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ABSTRACT

- In the hydr"ogenolysia of hydrocarbons, iron is.unique among the
transition metals since it breaks molecules extensively and produces
large quantities of methane even at low conversion. Hydrogenolya.is of
"propane, isopentane and- n-hexadecane were studied at 35 and 35500 over
reduced Fe and carbided Fe catalysts p;epared from a commerciql NH3
synthesis catalyst. Reaction network analysis applied to the
selactivity data ylelded a quantitative estiimate of the relative
importance,t‘y an adsorbed species, of desorbing or undergoing C-C bond
splitting; this method indicated that prod‘llact. desorption is the slow
step in the reaction mechanism, Fower rate expressions were obtained
for hydrogenolysis of propane and isopentane at 325°C. Used catalysts,
characterized by Missbauer spectroscopy, contained a-Fe at high feed
ratiocs of H2 to .hydrocarbon, and Fe3C, at low ratios. The formation of
bulk iron carbides led to changes in selectivity, yielding less methane
and more -intermediate hydrocarbons. In hydrogenolysis of n-hexadecane,

the analysis of ‘the C -C:1l3 products by gas chromatography-mass

7
spectrometry showed the presence of alkylbenzenes, alkenes and branche&
alkanes, which account altogetﬁer for as much as 20 mole % of the
. heavier hydrocarbons‘. The data also suggest that the breaking of
paraffins on 1iron possibly occurs by rapild dett{ylation. Hydro-

genolysis of hydrocarbons is completely inhibited when carbon monoxide

is added to the feed, even at concentration as low as 4 mole %; CO is
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presumably more strongly 'adso-rbed' on the catalyst than pydrpcarbona'.
: '

The products obtained were similar to those found in the Fischer-Tr;)psch
synthesis. Traces of water in 'th; feed reduce the' rate of hydro-
genolysis. An increase in the K20 content of Fe catflyat decreases its
activity bht does not affect its ;electiviky.- A news/method of deriving

selectivity equations from reaction networks is presented. Hetwork-

analysis is shown to apply to irreversible reactions for hydrogenclysis
’ Vs

and i{somerization..
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CHAPTER 1

. INTRODUCTION

The present thesis investigétes the hydrogenclysis of hydro—-
carbons over lIron catalysts: These exothermic reactions Iinvolve the
splitting of‘ C-C bonds and the hydrogenation of the newl} forméd
hydrocarbon fragments. This chapter is divided into 5 sections, of.
uhich.éhg first'2 present‘a literature review on hydrogenolysis of
ethane and of larger paraffinic hydrocarbons: In these 2 sections, iron
is shown to be unique among transition. metal catalysts. The third
section describes the different ‘Fe carbides that can be formed during
reactipn involving hydroc;rbons and the foerth conﬁidera catalyst
poisoning and its influeﬂce on seiectivity. The last sectioﬁ deacribes

the aims of the present research.

1.1 Hydrogenolysis of Ethane

L ]
1.1.1 Experimental Wpr}’

{:Ei:f

with ethane by Morikawa, Benedict and'Thylor (85,86,115) using cobal%,

sis reactions over metal catalysts were first stud}ed

nickel, copper and’/iron catalysts. Interest in hydrogenolysls reactions

arose because according to Taylor, they might provide a measure of the
A .
tendency of different metal catalysts to break C-C bondaxrelative to

their ability to grow hydrocarbons during the hydrogenation of carbon

monoxide.



Taylor et al. (115) found that Co was less active for
hydrogenolysis than Ni but more active than Cu. Furthermore, the
reaction rate was inversely proportional to the partial pressure of H2

on Co and Ni.

—_————
' ———

Morikawa et al. (85,86) explainé& this dependence of the rate by
the dissociative adsorption of C2H6 te form C1 adsorbed species, which
react faster than ethane to form CHu with hy@rogen apd which are in
larger .amount on th; catalyst surface at lower H2 partial pressure. The

authors also suggested that the number of pairs of adjacent sites

necessary for C2H5 chemisorption may be inversely proportional to the H2
 partial pressure

A few years later, experimental results of Kemball and Taylor
(55) confirmed tha£ in hydrogenolysis over nickel, the power rate
equation had a negative exponent, =1.2, for the,H2 partial pressure and
"a positive one, +0.7, for C2H6' Activation energy was about +52
keal/mole,

or experimenfal power rate expressions given in the literature,

Fe is the only group VIII metal which has a positive H_ order (94,95,

2
100,101,103, 104,123). .For the other metals, the reaction rate is more
or less enhanced by a decrease in H2 partial pressure, depending on the
size of the exponent, Houe?er. the H2 order varies with temperature,
becoming iess and less neéative with increasing temperature (13, i5,46,
61,67,102). The rate of hydrogenolysis is close to 1st order in ¢ H6
partial pressure for all metals.

A list of metal activities prepared by Sinfelt (104) indicates



that Fe has one of the lowest hydrogenolysis activities of transition
metals:
Os > Ru > N1 > Rh > Ir > Re > Co > Fe > Cu > Pt = Pd
Finally, Somorjai (108,109) observed, using surface characteri-
zation techniques, that changes in the metallic.crystal faces such as
the number of kinks and steps, influence the rate of splitting of C-C

bonds.

1.1.2 Theoretical Ex}lanations for Difference in Catalytic Activity

Some workers tr{gg to relate the difference in hydrogenolysis
activity of the differ;nt metal catalysts to their electronic structure,
Sinf‘ht correlated the catalytic activity of the group VIIT metals with

eir % d-character (103,104), The % d-character is a concept defined
in /the m"Resonating-valence-bond" theory of metals developed by Linus
auling (89) and it represents the extent of participation of d-orbital
electrons in the bonding of ﬁtoms in a metal lattice, It is calculated
from the atomic radius and the saturation magnetic moment. The bond
strength between metal atoms usually increases with theli d—character.

By plotting the relative specific activity of copper and group
VIII transition‘metals as a function of their % d-character, Sinfelt
could draw a straight line through the points corresponding to the
metals of the second and third periods (Ru-Rh-Pd and .0s-Ir-Pt).
However, only a curve could be passed through the points for Fe, Co, Ni
and Cu. Consequently, Sinfelt suggested for the determination of the

catalytic activity, an additional criterion, the lattice spacing, which



is smaller for non-noble metals than for noble ones. Other theories
were put forward to explain the béhavior of transition metals but ware

not very successful (64),

1.1.3 Reaction Mechanisms

Reactiop mechanisms were proposed for C2H6 hydrogenolysis over
transition metal catalysts, The basic catalytic mechanism consists of 3
steps: adsorption of the- reactants on the- catalyst a££es, reactibn
between the adsorbed species and desorptidn of the products, The
mechanisms for hydrogenolysis reactions follow this general principle,

The most recent wmechanism for throgenolyaia of ethane-oh
transition metals was proﬁ;sed by Sinfelt (106), based on earlier
mechanisms developed by Cimino et al. (26) and Sinfelt (102). The rate
determining 3tep was assumed to be the splitting of the C-C bonds of the
adsorbed h&drocarbon based on experiments- showing that, over most
metals, hydrogen-deuterium exéhange oceurs at lower temperature than
hydrogenolysis reactions (26). In this model, hydrogen and ethane do
not compete for active sites. The following equations summarize the
mechanism proposed by Sinfelt:

k

CH, == cul-up” (.1
2’6 7, Cofls'+ d AL

. [ ] 3
H+CH-J-‘CHx+aH (1.2)

» » »
c Hx —--—+CHy + CHz (1.3)

PV



» » +H2 .
CH +CH —= 2 CH (1.8)
y z 4
where ax=z (Qgi) (1.%9)

To account for the decrease in order of H pPartial pressure with

increasing temperature. the first 2 steps involve rapid chemisorption of

2
proceed rapidly and may be regarded as being at equilibrium. The rate

L ]
C2H6 to form CZHS and further dehydrogenation to ¢ Hx' These steps

. )
of formation of C2H5 is therefore equal to the disappearance of CoH, -

Splitting of the C-C bonds and hydrogenation of the C species occur

1
rapidly. Rate equations were derived from this geehaﬁism, the

Subscripts 1,2,3 referring to steps in the mechanism and letters_g and

H, to CH, and H_:

2 2
k, P

Rate = —‘-E—; (1.6)

{1 + bPH)

i
. k{ .
where b = T (1.7
32

or n'_-na

Rate = k PE PH {1.8)
k .n

where k = kg [;-’,i K, (1.9)
B 1 \

Equation 1.8 13 a Freundlich approximation of equation 1.6.

At low temperature, (bP } is much larger than unity and equation

1.6 can be written

v



6
'
k, P K P
Rate = —1E . 1 g 'E (1.10)
a 3 k 2 .a
b P 1 P

At high tem;;erature 6r at low hydrogen partial pressure, more
extensive dehyd ogenation of C H‘5 occurs and the reaction rate becomes
independent of H2 pressure, (b PH) being very small compared_tq unity.

Values of integer 2 were obtained by fitting eq. i.&__t.o the
experimental data, The parameter X, the number of H atoms fin the 02
adsorbed species, Was calculated with eq. 1.5. According to Sinfelt
(106), Pt, Pd and Rh have a hydrogen deficient adsorbed species (x=0),
Ru, Ni, Os and Ir, an acétylene-type ad;sorbed species (x=2) and Co, an
ethylene.type (x=4).

If the experimental dat; for hydrogenolysis over Fe are t‘itted to
.the power rate equation the order of H2 partial pressure is positive,
‘lmplying a negative value of x, which {s physically impossible.
Application of Sinfelt's-rate equations to iron catalysts, is therefore
not possible since one of the assumptions, the splitting of C-C bonds as-
rate determining step wouldn't be valid forp hydrogenolysis over Fe,.
Instead Sinfelt, Suggestad Qeso.r;ption of the adsorbed C1 sp;cies as rate
- limiting step since hydrogen-deuterim exchange of ethane does ﬁot ocour

on Fe at low temperature, even though hydrogenolysis does (104).

Dowie et al. (34) also confirmed the v dity of this rate

~

experiments in presence of
deuterium where methane is completely exchanged to form CDu. The
authors proposed a simple reaction mechanism where desorption 1is rate

determining. - They used in this mechanism, the concept of "virtual



™~

pressure® developed by Temidn and Pyzhev (116) for the deccm—poaition of
NH3 over promoted iron cataly:_st. The virtual pressure which is a
fictitious pressure, can_ be considered as tfae "fugacity of the adsorbed
species” on the catalyst surface, as suggested by Bokhoven et al. (14).

The following diagram describes the “proposed mechanism: "

Virtual
e o .
C2H6 + H2 S e e s n s xHu
' ) o )
Established . EE virtual
il
z (not. established)
74 - .
C2 —m— - C.I ~—
o ad sorbed species * adsorbed apecies
Eat?bnsned .

The adaorbed C2 species are cracked into C which accunulate on
.the surface due to slow desorption until equilibr:lm is reached with a
hypothetical pressure of Cl-iu, called its virtual pressure. also in
,e.quilibrim with CEHG and Hz, in the:gas phase, 'I'herefore_. the value .of
the'virtt:al pressure can be expressed as a function of the actua;
pressures of the reactants, In hydrogenolysi-s ét“ ethane, the virtual

‘l

pressure of methane is-

. 172 o
Py = K PP) | S aam

[

At 325°C the equilibrium constant, Ke' is about 1.5 x 106 atm

‘and in ff}ﬁ presence of 1.atm 021-16 and 1'atm Ha, the CHB, virtual pressure

-

A
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is about 1,200 atm which is larger £han the actual pressure of CHQ.

Consequently, more C1 3pecies are present on the surface than CZ‘

" According to Kemball (56), the high value of CHu virtual pressure during

C2H6 hydrogenolysis would lead to higher surface éoverage by C1 species

dhan during D2 exchange reactions and thi; would explain why exchangé is
slower than hydrogenolysis over Fe catalysts.

1.1.4 1Intermediate Species

The intermediate species usually found in hydrogenolyais of Czﬂs
are a,f-diadsorbed species which are more or less strongly bonded to the
catalyst s depending on ‘the metal involved (105), At}%igh reaction
. . . .

temperature, a,a-diadsorbed species have also been found as

hy genolysis intermediates (47).

L4

1.2 Hydrogenolysis of Higher Molecular Weight Hydrocarbons

1.2.1 Experimental HbLk . ’

L’/,Hgizﬂydrogenolyaia of hydrocarbons containing mdrd than 2 t:'dﬁoms
(straight and branched alkanes, cyclic molecules, olefins, gromatics)
have been studied over various metals. Hydroeracking 1s.mdre.extensive
on ?é thhn_on any other group VIII metal. Isomerization and cyclization
are very often side reactions ddring h ogenolyais of hydrocarbona over
Pt metals (78), The catalytic activfzir;f these transition metals was
measured by Kikuchi et al. (62) in reactions with normal pentane and the
following sequence in order of decreasing activity was obtained:

Ru > Rh > Pt > N1 > Co > Ir > Pd = Fe

L A

L 4



Iron i3 also less active than otherﬁ’group VIII metals during
hydrogenolysis of hexanes (73).

Paraffinic hydrocarbons react f‘astef on a‘given metal as the
number of € atoms increases (3}, since the activation energy for
splitting a C-C bond reported per C atom, is inversely propor'tional‘ to
.the length of the paraffin (9,106,111). Branched alkanes are more
reactive than straight chain hydrocarbons on Ni and Co (63,73) but less
reactive on Ru (60). The activation :énergy for adsorption of
cycloalkanes being smaller than for alkanes, the hydrogenolysis of

cycloalkanes is faster.
\

Power rate expressions were used by different workers (72'.\97.

117) to fit the experimental data. With CjHg, the exponent of the H,
part.ial pressure is usually negative, except for Fe caflalysts, vara,,ing
between -2.5 and -2.0 for Ni catalysts and -1.9 and -0.61 for Co.
Machiels and Anderson (72) observed that with Fe supported on silica and

promoted with magnesia, an increase of reaction temperature changed the

3ign of the exponent: -0.53 at 314°C and 0.78 at 353°C. This increase

in the order of H2 partial pressure has also been noticed by cther:

workers (13,78,106).

Iiuring hydrogenolysis reactions. the selectivity of a catalyst
for different hydrocarbons varies fr'om one metal to another, The
selectivity for product P is defined as the ratic of the rate of
formation of P over the rate of reaction of R. -

Sp = --RP/RR (1.12)

Comparisons can be made between the selectivity of ci:lfferent
. ’ [/—«/‘_\

'
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metals. fhe proportion of methane in the products increases in the
following order:

Ni < Co << Fe {58)

In th;ir experiments with C. isomers, Machiels and Anderson (73)
observed that the Selectivity for ethane decreased dependingl_pn the
metal being used:

Ru > Ni > Co > Fe
In fact, over Fe, methane was the main product and only traces of CZHG

and C3H8 could be found.

Higher reaction temperatures led also to more extensive C-C bond

splitting.

| Furthermore, Dowie et al. §32) did some low conversion
hydrogenolysis experiments using deuterium‘;ver evaporated Fe ab~188°8
and found that ﬂBre than 80% of the products were completely exchanged

and transformed into perdeuterio-compounds: (D With

y* 2 ye 3 6°
neo—csﬂ12. there was also extensive hydrocracking, more than 99% of the
total products being methane.

These d4fferences in selectivity betueeq metals are very often
due to variations in their pattern of splitting the C-C bonds of a given
‘hydrocarbon. Nickel performs a demethylation of the adsorbed
hydrocarbons, breaking C-C bonds adjacent to terminal C apoms (3,62,63,
73.11). On the contrar&. over ruthenium catalyst, all the C-C bonds of
a straight chain hydrocarbon have an equal chance of being broken.

Furthermore, tertiary C atoms are more easily attacked by nickel and .

cobalt than by ruthenium, which explains why during hydrogenolysis of
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isopentane, more n-Cun than i—Cqu is formed over nickel and cobalt

(T4). However, Ru (60) breaks the bonds at the straight end of this

branched alkane, making more 1-CI¥H10 than n-—CuHm. Furthermore, methyl

groups are not easily removed from quaternary atoms as found 1in

experiments with 2,2-dimethylbutane and neopentane (73).

1.2.2 Intermediate Species

-~

Intermediate spécies for hydrogenolysis are usually linked by 2 C

atams to the metal active sites. Based on deuterolysis experiments over
evaporated Fe films, Dowle et al, (33, 34) suggested thart a,y-adsorption
(1st and 3rd C atams) is irreversible and leads to complete breaking of
the hydrocarbons to methane since no a,Y-exchanged products are found
from‘De exchange ofy neo-lC5H12. Furthermore, deuterium exchange
reactions would involve different :l.n'termediates: a-, «a - and a,B-
ad sorbed species,

The lower r-at‘e of hydrogenolysis of ethane over. group VIII
metals, compared to higher molecular tq;ght hydrocarbons, could be
explained by the impossibility for C2H6 of forming a,Y-adsorbed species
(5,34). Double bonds could also be formed between @ metal site and one
of the C atoms: a,a,B-gdsorbed species from c2H6 and u.a;Y-speqiea from
heavier lﬁ'&qrbons (20,75). Vs

'ﬁydrogenolysis ‘of‘ cyelie co;npounds usually involves w=adsorbed

species as intermediates (5,63,75).

1.2.3 Reaction Mechanism

Since most products were completely exchangled with D2 during
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deuterolysis eéxperiments over Fa catalysts, desorption of hydrocarbon
3pecies was assumed by Dowie et al. (34) to be the rate limiting step,
On nickel or ruthenium catalysts, Kempling and Hachiels found that C-C
bond aplitting was the slowest step, based on estimation of parameters
in Selectivity equations derived from reaction networks (60,72,73). For
cobalt, the C-C bond splitting was slightly faster than producuk)
desorption,

Dowie et a1, {(34) auggest&d 2 reaction mechanism for Fe
catalysts, that takes account or 2 types of adsorbed species: reversibly
chemisorbed which could undergo deuterium exchange and irreversibly
chemisorbed 1n the ga,a vY=position, which could be hydrocracked to
Smaller species. Tﬁé}{bllowing diagram describes the reaction mechanism

applied to normal butane.

Gas :

Phase Cy C3 C, <,
Reversibly J ¢ Jl‘ J i Jr
adsorbed C C C c
speciles 4 3 2 1

L~

Irreveraibly J
¢ 3

adsorbed
3pecles

il
——
————

|

The rate of 2 Biven reaction 13 related to the length of the -
corresponding arrow. According to this . mechanism, 3 species which
undergoes C~C bond splitting is therefore broken completely into'methane
while an adsorbed Species that 13 not irreveraibly adsorbed, remains on
the surface of the catalyst long enough for complete deuterium exchange

(32). These workers suggested also CHH desorption as the rate limiting



13

step in hydrogencolysis reactions over iron catalysts.

1.3 Changes in Catalyst Composition

Rgview of the literature on iron-catalyzed reactions shows that
reduced catalysts may change compoaition, oxidize, nitride or carbide
during reaction; carbiding is discussed in this section.

Iron catalysts prepared from reductioﬁ of fused magnetite are
usually converted during hydrogenation of carbon monoxide, into Hagg
carbide, Fe5C2 and iron oxide, Fe30u {7,9,36). Similar results were
obtained by Hatsumoﬁg and Bennett (79) during transient experiments.
The temperature of the .reaction determines the iron carbide produced.

Nlemantsverdriet et al. (87) gave the following list of carbides
in order of increasing temperature of formationé

f'-FeZ.Zc < E:—Fezc < x—Fescz; < B-Fe3C
Cementite, B-Feac. cannot be formed at temperature less than 350°¢
during Fischér-Tropsch synthesis, The authors also suggested that the
relative stability of these carbidesh is directly related to their
formation temperature, which is lower for the less stable ones.

The nature of the carbides formed in supported iron catalysts can
be different at a given temperature from those in bulk catalysts.
Amelse et al..(a) identified e'-Fez.zc in a silica-supported Fe catalyst
after react&pn in a 3 HZ: 1 CO gas mixture at 255°C. Raupp and Delgass
(90) suggested that the carbide composition depended on the average

particle -size and that smaller particles favor less stable carbidéﬁ.

e-Feac.and e'-Fe2 2C. In their experiments at 250°C, the Fe catalyst’

T



14

with less than 6.1 nm diameter crystallites, contained only e'-Fe c

2.2
while the catalyst with 10 nm particles became y-Fe

5°2°

Finally, Le Ca%r et al. (66) reviewed in a recent paper the
different Fe carbides formed during FT synthesls, using Hﬁssﬁauer
Spectroscopy data.

The presence of iron carbides in the catalyst during CO
hydrogeﬁation led Fiacher and qup§5ﬁ (40) as well as Craxford and

Rideal (28) to propose them as {ntermediates in the formation of long

chain hydrocarbons.

1.4  catalyst Poisoning
Craxford (29) observed that 60% of the wax depecsited on the

surface of a cobalt catalyst during 3 weeks of CO hydrogenation, could
be removed in less than 3 hours when the feed composition 1s changed
from a -2 HB: 1 CO mixture to pure Ha. Furtﬁermore. workers at the
Bureau of Mines (54) found that hydrogenation of carbon monoxide over
ruthenium produces CHu and highér hydrocarbons, up to Hax.'uhile only
CHn is obtained from 002 hydrogenation over theAsame metal, which is a ¢
good hydrogenolysis catalyst {114)., - These results suggest that carbon

monoxide inhibits the hydrogenolysis of hydrocarbons,

1.5 Aims of the Preaent.Reaearch

The present thesis investigates the hydrogenolysis of alkanes
over 1iron catalysts and amore precisely the reasons behind the very high

production of methane with Fe.compared to other group VIII transition



, )

15

metals, Experimental conditions like the coﬁversion of the reactant,
the hydrocarbon to hydrogen feed ratio and the molecular weight of the
initia}l alkane, were varied to stﬁdy how selectivities for CHn and for
other hydrocarbon produ%Fs are modified by them., The experimental data
were fitted to power rate expressions and to Selectivity equations
derived from reaction networks where no rate determining step was
assumed. Characterization of the used catalysts was done for detection
of changes in composition during reaction. Hydrogenolysis reactions
were also studied over carbided Fe catalysts. The influence of poisons
1ike CO and H20 was examined in relation to the Selectivity and the rate
. of the reaction. All the data collected during these experiments were
uéed to elucidate the mechanism of hydrogenolydispof hydrocarbons over

Fe catalysts.



CHAPTER 2

THERMODYNAMIC CONSIDERATIONS

Thermodynamic calculations can predict all of the possible
products from a set of reactants. .These studies &ire useful to dis-
criminate between products which are possible and those which are not.

Table 2.1 gives values for hydrocarbons of the Gibbs free energy
of formation, AG?. at temperatures varying betwéén 400 and 800 K. 1In
this table, AG?': for hydrogen and graphite, Cg. are assumed to be equal
to 0.0. Equilibrium constants, Ke. and changes in Gibbs free energy,
AGO. which are calculated for a given reaction, indicate the operating

conditions at whidh this reaction is possible.

2.1 Hydrogenolysis Reactions

For hydrogenolysis of alkanes, the breaking of all C-C bonda to
form only CHu is the most thermodynamically favourable reaction since
its 4G° is the smallest:

Cx H21+2 + (x-1) H2 + X CH“‘ ' (2.1)
Furthermore, if splitting of C-C 1ds ‘ occurs sequentialiy.ﬁone bond at .
a time, the demethylation reactién is strongly favoured, CHu having the
lowest AG? among all hydrocarbons, Similarly, CHH would be the only
‘hydrocarbon product froﬁ CO hydrogenation if equilibriuﬁ occurred
between all species, as shown by thermodynamics ¢ la 'ons of Lea ét

al. (68).

MON-4q » 16
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TABLE 2.1
Ffee Energies of Formation, AG;. in keal/mole (112).
Compolnd 400 K 500 K 600 K 700 K 800 K
e, -10.07 -7.85 ~5.51 -3.06 -0.56
CHe -3.45 1.16 5.96 10.90 15.91
CH, 17.69 19.25 20.92 22.68 24,49
' C3H8 1.19 8.23 15.50 22,93 30.45
n—6;§10 ' 5.10 14,55 24,27 34.19 4,21
1-C H, o 4.58 14,39 24,48 34,75 45,13
1-CH,, 8.21 20.25 32.61 45.18 57.87
n-C16H3u 58.23 97.08 136.74 176.96 217.46
H,0. -53.52 -sz.ék -51.16 -49.92 ~48.65
co =35.01 -37.19 -39.36 -41.53 -43.68
co, . -94.33  -94.39 -94  -94.50 -94,54

7.91 7.127 4,653 — —
3.866° 3.821 " 3.458  3.140° -
4.043 3.461 2.82 S8 -

i

a

and Hz. is taken as 0.0,
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2,2  Formation of Iron Carbides

Hagg ecarbide, Fescz. and cementite, Fe3C. are included in the
thermodynamics c¢alculations because they can be formed during hydro-
genolysis reactions, as shown in the following equations (where‘E is an

integer equal to 1, 2, 3 or more):

CxH21+2 + 3x Fe == x Fe3c + (x+1) H2 (2.2)
ot
5 X
CxH2x+2 + X Fe — > FeSC2 + (%+1) H2 (2.3)

‘Calculations were also done for the possible formation of
elemental carbon according to
\

‘ cxH2x+2 = x Cg + (x+1) Hz . (2.4)

Once AG° is calculated, the equilibrium constant, Ke' is cbtained

from : i

K =e . (2.5)

Ke is also equal to the ratio of partial pressures of H2 and
) ‘

hydrocarbon, which for equations 2.2, 2.3 and 2.4, 1is
B x+1
K = F 2] ’ (2.6)
e IC |

- x H2x+2 -j7=
or . \E

x+1 ‘X X+
= (PT YH) = PT d - (2.7
e (PT Yc) S £

At a given temperature, this becomes
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Y!+1 - AGO
i . 1. ’T _, (2.8)
1 - YH Px )
T
which can be written
x+1 . _
yH + A Yy A =0 (2.9)

The variable YH in equation 2.8 represents the minimum H2 mole
fraction in the feed mixture above which formation of Fe carbides or of
elemental C is not possible. As shown in equation 2.8, Yy 13 dependent
on temperature and total pressure.

Table 2.2 gives values of y, for a system involving H., and C_H
H

2 38
at a total pressure of 128 kPa. If the hydrocarbon reactants are
1-C5H12 or n-C16H34. the minimum H2 partial pressure will be even
larger. The hydrogen to lydrocarbon feed ratios used in our
experiments, which varied between 0.8 and 10;0. were therefore too low
to prevent carburization of the catalyst, according to Table 2.2.
However, the equilibrium conditions are quite different if CH, is

n

the hydrocarbon reactant in equations 2.2, 2.3 and 2.4, The minimum H2

mole fraction, yH. for reaction at 32?092 is about 0.0266 to prevent
formation of cementite, 0,042 for Higg carbide, and 0.0842 for elemental
carbon. These values increase with reaction temperature. They also
indicate that the mole fraction of CHu ha: to be very large to carburize

the catalyst, as observed by Browning et al, (15). - Therefore,

*
L

hydrogenatigh of éhe carbidic phases is expected from the thermodynamics

calculations \}ﬁvglving CH#- while ‘the opposite dis favoured by"the

presence of higher hydrocarbons.
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TABLE 2.2

Minimum Mole Fraction of Hydrogen to Avoid Formation of
Carbides and Graphite during Hydrogenolysis at 128 kPa.

I Hydrogenolysis of C3H8

_327% _355°%
FeBC 994777 a .999351
(190.4) (1539)
FeC, .999655 .999937 4
(2895) ) (1.59 x 10 )
c .999995 : .999999 s
& (2.22 x 10°) (8.03 x 10”)
II Hydrogenolysid of 1—05H12
_.-/
327°%
Fe.C .999 999 44
3 (1.80 x 10%°
Cg © .999 999 999 999 511

(2.385 x 10 )

a) Feed ratio of H2 to propane,

b) Feed ratio of H2 to isopentane.
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Thermodynamics calculations also show that decamposition of Higg

carbide and cementite to a-Fe and elemental carbon 1s possible, at the

reaction temperature. : L/

2.3 Magnetic Properties —/

Transition metals, 1like Fe, Co an;l Ni, are considered ferro-
magnetic because they are formed of =mmall damains which are spon-
taneously magnetic. This magnetism arises from the interatomic exchange
mteraptions which act- to .align. parallel to each other and in the same
.direction, all the atomic magnetic mements which originate- from the
spinning of unpaired electrons of their d-ahell orbitals and from the
rotation of these electrons aromd the atomic nuclei. When a block of
f‘errcmagnetic metal 1s placed in a magnetic field of sufficient magn i=
tude, all the spins are aligned in the same direction and magnetization
is maximum for a given tenp;‘atm'e'(ES,%). . Table 2.3 gives magnetic
properties for some group. VIII metals as well as for iron carbides.

Variations in the magretic moment at a given temperature may indicate:

changes in the number of unpaired electrons.

e



TABLE 2.3
RN Magnetic Properties ‘
‘Curie ;gnetic moment? Specific a
. Tempsrature (Bohr Magneton) magnetization
¢y Metal Atom (emu/mole)
aFe , 770%+ £ . 2.2 qu'e 12,180%f
(bocrc-) ' . . / ~
a-Co® 797-877° 1.7 ude 9,1430% %
(h.c.p.) ' o~ 857
BCo® 1100f .
- (f.c.c.) . ’ 1115 - )
NE 353-360° 0.6 5t 3,210 f
(f.C.C.) + ) - N
_ 8-Fe,C 2087 1.5 1y | 24, 9607
~ (ortgorhombic) . 210 '
\ ;
| eFe 3807 .6 17,320f
( (hefpo) -
2'-Fe_ ¢ u50f
2.2, ., ~,
: £
FeC . 2507
0 * ! .
© x-FeC, (Higg) S | .
(mongcfznio) 252 1.5 g 42, 460

a) measured at room temperature,

‘. .
b) a-Co i3 stable at T <®40°C, and g~Co at T > uno?ft'
¢) from (39). -

3 v férm

d) from (12), o e,
) from (21). ' ' .

). from (52).

g) from (90),



- ~" CHAPTER 3
| EXPERIMENTAL _ \\\\\\\\\
.This chapter is divided into 3 sections which present the
experimental sei-up. the catalyst preparation and the opérating

procedures;_ A lisﬁ of materials, ineluding reactants and calibration

gases, 'is given in Table 3.1.

3.1 Experimental Set-llp

This section describes the -main elements of the experimental
Set-up: the differential reactor, the }geycle system, thg feed system
and the analytical systkm, which are shown in Figure 3.1,

e,
3.1.1 Differential Reactor

The differential reactor, 1 in Figure 3.1, was made of a
cylindrical aluminium block (20 ecm long, 15 cm 0.D.) which has been
drilled at its centre for a 39 cm long stélnless steel tube (O, cm
I.D.}. A smaller -tube was inserted in this tube to hold a 20 mesh
stalnless s8eel gauze covered with 8lass wool ‘supporting 1 to 3 grams 3{
catalyst. Gla;a beads (3 mm C.D.) were p;aceg \?ve the catalyst Bed to
form a preheating-mixingizOne in the reactor. Six hol s-were drilled
half-way between the centre and QEE— edge ~of the;{ﬁfock. .at, equal
intervals, and six 15-cm long 250 W qantridge heaters were installed in ™

, o oL ~
these holes for a total outhdt of 1500 W. Tﬁg reactor temperature -

-

. MON-7Q : 23
. \ S
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Materials
)

24

A) Reactants
‘ Hydrogen
Propane
Isobutane
".lsopentane
Hexadecane

Carbon monoxide

B) Inert Gasés
Argon
Helium

C} Calibration
Methane
Ethane
n-butane
Ethylene

D) Carrier gases
. Argon

Hydrogen

Grade and Purity

" UHP,99.999%

Instrument, 99.5%

Instrument, 99.5%
99+%

99%
CP, 99.5%

Prepurified, 99.998%

UHP, 99.999%

UHP, 99.97%
CP, 99.0%
CP, 99.0%
CP, 99.5%

Prepurified, 99.998%
Prepurified, 99.95%.

2,3
2,3

O

a) Suppliers: 1) Matheson

' 2) Canadian Liquid Ai
3) Linde
4) Aldrich Chemical Co., Milwaukee, Wisconsin.

J
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measured by a chromel-alumel thermocouple at the centre of the catalyst
bed, was regulat‘.ed with an electronic proportiocnal controller, 3, Model
NER 910 JT K2C, manufactured by United Electric Control/\dompany.Q :"

Watertown, Massachusetts. This controller kept the temperature constant

to within 0.1%. A Vyriac, 4, reduced the power output of the cartridge

heaters, if necessary. ack-p re reghﬁtor Fairchild-Hiller, 5,
main?:;d the reactor pressure §t about 128 kPa.

o

. experiments where surfice characterization by Auger electron
/-p{ctroacopy was necessary, a 1.3 x 4,8 x'0,127 mm Fe foil was placed
"in the reactor, near the catalyst bed nd was held with a stainless
steel wire spotwelded on the thermocouple. Iron foils, 99 99.‘- pure,

were obtained from Alfa, .Danvers, Hasaachusetts.

r

3.1.2 Recycle System i . : “

To keep rate and selectivity differential . in tests at high
conversions, the reactor was codpled to a recyele sys/t:,un with a metal_ .
bellows_ pump, 2, Model HBTIH, supplied by Metal Bellows Corporation,
Sharon, Massachusetts. This punp which has stainless steel bellows and:
check valves, is leéktight tand maintenance free. Furthermore, no
pulsations were noticed in the flow rate since the volume of the pump
was small (less than 4 cm3) and .its .operating .speed, very high, 3000
pulses per minute. .'Ihe' flow rate varied between 3 to 4.5 1/min

L —_—
depending on the pressure in the 'system and the opening of the recycle

by=~pass,
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LEGEND OF FIGURE 3.1

1. Differential reactor
2. Metal bellows pump
3. Temperature controller
4, Variac llﬁi)
5. Back-pressure regulator
6. Bubble flow meter
7. Electronic mass flow controller
8. Saturator, combining an evaporator (I) and a-trap at 0 C (II)
9. Multispeed transmission pump for syringe
10, Sampling valve (8-port) -
11, Trap in liquid nitrogen bath (if necessary)
12. Trap in dry ice-acetone bath (if necessary)
13. Switching valve (6-port) U
14. Gas chromatograph for H2 analysi&b
15. Gas chromatograph for hydrocarbon analysis
16. Switch box for ocutput signal from GC's
17. Integrator-recorder
18, Carrier gas .
BL: Bleeding line ) V: Vent

CG: Carrier gas for gas chromatograph . ) Z q:
GC: Line Boing to gas chromatograph k- Valve

A: Hydrogen ' '.{5%_ Needle valve

B: Propane or iscbutane —kt- Toggle valve

C: Carbon monoxide Pressure gauge or
D: Helium or argon C> Hg manometer

E: Argon . @ Thermocouple

-
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3.1.3 Feed S!stem-

The flows of the feed gases, like H2, C3H8 and CO, were set with
an electronic mass flow controller, 7, Model 8249, supplied by Hétheson
Gas Product, East Rutherford, New Jersey. Gases cdﬁld be delivered
accurately in the 0-500 cm3.(STP)/ginute range, at outlet pressures up
to 1000 kPa. CO was passed through a héated tube to decompose the Fe
carbonyls that may be present.

The other hydrocarbon reactants, isopentane, and

1-C.Hyp
hexadecane, n-C 6”3&' are liquid at room temperature. Since the belling

peint of 1-C_ H__ is quite low (28°c), 5 device, 8, was built to saturate

512
H2 with 1-85H12 The saturator, as shown in Figure 3.2, is divided into
2 sections: an evaporator (I), where i-C H saturated H_ at room

512 2
temperature, and a cold trap (II) in an ice-water bath, where excess

1-C5H12 condensed, Toe increase contact between gaseous and liquid
phases, amall glass tubes were placed inside the saturator. Pressure
drops were negligible, 'Fhrthefmore, ﬁhe reactants were not contaminated
by any forelgn matter, like.agrease,_ in this all glass and metal
aPpafqtus. The saturator was reveraible, the trap becoming the
e’aporator and vice-versa: this permitted using it for long perioda of’
é&g'berore adding isopentane. Since the vapour pressure of L\ 5 12 @
0°C 1s 257 m Hg, as calculated with Antoine equation, the feed ratio,
FR, was set to about 2.8 H2: 1 i—CSH12 To increase FR, H2 was partly

diverted from the saturator with a by-pass. During experiments on water

» the saturator wés filled with water
b

polsoning of hydrogenolysis of.03H8

and a mixture of C3H8 and H2 bubbled through 1t.
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Hexadecane was injected directly in theﬁ\SFactor. above the
‘preheating zone of glass beads. with a 30 cm3 gastight syringe,‘Hodel
- BD=Multifit, from Becton, Dickinson and Co., Rutherford, New Jersey,
Due to the high temperature in the reactor, the liquid hydrocarbon’
vapourized instantly. A Multispeed Transmission pump, 9,- from Harvard
Apparatus Co. displaced the plunger to keep a constant flow cut of the
syringe. Twelve different settings permitted varying the 11qui& flow
rate in discrete steps from 0.0049% to 24,7 cm3/m1n. Calibrated flow

rates were within 3.8% of the stated values, v

3.1.4 Analytical System .

Analysis of the reactant and product gases was done with 2 gas
chromatographs, using thermal conductivity cell detector, iﬁ and 15,
Models 90-P and 920, built by Varian, Palo Alto, California.
Hydrocarbons werae separated in one of them, with a 2-meter long column .
packed with Porapak-Q@ (50-80 Mesh), using hydrogen as carrier gas
because its thermal copnductivity (471 ucal/sec.cm. C at 40 C) is ten
times higher than that of hydrocarbons (119), The second gas chroma—
tograph separated H2 from hydrocarbons, with a 80-cnm iong column packed
with coconut charcoal (48-65 Mesh) using argon as carrier gas saince its
thermal con&uctivity (46 ucal/see.cm.ocibis very different_from that of
H2. Tablg 3.2 gives the settinga'for the 2 gas chromatographs.

A sampling device had to be designed to complete this analy}i
set-up. It cohsisted of 2 precision valvea‘xpiaged in series d

O

manufactured by Carle Instruments, Inc,, Anaheim, Calirornia. One was a

{.
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TABLE 3.2

Settings of Gas Chromatographs

Analysis . {
A) Hydrogen.
B) Hydrocarbons in hydrogen;lyais of {sopentane.
C) Hydrocarbons in hydrogenolysis of hexadecane.
D) Hydrocarbons in hydfogenolysis of propane. ‘

E) Hydrocarbons in CO poisoning experiments.

A B < L £
Temperature (°C)

Injector 150 182 225 172 190
Detector 152 182 245. 185 241
Column 98 153 205 11 67

Carrier Ga; §lowrate
' (cm™/min) 105 60 60 82 135
- Filament Current (mA) 100 200 200 200 200_
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sampling valve, 10, Model 2013, and the other, a switching valve, 13,
Model 5521, The microvolume sampling valve, SV, had 8 ports and 2
sampling loops. While the gas sample in loop I was -inje?:ted in the GC,
loop II was filled by outlet gases, and vice—#ersn. 'Thiipsystem did not
limit the frequency of injectinns. With the E-pdnt.suitching valve, 13,

H2 or Ar was supplied to SV, as carrier gas for analysis of hydrgtcarbons

or hydrogen. Between the reactor and the gas sampling device, tNhere was

a 3-way ball valve from Whitey, Oakland, California, which was Opened
before 1njection of a sample to decrease the pressure inside the loop to
atmospherie level, for reproducibility in the GC analysis. on a daily
basis. ’ . -

The SV loops were put in a liquid nitrogen bath to accunulate

hydrocarbon. products which were in too mmall concentrations in the gaa

Samples ‘taken at room temperature. The vapour pressure - of most hydro- .

- carbons at -195% is practicnlly equal -to 0.0 as shown in Table 3,3.

A 3-meter long copper tube (6.35 mm 0.;D.) was placed -between the
switching valve and the GC for hydrocarbon analyaia to eliminate the
pressure surge due to the injection of large gas samples, collected at
-195°C. |

A 3'-wa5,r switeh, 16, i')emitt.ed sending the electrical signals from
the GC detectors to an 1ntegrator—recorder, ;7. HP-3380 from Hewlett-~
Packard, Cuper'tino California. This integrator gave accurate valuea of
the area of each GC peak n_rnichv corresponds .to a given component in the

gas sample. These readings were. easily converted to mole fractions with

the calibration factors of each compound .
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TABLE 3.3

Physical Properties of Hydrocarbons (91).

. Melting Boiling

Point Point Vapour Pressure (kPa)
Hydrocarbon  (°K) °x) At 77.4 X® L0 At 195 K°
: Ll
cH, - 90.7 11,7 1.53 -
LCoH, 89.9 184.5  1.49x107 | -
CHy 85.5 231.1 4,20x10" 0 " 50,93
1C,H. o ©113.6 261.3 1.89x10~ 1" 11.50
nCHo 134.8 272.7 3.61x107"° 6.263
- |
nCcH., 1778 w20 .1051
- i
n-C.H, o 182.6 3717 a 1.32:10_3
ST 216.4 398.9 - 1.55x1073_ 4
| | —
S 219.7 424, 1 | - 1,66x10
n-C. H 243.5 u47.4 - ' 1.56:10‘5
1022 -5
n=C__H, 263.6 489.6 - . - .
n=C,He 267.8  508.7 - - (f"\.
n=C, Ho o 279.1 526.8 - - \\é
n—C, H_, 283.1 543.9 - . - v
n=C, i, 291.1 560.1 - - -

a) Boiling point of liquid nitrogen.

b}  Temperature of dry 1ce—acetone-§1udge. ; “
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Some modifications were mad.e to the e_x;lperimentai set-up to
collect the heavier products obtained duri'_r,-ag hydrogenolysis of
hgxadeéane. As shown in Figure 3.1, a by-pass was built around the
back-pressure regulator and a needle valve was used t;: control the
reactor pressure at about 125 kPa. Downstream, a i:rap, 12, in a dry
ice~acetone bath, collected all the liquid products,. Spec¥al
attachments permitted changing  the glass bulb of the trap in a few
seconds. Tubes and valves between the react-'.qr,‘ 1, and the cold trap,

©. 12, were wrapped with heating tapes to prevent condensation of heavy
hydrocarbons .in the line. A thermocouple placed inside one of these
'tubes wrecorded temperatures of gabout 120°C.

The 1liquid products collected at -78°C were analyzed in the
Department of Chemistry by gas chi'omat.ognaph_y and mass spectrometry,
GC-MS, courtesy of’ Prof. M. Quilliam. Hydrocarbons in the (.‘.,T-C16 ranée
were separated by temperature-programmed chromatography { from 30 to
220 C, at a’ rate of 4 C/min) wit'.h a0 mx 32 HD capillary column
coated with DB-5 (0.1 um), which. is a polar stationary phase made of
silicone rubber with vinyl, phenyl and methyl g s, Injection of
sﬁnples was 'done on-column. A mass spéctrometer was used to identify
the hydrocarbon corresponding to each GC peak. More details on GC-M3

are found in Appendix C,

3.2 - Catalysts
‘Hydrogenolysis of hydrocarbons was studied over reduced Fe and Fe -

‘L\carbidea prepared from commercial NH_ synthesis catalyst, D-3001, made

— 3
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of fused magnetite promoted with 4.61 wt 3 Mgo, 0 65% Cr203 0.57% K20
and 0.71% 5102 (7). The particles‘of D-3001 were crushed and sieved- in
the 14-28 mesh or 1.19-0.595 mm range.
D=3001 by electron probe microanalyzer aanougd that the catyfyst was

not homogeneous on a scale of microns. Iron cryatallites%r( separated

by bands containing mainly potaasium and silica. Magnesium was

dispersed throughout the catélyat as well as ‘chrcmium.

Reduction of the fused magnetite was done f‘or 45 hours at 450 C’,

wit:h a H2 hourly space velocity of about 1000 During this operation,
pores were formed by removal of oxygen dtoms with hydrogen. The
catalyst surface area measured oy volumetric gas adsorption.m_ethod. was
about 11,2 'mzlg..' s-imilar to .valqes published in 'the‘_}iteratm‘e (99).
The averoge poro diameter was about 350 A, :
Pre-carbided.cata._l'ysts. were also uaeq for hydrogenolysis
expef'iments. Hé'_g.g carbide, x—F.eS'CZ‘, was prepared in a Pﬁex U=shape
tube.containing a known weight of magnot:lte and. glass beads. :Ihe tube
was placed in an electric- ftg'nace \and ‘purged ,with—}z'.' kReduction

~

proceeded as .described earlier, . Carbon monoxide was then pass'od ove_r

the catalyst at a hourly space velocity of about 100, according ‘to a

method developed by Shultz et  al. (98). 'The furnabe'tunperature was

‘slﬁuly 1ncreased from 250 to 330 C, at avrate of about 10 C/hour.

Concentration. of@ the outlet, gaaes was monitored by -gas
chromatography and kept at less than 5% to preves}t cat'.alyat oxidation.
Carburization was stopped uhen enough C has been laid down on the

catalyst to f‘om F‘esc based on the co produotion according to

Chen et al. (23) o@/:fcterized'

N



‘was reduced to about 125 kPa and air was flushed out completely with H,.
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2C0 » C 4 co, , ' (3.1) -

The carbided catalysts were handled under: €O, and n—CBH to

2
prevenﬁ'oxidation. The bulk composition of the pre-carbided catalysts

s

- was checked by M3ssbauer spectroseopy. in the Department of Chemistry.

3.3 Operating Procedures .

One‘$o three grams of catalyet were placed in the reactor over
glass wool and a- stainless steel galdze sup?orted ‘by a small tube. and

they were covered with 15 to 20 glas& beads. fl‘hen._the reactor was

_placed in the experimehtal set-up and the equipment was tested for leaks

_by pressurizing at 200 kPa. Hhén‘all leaks-were eliminated pressure

2°
The temperature controller and the variac were then connected to the

reactor. -

f"ﬁﬁ\\ﬁfter reduction of the catalyst, the reactor temperature and the

4

Hy, flow rate were decregsed to experimental conditions. Resction

temperatures were usug}ly 325 to 35596.'and pressure was about 125 kPa.

In most experiments, H 8 passed 'bvernight at low spacé

L J

veloeity to keep tgé catalyst s face free from amqyphous caEpon. and to

" avoid rapid deactivation. I Lests where the catalyat was characterized

by Hﬁsabauer speatroscopy where hydrogenolysis was done over Fe

carbides, the catalyst bed was kept under an inert atmosphere of flowing

Ar or He.
The GC's were calibrated periodically with pure gases to obtain

the response factors of the different compounda. Pure Hz and CHu were

' - ) -



injected every _morning to correet the- response factors for daily
va;;ations. At the -beginning of an experiment, a feed mixture was
prepared, using the reactor by-pass. Once the desired composition'of
inlet gases was reached, the reactor was put on stream, .

To obtain odé data point, three gas Samplea. taken downstream
from the reactor, were injected in the GC's: two samples, cqtibqted at
room and liquid nitroéen temperttures. were analyzed for the composition
of hydrocarbons and a third one, for 'the hydrogen {:action. The
injection of the products trapped in a sampling loop at -195°C was
neceasary ror quantitative analyais of the intermediate hydrocarbons
which were in trace amounts in the outlet ga es. di;le n-cu 10 and
i-CqH10 in hydrogenolysis of :L-C5 12° The time for a compt!te analysis
by gas chromatography of each data point was quite I;rée' more than 50
minutes, The first 10 minutes of analysis were reserved to Hz
sep;ration to complete flushing of argon from the carrier gas lines of

the sampling valve and to stabilization on the baseline, of the electric
signal of the GC for hydrocarbon analysis. The second injection was
aalso done at room temperature and the analysis laasted up to 20 minutes
depending on the size of the hydrocarbons being analyzed. For the third
injection, the sampling loop was put in a liquid nitrogen bath for abtut
30 seconds, and then immersed in water to rapidly vapourize its content
.‘Just after injection, |
For each data “point, the reaotér temperature and pressure were

recorded as well as the gas flow rate measured with a bubble flow meter._

and the room tempgrature and pressure. These data were used for the'

SR
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calculations of mole fractions, conversion, selectivities and reaction

rate, as described in Appendix D.

E? recycle operations, the metal-bellous.pump was first tur gd ON .
and the reactant mixture wés prepared using the reactor by-pass. | When
the desired gas composition was obﬁainea; the reactor was put on s{ream,

When the feed‘;;mhosiﬁlgjﬁhua changed during a test, the reaction
was assumed to.have reached steady state and the outlet stream, it
final composition, only after a lapse of time allowing the flow through
the system, of a volume of gas equal to 5 times the volume of the
experimel;xtal set-up which was estimated by step input to about 180 cm3
without the recy%i loop or 245 am® with it. .

V?iues of fne Thiele modulus (QSb)-were calculated to verify that
the tests were performeipat conditions free of mass or heat transfer
limitations. The experimental rates which were used for the calculation
gave Egigle modul us ;alues less than 0,04, indicatidg that the kinetié

< _
. data were really intrinsic data..

;o At the end of an expegiment, .the catalyst bed was cooled to room
tempera;tre in H2 or He and the reactor was removed from the experi-
mental set-up whilg’passing_darbon dioxide‘fhrough the tube. Hexane was
then used to wet the catalyst before removing it from the reactor.

Bulk compositions of the used. catalysts were obtained from.

'

M3s sbauver spectroscopy, MS, in the Department of" Chemlistry. 'Auger
electron spedtroscopy, AES, was alsc used to identify Fe carbides or

elemental C on Fe foils placed in the reactor during some tests (powder -

\EQ: small particles are not suitable for AES characterization). Details
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on M5 and qES are found in Appendices A and B.

In: experiments with hexad\;ci:‘a\ng.' the catalyst bed was heated at
the reaction t’en!peratures and the t‘low\l rate of H2 wa‘s set to the desired
H_: c16ﬁ3u- fee;l ratic and reactant conversion. fIhe eiegtric motor

2
displacing the syringe plunger was turned ONo and n—C16H3u was ‘Injected
in the reactor. After a few drops of ‘liquid produ%ts condeqsed in trap
12, the glass bulb in 12 was changedand heavy hydrocarbons accumulated
-in the _trap placea in a dry_ lce-acetone bath, The same ‘operat.ing
conditions 'v_-tere kept for two hour:s to collect enough liquid samples.
The dry ice-acetone bath was thsh removed, the glass bul.b changed and a
gas chromgtographic analysis of the outlet gases was made.

In poisoning experiments, CO was added to the gas mixture only

after appearance of liquid in the cold tr'ap. A sample was then taken

one howr later as steady state was reached.

B!

Pt



CHAPTER &

REACTION NETWORKS AND SELECTIVITY EQUATIONS

This chapter is based on a Paper published in the Journal of
Catalysis  (82). It describes a new scheme for deriving selectivity
equations for a reaction network.- Relatively Simple equations can be
- obtained " as long as the network has no reversible reaction steps.

Isomerimtion react‘.:l.ons can be included in the g.c‘éunrk. provided that

the iscmerization can be regarded as Seing irreversible.

4,1 Description of a Reaction Network -

v

Workers 1in this laboratory have developed useful selectivity
equations based on reaction networks for ‘the hydrogenolysis of propane,
butanes, isopentane, and hexanes (59,60,73,74) such as is given for
isopentane in Figure H.T. 'Ihese Selectivity expressions plus the rate
equation for the parent hydrocarbon provide a complete description of
the cowrse of the reaction. .The network analysis provides consider;BIy

more pertinent information on the. System than can be obtained in other

ways,
. & . |
The following assumptions were made (59, 60,73, 74):
W, Hydrocarbon molecule C, in the gas phase adsorbs reversibly on
the surface of the catalyst to form adsorbed species Ax.' ’
b. Splitting of species Ax' is irreversible, no chain growth {s

possible, and no isomerization occurs.,

MON-5Q ' | 40
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Figure 4.1

4

Reaction network for hydrogenoiysis'of isopentane.,

41
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c. Adg.orptibn of hydrocarbons is first order in the gaseous
hydro‘carbgns; splitting and désqrption are first order in the

ad sorbed species. -
d. .Effects of the partial pressure of'.hydrogen on ;ﬁlitting and
desorption are identical and the same for a]_.l' Ax species.
Similarly, the H2 dependencies for the rate of adsor‘it(i\on of

hydrocarbons are the same for all speclea.

}
No rate limiting step i3 assumed. :

Only one carbon-carbon bond is split at a time.

The rate‘con:tants‘ used in the reaétion n_etwor"k are kx'for
adsorption'. k; for desor'ptionl and k;'for the irreversible-breaking of
C-C bonds. _Splitting factors are probabilities of a molecule eracking

at a particular C-C bond. As an example, iso-&s can be cracked into

1so-Au and A, with probability f, into n-A, and 'A1 with probability f°'

1 4

or into A and A, with probability (Nf'-1).

The selectivity equétion for a given product is derived “froa raté/] <

and mass balance equations for a differential reactor, and the

selectivities are differential quantities defined for product P and

-

reactant R as

sP = -RP/RR : _ . o 4.1

With this old-fashioned methdd, it is relatively easy to derive

~ all the selectivity equations for th hydrogenolysis of propane or

butane, but the derivation of networks for larger molecules ére tedio'i:s,

time consuming and chances of mistakes are large.
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1&.2_. A New Derivation of Selectivity Equations

A method for deriving selectivity equations is presented in this
‘section. We also consider its application to networks involving
' isomerization. Mathematical derivation of the selectivity equation for

product P by the old method indicates that SP has the fom:?

>
k; .
%R S f
S, = P_P %.2)
P l$' X Nl .

O+ & —1
T

The ratio (g/kﬁ) compares the overall first order rate constants for
product P and reactant R, respect.iv’ely, which are /.e ed the following
way: - . |
k;': k K2/CK! + k) A ‘ 1.3)
The term QP represents the maximum a:nountl of P formed by cr'acking of
highey mol.ecular weight hydrocarbons, The ratio (kf"/(kl" + k;)) = ‘11"
measures the relative rates of cracking and desorption of adsorjbed
species P. If the rate controlling step 1is the surface splitting
reaction, this parameter will be close to unity. .
Equation 4.3 shows that any dependency on I-!2 for the overall rate
constant k; is due to the adsorption step. Efrects‘;f H2 on sPI;:ting
or desorption of Ax may' cance:!..' Ft}rz'themore, in the selectivity
equation, the dependency on Ha.nia"y cancel in terms like k{,'/k; and
kil'/(kl" + k;).

The selectivigv equation for CHH becomes S1 = 'Z!1 since this mole-

-

cule doesn't undergo cracking? and’ consequently, k: and k.'; are equal to

0 l,o.



7 -

- hy

In equa;ion 4.2, QP is a summation of constants, the pertinent

sblitting factors, and of measurable variable quantities, the

selectivities. Qp equals the moles of P formed per mole of R consumed

following the reaction network minus the moles of P produced if the
obserQed intermediates react completely to P, as given by

‘jmoles of P produced in moles of P produceQ—J_; P
Q. = . -

R+ P for xint ? 1 for all J's for xint =1

where J' denotes intermediates between R and P, and Xint = 1 signifies

that these intgermediates react completely to P. The value of Q for a

product of the Nth generation can be foqnd by applying the algorithm of

Figure 4.2, |

. For example, 1sop;ntane caﬁ‘Be split‘at 3 different bonds to give
five productsi iso-C;H10, CuH10. C3H8. CEHG and‘CHu. Figure 9.3 shows
how to derive ihe Q factor for each selectivity equation. The pathways
in Figure u.3‘represent all the possible ways of forming products, a
genealogical tree for ﬁroducta. We find that Qiﬂ is equal to the proba-
bility of cracking iso-C; to iso-C,, f, and 03 13 equal to the summaﬁion

of probabilities of getting C3 from reaction of 'iso—C5 directly,

: ~(1-f=f'); via n-Cn. f'(1-F); and via i—Cu. f. o
' ' Some .correction termS are added to take account of the presence

. of'n-Cu and i-Cn among the products, -(1-F)Sn -3 The selectivity

iy
equations are given in Figure 4.4. These formula are easily derived.

Furthermore, the value of Q can be explained physically as described

- with the algorithn.

; N . ﬁ‘\\\
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Figure 4.3: Pathways for the d
4 . hydrogenolysis of

Ais \
re
Ais
f
v
Aig
Qoy=f , & =
= - t ' - - - _., -
3 (1 FIf' & f-+ 1 f_ e .(1., F)Su Si—#
Q3 = 1{_- Ff' - (1 - F)Su — Si-ll )
02 = (1 = F)f' & f+1 -7 —;f' +2Ff' + 1 = f - f' - 33 - 2F34
- {1 = F)Su - Si.u
Q2 22 «f - f' 4+ Fp! —-33 - (1 +-F)Su - 81‘4

erivation of Q factors for the
isopentane.
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Sni = ML .
s, = M (z-siu-sm\g)jsff-f-mf')
< ) _.
where M kﬁ
h 5 .
1+ = -
k5 (1 XS) &
. C/\“
S
- -
N
Figare U4,4: elec Y equations for the hydrogenolysis of isopentan
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Numerical values of the parameters can be found by non-linear
regression of experimental data. These parameters usually predict all
the selectiiity curves accuratj;;. The splitting factors and'the ratios
of,conspants’fbrming a given parameter, sometimes cannot be separated
and their values cannot be found. 1In all cases."ghe ratio (k{;/kﬁ) is
uniquely determined and ‘values of k;/(k; + k;? are obtained very ofteq/

(73).

This algorithm has also heen used for deriving selectiviyy

3

wW:[‘dai;!.ons for reactions 1nvolving somerization. For example, Figure
4,5 shows the reaction network for the hydrogenolysis of 1sobutane with

isomerization. We note that the reaction network can be éplﬁed only

when all reaction steps are irreversible. In the present case, the

-1somerization is a;sumed to be'so slow relative to hydrogenclysis that
the rormation of n-butane may Le considetgd irreversible. Actually,
this approximation is valid for most 1somerizaﬁ,bns. . All thg other
assumptions for the hydrogenolysis 'network are still used. Two new

ratios-have been defined: : : T

= a ‘
%)RI/(RR + kp) /~ o (4.4)
and R® =1 - R, _ B ‘ o (4.5)
where R' represents the fract.ion of a converted reactant undergoing
hydrogenolysis and’ R;, the fraction being isomerized. By applying the .

algorithm the selectivity equationa can be derived for n—CuH1o. C3H3.
C2H6' and CH (see Figure 4.6). ' - ‘ -



A 'Figure 4.5: Reaction nthork for .h.xurogenolyais and isomerization'af
1sobutane over Pt catalyat. : , ,

h ]
o .

'/b .
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Figure 4.6: Pathways and selectivity equations for. tQp reactions of .
isobutane over Pt catalyst. .
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4.3 An Example of Hydrogenolysis with Isomerization

To t#st the network analysis, these equations ha\;e been applied
. to kinetic data for hydr.ogenolysis and 1's.omerization'of i1sobutane on Pt
on alunina. Pellets of Houdry hydrogénation éatalyst were crushed to 14
to 25 mesh. The catalyst was reduced in situ for 1 hour at_u30°C- The

reaction temperature was 426°C and the reactant ratio was 3 H2 to

1 1"'{:1!“1'0' The pressure was kept at around 125 kPa.

Figure 4.7 shows selectivities as functions of conversion of

=~ o
i-Cun. The selectivity of n-(:”'l-l10 decreased monotonically as conver-
\

sion 1increases. Initially, at zero-conversion, 41.5% of the converted

1-cuH10 was iscmerized into n-CuH,IO. The other primary produtts (58.5%)

were CBHB' and CHu. Ethane, being formed by hydrogenclysis of n-C

-and C3H8' was'not initially found.

The selectivity equations (from Figure 4.6) have been fitted to

110

*
- a

_the exper-i.mental data using a non-linear regression method, the

Marquardt's compromise (35), which is_ a combination of the steepest

descent method and the linearization method. The \}aly\es of the para- -

meters are found in Table 4.1. Figure 4.8 comparasf\/the exper!zment.al and

the ctilbulatgd values of selectivities. Although eﬁdugh parameters are
\ .

1

evaluated to" s'atisf‘act_‘._orily ‘represent‘. the selectivity as a function of
conversion, more information can be obtained j:n the present case by

and j!, as they are

I 3
‘multiplying each other in the numerator. The splitting factor F was

assigning values to jz'; and F to obtain those of R

R

assumed to be 0.3; tHe same as-found for supported Ru (59,60). Furthef-' _

more, Ji was set equal to 1.0, HhICh. seemed reasonéble for a Pt

{
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3

n/ten
kh/k

14
. n'-cul«l10 \ _1.0- 2.579
CH 1.0 0.
2378 289
C,Hg - 0.893 0.025
Ri = 0.415

0.3
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catalyst, i.e. the rate of cracking was much slower than the rate of
desorption, -Experimental values of Jé and J."f were close to 1.0 which.
confirms the validity of our assumption. ‘

If Jx'; is taken as 1.0, -RI is eqﬁal to 0.415, the fraction of

reacted isobutane isomerized. The ratios of overall rates (k"/k;u) were

b

. also compared: n-{';uH1 reacts 2.5 times faster than 1.-Cul-l10 over Pt

while C3H8 cracks at about 1/3 the rate of 1-64}{10. /E.}L@ge splits very

- . #O

much slower than the other hydrocarbons, and Jé is close to 1,0.

i
[]

”.ll_ Selectivity Equations for Hydrogenolyﬁimot‘ Hexadecane

Hetuork analfrsis ha's é‘lso been used tc' investigate the hydrogeno—-
lysia of normal hexddecane over reduced Fea ’catalyst - In the set of
experiments described in Chapter 6, the poasibility of hydrogenolyais
-exclusively by démethylation 1s exatined, No splitting factors are
. involved in the reaction network, sinece only the CC bonds adJacent to
the termminal C's a_:je broken. The assumptions used for the network of
n-c16H3u hydrogenolysiq are ?imilar £o those described in aectio'n 8.1,
Figure 4.9 prese_nté the pathways for the derivation of the Q factor. By

appl}ing the- algorithm of Figure 4.2, the following selectivity,

equations wefe ot?tained for_Ca-(.f'.Is alkanes. : : . /
15 i >
s, = (1-5_ s) B : - (4.6)
. e D lp o o |
]
P B4R ,
= 1
_ Where Y; = ———— op (fl.T)
1 + =
k6 %46
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Figure 4,3: Pathways for hydrogenolysis of normal hexadecane, 4
L

exclusively by demethylation.

\
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and for CHR'
. 15
S, =16~ 3  is ' . (4.8).
1 1=2 'i“ - - /

Q/,.

These equations can be——simblified further if the rate constants
for 'adsorption, C-C bond splitting and desorption are assumed to have

X
the same values for all hydrocarbons in a given range of intermediates,

~ between CTO and C15 as an example. Equation 4.6 becomes

2 d g L dy16=(me1)
Sm - Y (1 Y) » ('u.9‘)

and ratios of selectivities can be written as, carbon number m being

smaller than h, o

w

3 (4.10)
n

_ _i n-m
= (1 Y

where (]-JkY) is a constant. Equation 4,10 will .be used later in

Chapter 6.

T



CHAPTER 5§

HYDROGENOLYSIS OF ISOPENTAHE.

+
The present chapter deals with the hydrogenolysis of lsopentane

over iron catalysts, The first section pr nts' a network analysis of

the reaction mechanism. Section IT discusses the influeqece o oarﬁon on
iron 1in relation to the selectivity and the rate of hydrogenolysis.

Results from characterization the used catalysts by Hd‘ssbauer

Spectroscopy, HS, and by Auger electron spectroscopy, AES, are reported
in this section. The present chapter is adapted from 2 papers submitted

to J. Catal,_and to Can. J, Chem. Eng. (83, 84).’

5.1 Rate Determini'ng Step in Hydrogenolysis Over Iren

Hydrogenolysis of isopentane was perfomed over reduced iron with
a feed ratio, FR, of TH to)/-i-c 12? at 355 C and 125 kPa, Overniaht
- hydrogen was passed over the catalyst bed at the reaction temperature.
The . activity< of the catalyst was constant throuwghout the experiment,
‘which lasted 61 hour.s. Fig;.lre 5.1 presents a piot of selectivities'as a
‘f‘unctior-l of conversion of i{sopentane, H&thane accounted for 99 mole %
of the prtﬁue&\f%%an 0. 02 mole o%aoh intermediate hydrocarban
was formed per mole of isopentane converted - The selectivities were
relatively cd'tstant 'over the range\of eonversions studied. al though
relatively scattered for the 1ntemediate hydrocarbons due to the snall
quan-tities involved. .
MON-10Q ‘ o 58
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F-_'I‘;le complete derivation of selectivity equations for the
reaction network ¥pplied to hydrogenolyais of isopentane is described in
-the previous chapter (Figures 4.1 to 4.8), Parameters of these
e€quations were obtained by non-linear regression of the experim 1_
data and are given in Table 5.1. The ratio kg/k;s compares the overall
rate of hydrogenolysis of a given product h with that of isopentane.
Table 5.1 shows that n-butane reacts 2.5 times faster than isopentane,
and is also more reactive than any other intermediate ; isobutane has
the lowest _reactivity.

The splitting faetore or probabilities t“or breaking a giver; c-C
bond could not. be obtained from the regresasion analysis, because the
selectivities were ._relatiyely independent of conversion a'nd‘ they had

’\very low ialuea. Therefore, reasonable assumptions wer made based on
the cracking patterns _observed on nickel and ruthepfum which may be
regarded as 2 limiting cases. - The (reaction mechanism on Ni involves
demethylation while on Ru, random splitting of the 'c-g: bonds is

observed. Nickel (74) forms.about twice as much n-cul-l1 as i-C H.

410"
! ai-e. therefore, equal to 1/3 and 2/3.

Splitting factors I and

respectively. Since Ni emoves only the terminal C atoms from straight
chain paraffins, E is jet equal to 0.0. On the other hand. rgthenimn
attacks with difficulty C-C bonds involving a ternary C atom (60).
Therefore, isopentane 1is ~mostly broken into i‘Cun and CHu‘.
Probabilities f and f' are then equal to .0.82 and 0.68;. respectively.
Random splitting of n-c:uH.IO Sets F equal to 1/3. Table 5.1 gives va{'u"ee
of kh/kh for the intermediate hydrocarbons, the ratio of the rate of

breaking of C=C bonds to the rate of ‘desorption of the adsorbed species.

-
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N ’ TABLE 5.1 ‘_'(\_
Parameters for the hydrogenolysis of 139pentane
over Fe at 355°C and 7.0 FR. '
i ' .
.y E (_)'.kr.x/kt': for Fe Observed l\'.;/l»cl,'l : C ' '
h kf/Ke Patte‘rﬁa Pattern B’ NN  Ru.
'n-cubfo 2.516 T3 8 L toas ol :
i—CuH10 | 0.033 - 27 69 -0,.33
CHy 0.382 19 s 0.18
CBHS 0.067 §5 y
/
, : / ‘
a)  Same splitting pattern as nickel. e . '1
b)  Same splitting pattern as ruthenium. ' - }‘
- | L | - o
. o :
S -0
) ) 3
s ) . ., X
- 4
1
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Even with the wf.ﬁly different assumptions for the splittiﬁ"i‘ f‘actor, th\)
kl'z/kt'l values are quite ..similar and large. By aséuming equal__, ;lalues of
kr:/kl; for all intermediate hydrocarbons, the splitting f‘actq‘l:s may b.e
@liminated from the selectivity‘equations. This approximation fave an
average splitting—desorption ratio of‘ 614 Also given in Tab'le 5.1 are
values of kh/k' obtained from hydrogenolysis on Ni and Ru (60 TH);
these numbers are less than O, 45. Therefore, produet desorption is the
rate determining ‘step Iin the hydrogenolysis reactions on 1iron.
Hydrocarbon ,'apecies agsorbed on .the surface of the catal(yst are largely

. completely hydrocracked to CHu before they desorb.

-5.2  Effect of Carbon on Iron in Hydrogenolysis

- 5.2.1 \Selectivity. ‘Rate and Feed Ratio of H to Isopentane
. . qQ

his section reporta t.he results of i-C_H hycrirogenolysis over

5712
reduced{Fe at 325°% where the_H2 isopeht.ane feed ratio was varied to -
. : . AN
determine how it affected selectivity and reaction rate. " The activity

e :
of the catalyst was nearly constant during the 90 hours of this experi-

) ) . ) . e
ment, The ranges of pxtial pressures were: 32' '50.45 to 117.2 kPa and

.t L ] * .
iécsl-lm.. 9.91 to 80 kPa. S’/‘I‘he'rate data were treated as differential N
- . ’ T
although conversion varied between 5.5% and 10%. Parameters of the -

power rate law were calculated by non-linear regreasion. The 'followins

expression was obtained:

1.66 _ _0.91 - S ~
Rate = 3.73 p)*66 4 p Q - (5.1)
h H, 1-Cotlyp o
SRR
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where P's are in atm. This rate equation fits the data reasonaﬁly we-ll;
The predicted values agree with the éxpermental data within 20%.
Figure 5'.2 ct;mpares the calculated and experimental r'ates.‘ Both pduers
are positive, in agreement with Sinfelt's work (106) in which Fe was the

only Group VIII metal with a positive H2 exponent for the hydrbgenolffsia
of CHe. | )

Selectivity data were also obtained in the same experiment.
Selectivities at conversion of abbui: 7; ate plotted in Figure 5.3 as a
_functioq of % l-l2 in the feed. They are quite constant at high HZ
partial pressure in the feed. However, for FR iesa than 1 8. - 1.9 (65
mole S H )y the aelectivity for CHu drops rapidly with decreasing | H

while 1':. 1ncreaaes aharply for t.he other produot.s. Ir the partial

L]

pressures of Hz and i--{:SH.I2 are: varied at constant total pressure. the

power: rate. expresaion haa a maximmn at about 1.8 FR for total pressures.
- in the range of 122 to 1_92 kPa. The feed ratio for this maximum rate is

also the point below which selqcﬁivities change significantly.
- ¢ ’

5.2.2 Seleotivitz' and Formation of Bulk Cafbidea

v Tables 5.2 and 5.3 give selectivities, conversions and rates for
. . [ .

Iﬁ.—CsH12 hydrogenolysis on reduced Fe at 325°C and 2.8 FR, in Test 5.1,

-

andat3550and70&suellaa°8FR in'!eataSBandS‘l {

Seleotivity data obtained at 0. 8 FR are plotted as a function of

A»conversion in I-‘igure 5 y for convera:l.ona 1ess than 10% and in Figure *

N . 5 5. for t.hoae leas than 1%. - t\_),:
. . WA § . n-h .. l- . - -. |
. . ) . f . . . &>
o - , ' o ~ .
. ) o S ’ . 3 /—’ — .
¥ s e -.'_x.-{-‘ L e
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Table _5.2 also gives results from an experiment at 325% with a
catalyst converted to Higg carbide, Fe5C2. Preparation and handling -of
FesC, has been described in Chapter 3. Overnight, either argon or
helium was passed ov:f' the catalyst bed to “keep it under 1inert
atmo;phe;e. | |
Average values are presented in Tab.les 5.2 and 5.3 because the
e;-xperimental data are relatively const.ar;t throughout the range of
converaions»studied. as shown by Figures 5.1._ 5.4 and 5.5 and by the
standard de\;tatio'ns given in these Tables. Furphergore. select'ivities.
are relatively independent of catalyst activities. |
Pre—carbided and used catalyst:s were characterized by Hﬁssbéuer
spectroscopy, MS, -r;r identification of ‘th.e bulk phase., - Dr. Geordes
Dénes t‘rom the Department of Chemistry operated the M3 éQuipmeﬁt and

interpreted the data. The Hossbader spect.ra and the parametera of the

fits are given in Appendix A. \/N

5.2.2.1 uygrdgeno;ysis at s Feed Ratio of 2.8 Hy: 1 1-CcH,,

~Iron catalysts produce mostly CH, during hydrogenolyais reactions
as shown in test 5.1 of Table 5.2. 1In fact, CHu was at least 96,1 mole

S of the products and no other hydrooarbons accounted for more than 1.6

mole %. ‘ 4
MBssbauer’ spectroscoplc characteriza of the used cital{rst in

\—.
test 5.1 indicated only a-Fe. (Examination' by Auger electron
apeotroacopy “of the Fe t‘oil showed the presence at 1ts aurt‘ace. of

elemental C which givea peaks dﬂ(ﬂnffrom those of earbidic C. =
¥ . . v
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Selectivities of test 5.2.3 over a catalyst containing HHgg
carbide are similar to those of test 5.1. The pre-carbided catalyst,

after being used for more than 90 hours, contained 67 \éight %2 a-Fe and

3

332 cementite. Thus, carbidic carbon in ‘the catalyst had decreased by

75% and the Hagg carbide was converted”to a-Fe and cementite, G-FeBC.

Cementite is probably found only in the core of the Fe crystallites, the
selectivity being similar on Hagg carbide and o-Fe, at 2.8 FR. " At these
expnrimental conditiona. the catalyst may be carbided due to the high

concerrf.ration of 1sopentane wh:lle carbides may be reduyced 1n H2 due to ‘

the low level of‘CH s Or therlully decomposed, The stability of Fe3C in \

r

a 2.8 FR mixture is discussed later in this chapter. Q

The activity of the pra-—carbided catalyst. in 5.2 was quite high
coupared to that of a-Fe 1n 5.1 since the rate of hydrogenolysia varied

between 1. 5 and"? 0 umole/g sec, which is equivalent to 15-20_times that

of 5.1. . N \

-~

5.2.2.2 Hydrogenolysis at a Feed Ratio of 0.8 H :1 1-05}!12

- e
Experiments were done on a reduced Fe catalyat at 0.8 FR and

355°%. Select.ivit.y data are gi}en in Table 5.3, teat 5.4, and can be
' 'comi)ared with those of test 5.3, at 7.0 FR. In the 0.8 FR mixture, t'.he
selec;mu for methane decreasad by 20$ whils/Tt increased 10-fold fi
int edgate hydrocarbona. Similarly. le Cﬂu was prodpoed in test 5.4

than during hyd genolysis with the next lowest feed ratio. 2.8 FR, even

_thoug the latte

S
_ 5.4 for conversi

one was a‘ lower "temperatyre. Selectivities of test
leas than 1% are plotted in Fig;ure_'sr._ll.-"' &%use'of

*

.
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small conversions, selectivity values are erratic, particularly foricHu.
Characterization by MS of the used catalyst of test 5.4 indicates that

-
-

only Fe3c 1s present.

The formation of cementite in the bulk catalyst 1s reversible as
shown ey another experiment where the reduced catalyst, first
transformed completely to Fe3c,by using it for 27 hours with a 0.8 FR
mixturd at 325°C, was changed back to a-Fe after 25 hours in 2.8 FR, at
355°%. The change in feed €omposition affected seleetivities which were
similar to those in test 5 1. Conqeiaently. the cementite formed at 0.8

FR, deoomposes'into a~Fe and elemental C when used at 2.8 FR. Direct

{4

hydrogenation to CHu 1s also possible. The carbon contedt measured by -
.chemical analysis (combustion at'high'temperature‘in excess of 02)‘Hae’

0.795 weight % of total solid, corresponding to a decrease of carbon by

»

88% from cementite,
5.3 - Discuseion '
Product desorption 13 the rate determining step in hydrogenolysis

©oef- hydrocarbone on iron. as shown in the first part of this chapter.
Splitting of C-C bonds is much faeter than desorption. making hydro—

'carbon specles adsorbed on the catalyet. largely completely hydrocrecked

to CHu before<f::y deaorbed. .These reaulte confirm the conclusions of
Dowie et al. (34); Furthermore. the overall rate of’ hydrogenolysis. kg.
-

decreases uith the aize of the straight ¢cha

Our.results demonstrate also t bulk Fe carbidee are deteeted

only at very low HZ to hyde?earbon feed ¢ io. In ‘the temperature range

N C . . "L ""
.:; N . X
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.tudied. the -?eactanf. ratio is the main factor determining the‘ resence
f carbides; they presumably\ result from the competition between
ffusion in the bulk catalyat‘ and hydrogenatiori to CHR of the surface
carbon species. For FR Yess than 1.8, the excess' surface carbon
dissolves and diffuses 1n_‘ the Fe lattice until a saturation point is
reached and cementite forms. For FR larger than 1.8, there is enough Hz
present for hydrogenation of all carbon species. } According to the
carbon-fron phase diagram, cementite starts forming at 3‘350(2 when more
than 0.008% C is dissolved in Fe. The density of Fe being lower than
that of other transition metals (7.82 g/ce for Fe at 20.°C compared to
-8.85 and 8.93 foyp a~Co and B-lli),A carbon can diffuse more e\aaily in Fe
than in Ni and Co, and the Fe lattice can dissolve more C. At low H

2

to
bydrocarbon feed ratio, Fe may be envisioned as a reservoir for C,

mainly in carbidic form. - . _

The change of :elecgfvity'at 82/1-65312 ratios less than 1.8 cah
be explained by the converaion of the metallic iron to carhides. Under
econdit'.i.ona that produce bulk F;BC; éhe. presence of: :urf:c:t_h carbi_dg.s 15:
1ns_ufed and the.surfaog '1rof1 atoms probably chemisorb‘ less _s'tronglyl
hydrocarbons than those of ﬁ-Fe.. due to Fe-C bonds 4n -the carbides,
This change is a1=§ suggested by the magnetic prop'erties of a-Fe and
cementite.. given in Table 2.3, Thus, 1nterﬁ:ed1ate- hydrodarbona like

1.--(:ul-l1 0,‘:1—(:“1-!10 or CBHB Should therefore be more readily desorbed, as

' shown by their increased Selectivity at 0.8 FR,

Y



CHAPTER 6

;f““\\\HIDROGEHOLxszs OF PROPANE AND HEXADECANE

Al ’ . /J
L
The present. chapter is divide% into 2 sections, The first

report3 selectivities and a power rate expression (or hydrogenolysia of

propane at various feed ratios of Hé to prOpaue while keeping the

conversic;n constant, ‘I'he second section preaents experimental results

obtained from hydrogenolysis of a high molecular weight alkane,
’ ﬁ-hexadepane.

\

6.3 Hydrogenolysis of Propane: Rate and Jelectivity

Propane was used as reactant in a series of experiments, because
the composiﬁion .of the feed mixtu_e_'could be more accurately set with an
electronic mass flow controllér, than with the saturator used for

i'CSHL?.‘

¢

Hydroge ysi ~propane was stud at 325°C and 125 kPa, with

different molar H toe C HB feed ratioa. FR. \Hydrogen partial pressure

3

was varied from 66 5 to 199 kPa and CBHS pressur

The conversion ranged from 4, 0 £to-§.5%. The aotivity of the catalyst.

from 6.2 to 49.f7 XPa.

was co“htant during the 40 hours ot‘ this exper@ 'rhe t‘ol_lowing

. power rate expresaion was obc? ,_\\ .
\ o /:\/j

0.43 1.08

\ Rate = 0,81 P x P I _ , o 1)
.* P ; .?c3 . . ] \)
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) where the presaures are in atm, 'l'he experimental data, given in

Ny
Appendix D, yere fitted reasonably well with equation 6.1, since

experimental and calculated rate 1y agree within 20%. The exponents

of the partial pPressures ara bath positive, .which is characteristic of
P

power . rate expressions for hydro nolysis reactions over Fe," as shown in

Chapter 5, \/ ' . \/

Selectivity data were collected in ‘the same experiment. . They are

plotted ip Figure 6.1 aa a funetion .of the concentration of H2 1n thg

&
feed. The formation of methane is quite high, acccunting for more than

- 99 M{l of the products. Select’ivities change appreciably when the Ha -

T .

~

fraction in the .feed is less than 65 mole i which corresponds to a-1.8 .

. v -
FR. A similar result was ottgined in hydrugenclysis of. isopentpye.‘

the length of the Trbon chain in a8 paraffinic reactant, 'Previoua
Sections of this thesis -indicated that over iron, ,tl're formation of
methane {s very high in hydrogenolysis . of short molecyles like 63H8 and
i—c5ﬂ12. which is ip agre:ment with the literature. Bnt uill the

Selectivity f‘cr int; jdiate products increasa if hexadecane n—C16H3u.
1s the reactant? The present section‘deala with this itw_[o:. .

re;luoed E‘e y‘st. Details of the modificationa to the expgk@ental

set-up were deacribed earlier in Chapter 3. The zolar feed “atio of

hydrogen to hexadecane was about 9.1, and the pressure, 125 kPa. Light

, . S . N R
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T - l;ydrocarbons from c1 to C7 were analyzed on-line ‘while the C8 products
with 8 carbons or/mypd“ were separated using capillary column gas
chromatography and identified by_ mass apectrometry,in the Department of |
| Chemistry, courtesy of Prof. Michdel Quilliam.
P ) _' The purity of the n-c16H3u feed 4atoclvt was ‘checkec by gas

_chromatographic analysis and was (i‘\ound to be higher than 99%. , More

details on the expe-riment,a ocedures and the- product analisis are

, provided in'Cn'apter 3 and in }ppendi’:: c. - ‘
f ' . J ) -
» : L
© . 6.2.1 _y_drogenolysis of Hexadecane at 355° C

In test 6 1, the. hydrogenolysis of hexadecanc at 355°C and 3.7%

_ conversion produced mainly methane which accounted for, 94 mclc % of all.

. (‘; gy& s. Figure 6.2 presents a chromatogram of the C8 products_
‘ ained’ by GC an‘lysia with a capiliary column and a flame ionization

. A

~ detector and Figure 6. 3, theZsame chromatogrm after a 10-f‘old magnifi—

_ f . catio of the Y-axis and an expansion of vthe timei’axia. Examinaticn ot‘-

the 2 chromatograms ahowa that the pcaka form a pattern {hich is
1
‘{‘ repeatéd at. !‘ixed ‘timg’

intervals. After identirication of the large

peaka (peak numbers 1
. ™

‘ alkanes. ranging frcm t:.rH1 6 to t:1 6334' retention indices wcre calculated-_

for all of the other peaks based on their retantion time. .uaing a cubic.‘

-/
spline interpolation method (49). Hcmologoua series were then f:o\*qled by

gr,_o\uping tqgcther peaks with the Same relative poaiticn I;etween 2. nomal

-alkanes. Each Series includes compcynda With a comon structural

* .

2, 15. 29.}'2. 511 65, 75, 83. 86) as normal

feature but with a diffarent nunber or carbon atona ‘Since mcst of the

1
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KR
B
-
- A NORMAL ALKANES
25 X BRANCHED ALKANES
- + RLKENES
& RLKYLBENZENES

20,

15,

10.

] ] 1 [ ]

l ] ] ]

|
7 Ba s 10. 11, 12. 13, l4. 15.. 16,
CRARBON' NUMBER

Figure 6.4: Homologous series fos ct products in hydrogenolysis
of hexadecane at 355°C &nd 9.1 FR (test 6.1).
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TASLE 6.1: SUMMARY OF COMPOUNDS IDENTIFIED BY CAPILLARY CCLUMN GC-MS
ANALYSIS, IN HYDROGENOLYSIS CF n-CIGHBH (TEST 6.1)

Homologous Series:

A -~ Normal Alkapes H - Branched Alkanes
B - Alkenes I < Alkenes
C -~ Alkenes J - Alkylbenzenes
D -~ Alkylbenzenes K - Alkenes
E - Alkylbenzenes L - Alkenes
F - Alkylbenzenes M - Alkylbenzenes
G - Branched Alkanes
Peak®? b o p Formula Homol. Tentative Peak .
No. tR RI MW c H Series Identity Area ID
1 2.39 7.00 100 7 16 A n~heptane 185792 ¢
2 3.68 8.00 114 8 18 A n-octane 137007 A,C,D
3 3.79 8.07 112 8 16 B octene 1597 B,C
4 3.92 B.15 112 8 16 o} octene 1218 g,C
L/ N
5 4.03 8.21 106 8 10 M C2-alkylbenzene 250 B,C
6 4.43 8.43 111 - - - 12608 ¥
7 4.70 8.56 106 8 10 Cz-alkylbenzene 2556 B,C
8 4.76 8.59 106 8 10 E n-ethylbenzene 11378 4,B,C,D
9 4.86 8.64 128 49 20 G branched nonane 7960 B,C
10 4.93 8.67 106 8 10 m,p=xylene 13952 A,B,C,D®
11 5.00 8.70 128 9 .20 H branched nonane 2283 B,C
12 5.39 B8.87 126 9 18 I nonene i B,C
13 5.45 8.90 106 8 10 J o-xylene 6973 A.B,C,D®
4 5.60 8.96 126 9 18 L nonene (32935)F ,¢
. . (” \_) .
a)  Peak number from Figure 6.3, L
b) Retention time, in minutes. A
()} Retention index, ratio of retention_times = ((Ai-P)/(Ai-Ai+1)) + i,

d) Molecular weight.
e) Identification:
A - retention time matches with a standard.
B - Homologous series match.
C -~ Molecular ion and Selected fragment ions of correct mass
observed {(but "pure" mass Spectrum not acquired).
D - Mass spectrum matches with that of a iibrary spectrum.
® - Mass spectrum in Appendix C,
f) Merging with homologous series A.



Peak

No. ¢ RI MW
15 5.70 9.00 128
16 5.85 9.06 126
17 6,08  9.13 126
8 6.26  9.21 120
19 7.05 9.50 120
20 7.30 9.58 120
21 7.38  9.61 142
2 T.46  9.63 142
23 7.65 9,69 142
26 7.83 9.75 120
25 8.13  9.85 140
26 8.24 9.88 120
27  8.41 9.9 140
28~ 8.52 9.97 140
29  8.62 10.00 142
30 8.79 10.05 140
31 9,03 10.12 140
32 9.03 10.12 120
33 10.18 10.46 134 -
3% 10.32 10.50 134
35 10.50 10.56 134
36 10.62 10.59 156
37 10.78 10.63 156
38 10.95 10.69 156
39 11,48 10.84 154
50 11,78 10.91 154
41 11,95 10.97 154
a) Merged

c

10
10

10
9

10

10
10
1
11
1"
1M
11
1

TABLE 6.1 (continued)

Formila

H

——

20
18
18
12
12
12
22
22
22
12
20
12
20
20

22
20

20
12

1%
14
14
24
24
24
22

22

22

Homol. Tentative Peak
Series Identity Area
A n-nonane 102308
B nonene 3185
c nonene 1481
M C3—alky1benzene 243
E n-propylbenzene 8798
F C3-alkylbenzene ‘ 3213
branched decane 1765
G  branched decane 7087
H branched decane 3106
C3-alkylbenzene 1005
‘I  decene 641
J C3-alky1benzene 1366
K decene 5987
L decene (16740)2
A n-decane , 123368
decene 3082
g;f:;:ylbenzene J- 1489
D Cu-alkylbenzene 1932
n—butylbenqu$ 10645
Cu-alkylbenzene 749
branched undecane 936
G  branched undecane 9432
H branched undecane 3936
I undecene 678
K undecene 6831
L undecene (-)?

with péak of homologous series A.
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ID

A,C,D®
B,Cc*
B,C*
B,C.,D
A,B,C,D*
B,C,D*®
B,C
B,C*
B,C*
B,C,D
B,C
B,C,D®
B,C®
B,C*®

A,C,D
B,C

B,C
B,C

B,C,D*
A,B,C,D*
B,C.D
B,C

B.,C

B,C

B,C

B,C

B,C



Peak
No.

u2
43
44
45
46
47

48
49

50
51
52
53

54
55
56
57
58
59
60
61

62
63
64

a)

12.05
12.21
12.49
13.72
13.87
14,10

14,27
14.27

14.49
15.08
15.26
15.47

15.57
15.75
16.01

17.21

17.45
17.60
17.75
17.98

18.62
18.70

18.97

11,00
11.05
11.12

1,47

11.52
11.58

11.63
11.63

11.69

11.86

)

11,47
\

12.00
12,05
12.12
12.47
12.53
12.58
12.62
12.69

12,87
12.89

12.97

156
154
154
148
148
148

170
128

170
168
168
168

170
168
168
162

162

162
184
184
182
182
182

TABLE 6.1 (continued)
Formula Homol. Tentative Peak
C H Series Identity Area
11 24 A n-undecane 157234
11 22 B undecene i 2575
11 22 c undecene 1420
11 16 D Cs-alkylbenzene 2057
11 16 E cs-alkylbenzene 11944
11 16 F Cs-alkylbenzene 703
12 26 G branched dodecane
10 8 naphthalene ]'10980
12 26 H branched dodecane 68056
i2 24 I dodecene . 1009
12 24 K dodecene 6225
12 24 L  dodecene o (=)?
']
12 ¥26 A n-dodecane 175322
12 24 B  dodecene 2136
12 24 C dodecene 1212
12 18 D C6-alky1benzene 2106
12 18 E  n-hexylbenzene 12370
12 18 F C6-alkylbenzene 1279
13 28 G Dbranched tridecane 13066
13 28 H branched tridecane 5371
13 26 I tridecene
13 26 K tridecene ]' 6681
13 26 L  tridecene (-)2
.

Merged with peak of homologous series A,

86

D

A,C,D®
B,C
B,.C
B,C,D*
B,C,D®
B,C,D

B,C*
B, Cce

B,C
B,C
B,C
B,C

A,C,D
B,C

B,C
B,C,D¥ ‘
A,B,C,D®
B,C,D
B,C

B,C

B,C
B,C

B,C

me—
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TABLE 6.1 (continued)

Peak Formula Homol. Tentative Peak
No. tH RI MW C H Series Identity Area ID
65 19.07 13.00 184 13 28 A n-tridecane , 207319 A,C,D®
66 19.19 13.03 182 13 26 B tridecene 2199 B,C
67 19.50 13.13 182 13 26 . C tridecene 942 B,C
68 20.67 13.47 176 13 20 D CT-alkylbenzene 4203 B,C,D®
69 20.98 13.56 176 13 20 E cTJalkylbenzene 11844 B,C,D*®
70 21.14 13.61 198 14 30 G  branched

‘tetradecane 15648 B,C
71 '21.36 13.68° 198 14 30 H branched

tetradecgne 6469 B,C

72 21,95 13.86 196 14 28 I tetradecene: B,C™
8062

73 22.04 13.89 196 14 28 K ;atradecene B,C
T4 22,31 13.97 196 14 28 L  tetradecene (-»¥ 8,c

N

75 22.41 14,00 198 14 30

A n-tetradecane 252480 A,C,D*
76 22.52 14.03 196 14 28 B tetradecend - B,C
77 22.81 14,13 196 14 28 c tetradecene - 1159 B,C
78 23.95 14.48 190 14 22 D Ca—alkylbenzene B,C®
79 24.36 14.61 190 14 22 Ca-alkylbenzene B,C*
80 2u.36 14,61 212 15 32 G branched . - 42206 B,C

pentadecane
81 24.59 14,67 212 15 32 H  branched B,C
ecane

82 25.37 14.97 210 15 30 L -)* B,c
83 25,61 15,00 212 15 32 » n-pentadecane 313945 A,C,D
84 25.70 15.03 210 15 30 B pentadecene B,C
85 25.98 15.11 210 15 30 C pentadecene 1542 B,C
86 28.90 16.00 226 16 34 A n-hexadecane A,C,D®

a) Merged with peak of homologous series A,
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TABLE 6.1 (continued) \
Peak Formuila Tentative Pegk/
No. t. /RI MW cC H Identity Area ID
87 30022 - 228(226) .16 32(34) hexadecene (or ‘1660 C
branched hexadecane)
88 36758 - 218 16 26 C1o-a1kylbenzene c
89 30.46 - 218 16 26 C, -alkylbenzene c
10 . 9263
90 30.59 - 218 16. 26 C10-alky1benzene C
91 30.70 - Jf18 16 26 -C10-alky1benzene c
92  31.39 - 240(238) 17 136(34) ‘branched heptadecane 5976 C
(qr heptadecene)
93 33.02 - 232 17 28 011-alky1benzene C
940 33.2’9 - 232 17 28 C“—aikylbenzene 4278 C
95  33.41 - 232 1T 28 C,,-alkylbenzene c
N
—»
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peaks are part of homoiogpus series, compound identification by mass
sqfetrometc§ was done over a representative region of the chromaﬁogram
of Figure-é.3. Mass :pectré obtained in the Cg-C11 region eke presented
in Appendix C. Tentative'identities of the producta from hydrogenolysis
at'355°C. e:e:given‘in Table 6.1, which a;eo includes their moleeular_
weight. wmolecular formula, retention time, retention index, peak area
and the homologous series to which they Belong. Although normal alkanes
are the main products, alkenes, alkylbenzenes -and branched alkanes are
also i;Lntified. Figure 6.4 shows the qffferent homologous series in a
'plot of fetenq;on time of GC peaks as a function ef-the carbon number of
the preceding normal alkaﬁe. .

Alkylbenzenia and. aliphatic hydrocarbons with 16 C atoms, are
found in peaks 87 to 92 of Figure 6.3, and traces of C1f4ﬁydrocarbons.
mostly alkylbenzenea. are.positively identified in 93, 94, 95 and 96.
Naehthaleqe is present as traces in peak 49, | |

The alkylbenzenes that are found consist mainly of long carbon
chains with a benzene or a toluene group at one end, according to "{;
ma3s spectra given in Appendix C.

Olefins, aromatics and branched alkanes aecouﬁt for about 4.9,
- 7.9 and 7.1 %2 of the 09-013 products, as shown in Table 6.2, whieh
'also gives the hydrocarbon compoaition'PEt each carbon number.
Diffieulty in separating the olefins of homologeue series L from the
normal alkanes.-led to a smaller overall area for the alkenes anﬂ a

larger area for the normal alkanes.



Product distribution for hydrogenolysis of hexadecane

(C —C1u range) in mole % .of carbon number fraction.

9

»

TABLE 6.2

J

90

Normal Alkanes Alkenes Alkylbenzenes Branched Alkanes
Test: 6.12 6.4° 6.1 6.4 6.1 6.4 6.1 6.4
c9 81.00 81.95 3.53 0.51 9.34 7.75 6.13 9.78
°1o. 78.91 82.Q6 6.40 - 1.14 7.95 . 5.51 6.78 11,29
C.y 79.1%  81.26 5.87, 1.24 7,80 .5.95 7.20  11.55
Cp T9.57 8205 w.gs Ty 7.50 5.0 o7 11,32
613 82,12 83.58 3.9 0L 84 6.65 5.16  « 7.30 _10.42
Ciy - 86.07 - 0.83 - 3.08 - 10.03
a) Test 6.1 at'35§oc and 3.7% cehversion, :
~ ~ i
b) Test 6.4 at 325°C and 15.9% conversion. \ W
] : 3
o 9 /-

L4
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Furthermore, the selectivities of CHu. CEHG' 0338. n-CuH10. n-C5H12 and
H—CSH1Q are respectively equal to 11.3971, Q.191, 6.109, 0.102, 0,092 and
0.058 moles per mole of hexadecane converted and none of the heavier
hydrocarbons had a selectivity larger than 0.027 (as shown in Table

6.3). The presence of products other than normal alkanes in C16H3“
¥

hydrogenolysis cver Fe will be discussed later in this chapter.

<

-

6.2.2 Hydrogenolysis of Hexadecane at_325?§ _ -j/
]

. Hydrogenolysis of hexadecane was alﬂg studied at 325°C. with a

feed ratig of 9,1 H2 to 1 n-C416H3u and at 3lﬂifferent conversions: 0.7,
7.7 and 15.9%, corresponding to tests 6.2, 6.3 and 6.4, Figures 6.5 and
6.6 are the chromatograms of the C; products of tests 6.2 and 6.3, while
hydrocarbons-obtained at the highest conversion .gre presented in Figure
6.7 and with a 10-fold magnification and an expan;ion of the time axis,
in Fig. 6.8. The distribution of Efaka in these 4 figures is similar to
the pattern observed earlier in Figures 6.2 and 6.3, Consequently,
3 ~_
product 1dentification i1s possible using the homologous series of Table
6.1, Selectiéities of tests 6.3 and'G:ﬂ are giien in Table 6.3.

| The proportion. of alkenes, alkylbenzenes and pran;hed alkanes in
the higher hydrocarbons of test 6.4 13 given in Table 6.2: on average,
- olefins account for less than 1% of the total hydrocarbons in the region
examined, aromatics, about 5.5% and branchgg alkanes, more than 101;

The catalyst was quite active during hydrogenolysis of héf;;ecane

a3 the reaction rate reached 0.33 umole/g sec, which is about 2 to 5

tiqsiﬁzjgséf than the rates observed in test 5.1 for hydrogenolysis of

¢
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isopentane at 32506. However, deactivation of the catalyst was
noticeable over an one-day experiment. ‘Overnight H2 treatment was
therefére necessary. The used catalyst characterized by Mossbauer
spectroscopy contained 93 weight % Fe3C and 7% Fe. Only the catalyst
contributed to ﬁhe hydrogenolytic activity since none of the hexadecane

reacted in a blank experiment.

6.3 Discussion

Hydrogenolysis of hexadecane produces large amouhts of methane
which accounted for at least 87 mole % of all produc;Z in tests 6,1, 6.3
and 6.4, reported in Table 6.3.

Generally, the response éf the flame ionization detector used in
the gas chromatographic aﬁalyais of the C; products, is proportional to
the weight of the substances passing through 1%, varfing slightly with
the unsaturation of the molecules. Therefore, the number of moles of a
given compound is approximately calcul ated by dividing the corresponding
peak area by its molecular weight.

The carbon number distributions of the 3 tests performed at 325°C
are presented in Flgure 6.9 where the logarithm of the number of ‘-moles
of a given n-alkane in the CB_C15 range is plotted as a function of
carbon number. These data are .alsoc given in Table 6.4, where A is the
wéight (peak area) of Ci-alkane and B, its number of moles. Hydro-
carbons other than straight chain paraffins were not included in these

calculations because their peak area could not be estimated accurately

in the chromatograms of the low conversion Samples.

13

-

MON-9Q



TABLE 6.3

Product selectivities in hydrogenolysis of hexadecane at 9.1 FR.

Carbon Number Selectivitya
Test ) 6.1 6.3 6.4
Temperature (°C) 355 325 . 325
Conversion (%) 3.7 7.7 \15.9
1 11.971 9.058 10,743
2 .190 .323 -379
3 .109 .213 .250
4 .102 - 378 .201
5 .092 .143 .110
6 .058 .085 .073
7 027 .037 .027
8 021 .041 .035
9 .019 .038 .030
10 L0176 .036 .024
11 .0180 .033 .020
12 .0184 - .032 .016
13 .020 .033 014
14 .023 .038 . .013
15 : . .026 .050 © 013
15

%; S, T4 1.278 1,205

a) Moles per mole of n--C16 H34 consumed.



TABLE 6.4
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’ (o]
Carbon number distribution fagr hydrogenclysis of hexadecane at 325 C

Carbon Number Test 6.2 (0.71)a "Text 6.3 (7.7%) Test 6.4 (15.9%)

A B A B A B
8 3508  30.8 33002 381 2mi997% 2123
9 4094 32.0 44941 351 230881, 1803
10 . L8665 - 32.9 57389 334 207309 1460
11 5141 33.0 48101 308 . 186100 1193
2 6851 50.3 50620 298 168802 993
13 9088 49.4 55716 303 160807 874
14 13603 68.7 69523 351 161462 815
15 21742 102.6 97178 458 170107 802

a)
b)
c)

d)

conversion.

peak area.

number of moles (peak area/molecular Qeight).

discrepancies in areas are due to differené integrators and
different quantities i{njected. A

- TN

N — ~

e
.
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CONVERSION

O 15.9%
g 7.7%
Q A 0.7%

LOG(SELECTIVITY)

(arbitrary scale)

7 9 11 13 15
CARBON NUMBER

Figure 6.9: Carbon number distribution curves for C.-C._ hydrocarbons
in hydrogenolysis of hexadecane at 325 E (ﬁgata 6.2, 6.3
and 6.4). A

7
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The carbon number distribution 1s affected by conversion, as
“demonstrated by Figure 6.9. At 15.9% conversion, the amount of
n-alkanes increases with decreasing carbon number. However, in tests
6.2 and 6.3, the distribution curve first diminishes, reaches a minimum

“and then increases, Furthermore, the carbon number at which this
minimum occurs, decreases with conversion, being 12 at 7.7% conversion
and 8 at 0,7%. .

Semi-logarithmic plots of this kind are also used in hydrogena-
tion of carbon monoxide where hydrocarbon chains are growing by addition
of 1 carbon atom at a time, which gives a linear plot (9). In the case
of hydrogenolysis reactions, ;a straight 1line of similar slope may
indicate the removal of one carbon at a time from the hydrocarbons.

The C11 - 815 segment of the distribution curve of test 6.2 was

fitted to a straight line by linear least squares and a ratio of

Selectivities was obtained:

5

3 = .755 ‘ (6.6)
14 -

or l

3i = 0.755 Si+1 . (6.7}

where 1 and i+1 are carbon numbers.

- Based on equation 4.10 which was derived earliér from the.network
of n-C1GH3u hydrogenolysis involvipg only demethylation -reactiona. a
‘general equation is obtained tb represent selectivities in the C -C

1" 15
range:

- n-m ’
Sy = (155" s ‘ (6.8)

R =¥
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where carbon number é is smaller than n

Equation 6.8 is similar in form to the expression developed by
the Bureau of Mines, which represents the gr h of carbon chains in the
Fischer-Tropsch synthesis:

¢ =a " d (6.9)
where ¢m is the number of moles of product of'carbon number m, and n is
swaller fhan'g.

In the hydrogenolysis network analysis, the ratio k;/k; compares
the rates of splitting and desorption of product P, and 1is calculated
with equations 4.7, 4,10 and 6.8. To evaluate this ratio, values ror;
k;/k?G are 'required. but in the present case, k;/k; is relatively
insensitive to this parameter, The ratio k;/k; viries between 3.06 and °
3.09, depending on the value of kg/k?G. assumed in equation 4.7: 1.0 or
0.01, which are reasonable limiting cases, since the overalllrate of
hydrogenolysis, k;, ﬁormally drops with decreasing carbon number. This
result indicates that C-{ bond splitting is more than 3 times faster
than desorption, In test 6.3, the initial selectivity ratio of equation
6.9 i3 equal to 0.766 and k;lkﬁ varies between 2,95 and 3.27. All these
values confirm the previous results for i—CSH12 hydrogenol&sis tﬁat
product desorption is the slow step. However, k;/ké in test 6.2 is 20

5712
by the smaller fraction of CHu in the products. Therefore, the length

to 25 times smaller than in 1-C_H_ hydrogenolysis and this is reflected

of C chain seems to have an effect on the reaction mechanism.
Slopes were also estimated from carbon number distributions of

' . - .
Fischer-Tropsch products published in the literature and the values of
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4
a, in equation 6.9, were similar tB)e.those of the selectivity ratio; in
hydrogenolysis of n-C16H34: over cobalt catalysté‘j”a‘-was about O.TST
(9) and over Fe, 0.671 (9).
Therefore, at high carbon numbers,- between C11 to 015,
mechanism of hydrogenclysis seems to involve demethylation, the removal

the

of 1 C atom at 3 time from the hydrocarbon chain: the converse of the
FT synthesis where one C is added at a time,

However, as the carbon number decreases, the selectivity
] .

increases, as shown in Table 6.3, and consequently equation 4,10 is not
suitable anymore. Apparently the ‘simple demethylation mechanism with
parameters independént of carbon nuuber. has limited validity.

Ir hydrpgenal_ysis involves only demethylation, a hypothetical
value éf CH!# selectivity, S: can be calculated from the selectivities of
the intermediate; products, based on each C-C bond splitting producing .

molecule of CHu:

15

S#=2 (16+1)8 (6.10)
1 15
Since the sumation of the selectivities ,X iSi, is equal to 16,0
‘ : 1
if s = Sy equation 6.2 can be simplified to

8S = S s, = 1.0 _ . . (6.11)
i=2 i‘ ' .
The validity of equation 6.11 was checked with xperimental data
from the Ph.D, thesis of J. Machiels, former graduate)}student in this
laboratory, who investigai‘.ed the hydrogenolysis of normal hexane over

nickel and ruthenium catalysts (71). Since the reaction mechanism over



Ni involves demethylation,” the summation of sel?tivities in equation
6. 3, S5, is close to 1.0, varying between 0.89 and 0.95. However, for‘
ruthenium, SS.is between 1.54 and 1.69 since this metal breaks tl';e t-C
bonds of a molecule at random.

At 355°C on Fe, one mole of hexadecane was converted into 11.97
moles of CHI4 while formation of intermediate hydrocarbons by removal of
terminal C atoms Tuould produc'e only 7.86 moles of CHR' The summation S3
was equal to 0.741. Demethylation is therefore "possible in this case
and the reason for i;hg rather low value of SS will be criscusaed later in
this sectibn.rl-buevelr‘. in tests 6,3 and '6.11,‘ rformed at 32‘5°C. the
calcul ated values °f-‘/..cHu selectivity, respec_tiv Yy equal to 13.47 and.
14,03, are mu;-—raéer than the actual values of 9.06 and 10.74. And SS

is larger than 1.0: 1. and 1.21 respectively, suggesting that Fe

«

breaks also internal C-C bohds in the'molecule. The carbon chain of .

hexadecahe is probably long enough to permit adsorption on the catalyst
surface at carbon‘at.ans relatively distant from each oth_er, which may
c'hange the splitting pattern of the reactioﬁ.

In hydrogenoclysis of isopentane, SS 1is equal to 0.178 for test
5.1 at 2.8 FR aﬁd 325°C. and 0.04, for 5.3 at 7.0 FR and 355°C. 'ITt;i?
low values are probab ue to the strang adsorption of hydrocarbonggs
\e' catalyst surface _1ch leads tor 'a rapid demethylation of ti-né

molecules, before desdeption., In the extreme case, where all C-C bond s

are broken, only CHu 1s produced and SS equals 0,0, However, in test

\ ‘ ' 104

5.4 wherg a-Fe becme Fe.C due to the low H, to 1-C/MH. . feed ratio, thé

2
value of SS is increased/o-betueen 0.375 and 0.468. The formation o?‘-‘-.'.-.
- . ‘1;..

¢

. - o

Ty
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iron carbide affected probal;Zy 35 by changing the strength of the
hydrocarbon adsorption as discussed in Chapter 5. The larger value of
SS in test 6.1 compared to 5.1 and 5.3 1s probably due to larger
hydrocarbon coverage of the catalyst surface 1in hydrogenolysis of

hexadecane compared to that of .isopentane, as discussed later in this

chapter. : -

! The ‘formation of alkylbenzenes probably ifvolves

dehydrocyclization of a paraffin. Similarly, 3dsorbed species with a
S5—-carbon ring can also be formed as intermedidtes in '1somerization

reactions, as discussed later in this section.. Cyelization reaction is
_ . ]
possible if the long alkane {s bonded to the catalyst surface at

sitions 1 and 6, or 2 and 7, and undergoes ming closure as depicted in
.

the following diagram:”

=Ccceeee -Cceeccee .z
l—-—_l |———J Y
- . C C r=\
-gceeeee =¢ceeece
C— e

TheLpresence of methyl groups in the chain does not interfere
) b

with the mechanism;

This reaction mechanism was sgggebted by Heﬁ@kamp and co—worke#ﬁ

(18, 120) to explain the formation of aéomﬁtica and alicyelic
hygrocarbons in thé:Fiﬁcher-Tropsch synthesis on iron.

\ Although the formation of alkylbenzenes is not expected during

hydrogenglxa&ﬁ reactiona. since it involves ring formatioET\ngation of

c-C bondq. and evolution of HE' their existence 1s probably due to the

high stability of the Senzene ring. At 600 K, the Gibbs free energy of

N

o

) Y
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£ expressed per carbon atom is smaller for alkylbenzenes

than for alkanes and alkenes, varying from 6.9 kcal/mole for CTHB to 8.1

f‘ormation/, AGO
/

for\cwﬂzz, about 5.7% less than for p-alkanes, between 7.5 and 8.4

respectively. Normal alkenes have values of f‘-‘aGc;. of about 9.2 and those
of cycloali;anes are even higher,

: Branc:hed alkanes are probably formed by skeletal isomerization,
as described by Gates et al (41). A five-membered ring hydroc'arbon,
obtained by cyclization of an alkane on the catalyst surf‘acg, has one of
its C=C bc;nd broken by hydrogenolysis, leading to a branched'Species.
As an example, 2-methy1pgntane and 3J-methylpentane can be formed via

-
cyclic isomerization of n-hexane, as observed on Pt catalyst by Gault

and ‘co-workers (11). Furthermore, formation of 2-methyl groups may also
occur via the breaking of‘_a C-C bond in an adsorbed intﬁrmediate with a
3=-carbon ring (41). s

Examination of the product distribution of tests 6.1 and 6.@
8lven in Table 6.2 indicate that the proportion of alkenes is mmall at
325°%¢ compared .to 355°C while that} of ﬁranched_ alkane decreases from
10.7 mole % in 6.4 to T.0%.

Cady et al, (18) characterized the products from CO hydrogenation
‘on Fe in a fluidized bed reactor operated at 315°C and 18 atm with a
feed ratio of 312 to 1 CO. Paraffins accounted for 12.8 volume % of al:.L
C6 hydrocarbons and 16.5% of the Cw's while the proportion of olefins
dropped from 86.9 to 63.6%. However, the fractiop of aromatics

increased from 0.3% for C to 19.9% for C_,H These figures

66 14722°
indicate that much more CB-CM olefins are produE:ed' in CO hydrogenation

H
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than in hydrogenolysis,
If the coverage of tHe catalyst surface by adsorbed C1 Species

- ]
follows the same trend as the virtuail pressure of methane, P as

Ml
suggested by Dowie et al. (34), one can expect a much higher surface

coverage with “'C16H3n hydrogenolysis than with C3H8 or i-CS 12+ Based

»
on equatien 1.11, one can calculate PH in hydrogenolysis of n—C16H3u
using

»
P = (k. P, pl2y1/16 (6.4)

'H E Ciﬁ H2

where P's are in atm and KE is the equilibrium constant of the following

reaction
C16H34 + 15 H2 + 16 CHu ) ' (6.5)
# .
Calculations of PM indicate that the surface coverage by c,
————
hydrocarbons with a molar feed ratio of 9.1 H2 to 1 n—C16H3n. at 325%.

. and a total pressure of 1.27 atm, is about 7 times larger than that at a

ratio of 3 H2 to 1 i-C le. This {s not surprising since the used a~Fe

5
catalyst was mostly transformed into Fe3C after reaction with hexadecane
while remaining c-Fe with i—CSH12 in test 1.1 of Chapter 5.

The higher concentration of hydrocarbon specles on the surface

may also explain the traces of C hydrocarbons among the products.

17
Formation of products with a higher carbon number than the parent

molecule has also been observed in hydrogenolysis of hydrocarbons on Pt

(3,6).

S A



CHAPTER 7

EF%ECT OF WATER, POTASSIUM PROMOTER AND CARBON MONOXIDE IN

HYDROGENOLYSIS

The present chapter discusses the possible effects of H_0, K. O

2 2

and CC on selectivity and rate of hydrogenolysis on iron for the follow-
ing reasons: carbon monoxide is hydrogenated to hydrocarbons in the
Fischer-Tropsch Synthesis on Fe, K20 is present as a chemical promoter
in the catg%:ata used in the previous tests, and H20 can be a source of
adsorbed oxygen species w@ich may inhibit the reaction. Propane was

chosen as hydrocarbon reactant to simplify the experiments.  Normal hex-

adecane is also used in the tests with the addition of CO in the feed,.

T.1 Hydrogenolysis of Propane in Presence of Water

This section descr;bes the effect of water on hydrogenol ysis
reﬁctions over iron. Water was added to a feed mixthe of 4,7 Ha: 1
CBHS' using the saturator described in Chapter 3; its concentration was
about 0.5 mole %, The reaction temperatﬁre was 330°C and the pressure,
125 kPa, When H20 was added, both reaction rate and coaversion de-
creased drastically, 30 to Sqrtimes. as shown in Table 7.1. The rate
was not more than 0.0033 umole/g sec. Selectivities were also affected:
CHu production decreaséd and 62H6 1ncpeé§;d. '

The logarithm of the selectivity for ethane is plotted in Figure

7.1, as a function of conversion, with or without addition of water in

the fegd. A straight 1line is obtained which demonstrates that the

MON/1-14Q 108
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TABLE 7.1 \

Product Selectivities and Reaction Rates for'Hydrogenolysis of CBHB over
Reduced Fe Catalyst with or without Addition of H,0, at 330°C and 4.7 FR. .
Test Selectivitza Conversion Rateb Water

CH), C2H6
7.1 C\é;978 . 011 025 - .101 .056 - ,182 No
7.2 2.551 . 225 .0004 - . 0033 .0018 — . 0034 Yes

a) Moles per mole of C3Ha consumed .

b) in umoles/g sec.
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Figure 7. 1: Selectivity for ethane {n hydrogenolysis of .
propane at 330°C with or without H20 as a
function of conversion & eropane.
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reaction mechanism is nof. modified by the presence of H20 and that any
effect on selectivity is due to lower conversion.

The inhibiting effect of H20 is probably due to the adsorption of
H20 on the catalytic sites which wuld be used otherwise for hydro=
genolysis. Thus, addition of H20 to the feed effectively shortens the
catalyst bed.  Figure 7.1 indicates also that the selectivity for ethane
is a function of the conversion to the power 0.72. Catalytic activity
returns to its initial levels on stepping the addition of HZO' There-
fore, water poisons iron only temporarily, which agrees with the results
of Almquist on poisoning experiments dt.lr-irxg“NH3 synthesis over Fe

catal y::ts (1.

ro.

APRLEN

T.2 Hydrogenolysis of Propane over Potassium—Enrigched Catalyst

D\lis section describes t‘,he effect of a chemical promoter,
potassim?}oxide, on rate and selectivity in hydrogenolysis of propane,
A potasai{;m-enrich.e;i catalyst was prepared by mweénating with a solu-
tion of OZTHKOH in methanol, a reduced magnetite catalyst, D-3001,
After placing the particles in an evacLEtion tube and covering them with
a pre-determined volume of KOH- solution, CH30H was evaporated under
vacuum, withoﬁt decanting the excess. The evacuation left the alkali
promoter on the catalyst surface. The modified catalyst was then
handled under hexane to prevent oxidation. Before the experiment, the
potassium-enriched catalyst was reduced over-night at HSDOC. A quanti-
tative analysis by atomic absorption spectrophotometry indicated that

the concentration ,of‘KzQ increaaep from 0.57 g K20/100 g Fe in the

initial magnetite, to 1.60 g K20/100 g Fe.

(
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TABLE 7.2
Product Selectivities and Reaction Rates for Hydrogenolysis
of C3H8 with a 4.8 FR.
Test Potassium TR(OC) Selectivityb Conversion Rate®
a
Contem.: CHu C2H6
7.3 1.6 325 2.840 0.080 ,Q004 . 0005
7.4 1.6 337 2.9729 0.014¢ 0013 - .019  .0003 - .o0u1
7.5 1.6 358 2.991 0.0045 _.0Q022 - .014 .0029 - 0041
7.6 0.57 327 2.977T 0.012 ,025 - .041 0096 - , 0181
a) g K20/100 g Fe.

b} moles per mole of C3H8 consumed.

c) in umoles/g sec.

d) average value of product selectivity over the complete range of
canversion.
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In the hydrogenolysis, the feed ratio of H2 to C3H8 was about 4.8
and the pressure, 125 kPa. Because of poor catalytic activié} at 325°C.
experimental values of rates and selectivities were also obtained at 335
and 355°C, ail of them giveh in Table 7.2. Data from hydrogenolysis
overlfn original reduced Fe catalysth test 7.6, are also presented in
Table 7FZL\ | '

A drﬁmatic drop in activity 1s cbserved for the catalyst with?\
increased K-—content. The original catalyst was 7 to 10 times more
active than f%e alkalized catalyst in test 7.5, performed at 30°C higher
than 7.6. Furthermore, the selectivity for methane in tests 7.3, T.4
and 7.5 was slightly smaller compared to 7.6 and for C2H6' a bit larger.

These results indicate that potassium does not seem to modify the
mechanism of reaction or the -splitting pattern. However, it may
influence the rate of adsorption of hydrocarbon reactant as the overall
rate of reaction changes., This drop in activity is also observed in
hydrogenation of carbon monoxide over a Fe catalyst with a K-content

larger than 0.6 g K20/100 g Fe (111).

7.3 Effect of Carbon Monoxide on Hydrogenolysis over Iron

This section investigates the effect of carbon monoxide on hydro-

. =
gendlysis of propane and hexad ne in relation to selectivity and-
reaction rate7 'CO was added/to the reactant mixture either at low

concentration or as pulses. .
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' 7.3.1 Effect\af Carbon Monoxide on Hydrogenolysisyof n-Hexadecane
' s

Hgdrogenolysis of n-hexadecane was studied with a low concentra-
tion of carbon monoxide in the feed to investigate the inhibiting effect
o£ carbon monoxide. Craxford (29) observed that wax which had accumu-
lated on cobalt after 3 weeks of hydrogenaﬁion of carbon monoxide, could
be removed in less than 3 hours by passing hydrogen‘over the cétalyst
bed. Furthermore, workers at the éureau Ef Mines (54) found CH,4 and
higher hydrocarbons, up to wax, in the hydrogenation of carbon monoxide
over ruthenium but only CHu in 602 hydroéenation sve; the same metal.
Since ruthenium is also a very good hydrogenoclysis catalyst (114), these
results suggest that carboq monoxide inhibits this reaction. But will
small CO concentrations in the feed inhibit hydrogenolysis over iron
catalysts? The present sectio: deals with this question.

An electronic mass flow meter was used to deiiver.accurately a
predetermined flow of_CO. The molar feed ratio of H2 to n—CwH3u was
about 9.4 and the CO concentration in the feed, 5.7 mole 'S, The
reaction temperature wa35325°C and khe pressure, 125 kPa.‘ Figure 7.2
presents 2 gas chromatograms obtained on a casillary column, of the Cg
products in hydrogetolysis of "‘C1553u without (test 7.7) or with
addition of CO (test 7.8);‘ chromatogram II (with CO) is inverted. The
size of the sample injected in the gas chromatograph was larger for II
than for I.

Chromatogram I (without CO) is similar to those described 1n
Section 6.2 of Chapter 6, where the main pProducts are normal alkanege and

Wiye small peaks, alkylbenzenes, olefins or bdranched alkanes. However;
v | -
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~

chroma;ogram II (with CO) shows only traces of straight chain alkanes in

the C8 to 015 hydrocarbon range, even after a S-fold magnification of :

the Y-axis. But t?teg/as\nchromatographic analysis of the outlet gases

indicates the presen of methane, ethane and propane. Ethylene, carbon
dioxide and water were alsoc found among the products, although not
present in tests 6.1 - 6.4. The composition in mole fractions of the

outlet gases in test 7.8 was the following: CO, .00S6, CHI&' .0271, C02,

.0098, CQHH' .0017, CZHG’ .0018, ,HEO, .025-.028 (approximately), H

—

. 8637, and n_016H34' .0902. (\d

Chromatogram II shows that hydrogenolysis of "‘015”314 i# stopped

2'

completely' when carbon monoxide 1is added to the feed mixture.
Furthermore, the presence 'ot‘ water and carbon diocxide ameng the products
as well as the large drop in CO concentration in- the catalyst bed
indicate tizat hydrogenatic;n of CO is taking place in the reactor.
Carbon monoxide 1is probably more strongly adsorbed on Yron than
hydrocarbons, leading to the occupation by CO0 of active sites which
would be otherwise used for hydrogenolysis, Methane and the other
products are therefore obtained from the hydrogenation of CO:

x CO +2x Hy > CHy + x HO ' (7.1)
X €O + (2x+1) Hy * C,Hy o + x HO : | (7.2)
and from the water gas shift r?action:

H0 + €O 2 €O, + H, | , N . (7.3)

The presence of ethylene in the outlet g‘jases indicates that the
reacti;ms of hydrogen are inhibited by CO.. since olefins should be

hych-/oé‘ynated under these bonditions. _Consequently,‘ carbon monoxidé acts

b



like a poison for the hydrogeholysis of hydrocarbons; these data explain
why during the Fischer-Tropsch synthesis, the c} hydrocarbons, formed

2

via CO hydrogenation, are not broken down to methane, further along the
catalyst bed. !
Carbon monoxide was more than 90% converted in test 7.8 and the
concentration of water in the outlet gases reached %8 mole %, However,
as shown in Section 7.1, a concentration of water of 0.5 mole/% In the
feed drastically reduced the rate of hydrogenolysis. Oné y ask if in
test 7.8, H20 is interfering with the hydrogenolysis of nTéQGHBN ;hd the
hydrogenation of CO. However, the reaction rate was aboq; 0,564 umole
C0/g sec, which is 200 times larger than the rates obtained for C3H8 in
H20 poisoning tests, qiven' in Table 7.1. Therefore, the inhibiting
effect of water does not seen important—1{n this sSystem. Carbon monoxide
is probably more strongly adsorbed on the catalyst tha&ywatef which
reacts with CO to form 002 via the water-gas-shift ﬁeaction (equation

7.3).

7.3.2 Effect of Carbon Monoxide on Hydrogenolysis of Propane

Different conéentfations of CO were added to the feed in hydro-
genolysis of propane. The molar feed ratio of H2 to C3Ha was about 4.3.[
the temperature, 335°C and the préssure, 125 kPa. Tests 7.9 to 7.i2
were done at 1.1, 3.5, 4.85 and about AO mole % CO in the feed. Carbon
mono;ide was also injected in pulses containing about S0% CO, uzi H2 and
8% C3H8. The pulse experiments are descriséd later in this section.

Gas chromatographic analysis of the outlet gases showed that when

17

-
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-
TABLE 7.3
Hydrogenolysis of Propane at 335°C and 4.3 FR,
with Different Concentrations of CO in the Feed
Test: 7.9 T.10 T.11 T.12 T.13
$ co? : 1.1 3.5 4,85 10.0 0.0
MOLE b
FRACTION
CHu . 0092-.0115 .0181J.0217. .0218 .0230-.0270 .0070-,0161
C2H6 .00104 0012 .0023-.0025 .0034 . 0026-,. 0035 < , 00009
CHg . 1928-. 1964 - . 1866 - . 1666=, 1924
%Hg . .1948 - L1758 - .1722-.1948
RATE®,
co S 252 .319 .588 0
C3H8 | - o 0 0 0 .059-,107
MOLAR RATIOS
IN PRODUCT
CTI(C1+02) .903 . 891 . . 866 . 892 -+ 996
CE’/C2 Ty <15 . . 154 . 158 .756 0
CONVERSIONY ’ .
(%) >99.9 99.9 99.8  86.4-92,2 ~.012-,05
' , o

a) 1in the Té%d.

b) . in the ocutlet gases. -

d) conversion of co.

e) conversion of CBHB'

v A

e) in umole CO or’C3H8/g sec.
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CO was added to the feed, ethylene, CO, and H;0 were produced as well as
methane and ethane. Table 7.3 gives molar ratios of products, C:I-Iu/(czl-l6
jCH )y Cz“n’“z"s' and CO o/CH) for tests 7.9 -~ 7,12,
The presence of CO in the feed increased the concentration of
CE‘HG 30 to 50 times, while k;eeping that of methane constant. The
production of ethylene*and 002 increased with the amount of CO in the
d‘eed With less than 5 mole % CO, 0.10 to 0.15 mole of Czﬂu was formed
‘!er mole of C2H6 and with 10% CO, 0.75 mole. Furfhermore. only traces
of CO were found in the outlet gases. !-.bw‘e'ver'. propane did not seem to
_be cbnomed. based on values of initial and final ooncentrationa glven .
- in Tablo 7.3. Therefore, all of the products orobably came from
hydrogenation of carbon monoxide and f;-om' the water-gas-shift reaction,
like in test 7.8. The converoion of carbon monoxide was larger than
99.8% in tests 7.9 -~ 7.11, while at high CO concentration, it varied
between 86.4 and 92, 2%. Discrepancies between data for propane in test
7.’1\ may be due to the contraction of t.ho gas volume in hydrogenation
. . 4

reactions, |

>
Pulses Tf/carbon monoxide were addéci to the feed while
3

hydrogenolysis of pPropane was in progress, test 7.14, or while pure H

The pulses of CO ‘Wwere. produced by opening the solenoid valve of
the CO flow controller to obtain \o/_predetemined flow rate during 30
seconds, ﬂ' pulse composition was about S0 mole % Co, 2% H2 and 8%
Cg in test 7.18 and 53% cO, 473 H, in test 7.15. Both tests were

per formed over(reduced Fe catalyst at 3"09C and 125 kPa. The molar feed

—

a

2
was-passed theough the resctor, test 7. 1;/ , T

-
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TABLE 7.4

.Molar Ratios of Products from CO Pulse Experiments
during Hydrogenclysis of Propane at 34%0°C and 4.9 FR.

. 91%7\
Mole Fraction : Molar Ratio in Product
a o,
Time CH, CH, CH,/C H, CO,/CH, C H,/CHe
(50/60)  .00492 .00036 13.6 9.1 1.98
1.0 . 00586 . 00043 13.6 18,4 - 1.56
1.25  .00440 . 00065 6.7 41.9 1.93
 (.00175)° (.00035)°  (5.1)P (43.9)° (1.70)°
4
1.50 (. 00608) (.00067) (9.0) (23.2) (1.55)
2.00 J'.dossn © o T.00047 11,4 1.8 1.40
: (.0084T)" (.00200) (48.2) mwuos)
6,00  .01157 . 00006 193. . 066 -
20.00 .01027 - .00005 201, . .019 - -

N

a) time interval after injection of a pulse of CO, in minutes.

b). (ratio)..from CO pulse experiments, without C3HB tn the feed (test
7-15)0 . - ) ) ¥
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rafio of H, to C3H8 in test 7.14 was about 4,9. Samples of the outlet
gases were taken at different time intervals after the closing of the CO
valve; 3

In both tests, alkanes (CHL. C2H6), ethylene, water and carbon
monoxide were identified among the products as in tests 7.9 = 7.12.
Table 7.4 gives values o:E the molar ratios of CH, to CHgr CH, t§ CHg
and CO, to CH,, at different time intervals following pulses of CO.
Data from test 7.15, without C3H8 in the feed, are presented in
brackets,

Similar results were obtained in tests with or without propane in
the feed. Large fluctuations in the product distributio ere observed
in the first 3 minutes. Ethylene was present in the outl tjg%slj only
for a few minutes indicating that after its formation fr C0,'1t does
not react further due to the inhibiting effect of CO. The production of
ethylene was quite large as shown by samples containing up to 1.9 times
more C2Hu than C2H6; Very large quantities of CO2 were made in the
first minutes following the injection of a pulse. In some particular
samplés. the CO, concentration was more than 40 times that of CHJ.
Traces of water and carbon dioxide were still found 30 minutes after a

pulse of CO. In test 7,14, the ratlo of CH, to C became larger than
y 6

100 after 6 minutes, indicating that hydrogenolysis had resumed.

S

o

A% . .



CHAPTER 8§

CONCLUSIQONS ——
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4

The present chapter gives the main findings of oy research on the
mechan{sm of hydrogenolysis of hydrocarbons over iron.

/
Iron tafIy?;ls\produce a large amount of methane #pn

s =

hydrogenolya.{s o hydrocarbons, compared to o'{her Group VIII metals.
The network analysis of the selectivity ciata from hydrogenolysis of
1sopentane and n-hexadecgne, indicates that prod-uct desorption is the
Slow step of the reaction gechanism. The ratio of splitting to
desorption, k?/kfn varies with the length of the hydrocarbons and is
13qual to about 3.0 for C;O, alkanes, and 64 for 02 to Cs's, on average.
The hydrocarbon species adsorbed on the cat;alyst 3ur:t‘ace are largely
completely broken to methane bef‘c;re H“esorbing. since the split'ting of
C-C bonds is much faster .than desori)tion. Network analysis also
indicates that the overall rate of hydrogénolysis, 'I;, increases with
the carbon numbe}

Characterization of the used catalysts by M®ssbauer spectroscopy
has shown that bulk Fe carbides are present only at very low ratios of
H2 to hydrocarbon in the feed. Bulk carbides presumably result from the
coﬁlpetition between 'dif’f‘usion in the catalyst ang hydrogenation to
methane fow species. At low feed r;-t:\j.ﬁel-the excess

surface carbon dissolves in‘\the bulk and precipitates as Fe3C; iron

becomes a reservolr for carbon, mainly in carbidic form. The formation

MON-6Q | T 122
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of bulk iron carbides in the catalyst is reversible since ﬁigh ratics of
H, to hydrocarbon leads to their hydrogenation to CHy.
Under conditions that form bulk FeBC, the presence of surface

carbides {s insured and the products contain less CHu and more
intermediatesuéue to the presence of Fe-C bond in the carbides, which
probably makes the hydrocarbons less.strongly chemisorbed on Fe atoms of
cementite than on those of qo-Fe. Intermediate hydrocarbons should
thereforg be more readily desorbed, leading to an increase of their

selectivity.

Although normal alkanes are the main products of n-C16H3u
hydrogenolysis, alkylbenzenes, branched alkanes énd .alkenes are also
found. These side products account for about 20 mole % of the C9 to C1n

hydrocarbons, The alkylbenzenes that are found, consist of long carbon
-
chains with either a benzene or a toluene group at one end. These
aromatics are presumably obtained by dehydrocyclization of alkanes, and
the branched alkanes, by ring openiné of adsorbed alicyclic species,
Iron catalysts apparently break the hydrocarbon molecules by
demethylation, as indicated by\the network analysis applied to the low
conversion selectivity data for C11-C15 alkanes in n-C16H3u hydrogen-
olysis. However, with short hydrocarbon chains, demethylation is too
rapid to be observed in the carbon number distribution.- At high
conversion of n—C16H3q, iron‘?ay also break the C-C bonds which are not

. adjacent to terminal C atoms.

LY

The hydrogenolysis of hydrocarbons is completely inhibited when

carbon monoxide is added to the feed, even at concentration as low as 4
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mole %. Furthermore, CO is hydrogenated to 1ight:a1kanes and ethylene
with production of water and carbon dioxide via the water-gas-shift
reaction. The poisoning effect of CO probably e;plains why C; alkanes
and oléfins. formed during Fischer-Tropsch synthesis, are not bFoken
down to methane, further along the catalyst bed. An increase in the
ethylene produé¢tion is observed with increasing CO content in the feed.
Experiments, 'involving pulses of CO, gave similar results with or
Wwithout propane in the feed, confirming the inhibiting effect of CO.

Traces of water in the feed ;;duce the rate of hydrogenolysis on
Fe. An increase in the K20 content of Fe catalyst decreases the
reaction rate without affefting the selectivity.

A new method of deriving selectivity equations for reaction
network, using graphical pathways, was developed. The network analysis
was shown 6'appiy to irreverszible reactions for hydrogenclysis_and

b

isomerization.
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APPENDIX &
e

)

Characterization of Fe Catalysts by MSssbauer Spectroscopy

Iron catalysts were characterized by MSssbauer spectroscopy, MS,
in the laboratory of 'Prof. T. Bircﬁall'iﬁ'the Department of Chemistry.

Dr. G. Dénés operated thefi%ghaguipment and interpreted the data. The

present, appendix is partly based on a paper submitted to the Can. J.
. 2

Chem. Eng. (83).

The Mossbauer effect is the reooiless,emission_of.t-rays by a

_nucleus at the excited ' state and- their resonant reabsorption by a

simila: nucleus at the ground state. ‘Resonant reabsorption is possible
only if both souroe and absorber are embedded in & solid material. In
that case, the emitting and absorbing nuclei, tightly held in the solid,
cannot recoil upon emission .or- absorption of y photons.

Ihe energy of the nuclear levels of an isotope varies slightly*
from one cggpound to another due to changes in the atomic enviroment
and the magnetic properties of the material. Therefore, a-Fe, Fe3C and

W
Fe5 5 can b differentiated by MS. . y

Fe Hogsbauer speetroscopy; the source oontaining STFe at
th{ excited state, produced by decay of 57Co, emits Y-rays with an
enorgy of 1“ 47 keV. 'Oscillation' of the source, in a constant
acceleration mode, modulates the beam energy by Doppler effect to obtain

resonant absorption that is otherwl se stroyed by differences in

T, N
electric or magnetic enviromments between source rber.

QO
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The samples, finely ground powders, usually contain no more than
20 mé Fe/é'mz in order to avoid line broadening and saturation effect.

MS 1s not limited to highly cryst;lline .80lids but can be used t;or
amorphous materials, in contrast with X-ray diffraction. After
transmission through a sample, the y-radiation is detected and
preamplified by a I{r'.-CO2 (2200 - mm Hg) proport;ionil' counter and the
signal is accumulat¥d in a multi-channel analyzer Synchronized with the
source drive., The intensity of the ‘tr'ansmitt'.gd Y-rays is plotted in a
?;Eissbauer spectrum as a functioA'-\c:f their energy. The spectra were

calibrated using a standard sample of /ir‘?ri"foil. and they were recorded

at room temperature. L

The number of absorption peaks in a W.Sssbauer\ spectrum, as well
as their position and intensity are chalracteristics of the electron-
density around the Fe nucleus; and the presence of electric anNsor
magnetic fields acting at the nucleus. Computer programs, GMFP and
GMFPS (31, 93) were used for fitting the Mjssba'uer spectra and obtaining
the hyperfine parameters (isomer shift, §, quadrupole splitting, A,
linewil'lth. I,. effective magnetic fi'eld. Heff) which ar.e useful for the
identification of the Fe compounds. When more 'than" one hYperfin? site
(57Fe nucleug in a particular environment) are present, the relative
contribution of each site to the totai absorption spectrum is also
fitted,

M&ssbauer spectroscopy can give a rough estimate of the
—compositiorl of solid mixtures by comparing _the_ peak areas 4in the

/"EPsorption Spectra. However its accuracy is limited by the difference

-

oo
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(usually unknown) in the ;%lue of the recoil~free fraction of the
components of the mixture. In that case, the absorption of-virays per
Fé nucleus varies in intensity from one Fe compound to another, thus
modifying the peak areas 1ﬁ the Mssbauer spectra. A

Figures A1-A5 pfesent,uﬁssbauér spectra of some of the catalysts,
3C. Fescé or mixtures of fe and Fe3C. |
Table A1 gives the hyperfine parameters obtained from the profile

which contain a-Fe, Fe

fitting of these spectra. Values of parameters from the literature are
also reported in this Table. Fitting of the MSssbauer spectra by a non-
1inear;regression program tq obtain the hyberfine parameters is
discussed 1n‘a paper submitted to the Can. J, Chem. Eng. (84).

. \
‘A review on the application of MS to heterogenecus catalysis is

N

presented by Dumesic and Topsoe (37) and by Hobson (51).

Lﬁfﬁ\ | .

<
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Figure A4: M&ssbauer spectrum of US%F pre-carﬂided éatalyst
: after hydrogenolysis at 325°C and 2.8 FR (test
5.2): the catalyst contains 66 weight % a-Fe and

331 FeBC.



T , 139
1.000 N
)
w’i -
.991
.9821
. fﬂv-
.9730L 4
' \\# |
\by/
.9650 .
| 1 | | |

5.1 -245 040 <225 Sal
~ VELDCITY (MM/S)

Figure AS5: M&ssbauer spectrum of used iron catalyst after
hydrogenolysis of hexadecane at 3250_C and 9.1 FR:
the catalyst contains 93 weight % Fe3C and T% o-Fe.
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APPENDIX B

Surface Characterization by Auger Electron Spectroscopy

The surface of solids can be charact:.erized by Auger Electron
Spectroscopy, AES. This highly sensitive technique probes atomic layers
which are less than 20 & frpm the surface. During some of our tests,
samples of iron foill were placed in the diff‘erential reactor and were
analyzed in the Department of Chemistry, courtesy of Prof. P.T. Dawson.

This characterization technique is based on the "Auger process™
where the energy from electrqn deexcitation in a s0lid is transfered to
Secondary electrons which escape from the solid into the vacuum. 3ince
the energy of an Auger" elecfron 1s characteristic of its parent atom,

—_

the identification of chemical elements present on or near a surface

.

becomes possible.

| ?‘I'he samples to be analyzed are placed in a vaéuum chamber-uherg
they are bombarded with an electyon gun leading to the escape of Auger
elect?rons o'f‘-hhi‘ch only those with low energy, between 100 and 1000 eV,
are detécted by an el.ectron energy analyzer. Higher energy eléctrons
ar.'e eliminated because they could originate from atomic layers deeper
than 20 A, The- analyzer signal, which represents the total energy
distribution function, N(E), is dif‘fergnfigted to accentuate the Auger

@ - .

peaks.  The plots of dN(E)/dE é:: a function of E are called Auger

spectra. The peaks in a spectrum indicate the Auger electron energies

which are unique to each of the parent atoms. AES can also discriminate

MON/1-13Q ) 141
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between the follbwing types of surface C, by the pattern of their Auger

peaks: carbidic C and layers of graphitic or elemental C (48,107,113).
Layers of atoms can -be removed from the surface by bombarding the

sample with an 1ion beam, usually ionized argon. The concentration

profile of a given ement is obtained by successive sputtering and AES
L

characterization.

Reviews on Auger electron spectroscopy, have been ‘written by

Joshi et al. (53), Chang (22) and Grant (42).

~ N



" APPENDIX C

Combined Gas Chromatography=-Mass ectrometry

The CE hydrocarbons produced in hyd oéeno}ysis of normal

hexadecs,ne, ere analyzed by combined gaé. éhromatography-mass

spectrometry, GC-MS, in the Department ,of Chemistry, ckourtesy of Prof,

-

M. Quiliiam. § -
Sepaf-ation of the CE l_'lydrocarbons was done, by t.empe;'atm-_e-
programmed gas chromatdgraphy, with a S50-meter capillary column coated
with DE-S, a silToone~rabber similar in properties to SE-52 (silicone
chain with 5% phenyl and 95% ﬁeth&l groups) and SE-54 (1% vinyl, 5%
phenyl and 94% ‘/}Bbhxi-)./ kﬁ:ll of‘. the effluent gases from the gas
chromatograph wer‘e‘ sent t;.o a Vmas:-’. spectr;ometer. where the hydrocarbon
molecules werg first ionized and partly ﬁ-ggmented by an electro}‘ béam.
After being\ separated from the other particles, the posi;:.ive' jons were
a_ccélerated and deflected by magnets, acquiring a circular course with a
degree of curvature function of their mass aﬁd their charge. T\ﬁ: impact
of these ions on a detector was recorded by a computer and the ratio of

mass er'chhe‘,\ m/gp was calculated for all the ions:= The § dystri-

spectrum, as a histogram.

In each mass spectrum, the molecular ion gives information on the

moleculh{_we/igi; of the unknown hydrocarbon, and the selacted fragmen
3 .

MOK/1-15 \ 3
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ioﬁs. on the structure of th/_molecule (branching, ves)e Retention
time, retention index (defir;ed in Table 6.1) and homoloéous series are
also valuable infomation.# 'Ihe identity of a compound is usﬁally
confirmed by p:atd-ning its mass 3spectrum with those reported in the
literature 0) adg_TE's retention time with ‘that of an injected

-
standard. Hore 1nformation on the technique of GC-MS and the

interpretation of d;ass spectra can be fqund in McFadden (80) and in

McLafferty (81). - | : : -

Typical mass spectra are presented in Figur-eé' A6-A12 for normal

‘/ - / .
and branched alkanes, A‘&-Mﬁ for alkenes, A17-A31 for alkylbenzenes and

A32 for naphthalene. 'I‘he{ peak numbers refer to the gas chromatograni)/

Figure 6.3, ;
)
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APPENDIX D /_x/

Calculation Procedures and Experimental Data

1'

\ 'Ihe product composition was obtained by gas chrcmatograpl;ie\
analysis of the outlet gases. Peak areas from the chromatograms were

[
converted to mole fractions using’ calibration curves.” A carbon balance

was done over the cctalyst'\‘bed to obtain tlze values cf_scl,eT:‘tivity,_'

conversion and rate from the mole fraction data. It was assumed, for

r

. these calculations, that nn\aignificant amounts of carbon werae deprited

on the catalyst, Furthermcre, the total number of moles ‘was ccustantl
before and after the reactor since hydrogenclysﬁ reactions are

equimolar. 'I'he selectivity for prcduct I was, calculated with the.

fok¥lowing equation . . . -~
Np ¥
N 1)
’ Z (n, v,)
. J‘-“I J J //-J

} . —
where "R is the number of C atoms in molecules of‘ hydrOcarbon reactant,

YI' the Tole f‘raction of product I and P, the number of products. The

-
denominator is the summation of the mole fraction of each produet,
mgl-tipl&d by its carbon number, ny. The .copu{m(; of the hydfoc
reactant is defined as Q_

{\ | .

Cagh
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where the denominator is a summation

Y

the outlet gases including the reactant

173

(D.?

involving all the hydrocarbons in

The rate of reaction, in

/
umole of reactantK;otsumgd /g aec. is calculated from

' P n
2 RATE Z:

(D.3)

where. F is the flow rate of outlet gases ‘and W, the weight of catalyst

in the reactor.

)

. .
. . bl

The values.of the paraﬁeters in the power rate expressions and in "

the selfctivity equatioqﬁ’;;;enogt;EEEd by non-linear }egresslon of the

data from équatiogo D.1, D.2 and D, 3.

The computer programf that was

" used, UHHAUS is based on Haquardt'a method (36) which is a combination

or the steepest descent method and the linearization method. ‘The

standard .deviations betueen calculated and expé‘imental valuea ‘are given

by thé fol owing - equation.

SN
, . (RSS / DF )/
. St. Dev. (%) = ACT

where RSS is the residual suo of squa

-

~

-

- X 100

R A ¢ )

nﬁi%?tF the number of degrees of
freedom and ACV the average calculated value (T22). . '



and Various H2 Concentration in the Feed (Fig. 5.3).

Hydrogenolysis of Isopentane at 325°C

TABLE A2

174

SELECTIVITY®

CONV.  $H,
| CH, CHg C Mg Cyfi 1, 18410

4.891  .014 .04 .003 007 .085 85.7
4,890 .04 .016 /,H-;ooz'“ .007 . 082 85. 4
4.886 .0 .oxs*‘// .003 . 007 .097 85.9
4,910 .012 .013 . 002 . 005 .103 88.3
4,904 . ,013 015 . 001 4005 . 075 86.7
4.886 015 .015 . 004 " Loo7 .102  85.7
4,887 .04 .017 .003 006 .078  86.9
4.833 019 . 022 .003 .013 .051 82.8
4,896 .013 .017 .003 . 004 . 109 86.6
4,892 .014 .018 .002 . .005 . 084 87.0
4.903 .01 .012 . 002 .006 . 104 84. 6
4,881 015 . 021 .002 . 006 .059 87.2
4.758 027 .022 . 004 .027 070 67.4
4,741 028 .025 .005 . 027 . 071 64.5
4752 035 ,021 .005 .023 . 056 70. 1
4.681 .050 L0215 . 006 . 033 .071 59. 4
4,512,067 .036 .001 €052 . 050 51.4
4,666 04T . 026 .006 .035 . 050 63.7
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TABLE A2 (continued)

SELECTIVITYa‘ 12 CONV. % H,
CHy  CH, C3Hg C4fia0 1=Caflio .
8.440 078 .043 .010 . 059 .048 50.0
4476 077 037 ~.o10 . 055 .041 49.5
45,215  .128 .063 .017 . 068 .051 48.3
4,059 . 165 . 075 .022 . 075 .054 43.8
3.999 . 161 .084 .027 . 080 . 059 44, 4
4184 156 . 060 .019 . 063 .063 49, 1
4.860 .012 . 025 . 002 . 008 .067 86. 6
4.078 . 146 .072 .025 . 079 .064 39.3
3.936 .151 .093 .030 . 091 .070 40. 3
4.230  .123 . 064 . 014 . 070 082 50. 3
3.933 . 179 082 .027 . 089 063 52.0
3.981 - 175 . 085 .026 .078 .068 43.9
4113 . 155 .073 .020 . 069 072 ug.1
8,435 072 . 033 .010 071 . 055 46,6
4411 075 . 042 011 . 067 060 4T.2
4743 o081 .032 . 004 .016 033 81.2
4.725 024 . 046 . 005 .017 .028 85.4
4.398 158 . 063 . 006 .018 014 85. 6

a) moles per mole of i-C_H

51

b) mole % in the feed. !

2 consumedt,]



176

TABLE A3
Data for Power Rate Expression in Hydrogenolysis
of Isopentane at 325°¢C, N
Pressure (kPa) -+ Rate(umole /g sec)

H2 i-CSH12

—_ . i
111.4 18.6 727 .
110.6 " 18.9 .722
111.2 18.3 . T54

:/ 834

110.9 16.7 1.108

111.6 16.7 1.028

117.2 9.M .639

112.2 16.5 .853

88.6 42.8 1.410

85.0 46.9 i 1.698

90.7 38.8 1.329

76.4 52.3 1.562

56.2 70.3 1.25!

64.2 66.6 1.038

3.0 17.5 .T10

50.5 77.8 1.209

53.6 79.5 1. 125

67.1 66.3 . 1.229

56.9 7.7 1. 085

58.9 75.2 1.116

64.1 69.2 1.1

61.9 70.8 .817

62.6 T70.1 ¢ » 902




TABLE Al4

Hydrogenolysis of Isopentane over Reduced Iron

at 325°C and 2.8 Feed Ratio (Test 5.1)

177

SELECTIVITY? CONVERSION  RATED
CHy Gl Cgig Ciftyg  1-Cyiyg

4448 0.085  0.026 0.0 0. 066 0.063 0. 162
4465 0.049 0,031 0. 026 0.060 - 0.071 0. 154
4,435 0. 060 0.025 0.035 0.062 0.051 0. 169
4.352  0.047  0.029 0.035 0.081 0.030 0.077
4,502 0,054 0. 031 0.019  0.080 0. 065 - 0. 081
4,U40 0,045 0. 029 0,017 0.079 0. 080 0.071
().380 0.043  0.034 0.014 0.09 0. 064 0.055
4,393 0.050  0.029 0.014 0.091 0. 107 0.035

a) Moles per mole i-C_H

b) In Hmole 1-C_H

51

2/g sec.

2 consumed.
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/,f"",r\
P N
TABLE AS
W Hydroggnolysis of Iscpentane over Fe C2
at 325°C and 2.8 Feed Ratioc (Test 5.2)
X .
SELECTIVITY? - CONVERSION RA?Ei\\“’,////,//
CH,, CHg C4Hy Cylyg 1-CyH oo ‘_ﬁj//\“
N
4.556  .055 . 049 . 024 .023 . 0083 2.175
3.806  .054 .123 . 142 .038 . 0064 2.882"
3.382 L 039 .088 . 309 . 020 .0038 -
3.403  .096 . 032 .291 .036 .0022 -
3.574 .058 077 . 220 . 050 .0050 -
3. 841 .039 . 015 .235 . 025 .0040 -
4,372 .062 .035 . 060 . 040 .020 1. 499
4.604 064 . 037 .018 .021 017 2./902
4,208 . 124 . 048 . 069 .032 018 ) - : -4//4
4,274 137 .051 7 ,o42 . 033 . 028 -
5.379  .089 . 030 . 071 .018 . 024 ;2,631
4,298 . 062 039 <  .090 . 026 021 2,241
4, 351 .072 .034 075 .025 .013 2.126
4,465  ,073 .039 .Oul . 024 .012 2.888
4,227  .068 . 032 . 108 .027 . 021 2.312
4,633  .063 .015 . 024 . 025 .038 1.780
4,638  .058 017 . 021 .028 . 040 1.085
4,638 058 .017 .021 .028 . 040 -
4. 651 . 060 .025 .017 . 022 . 04 2,005
4,654  .056 . 027 .04 . 025 . 064 1.553  ~-
4.616  .050 . 020 . 040 .016 .034 1.6u3
4,474 . 048 . 034 . 059 . 023 .031 1,732

a) moles per mole 1-C_H._ consumed.

b) in umole 1-CSH12/3 sec.



TABLE A6

Hydrogenolysis of Isopentane gyver Reduced Fe

at 355°C and 7.0 Feeq Ratio (Test 5.3)

179

SELECTIVITY?

CONVERSION®  RaTEC
CH, CH, CHg CyH 1 1-C .
4.912 013 . 0054 . 0036 . 0078 . 430 . 463
5.921 014 .0026 .0020 .0086 .592 .165
4.878 .o014 . 0067 . 0055 . 013 .285 L Ugl
.5.892 017 .0062 .0037 010 .353 422
4894 o015 . 0070 . 0033 .010 . 400 .33
5.883 .018 .0073 .0033 .012 . 395 .310
4,876 .o17 . 6080 . 0040 013 . 230 . 491
4.870 .018 . 0084 .0030 .015 . 366 .240
4.855 {020 . 0094 . 0031 .016 . 374 . 167
u.87q(//fo1a. .0089 .0036 .013 .210 .40
4.863 . 020 . 0081 . 0026 .016 . 455 11
4,857 . 017 . 0086 .0086 .012 . 226 .42
5,872  .019 . 0076 . 0034 .013 L046 gy
4.910 013 .0056 .0032 . 009 .209 :555
4,850 022 . 0093 .0049 .015 . 138 . 410
4.858 020 .0069 .0097 .011 .179 .673
5.904 015 <0056 _-Tpps2 . 0073 . 241 . 878
OT 013 om0 . 0040 .252 - 920
a) moles per mole 1-CSH.|2 consuned;

b} with recycle,
¢) in mmole {—C_H

5 12/3 sec,



TABLE A7 :

Hydrogenolysis of Isopentane over Reduced Iron at 355°C
and 0.8 Feed Ratio, 1% ¢ Conversion < 10% (Test 5.4)

SELECTIVITY? CONVERSION  RATED
-
CHy Q?ﬁ ¢fg Clyp 1,

5.069 .119 . 053 . 054 . 080 .023 . 283
3.969 . 156 .068 . 040 . 088 . .027 .214
3.623 . 200 . 120 . 082 112 .075 127
4,007 .069 . 045 .079 . 102 .015 . 094
3.9% 103 . 066 . 047 . 103 .021 . 103
4.083 .125 . 071 . 026 .088 . 059 .108
3.899 . 147 .0T5 .075 . 074 .015 .213
3.866 ,182 . 086 . 045 .083 .079 . 143
3.739 . 209 . 105 . 042 . 091 . 090 .121
3.674 . 212- 112 . 042 .100 . .087 .124
3.984 180 . 087 .034 . 065 . 068 -
3717 . 143 .092 . 101 .079 .011 .182
4,022 .45 . ogy .032 . 065 . 037 .32

2) moles per mole i-CSH12 consumed .

b) in imole i-CSH12/g sec.



TABLE A8

Hydrogenolysis of Isopentane dver Reduced Iron at 355°C
and 0.8 Feed Ratio with a Conversion less than 1% (Test 5.4)

SELECTIVITY? CONVERSION  RATE®"
CHIJ CZHG C3H8 CQH'IO i-—CuH.lO

'3.359 .116 . 139 . 113 . 135 . 0069 '.0544
3.758 . 134 .118 . 068 . 086 .0080 . 162
124 L1677 .11 . 142 . 101 L0061 . 166
3.660 .139 .175 .o46 o088 .0072 .195
3.578 . 147 . 176 . 056 09K . 0066 . 209
3.795 .7 139 .47 77 .0063 194
3.625 TF . 169 . 059 . 069 .0074 . 226
3.763 .10 . 129 .052 . 091 ©.0083 .276
3.630  .133 . 166 .076 . 076 . 0042 13
4,088 . 127 . 066 . 046 . 069 . 0064 .228
3.655 . 115 . 135 059 119 . 0043 . 188
2.989 .123 .233 L171 - 096 .0026 J109
3.336 . 166 . 187 . 104 . 090 .0028 . 106

a) moles per mole 1—1051112 consumed .

b)vin umole i-CSH12/g Sec.
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Data for Power Rate Expression in Hydrogenolysis

TABLE A9

of Propane at 325°C.

Pressure (kPa)

H
2

¢ oo

108.3
110.3

183.8
184.3
199.0
109.5
123.2
118.5
118.2
89.3
110.7
144.8
146.0
99.8
93.9
88.7
79.1
66.9
66.5

T i-C

5H12

24.8
18.2
16.1
-5
6.8
6.8
6.6
18.8
6.2
10.2
10.2
41.1
18.4
1.7
1.7
29.4
35.2

uo-s :

49,7
Tu2.8
42.6

)}

Rate(umole /g sec)

. 118
. 100

. 094
.052
. 058
.061
.047
.107
.063
.095
.096
.308
. 101
.136

+ 143 \)

.182
.300
271
-328
.272
.273

N



Experimental Data from Hydrogenolysis of Pfapane

at 325°C and Various H

TABLE A10Q

2 Concentration in the Feed

SELECTIVITY? CONVERSTON 1 H,
cH, CHg

2,974 . 013 . 0l 80.2
2. 981 . 0096 . 042 85. 6
2. 984 .0082" . 045 87.3
2.977 .012 . 056 96. 1
2,978 .011 . 058 96. 4
2.974 .013 . 054 96, 4
2,976 . 012 . 065 96. 8
2. 981 . 0095 . 046 85. 3
2.976 .012 . 040 95. 2
2. 981 .0097 . 051 92. 1

12.979 .010 . 045 92. 1
2.978 .01 . 046 68.5
2. 983 .0083 ., 052 85. 8
2.974 .013 . 047 92.5
2.976 .012 . Ol5 92. 6
2.979 . 010 . 043 77.3
2. 981 .0095 . 056 72.8
2.980 .010 . 052 68.7
2.978 .01 ", 055 61.4
2.976 . .012 . o4 61.0
2.977 ,012 . 046 61.0

a) in moles per mole C3H8 consumed .

—

/

e/

183



TABLE a1

Hydrogenolysis of Propane over Reduced Iron at 330°C

< /
and 4.7 FR, with or without Water in the Feed (Fig. 7.1)

—

\
\

SELECTI vn'yay CONVERSION  RaTE®

,/

//éf;;a . 226

Hith.H20:
71,906 . 547
2. 732 . 134
2.714 . 143
2. 855 .073
. 924 . 038
2. 896 . 052
2.951 . 024
| 2,045 o028
2.955 . 023
2.947 . 027
2.883 .059
2.947 . 026
2.921 . 0480
2. 94l . 028

- .

Without ? 0: 2.993 . 003
2. 996 . 002

2.996 . 002

Jz. 995 .002

- 2.991 . 005
2.970 .015

2.963 . 319

2.937 . 032

2.826 . 087
2.989 . 006
2.971 .0
2. 979 L0

2.980 . 010
2.978 .01

.0007
. 000y
.0010
.0012
.0033
. 0187
.0051
. 0235
.0228
. 0258
.0186
. 0035
.0156
. 0clo

0172

. 162
. 320
. 228
. 184
- 135
. 016
012
. 005
. 002
. 113
. 025
. 037
. 08
. 101
. 101

. 003
. 001
.003

.003
- 011
. 005
. 022

. 016
. 014
.010
010
.009
.017

416
. 662
1.161
1.339
.500
. 034
. 026
.012
. 004
.292
. 130
17T
.18
.056
.058

a) moles per mole C:’J-i8 consuned;

b) in imole C3H3/g sec.

J

184
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TABLE A12

~

" ‘
Hyﬁrogenolysis of Propane over Reduced Iron Catalyst

at 327°C and 4.8 FR. &

Ya : . b
SELECTIVIT . CONVERSION RATE

c
H, CH,
2.97% 014 .025 .130
o4
2.979 .011 . 037 ‘ ATT
2.980 010 041 .182
2.977 .012 ' .037 .096
ib .

da) mojes per mole C3H8 consumed.

b) in umole CSH8/g sec.



Catalyst at 425°C and 3.0 Feed Ratio (Fig. 4.7)

TABLE A13

Hydrogenolysis of Isobutane over Platinum on

SELECTIVITY® CONVERSION®  RATES
cH, CHg . CHg aCH -

1. 112 .342 .603 .09 .550 . 206
. T54 .099 . 647 277 . 155 . 420
. 829 . 156 . 661 .219 . 283 . 366
1,001 .271 . 645 . 131 L 472 .258

1.323 4T . 504 .055 . 709 .160
1.383 - .483  .496 051 4 Ims 148
. 728 .093 . 641 291 M60 448
. 865 . 185 . 655 .200 .. 338 . 320
.882 . 196 . 659 187 . 349 . 288
. 902 210 . 659 . 175 - 377 . 264

1.213 . 418 .549 077 . 652 . 180
.910 179 .686 . 169 . 331 . 342
. 920 . 179 . 694 . 160 . 327 . 337
.T38 079 . 645 .292 . 140 . 387
. 750 . 083 . 650 . 283 . 139 . 376
. 735 .083 . 640 .295 . 140 .388

1.196 . 400 . 566 - OTT . 626 . 157

2. 366 .583 . 149 . 006 T .052

1.336 476 . 487 . 063 . . 689" . 098

1.236 423 .537 077 ' 623 . 105

.1.598 . 560 . 381 .035 LTT7 . 074

1.710 . 602 .358 . 003 . 802 - 071
. 762 . 100 . 650 . 272 . 165 . 562
. 889 .189 . 665 . 184 . 326 .292
85T 184 6T .201 . 280 2@

a) Moles per mole 1~CoH consumed,

b} With recycle.

¢) In umole i-C H

4110
s

/g sec,

o
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