
| i

s .

| p i e 7

.,
Es {alisal



TABLE D3 | 265

Total

Temp . Pressure % Hydrpgen Conversion‘ Rateé Selectivity
(°c (atm) in feed £ ol ethane Ethane
. - . “ Ea-g msd:.}]M .

277.2 1,14 87.50 0,171 0,323 2,08 0.46

.'277.1 1.8 '90.1u_ 0,125 - 0,236 2,06 0,47
277.0 1,14 7753 . 0,161 0.806 2.15 . 0.43
277.5 - 1,14 82,41 - 0,107 0,545 2.11  0.45

T 277.1 1.4 92.26 - 0,360 0,159 2,13  0.43
2771 1.k 97.02 0,181 0.059 2,05 0,48
277.1 1,14  99.00 0.178 0.019 2,02  0.49

S 276.9 1,14 89.67 . - 0.198 0.242 © 2,08 0.46

' 277.2 1,14 - 78,32 . 0,282 0.827 . 2,20 0,40
277.4 ' 1,14 1 83.92 0,176 © 0,500 - 2,11 0,44
277.1° 1.1k 97.68 0.132 0,047 2,04 0,48
276.8 1,14 85,52 0.102 0.406 2,08 . 0.46
277.2 . 1,99 93.61 0.088 © 0,037 1.7 0.63
276,8 '1%?2‘,ﬁ, so,1i 3 10,119 0.185  1.83 0.59
277.% 1,99 93,20 . 0,029.. 0,049 1,69 0.66
277.0  .1,99 - Bh.bS . 0,031 - 0,35  1.67  0.67
2774 1,99 . 76,02 7 ov108 0,273 1.88° 0,56 _
277.0 1,99 | '-94;16_" ' 0.067 _9(089, 1.70 0.65 e

o appb. 1,99 86,400 0,083 ¢ 0,109 - 1.77  0.62 .

2769 a9y 756 00,095 L 0uzsh  auEy 0.58

. - - .
. .
el s Radanl el i R T ES R



TABLE D-3 (continued) : '_ . 266 F

Total

Tem Pressure ¥ Hydrogen Conversion Rate - Selectivity ‘ ;
(°c (atm) in feed 4 10l ~Methane Ethane

| e (s*g cat.—_)r" '

277.2  1.99  .83.16 0,052 0.143  1.80 0.60

277.3  1.99 88439 - 0,065 0,082 . 1.75 0.62

277,00 1.99 82.33 0,112 0,140 1.82 0,59 -

277.% 1,99 - 88.30 0,052 - 0,086  L.74 0,63

293.4. 1.1k Q.55  0.687 - 0.267 2,41 0,30

291.6  1.1%4 97,01 04307 0,203  2.22 0,39

2914 1,4 89,54 0,770 0.389  2.48  0.26

2914 1,14 94,50 0,502 0,303 2,30 0.35

291.5  1.1b - 96.16 0,397 0.23% C2.24 0.38 ;
291,6 1,14 96,64 0,316 0,229 2,22 0,39 ]
291,7 ;.§ﬁ:, 97.12  ° 0.265 0,212 2,23 © 0.39

291.5 1.1b 95,46 0.259 - 0,333 2019 0,50

291.4 1.4 93,27 . 0.396 0.5 2,27 0.37
2914 - 1,1K 91, 54 0.480  ° 0.524 5.31; 0.35

29145 1,14 84,01 0.278° 1,609  .2.31, 0.35

291.4 1,18 . 76,0 - 0,293 . 3.108 . 2,38 -0.31

2914 1,99 BW96 © 0.159 © 0,546 2,00 0,50

2919 1,99 .- 88,49 1 0,120 e 9 0.5
-291.6"1‘1e9§ _' .99.62 0,10 0.5 |
251.3 | ..0,56 .

1,99 . 97.22 0,096

“
F e




TABLE D-3 (continued)

267

. Tem P’f:gz:\lxre % Hydrogen Conversion .Rate Selectivity
{ec (atm) = in feed ethane Ethane
[;P'g cat, .
291.3  1.99 78.96 0.131  0.930  2.04 0,48
291 199 B3 0.080 04573 2,00 0,50
291.5 1.99 B 96.80 10,067 0.086 1.88 0.56
2914 1,99 96.27 . 0.291  © 0,072°  1.96. 0.52
291.2 1,99  91.83 0.252 0.193 1.97 9.5}
291.4 - 1,99 . 95.92 0.128 - 0,101 ©  1.86 0.57
290.7  1.99 83,01 0,159  0.56%  1.9% 0,53
391.1 1.99 87.81 0048 10,387 1.90 0.55
305.9 1.1 98.38  0:696 0,175 2,50 0,25
305.4 1,14 99,44 0,558 0.079 2,41 .0.30
305.1 1,14 93,08  0.568 . 1.063  2.49. 0,26
305.0 ' 1,1h - 86.37 0.628 5.435 2,58 0.21
305.0," 1.1dx 97.9é 0,41 0.378 2.41 0,30
305,0 1,14 91,16 0ol 5k 1,810 2.47 0,27
305.i. 1.4 B5.43 . 0484 3,372 . 2.5 0.2k
306.0 1.4 . 92.44 . 0.284. 1,890 2.4 0,28
::,305.1‘ .~1,1u 861k 0.287 3.689 - .2,48 ;. 0.26
305.4 © 1,14 . 96.22 0.275': ' 0.881  2.43 . 0.29
30M.7 1Dk . c 97W52 04203 . Ousek . - 2,38 Gu31
305,014 B6.29  0.597. 2,432 - 258

0.21

e N
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TABLE D-3 (continued) 268
Total .
Tem Pressure ¥ Hydrogen Conversion Rate Selectivity
(°c). (atm) in feed .ol "Methane Ethane
: Es-g c,ai:.-:ﬂq

305,5 1.99 87.92 ; 0.554 0.925 2.24 0,38
305,6  1.99 93.12 0,291 0.588 2,10 0,45
305,44  1.99 87.11 0.326 1313 52.15 0.42
305.1  1.99 81,85 0.366 2,213 2.21 0,39
305.4 1.99 86,51 0.237 - 1,529 2,14 0,43 3
305.9  1.99 . 94,90 0. 553 0.277 . 2,18  0.41 ‘
304.9 1,99 86.38 0.500 1,340 2,19 .0.41 i
306.0 1,99 . 95,88 10,345 0.310° 2,10 0.45
305.9  1.99 96.70 . 0,190 0.265  2.13 0.4
305.6' 1.99 . 94.89' . 06209 0,750 2.09 .6.45
305, 1,99 8k 0.236 1,748 2,14 0,43

306.2  1.99  97.30- - 0,205 0.23% 2,08  0.46




- - 250,0
250,5

1,99 -

93.8k ..

0,059

TABLE Dol 269
, Total ' . ' .
Tem Pressure % Hydrogen Conversion Rate Selectivity
(°c (atm) in feed T4 1ol TMethane Ethane
. |(s*g ocat, -
250,6 1.14 91,82 0.354 .. B 0.173 2,01  0.50
'250.8  1.14 96.72 0.156 0,078 1.88  0.56
251,1 1.14 87.15 0,537  0.273 2.14 0,43
"‘~2so.9 1.14 | 96.38 0.163 0.686” . 1,90  0.55
250.6  1.1h 88.07 - 0,175  0.331  1.96 0.52
250,5 1.1k 78,20 0.228 " * 0,890 '_lz.os 0.48
250.3 1.1 8k, 43" 0.417 . 0.446 2,10 0,45
2504 1,14 99.23 0.155 '0.026 1.99° 0,51
256;5 1.14 95.45 0.109 6.;1& 1,90 0.55
250.1  1.14 87.10 0.125 ©  0.405  1.93 0.53
250,01 1.4 79,06 0,152 0.886 2402 . 0.49
250.1 1.1k 75426 - . 0.167 1,212 2,05 0,47
250,919 . 91,96 0,103 0,077 . 1.61  0.69.
250.6 . 1.99  86.94. 0,177 0.133  * 1.67 0,66
256.z' 1.99 - 82,01 0.192 0,211 1.70  0.65,
250.7  1.99 98,02 0,049 . 0,021 1,46 0.77°
2504 . 1499 88,95 | 0}999 | 0.128 - ,.1.59 0.71
25001 ¢ 1499 B5.M43 0,053 ‘. 0,189  1.58  0.71. -
1499 0 72i81 0 0,081 OGS <1470 0.65.
0.137 - . - 1,60 0,70




\/,._z-'

1.99 96.12  0.285 0.115  1.89  0.56

-

-/
L

’

»

[

- /—
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. TABLE D-4 (continued) . - 270
8 .
— : . : :
Ten: Pf':stzif | % Hydrogen Convérsion Rate Selectivity
(ccC (atm) in feed < ethane Ethane
’j ) “se-g oat.}ﬁ
250.2 1.99 \\\ 68.83 o.éz7 0.671 1.84 9558;
250.6  1.99.  73.38 0.163 0,491 1,76 0,62
2507 1439 78,70 ©  0.110 0.342" 1.70 0,65
251.2 1,99 93.18 . 0.0%6 0.081.  1.61  0.69
266.5 1.14 87.73 0.317 1.510  2.22_  0.39
) 266}5 1.14 _83.&7‘ ~ 0.480 ~ 2,212 2,33 0.33
266.6 1.8 97.71 0.359 10.195 2,17 0441
266.8 1.1 . 96,01 0.511 0,270  2.24  0.38
2664 1.14 86,63  0.615 1,206 2,37  0.31
266.8 1.14 98.55 0.288 0.140 2,03 0,49
266.8 1,14 97,46  0.279 0,241  2.12 0.k
26605 . 1.1b 91.41 = 0.295 0.924 2,20  0.40
2664 1.1 87.24 | 0.329 1.609 2.23 0.39
266.5 1.4 77 o Ol 0.347 3,241 2.3%  0.33
266,5 ~  1.1h 75425 | '0;356 : 5.260 2,35 0.33
266,7  1.14 93.89 0.239 . 0.701 2,16  O.k2’
266.0  1.99% 814,66 d.23z  0.64  1.95 0,52
266.2 1,99 - 89.53  0.151  0.417  1.85  0.58
266.2 1.99 78.49 : 0.457 1,206  2.12  O.bb
266.4 0.56



JT
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TABLE D=4 (continued) , 271
Total |

5. Tl PR SO Rel wethens Fivane
) ’ , ) (8eg cat.} .
2664 1,99 89.30 0.301 0.361  1.93  0.54
266.5  1.99 92.92 0.200 0.236  1.86  0.57
266.3 . 1.99 91.26 0.354 - 0.269  1.92  0.54
266.6 1,99  96.46 0,157  0.124% 1.7 0.63
266.2  1.99 R 90.40 0.163 - 0.373  1.84 . 0.58
266.1 . 1,99 85,69  0.175 0,631 1,87  0.57
266,6  1.99° 78,10 b.éi%; ‘ '1.328_ 1.97 0.51
266.6 1.99  88.03 0,098~ 0.574% 1,84 0.58
281,0 1,14 98.88 . 0.638 0.289 2,44  0.28
281.0 1,14 94,99 . 0.658 1,188 2,46 ° 0.27
281.0  1.1h4 89.9% 0,711 2.709 . 2.53  0.23
ﬁge;.o 1.14 .+ 85,06 0.781 o744 2,63 0,19
281.0 1.1k 78.82 0.866 7.898 2,78  0.11
280.9, 1.14 .  86.69 - 0.629 | 5.845 2,51 0.24
2681,2  1.14 - 92,06 0.541 - 2.817 2,43  0.29
281.1 1.1 95,71 0.511 1.383  2.40  0.30
281.2 . 1.14 - 99,17 0.492 O.245 - 2.39 . 0.31
281,% .1k 99.42. 0,402 - 0,205 2,30  0.35
280.6 1.1 95,99  0.364 1,342 2.33  0.33

288.9 - 1.1k 91.17 0.408 3.515 2,37 0.32°




TABLE D-4 {continued) 272
Total ‘ f
Tenm Pressure £ Hydrogen Conversion Bate Selectivity ;
(°c (atm) in feed [ ethane Ethane ]
g cat :
280.8  1.99 80.97  0.167 2,738 2.13 G,k i
280,9 1.99 - 87.74 " 0.161 1.563 2.08  0.46 ;
) 281.1 ,1099 ' '9301? 00152 0076? 2.03 00“’9 . %
281.1  1.99 94,26 0.179 - 0.650 2,05 0,48 ;
281,1  1.99 ~  93.1ik 0.233  0.790  2.07  0.47° ' }
281.5 . 1.99 . 96.76 0.222 0,332 2,06  0.47 1
280.8  1.99 87.35 ' 0.265 - 1:707  Z.11 0.4k %)
280.8 1.99 99.23 _  0.231  0.071 2,11 0.45 ¢ j
281,0 1.99 . 88,02 . 0.297 1,616 2,13 .0.bb (
| _ . pad !
280.7 1.99 79.92 0.615 .  3.300 2.38 0.31 4
280.8  1.99° 88,66 0,469 1,279 2.19 0,41

oMt i e s et

280.2° 1J99 © 84,91 . 0.637 1,713 2:33 © 0.33

.
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1,18

1,828

0.14

TABLE D=5 .
te o ' olysis of Propane
Total Pressure :
%gg. Pfg:;?re H¥g§;?en Conversion BRate 2:%:::1g%§gne
g+g cat, ) ;

228.8  1.16 1.139°  0.032 0.065  3.00, 0,00

2289  1.17 1,025 0.183 0.211 2,56  0.22 ]

228.7  1.16 1,109 0.079 0,093  2.46  0.27 ’

228,7  1.17 1,062 0.079  0.191 2,51  0.25
. 228,5 1,18 0,956  07081.  O.447 2,53  0.23

228,3 1217 0e2e 0.082 0,890 2,55  0.23
228.8  1.21 0.706 © .06.118  1.293  2.60 - 0.20,

229.1 1,18 0.982 - 0.111 0.364  2.55  0.23

228,5  1.18 0.901 0,152 0.495 2.57  o0.22

228.6 1,18 1,001 0.033 0.37% 2,49~ 0.26

229,k 2,14 1.943 0.040 0:129 ~  2.15  0.42

229.0 217 1,852 0.056 0,178  2.19  0.%1

229.0 2.13“ 2,019 0.018 0.058 2,03 0.49

227.8 2,18 . 1,752 0.080 0.198 2,16  0sk2

228,2 2,20 1.752 0.020° 0,267 1.97 o.5é 1
©229.0°  2.14 '1,959 . o.oso._' 0,081 Z.10  0.45 . g
C229.3 2413 2,037  0.034 , 0.046 “1.95. - 0.537 - &
228,5 . 2.17 1,888 0,031 0.135 2.0 . 0.48 -

248,8 . 1,18 1,052 - 0,062 1,154  2.66  0.17 - &

248,6 0.962  0.096 . 2,72

ot ook A oA T e
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TABLE D-5 (continuc?d) e7
To’tal Pressure . R - y
Temp * Pressure Hydrogen Conversipn Rate Selectivity j
(oC (atm) . (atm) : _4 mol “PMethane Ethane
. (seg -cat.:)JM . ) S
248.6  1.2% 0,908 0,090 . 2,664 2,72  0.14°
248,9 1.18 1,04k 0.093. 1,028 . 2,71  0.15
248,5 1.18 1,090 0,092 .. 0,617 o 270 0415
248.5 1.18 © 11,039 6,133~ 0.6747" 2.71 0.15
248.5 1,17 -0.939 - 0,562 ' 0,554  2.80. 0.10
248,5 ° 1,16 1,089 0,304 0.303' . 2.7% - 0.13
‘248,5  1.18. 0%920 0,313 1.2110  2.76 6.2
. 248.3  1.20 v 0.755  0.322. 2,408 2.79  0.11
248.3  2.16 - 1.632  0.409 0.763  2.59  0.21
249.2 2,13,  2.006 0.155 . 0,315 2.49  0.25
245.8- 2,14 1.895 0.145.  0.626 . 2.49, 0.25
248.% 2,16 . 1,767  0.153.. 1{0}5§ 2.49  0.25
249,0° 2.13 2.082 0.089 0.2 241 0.29
248.7 .2.14  2.082°: 0,092 0,264 2.4F  0.29
248.6 2.14  1.9%5  0.09% 0,580  2.47  0.26
249,0. 2.13 2,045 0,190  0:181 2,51 . 0,25 §
248.0 2,16  1.759. 0,086  1.279 . 2331 - 0.25
2483 2.15 . . 1.898 . 0,055 0.829 .2.47  0.27
267.7 - 1.20 - 01.i29 0,120 0,710 ° 2,78 0,11
267.9 1,20 © 1.084 .  0.121 . 1.288  2.77  0.12

'Y

.
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TABLE D-5 (ocontinued)
% .
Total Pressure "/ '
Tem Pressure drogédn Conversio Rate Selectivity
(oc. (atm) ﬁatm? , 4 mol TMethane Ethane
: . l—_(:Sog ce.t;.‘_-):rx
267.9 . 1.20 1,061 0,119 1,586 2478 0,11
267.9 . 1.2i 1,000 0,116  2.974% " 2.78  0.11
267.7.  1.22 0,927 0.109 3429  2.79 - 0.14
267.9 .1.20 1,055 0,199  1.449.~2,78 0,1t
267.9  1.21 0,976 .  0.27%  .2,009 2,80 0,10
267.6  1.23 0.808 0,239 . 3.791 2.82  0.09
268,2 1,18 1.135 0.296  -.0.397 "‘2;37 0,12
268.3  1.18 - 1,098 0.421 - 0.517  2.79 10510
268.2  1.22 0.864 0411 2457  2.83  0.09
268,0 1.2k . 0.740 0.388 3,635 . 2.85  0.08
267.8  2.18  1.690. 0.314 . 2,882 2,68  0.16
268.0 2,18 1. 1.856 0.229 2.115  2.66 ° o.;7:
268.0 2,16 © 1.952  "0.163 . 1.507  2.64 0,18
267,9 - 2.4 7 2,002 0,118 1,103 - 2.63  0.19
268,0 ~ Z.,12 [ 2,063 0,127 0.4 2,57 0,22
267.4: 2,18 . 1,830 0.110 2,784 | 2.63 0,19
268.1  2.15 1.95% . 0,139 1.9“1-@ 2.57 0.22 K
267.7 2,18 1,843 0.130  1.738%% 2.59 0,21 =
267.2  -2.20 1,633, 0.127 3.226  2.62  0.19

b P I S S bt P e
e o WL
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Tem ngziﬁre 4 Hydrogen. donversio.n " Rate Selecéiv'lty '
(°¢C (atm) in feed & 1o ] ethane Ethane
_ _ 'l—(-'sos ceatt.‘}]M ‘ ’ _
‘24501 D21 o792 0,189 | 0.075 - 2,67 0.6
245,312 BB.91 - 0,156 . 0.359  2.62 - 0,19
245,5 1,21 91.05 0.411 0.278 2,69 0,16
245.3 1,21 90.15 0.100  0.32h  2.59  0.21
245.3 1,21 . 88.28 0,071 oO.u41b4 2.58 0,21
25,6 1,21~ 86,45 0,256  0.400 '2.65  0.18
245.,0. 1,21 97,04 0.240 0.094  2.67  0.17
245.2 1,32 . 68,88 0.125 15052 2069 0.15
25,4, 1,22 | 76,21 0,091 0.777  2.65 . 0.17
2hs. 4 T 1,22  80.59 0,073 .- 0.626 2.63\\\_9.19f
245.3 1,21 8329 0,075 0.539  2.63  0.19
245.41 1,22 69.65 - 0.168 1,198 2,67 0.16
245,5  1.22.° . 57.93  0.508 . 2.787  2.89  0.06
2454 . 1,22 72.99 0.247 1,026 _ 2.70  0.15
2457 1.2 © 87.79. 0.239 0,398 2,66  0.17
255.6  1.21 97.25 . '0.286 0,136  2.66 . 0.17
255.5 1,21 98,54 0.289.  0.072  2.67  0.16
255.7  1.21 - 98.15 0.326 _o.osé- . 2,60  0.20
255.6 1.21 97.29 0.319 0.128  2.65 ' 0.18 -

255.8 1,21 . 91,92 . 0.333 0.417 2,66  0.17
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TABLE D-6 (continued)

L > _
TEm -Pigggire \ % Hydroéen Cc:nv.erslgn Rate Se]'.ec:tivi'ty.
(°C§ (atm) . .in feed : ethane Ethane
. | ) R - [ oz cat:]m Y.
.zf?§555 ,.41.21'.‘ “.%9°72} '6;339_ ' _1,298‘ ”2.72 . 0.1k
255.3  1.21.° - 84,19 . 0.27k 1,03t 2.68 . 0.16
255.3 121 L 96.79 - 06,280 J | orfgz - z.ég 0215'3

+ 255.2 1.21 88,40 . 0.267 - 04707 2.66  0.1%
‘2557 1.2t 91_89-‘ 0.208 - 0.543 /) 2.66  0.17
255.7  1.21 98-29 0:201 © 04106 ¥ 2.66  0.17
2sb8  1.21 84 62 0.212 f{;;;- ?.66 0.17
255.4 1,21 }/ 78.00\' 0.215 1.819 - 2,67  0.17
255.6 1,22 83.16  0.163 1,378 2,64 - 0.18
255.5 - 1.21. 86,04  0.134 » 1,138 2062 0.i9
255.4 . 1,22 - 77.67 0,134 2,006 © 2.6% 0,18
265,3 1,22 . 7946 0.589 2,241  2.81  0.10
265.4 '_ 1.21 83.51 0.488 . 1.852 2;76 0.12

D bés. 1,21 9u.ho‘ 0.470  0.546 ° 2,72 0.1k
265.3  1.22 © 92,03 0.564 _Ju.285  2.84  0.08
265.2 1.22 78.95 ,0.406 3,108 2,75  0.12
265.3  1.21. 98,08 .  0.hko1 0.225°  2.73 0,13
265.3  1.21 . 88,48,  0.387 1,545 2,71 . 0.15
26515’ S1,21 91.16 ' 1 0.316 -, 1,203 2,69 0.16

© 265.6  1.21 97.50 °  0.312 .  0.328  2.70  0.15




Pd :278

TA.BLE))-6 (continued) \
. " Total .

Tem Pressure % Hydrogen Conversion Rate Selectivity
(°c - (atm) in feed Ao 1m0l ethane Ethane
265.6 ° 1.22 83.57. 0.332 2.554 2,71 0.14

. 265.6 1,21 - 86,69  0.273 2.422 2,69  0.16 .
265.0  1.21 97.00 . = 0.26F . 0.412 2,68  0.16

. 265.6 .1Yz1.- 92.76  '0.275 1,082  2.68  0.16
265.1 1,22 82.43 0.278 3,015 2,69 0.15
265.0 1.21° 88,16 0,347 1,671 . 2.70 o.i5‘

.
IR} el A e e MR,
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. TABLE D-7 '

Rate Data for the Hydrogenolysls of Propane '
. n-Na on S
Tem ng::ire 4 Hydrogen Conversion Rate Selectivity"
(°c (atm) in feed ‘ A mol ethane Ethane
[(:‘s-g oat.zrl .

314,6 1.14 95.92 0.055. 0.068 2,78 0,11
314,6. 1.4 e 0,060  0.073  2.83 ° 0,09
314.3 1.1 0.086 ©  0.048 2,88 0,06
314,3 . 1.14 0.102 0.056 2,90  0.05
31h.1 114 0.073 0,091 2,86  0.07
314,2 - 1.4 0.078 0,105  2.93  0.04
3162 1.1k 0,056 % 0.,073. 2,89  0.05
314,04 1,14 0,078 0.021  3.00. 0.00°

" 314.1 1,14 . 73,32 - 0,031 0,141 2.86 0,07
‘3145 1,14 86.22 - 0.113- 0,070 2.9 0,03
S3U7 T 1.3k 966 © 0,068 0,03 3.00  0.00
3ibh 1,14 75469 0,034 0,123  2.88 0.06
3180 . 1,98 85.34 0..073 0.056  2.83 0.09
31h.2 199 86,93 0.070  0.096  2.85 0,08
31,0 1,99 - 95.01 0,042 0.058  3.00 <0,00
3141 1.99 78.00 0,018 '0.133 ©  2.73 _ 0.13
314.0 1.99 71.00 0;013 0.136 2,69 0.16
315.0  1.99 96,14 0.088 0,041  .2.90 0,05
38 1,99 97.19 0.070 0,032 3.00 0,00
"&3;3.5 1,99 73.68 ' 0,106 2.8L . 0,09

0.059 //-

, .



TABLE D-7 (continued)

280

Total

1,99~

0.239

2,95

Tem Pressure % Hydrogen Conversion Eﬁ%e Selectivity
(°c (atan) in feed A mol ethane Ethane
E}-g cat;]M .
31,2 1.99 86.13 0,051 0.094%  2.82° 0,09
314 5 1,99  89.30 0,049 0,092 . 2,76  0.12
;.3;3 7 1.99 77.70 0.027 0.119 2,78  0.11 .
3149 1.99 9642 0,063 0.036 . 3.06 . 0.00
u.nf:;\i.13 97.99 0.141 0.056 3,00 0,00
?§3.6 1.1 84.99 - 0.076 0,260  2.95  0.03
333.8 1.1k " 95,06 0.119 0.120  3.00  0.00
. 333.6 1.1k 93.70 0.137 0,135 3,00 0.00
3334 1.4 76,67 - 0.069 . © 0.309. .2.96 0,02
333.2 . 1.8 70,73 0.072 0.321  2.9% 0,03
333.2  1.1b 83.15 0.103 0.226° 2,95  0.02°
333.5 1.14 96.09 0.166 0.073 3.00 0.00-
334.5 . 1.4 92,19 0,243 0,100 | 2,95  o0.03
334.3 - 1.1k 96.95 0.170 0,074  2.90  0.05
333.5  1.14 91.86 0,124 . 0.152  2.92 0.0k
334,00 1.14 96,01 04100 0.120 _3¢%0  o0.00
333.6 .  1.99 84,08 - 0.102 0.379  2.93  0.04
0 333.8  1.99 89.18 - 0,131 - 0,310 2,95  0.02
¥¥55L9’ 1.99 85.50 0.141° " 0.330 . 2.95 0.03
334.1 0.244 -

" 0,03

Iy



TABLE D-7 {continued) .
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l.14

Tem szggﬁre % Hydrogen Conversidn Rate Selectivity
--(°c§ (atm) in feed ethane Ethane
[;‘8 cat.
333.4  1.99 96.45 ~o;150 0.154 3,00  0.00
333.8 1.99 90,31 0.256‘ 0.249 2494 0.03
333.3  1.99 81.22 0,162 0.338  2.92 . 0.0k
333.3 1.99 85.21 0.138 - 0,290 2,92 0,04
333.4 1.99 F97.42 0,212 ° 0,096 3.00 0.00
3334 1.99 _ 98.21 ~  0.182 0,081  3.00  0.00
333.1  1.99 ° - 88.45 0.103 0.333 2.92 0.0 -
333.4 1,99 84,70 0.086 0.385 . 2.92 0,04
352.9 - . 1.4~ 75,56 0.147. 0.538  2.95 0,03
353.5 .1:14 83.91. - 0.139 0.516 2.96 0,02
3535 1.1% 76,95 0,116 0.675, 2.95 . 0.03
355.2 1,14 78. 54 _0;1791 0.324 2.9 0.03
353.4 1.14 '89.96 0,150 0.274 2.95  0.02
353,10 1.4 79,40 0,100 0.422 2,94 0,03
353.0 ©  1.14 79.27 0.258 0.273 ° 2.93 0.0k
353.2 1.1k 85455 04245 0.259  2.95  0.03
- 353.6  1.1b . 94,33 0.170 0.184  2.95 0,02 -
3538 . 114 83.22 0.113 0414 2.92 0.0k
353.8  1.1b 97.9% 0.185 0.101 3,00 . 0.00
35343 78.52 0.077 0.551  2.92 0.0k
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TABLE D-7 (continued) .

282

383.8 -

0.77h

2.96

Tem szgzire )4 Hydrogeh Conversion Rate Se lectivity
(°c  (atm) in feed ethane Ethane
| ‘ [T
.353.8 1,99 88&. 52 0.356 0.554 2,96 0.02
353.7 1.99. 92.60 0.313 0.496 2.96  0.02
353.7 1.99 95;17 0.289 0,458 2,96 ©.02
353.7  1.99 95.17 0.266 0.426  2.96  0.02
353.4 1.99 96,08 0.248 o.3§7 2.95 0.03
. 353.4 1.99 98.01 0.285 0.227 3.00 °  0.00
353.3  1.99 93, 4tk 0..207° 0.570  2.96  0.02
353.1 - 1.99 90.92 . 0.179 0.686 . 2.95 0,02
'352,8 1.99 87.26 0.196 0.764 2,96 0.02
353.5  1.99 90.94 0.238 ° " 0.628  2.97  0.02
353.8 1,99 9760 ‘0,391 0.188  3.00° 0,00
1,99 84.19 .  0.208 0.02
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.TABLE D=8 -
WWV/
<
Tem Pzzgggre % Hydrogen Conversion Rate Selectivity
(°c (atm) in feed ethane Ethane
[: g cat:]m
287.8 1,64 789k 0.023 0.053  2.79  0.11
287.9 1,61 93 41 0,009 0,022 3,00 0,00
287.5 1,62 - 85.58 0.015 0.035  2.79  0.11
.287.8  1.63 79.82 0.010 6.050 2,74 0.13
287.8  1.6h4 75429 0.009 0,061 2.69 0.16°
287.6 1.6k 78.36. 0.008 (0,059  2.68  0.16
288.4 1,63 76.65 0.028 0.050  2.85  0.07
. 287.8  1.13 85.95 0,045 0.016  2.84- 0,08
288.1  1.13 95.39 '~ 0,017 0,008 3.00 0,00
288,0 1.13 83.09 10,016 0.030  2.76 = 0.12
287.7  1.13 73.72 0,015 0.048  2.68 0,16
287.5 1.i4 7' 66,92 0,010 .0.055 . 2.56 0,22
310.9  2.03 89,28 0.090 0,130 2.95  0.03
311.1 2,03 89.36 0,061 . 0,141 3.00 0.00
311.6 2,03 89,19 0.185 . 0.112  2.95  0.03
310.8 2.0k 80.82 0,041 0.329  2.89  0.06
310,8  2.04 86,61 0,038 0,292 .2.89 0.06 -
. 311.2 2,04 86.73 0.043 0.333- . 2.90  0.05
311.2 2,03 85.65 . 0,110 0,316 2,94 6.03
311.1 2,04 77.41 o.;hé‘ 0.357 2.93

0.0k
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3 TABLE D-8 (odntinued)
Total ) ‘
Tem Presgsure % Hydrogen Conversion Rate Selectivity
(°C§ o in feed Aomol ethane Ethane
' . Es-g cat.]]:
,'311.1 2,04 74,81 0,163 ) 0.387 2,93 . 0.03
\v555>5' 2,03 86:iz> 10.181 0.210 2,94 0,03
3to.7 2.0 . 7% 0.243 0.276 2.§§\ 0.03
310.8 2.04 77455 0.234 0.266 2.93 0.0k
311.,0 "2.02 95,52 0.093 . 0.108 3,00 0.00
310.2 1.61 83.17 0.269 0.115 2.93 0.0k
310.5 1,61 81.38 0.090 | 0.217  2.92 0.04
310.8 1,607, 89.11 0,068 0.161  2.92 0.0k
309.5 1,12 65,22 0.109 0,062 2,76 - - 0,12
310.3  1.12 67.39 0.147 0.077 2,79  0.11
311,0 1,12 89.52 0.082 0.050  2.89 . .0.05
310,8 1,11° 89.66. 0,185 0,026 2,87 0.07
310.6 1,11 89,68 1 0.137 10,032 2.88 0.06
330.4 1,99 °  89.55 .  0.11k 0.541 2,96 0.02
330.5 1.99 89,50 °  0.099 0.551 3.00 0,00
330.4 1,99 89.34 - 0.081 0.636 2472 0.1k
330.4 1,99 89,46 . 0.139 0.517 2,98  0.01
330.3 1.98 89,44 0,180  0.480 = 2.98 0,01
3299 1,98 89.#1 | 0.223 . 0.432 2.97 d.oz
.330:2 1,98 189,34 0.329 S 0.361 2,97 0.02




" TABLE D-8 (continued)

285

339.2

Y
Tem Pliz::ire % Hydrogen Conversion Bate Selectivitf
(°C§) (atm) in feed A pol TMethane Ethane
Es-g cat.]
329.9  1.98 89.39 0,482 .,/9.249 2,98  0.01
331.8 2,00 75450 0.073 —1.284 2,92 0.0k
330.,5 2.00 64,57 0.089 0.807 2,90 0.05
329.5 2,01 ' 54,68 .  .0.,085 0.759 ° 2.87 ° 0,07
330,0 2,00 61.48 0,088 0.579 2.89 o.oé‘
330,9  1.98 90,66 0.132 0,308 2,97  0.01
330.4  1.61 92,74 10,075 0.1%5 3,00 0,00
330.4 1,61 89. 54 0.100 0,189 2,96 0.02
336.4  1.60 98.26 0.120 0.035  3.00  0.00
.330.0 1,61 80.25 0.119 0,252 2.93 0.0L
329.9 1,62 %3.17. ‘. 0.138 0.297 2.92 . 0.0k
. 33044 1,62 59.86- 0,164 0,341 ° 2,88  0.06
330, 1.61 " 90.67 Q.082 0.177 2,92 - 0,04
330.3 . 1,60 93.48 0,079 0.155  2.92  0.04
329.7  1.61 85,86, 0.078- . 0.212 . 2.9%  0.03
330.1 1.60 90.97 0.068 0.161  2.94 0,03
330.2  1.11- 87.41 .0.036 0.132 ° 3.00  0.00
330.0  1.11 & 83.59 0.035 0.131 2,91 0.04
339.2  2.03 88,67 0.073 0.495  3.00 0,00
2,05 88.61 0,062 0.598  2.64 ° 0,18




TABLE D-8(continued) .

286

0.158 .,

Tem szzgire ‘4 Hydrogen Conversion Bate Selectivity @
(°C§ (atm) in feed ethane Ethane
. [;-g catj4 '
3t6.1 2,03 88. 64 0.0211 0,202 ,2.92 0.04
316;; 2,03 '88.69 0.041 0.181  3.00 0,00
290.4  1.13 86.65 0.050 0,017 2.8% 0,08 ..
316.2 2,03 89.36 0.116 | 0.169 2.94‘ 0,03

317.9  2.01. ©  89.37  0.13%  0.175 ' 2,95 0,03
308.,9. 2,04 80.86 0.032 0.259 2.85 . 0,08
313,2 2,04 77.23 0.157. 0.387 2.9 .0.03
3;5.5 1,61 82,84 0.352 0,151 2.95  0.03
316.1 '1.60 98,13 0.38%4 0.017 . 3,00 0.00 .
313.5  1.59 98.43 0. 514 0.006  3.00 .0.00
313,8  1.12 88.47 0,086 0.069 .2.91 0,04
312,5 1,11 8§.31 0.205 0,032  2.89. 0,06
318,1 2,02 ‘89;72 0,134 0.221 2,96 0,02
316.4 2,03 89.86 0,146 0.209  2.95 0,02
316.1. 2,02 89. 84 0.139 0,200  2:95 0,02
335.4 2.01 89,84 0.659 2.98 ' 0.01




Data for t olys

287

Total 96/2///,
Pressure Hydrogen Conversion Selectivity

‘"Tem
(OC? (atm) in feed ethane Ethane
. [: g cat E}M -
269.8  2.04 69.80 - 0.020 0.057 . 2.59 - 0.20
270.6  2.05 63.02 0.019 0,071 2.59  0.21
269.5 2,04 71,08 0.015 'Q.054“- 2,60 0,20
270,1 2,04 76,79 0,014 ) o.osé. 2,50  0.25
2704 2.§5 69.90. 0.013 0.067 243 0.29
270.1  1.63 . 69,00 0.010 0.050  2.65  0.18
269.7 1,64 . 62.79 0.025 0,055, 2.56  0.22°
' 27001 1.13 . 79.29 0,017 - 0.035  2.66 . 0.17
297.0 2,03 89,51 . 0,031 0,106  3.00 0,00
296.9 2,03 89.45 .- 0,021 0.114 3,000 0.00
297.1 - 1.62 °  89.46 0,026 0,110 3,00 0,00
297.4 1,10 89.45 0.034 0.091 3,00 0,00
297.6  1.10 89,39 0,049 0,087  3.00  0.00
296,8 ° 1.10 89.49 0,095 . 6.073 2.94 0.03
297.4. 2.06  79.86  0.074 0,316  2.89  0.06
297.4 2,04 . 24,05 . 0,086 - 0.365 2.90 0,05 ‘-
297.2  2.06 80,00,  0.092 0,279 | 2.90  0.05 -
297.8  2.04 75.52 . 0,105  0.315  2.90  0.05
296.9 2.04  86.83- 0,070 0,213 2,90  0.05
z.dg | 90.97 ' 0.059 0.183 2.89 ' 0.66

© 297.3




C . : 288
" TABLE D-9 (ocontinued) :

Tem ’nggzére_ % Hydrogen Conversion Rate - Sele,otivi;:_y‘ |
(ec (atm) .An feed ' &4 mol ethane Ethane
. Es-g cat.]n .
297.7 1.62- 91,04 0,054 ‘ 0.186 © 2,91 0.05
297.4 " 1.62 87,03 6(929 0.238  2.91 . 0.05.
297.3 1.62 .  8l.k2 0.081 0.284 2,91 (0.05
297.9 1,61 89.43 . 0.090 0,163 2,90 " 0,05
297.6 1.62 - . 85.14 0.101 0.181  2.90 ‘-0.05
296.1 :1.62.7 81,98 0,097 0.7z - 2.92.  0.04
. 297.8 1.63 . 77.32  0.109 0.191°° 2,91 0.05
297.3 1,13 . ‘89.9§ 0,046 0.088  2,89. 0,06
296.9 1.13° . 86,10 0,050 0,100 2490 0,05
207.1  1.13 95.05 . 0.156 0,053 3,00 0.00
298,0 1,13- 82,93 0.126 . " 0.170 2.95 . 0,03
297.4  1.13 - .88.91 0.091’ " 0,120 . 2.9% 0,03
297.0 1,135 95,88 0.070  0.235 2,91 0.0 -
296.0 2,02 89,51 0.088 0.095  2.92 0.0k
318,6 2.02 89.25 - 0.077 | 0.279 2.94 0.03
318.4 2,02 89.09  ° 0.061 © - 0.295  3.00 0,00
318.8 2,02 - 89,08 0.093 0.300  2.95 0,03
318.6 2,02 . 89.24 0,113 0.288  2.95. 0.03
318.00 1.61 89.17 " 0.092. | 0.264 3,00  0.00

318,7 1.61 1 89.38  ° 0.122 0.257  2.97 ° 0.01
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TABLE D-9 (continued). ' %

-To\tal Y ’ ' *

Ten Pressure % Hz(fdrog'en Conversion Rate . Selectivity \ . 7
(ec (atm) in feed A6 mol ethane Ethane o8

. Eﬂ,-g cet’c.jM

= _ . — A

318,7 1.61 - 89,18 0,059 ° . 0.300 ° 3.00 . ~0.00 4
318.5 1,61 89.10 0,187 - 6.235 2,96 0,02 %
319.4  1.12 89.10 0.147 . 0,209-. 2.96 0,02 '?

[ 318,6 1.2 89.21 0.105 0.222  3.00. 0,00 ;
317.9  1.12 89.21 - 0,065  0,22%  3.00 0,00 i
318,9 . 2.0k 78.32 0,162 0,904 - 2,95 0,03 : ‘ ;
-318.5 2,05 74.90 . 0.1k . 0.977 2.9% 0,03 1
1318.3  2.04 - 71.65 - 0,126 1,025  2.94% 0,03 . !
318.8 2,04 - 75.72°  0.115 0.932° 2.93, 0.0k o
''318,6 2.04  80.05 0.102 0861  2.9%  0:03 ‘%
319.5 2.04 84,28 - 0,095 0,783 2,94 0,03 3
318.4° 2,046 60.51. 0.328 1,024 2,90 , 6.05' £
318,0 1,61 82,1 0.150 0,509  2.95. 0,03 e
'318.2  1.60 85.95 0.173 0.552 7295 0,02 3
' 319.0 1.60° 90.72 . 0.149 0.387 2.96 0.0a - if
318:6  1.62 737 0.106  0.93% - 2.93  0.03 .
" 317.9  1.62 . 72,94 0,207 0,670 2,93 .0.03 f
318.1  1.62 77 14 0.166 - .0.550 ° 2,93  0.03 : 'i
318.1  1.62 ©  -81.83 ' 0,110 0.372 2.92 0.04 'i
319.1  1.60 92,45 . 0.073 : 0.254_ 3.00 ~ 0,00 ° .k

s



. TABLE D-9 (c6ntinued)

©

290

Tem P’ff;: ire % Hy&rogeh Conversion Rate’ Selectivity
(°C§. (atm) in feéd A6 ol ethane Ethane
. ' Es~g cat;.}]M
318,9 1.13 - 90,19 0,064 0.230°  3.00 0,00
©318.9  1.13 - 86,96 0,068 0.247 2,94 0,03 ,
318.0 1.13 - 88.1k 0.073 0.222 2.9%  0.03
337.9 2,03 89.:58 0.220. 0.663  2.97  0.01
337.9 - 2.03  89.61  0.372. - 0.510 .2.98. 0,01
337.9 - 2,03 '89.79  0.203 0.750 2.98 0,01
'337.4  1.62  89.67 0.208 0.606 2,98 0,01
337.6 - 1,62 89.66 0.169 0.686 2.98  0.01
337.9  1.62 89.67 (0,149 &§0,7§5 ‘ 2,98 0,01
.337.8. 1.13  89.68 10,116 0.630  3.00. 0,00
33?.8' ':T?%szxy//8§?§g\} . 61182 | 0.558// 3,00 - 0,00
337.6  1.13 89,80 0.277 O.477 - 2,98 0.01
337.8°  1.14 67 .54 0.278 . 1.523  2.93  0.03
3384  1.13  84.88 0,211 1.122 . 2.97 0,02
337.8  1.13 89.82 0.245- 0.821  2.97 . 0.02
337.6° " 1.13 722477 . 0.443 4,313 . 2.97  0.02
0336.9° 1.4 57,6k 0,429 1.325  2.91 0,04
N\;\\;ﬁ?.a. 1.13 t:68.67 0.k21 ?ﬁsop z.9a.' o.d3
"337.6  1.63 72.75 0.409 . 0.841  2.93 0,04
338.1 1,61 - 81.10. 0.329 0.691  2.93  0.03
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TABLE D-9 (continued)
Total . :
Temp Pressure % Hydrogen Conversion Rate , Selectivity .
(°C)  (atm) in feed &6 ol ethane Ethane
. o ) Es-g cat.}]M ,
337.9  1.62 78.79° 0.285 1.098  2.95.  0.03
338.5 1.61 8l 46 0.274 1,061  2.97 ° 0.02
338.5 . 1.61 86.69 0.266 1,033 2.97  0.01
338.7  1.63 72,66 0.%55 1,113 2;9% 0,03 .
337.8  1.62 76,54 o0.k2h 1,047 2.95 0,02
338.,4 1,61 94,32 0.254 . 0.621  3.00 0,00 -
337.6  2.02 9417 0,316 ° .0.714  '2.98  0.01
337.6 2.0 84.92 0.170 . 1.080  2.95. 0.02
337.5  2.03 90.66 0.134. 0.847°  2.95  0.03
' 337.2 .2.03 : 86,74 - 0.267 0.639 ,2.95  0.03
337.5 2,02 91.15 - o.gh3 " Q.575  2.97 0,02
295.1 2,05 66.68 0.027 0.317  2.8% 0,08
1299.5  1.13 * 95.83. 0.171  0.050  3.00 _ 0.00
320.8 . 2,04 '85.49 0.201 ' 0.695 .2,95 0.03
356.5  1.13 77,98 0.402 " 1.298  2.96 0,02
337 1,63 72.25 0.43% 0,914 2,94 0.03

33955 2,02 9k.,22 ., 0,358 . . 0,809 2,98 . 0,01
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TABLE D-14

Temperature:

149,0 °c

. Total Pressure: 1,20 atm,

299

Conversion
of n-Hexane

n-Pentane n-Bu

Selectivities
tane Propane

Ethane Methane

0,086
0.158
. 0.164
0.184
0.190
0.276
" 0,282
0.296
0.311
0,319
0.322
' v.347
0.36§
0,373
0.380

0.36
0.33
0.34

0.35

0.34
0;31

0.29

0.30
0.30
0,31
0.30
0.30

0.30

0.30

0.29 . -

0.33
0.3k
0.3k
0,32

034

0434
0.34
0.34
034
0.34
0.34
0.34
0.34
0.34
0.35

0.54
0.47
0.45
0.4t4
0.b45

0,47

0.48

0,48 -

0.50
. 0.48
0,48
0.47
0,47
10,47
0,48

0.42
OQL}LP

0.44'

044
0. 44

0,46

046

0.48 -

D.u45
0.47
0,47
O.b47
0.47

- 0.7

0.47

0.71
0.72
0.72
0,76

0.76

0.76
0.79
0.7
0}76
0.74%
0.75
0,78
0.79
0.79
0.78
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TABLE D-14 (continued)

.300

)

Selectivities

Conversion .

of n-Hexane n-Pentane n-Butene Propane Ethane Metheane
0.409 ., 0,30 'o.3u 0.47 0.47 0.77
0.535 0.28 0.33 0.51 .48 0.75 "
0.578 0.24 0.37 0.50 0.53  0.81
0.578 0.23 0.36 0.51 0.53 0.80
0,607 0.23 0.35 0.53 " 0.53  0.79
0.613  0.22 0,35  0.53  0.5%  0.83
0.703 0.20 0.35 0,54 0.56 0.85
£0.719 0.19 = 0.35  0.55 0.57  0.84
0.800 0.1k 0.35. 0.58 0.62 0.92
0.822 0,33 0.55 - 0.61  0.96

0,17 -
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. TABLE D-17

- 305

Temperature: 285.0 OC,
Total. Pressure: 1.20 atnm-
, Conversion Selectivities

of n-Hexane n-Pentane n-Butane Propane Ethane Methane

0.064
0. 074

- 0.130

0.133
0.138
0.149

0.231 .

0.233

0.246

0,265
0,276

1
1

0,285

0.321
03339'

0.374

02385'3

0.28
0.27
0.27

0,26
0.26 °

0.27
0.23
0.23
0.25
0.26
0.23
0.23
0.22
0.22
0.22
0.20

.0.20

- 0,22
0.23
0.23
0.25

-1 0425
0.2k

0.25

0.25
0.24
0,24
0.25
0.26
0.25
0.25

0.26

0.26 °

0.22
0.22
0.21
0.21

0.22.

" 0,21
. 0.23

0.22

- 0,22
'0020

0.22.

Q.22
0.21
0.23

0.23

0.25
0.25

0.17
LV 0.18 ) .
10.18

0.17

0.18

0.19

© 0423

0.21
0.20
0.19
0.20
0.21

0.20
M 0.22

0.20

"0.25
0.25.

2.70
2.71
2.75
2,75
2;70
2.68
2,71
2,76

. 2"7“ M

2.7h4
2.80
2.74
2.88
2.78
2.84 -

2.‘70 o

2.?2
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TABLE D-17 (continued)

306

Conversion
of n-Hexane

Selectivities

n-Pentane n~Butane Propane Ethane Methane

0.537
0.577
0,603
0.617
10,639
" 0,673
0,679
1 0.716

0.16
0.15
"0.14
0.15
0.14
0.12
- 0413

70412

0.27
0.27
0.24

0.24 -

0.24
0.21
0.23
0.23

0.27
" 0.27

0,25

0.27

0.27
0.25
0.27
0.26

0.26
0.26

0.24.

0.26
0.28

0.24
0.27 °
0.27

2.77

2,85

3.12

2.94
-2.?4
'3.35
13,09

3019
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" Temperature:

. " o
265.0 ¢
Total Pressure: 1.20 atm

Conversion of

.2 2-D1methy1butane Neopentane Isobutana Propane Ethane nethane

Selectivities

10,115
0,122
0,145
. 0.152
0.182
0.202
0.203
0.235
_0.248
04262
.0.282

‘03355

0.365

0.395
0.395
- 0. bl

0.75
0.76 .

076
0.76

074

-'0.73

0.77

0.7k
0.73
0.72
0.7k
0,74

0.75"
0,70-

0,71

.72

L 0672

0,11
0.12°
0.11
0.11
0.12
0.10

- 0.10
0.11

0.1
0011

0,10
041t
0.10
0,10
0,10
0.10
0.09

0.05

¢ 0.04
0.05

* 0.0l"

10,05

0.05

0.05 °
. 0,05

0.05
0.06
" 0.05

0005 >

0,06
0,06
0,06

" 0.06

10,07

0,06
0.05

. 0,06

0,05

0.05
0.05

0.06
0.06

0.05 °
0,06

0,06
0.05

0,07

1.56

‘ 1,49

1.51
1.51
1.57
1. 70

.1.49
1.58.

1.66
1.59

1.61
1.58"
_1.55
0,08
0,07
10,07,

1,70

1.63
1.64 .
1.66

S
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TABLE D-18 (oontinued)

308

Conversion of

///_Seleotivities ¥
2 y2=-Dimethylbutane NeoPentane Isobutane Propane Ethane Methane

0.450
0.501
0.510
0.530
0.546
- 0,560
0.570
0.577
0.588

0.592

0,622
0,623

0.72
0.69
0.71

0.71
0.69

0.71

0.71

0.70

0.66 .

0.69
1 0.68
0,70

0.09
0.09
y 0,09
0.08
0,08
0.09
0,09
0.08
0.08

0.08 -

0.07
0.08

0‘07 © 0,07

0.07 L‘ 0, 07
0,07 0. 08

0.07 0,07

0.07 0,08
0.07 0,07
0.07 0,07
0.08 0,08
0.08  0.09.
0,07 0,08
0.08 0,09
0.08 0,08

1.63
__ L. 76
1. 72\

),

1.77
1.70
1.70

' 1.80

1.94

1,81
"1,89

1.80 -

- e
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Temperature:

Total Pressure: 1,20 atm

255,0 °C

311

Conversion Selectivities )
of n-Hexane n-Pentane .n-Butane Propane Ethane Methane
0.150 0.39 0,22 0.18 0.13 2.33
0,209 0.38. 0.24 0.19 0.1 2,32°
0.224 0.38 0.2 0,19 0,13 2,31
0.226 0.36 0,24 0.21 0,13 - 2.34
0.258 0.3k 0.24 0.20 .0.1%  2.46
0,294 0.34 0.24 0.20 0.14 . 2.45
0,300 0.37 0.23 - 0.21 0.14 T 2.35
. 0.329 0.35 0.24 0.21 0.15 ' 2.34
0.371 0.33 0.25 0.21 0,16  2.39
0.415 0.31 0.25  0.22  0.17 = 2.46
. 0.461 0.30 0.24 0.23 0.16  2.51
0.474 0.29 0.25 0.23 0.16 2.57
0.488 0.28 0.24  0.23 0.17 ° 2.60
0.510 0.30 0.26 0.23 0,16 2,45
0.529 0,30 0.25 0.24 0,17 2.4k
0.558 - 0.26 0.25 0.2 0,17  2.62
 "0.580 0.26 0.26 0.25 9.16 2.60
0.648 0.2k 0,25 0.26 0.18  2.68
- 04725 0.19 0.24 0,27 0.20  2.86
0,740 .24 0.27 0.21  2.98

0017
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TABLE D-21

312

Temperature?
Total Pressure: 1,20 atm

Conversion of

2,2-Dimethylbutane Neopentane Isobutane Propané Ethane Methane

Selectlvities

0.083 0.76 0.05  0.03  0.05 1.81
0.112 0.74 0.0  0.03 0,05 1.97
0.132 0.76 0.05 0,03 0,04 1,87
0.149 0.76 0.0 0,03 0,05 1.87
0.158 0.77 0.03 0,02  0.04 ~ 1,86
0.177 10,78 0.03 0,02 . 0,05 1.83
0.190 0.76 = 0.03  0.03  0.06 1.91
0.249 0.76 0.04 0.02 . 0,04 1,87
0,263 0.77 0,04  0,02-. 0.04 1,83
. 0.298 0.75 0,04  0.03  0.05 1.93
04314 0.81. 0,00 0,02  0.04 1.83
0.341 0.76 0.04  0.03  0.04 1.89
0.370 10473 0.03  0.03  0.05 2.02
0.371 0.75 0.04  0.03  0.04 1.93
0.381 0.75 0.0  0.03 0.0 1,93
. 0,387 - 0.76 0.0  0.03 0,05 '1.88
" 0,396 0,78 " 0.04 0.02 0,03 1.81
7/
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) 313
TABLE D.21 (eontinued)

‘Gonversion of Selectivities
2,2-Dimethylbutane Neopentane Isobutane Propane Ethane Methsane

0. 107 0.76 0.04 0.02 0,04 1,89
0.480 0.76 0.03 0.02  0.04 1,96
>o.566 0.75 0.03 0.02  0.04 1,96
0.568. 0.75 0.04 0.02  0.05 1.82
0. 591 0.69 0.03 0.03  0.05 2.23
0.663 0.72 0.02 0.02 - 0.05 2.12
" 0.668 0.72 0.02 0.02. 0.05 2,12
0.722 0,70 0,02 0.02  0.05 2.23

0.831 0.56 0.01 0.02 0.06 2.96

T
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' -TABLE D-23

316

Product Distribution for the'Eydrogenplysis of n-Hexane

over Cobalt-Magnesium on Siliconcarbide.

Pemperature:

219.0 °c

Total Pregsure: 1,20 atm

Selectivities

- .
PN LSS ST IO LAV SR ey Vvt SE TR I NP UEAL W R R S PR

Conversion '
of n-Hexane n-Pentane n-Butane- Propane Ethand‘ Methane
0.061 0.15 | 0.10 0.12 0.26  3.98
0.119 0,15 0.11 0.1%  0.25  3.91
0.128 0.14 0,11 0.13 0.25  3.9%
© 0.156 0u1h- 0,12 0.3 0.23  3.95
0.182 0.16 0.11 . 0.12 0.23  3.92
0,191 0.14 0.12 . 0.4 0.2h ° 3.92
0,214 0.1k 0.11 0.13 0.2 3,98
0.240 0.13 0.11 " 0.13 0.25 k.01
0,266 0.13 0.11. 0.13. 0425 k4,04
0,268 0.14 S 0,11 - 0413 0.22 4,00
0.301 0.14 0.12 0.13 0.23 ° 3.99
0.328. 0.15 0.11 0.13  0.23  .3.95
10,334 0.1k 0.12 0.13  0.23  3.96
0.355 0.13 3211 0.13 - . 0.2k 4,03
0.379 0.13 0,11 70,13 0.23  #,07
0,432 0.11° . 0411 0412 0.24 4,17
0.460 0.2 0.1 03 o2l ka3
- ¢
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. TABIE D-23(continued)

317

Conversion "Selectivities
of n-Hexane n-Pentane n-Butane  Propane Ethane Methane
o.dgé_ 0.11 0.11 »*_) 0.13 0.25 bk
" 0.508 0,10 0.09 0412 0.25  4.28
04533 0.12 0.11 0,13 0.23 4,08
0. 541, 0.11 0.12 0.13 0,21 .16
0,641 0.10 0.10 0,13 0.24 4,23
0.672 " 0.09 0,10 - 0.13 0.2 4,26
0,788 0,06  0.08 0.11  0.25 ° _b.57
0,844 0.04 0.06 0,10 4,76.

0.24
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‘Temperatufe: Other temperatures

Total Pressures: 1,20 atm

-(’f:> Temp Conversion ' Selectivities y
(°C) of n-Hexane n-Pentane n-Butane Propane Ethane Methane
139.0 0412 0.34 0.34  0.47 0.43. 0,66
139.0 . 0.15 0.34 0.34 0.47 - 0.43  0.66
139.0 0.15  0.32  0.36  0.h6 0.4l . 0.66
139.0 . 0.18 0.35 - 0,34 0.47 0.2 0,66
139.0 0.24  0.31 0.33 0.51 0.4 0,72
139.0 © 0.29 0.30 10.36 0.50 O bl . 0,67
139,00 0.30 o.33 0.35 0.50  0.42 0,67
139,0 0.31 0.32  0.35 0.49 0.43 0,66
139.0 0.32 0.32 0.35 0.50 O 4l 0,64
139.0 0.36 0,31" 0.35 . 0.49  0.43 0.73
1390 - - 0.45 T 0.30 0.36 0.50 0.45 0,68
139.0 0.51 0.28 0.36 . 0,50 0.46  0.74
163.0  0.21 . 0.27 0.35 o2 0.51 0093
' 163.0 . 0.22  0.29 . 0,34 - 041,  0.5% 0,95
163.0 0.35 0.26  0.32 0. bk 0.55 1.02
163.0  0.38  0.26 0.31 o.44  "0.56  1.07

J
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TABLE D-24 (continued)

Temp Conversion ' Selectivities
(°C) of n-Hexane n-Pentane n-Butane Propane Ethane Methane

163.0  0.56  0.21° 0.32 0.47  0.60 1.06

163.0 0.61 0,19 * 0,31 0.49 0.61 1.11
163.0 "0.63  0.18 0.31 0. 49 0.64  1.10
163.0 0,70 0.16 0,30 0.47  0.73  1.14
1630 0.78 6.11 0.28 0.54 0.74 1.21
©163.0  0.82 0,10 0.27  0.55  0.78  1.26
163.0  0.89 0.08 - 0;25 . 0,56 0.81 1,32

163.,0° 0.94 " 0,05 0.21 0455 0.89 1.51






