CHARTER 2

The Product Distribution and Reaction Machanisms

2.1 The Product Distribution

2.1.1 Hydrocarbon Products

It is 2 well known fact that the principal product ﬁistribution
obtained from a classical Fischer Tropsch catalyst consists of straight
chain olefin and parffin hydrocarbons (6,44,91). Herington (55).intrc—
duced quantity Bn to describe the probability of obtajning a2 hydrocarbon

chain of n carbon atoms. This quantity is defined as follows:

g . rate of chain termination _ 1-ey 21
M7 rate of chain propagation ~ 9 Tt

where an is the probability of preducing a n+ carbon chain from a n

carbon chain. For a given product distribution

B o= el - | | 2.1.2

hgre ¢ is the molar amount of a hydrocarben chain containing n or x

bon atoms, and « was found to be independent of hydrocarbon chain
ngth,

Recently Madon (73} has shown that the Friedel-Anderson relation can

transformed into the well known Schulz-Flory (Most Probable) Product




Weight Distribution (45,108) shown in equation 2.1.4. The abbreviation
5F will be used for this distribution. This transformation is obtained
salely by assuming that the molecular weight of the insertable carbon

mdhomer is constant and 1ndeﬁendent'of chain length during the synthesis
n-1 2 .
- na (1 - a)f _ 2.1.4

wy is the weighi fraction of product hydrocarbon of

carbon chain length n

hydrocarbon product n, w is given by the relation shown below.
max
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fideed, if the FT synthesis were limited to the above hydrocarbon
ibution the economic viability of this process would be

Fely limited. Although most investigators have reported product
have been a fair number of reported product distributions which

Wriubstantial deviations (48,86,27). ' These non Schulz-Flory

Utions generally lack the long tailing of the high molecular




”jght products. Madon (73) has suggesied that the growth probability
n) may decrease with increasing carbon number and is dependent on the
ature of the catalytic site. _Nijs and Jacobs (87) have developed a
odel which relates the hydrocarbon chain length distribution with the
}tic]e cize distribution for a given catalyst. Indeed, the product
fribution may be affected by the structural nature of the catalyst
éﬁia]ly when one considers the improved olefin and Cg-Cp; selectivity
zeolite catalysts {27). | ‘

A major draw back to the SF model is that it does not consider chain

= 26, g (f) o2 | ' 2.1.5

carbon atoms.

The major drawback to this model is that it predicts branched

. OXygenated Products

$ stated earlier, the FT process can yield straight chain primary




alcohols and esters (112,91). At 10 atm a butk iron catalyst can produce
| 0 to 30% of the total ligquid products as a1cohb1s and esters. Higher
pressure will increase this yield. Under similar conditions ﬁobait will
nly produce.about'T% in oxygen-containing Tiquid products (91).
Henrici-01ivé and 0live (55) presented the a1cohoi product
istribution data of Kagan et. al {59) in terms of the SF relation and
found fhat these products obey the SF distribution madel. Xellner and
ell {62) recently investigated the format{on of oxygenated products

ing a supported Ru catalyst under differential reaction conditions.

jéy found that acetaldehyde was the principle oxygenated product with a

ica support while methanol was the principle oxygen containing product

ggh -alumina.

Reaction Mechanisms

- Since the mid 1970's most reéearch efforts have been aimed at
idating the mechanism of the synthesis process. There are manj
iel]ent review articles in this area (6,20,80,91,103,123) and the
ussion presented here w11i only deal with a 11m1£ed number of
5.1gat10ns in order te highlight thelmajor "mechanistic viewpoints",
sdisparities in the amount of material presented for each proposed
anism reflects the current research emphasis.

There are several proposed mechanisms in the literature which

in t.hg ocbserved product distribution and ha_lve experimental .
cation via such techniques as radioactive labeling, high

on product and mass balance anaTysis.and surface spectroscopy.

popular mechanisms currently available in the Titerature can be

nto three distinct groups as shown below:




1) Carbidic intermediate - the CO decomposes on the catalytic

surface, and hydrogenates to methylene Specieé which "polymerize"

and/or hydrogenate to form the hydrocarbon products

2} Oxygeh;containing-1ntermediate - Chemisorbed CO reacts with
'hydrogen to form an enolic and/or alcoholic 1ntermediate.
'COndensation and elimination involving terminal OH groups leads to
hydrocarbon products.

3) Carbidic¢ iﬁtiation/CO insertaton - CO decomposition leads to an
active chain initiator which grows via CO insertion and subsequent
hydrogenation into products.

Comparing the three catagories of proeposed mechanisms one immedjateTy
identifies the méjor difference among them is the intermediate pathway of
the reactant'CD. Is the C—H bond formed before the C-0 bond is broken?
.Experimenta] results supporting all three mechanisms will be presented,
Before presenting the investigations involved with theseﬁmechanisms a
quick historical overview should be given,

Mechanism 1 was the principal beliaf from the ariginal discovery of
the synthesis mechanism until the 1950's, at.which time mechanism 2
totally dominated the Titerature. During the early to mid 1970's
mechanism 3 developed and mecﬁanism 2 was solely displaced by mechanism
1. At the start of thé 1980's it seems tﬁat mechanism 1 is again.
dominant but there is still continual experimental support for mechanisms
2 and 3,

The cargful reader will note that the results presénted and é10ng

With their “mechanistic implications" are based over a wide variety of

catalyst.and reaction conditions. Comparison between different

ﬁnvestfgations must be done prudently and with reservation since




different reaction mechanisms may prevail under different conditions and
with different catalysts. Additionally many studies, especially those
carried out under ultrahigh vacuum, are at conditions far different thdn

those employed in normal FT synthesis.

2.2.1 The Carbidic Intermediate

Fischer and Tropsch {45) suggested that the formation and subsequent
hydrogenation of metal carbides resulted in the formation fo hydrocarbon
products. Craxford and Rideal (20) assumed that the active catalytic
surface is first hydrogenated into one large polymethylene monomer which
is then hydrocracked into products. Later investigaters (107,112) point
out that the products of hydrocracking are significantly different than
the products of the FT synthesis, In fact Schulz and Achtsnit {107) have
‘shown that negligible éracking cccurs under FT conditions over a bulk Fe
catalyst. The carbide intermediate still receives support from two.basic
- sQuUrces:

1) an adsorbed carbon species (Cads or (CHy)ads) has been found to

be active in the synthesis process on Ni, Co and Ru catalyst,

2) Fe catalysts are known to carburize under reaction conditions.
It has been found that reduced iron metal (3,4,84,100,117} or iron oxide
(6,70,67) are not very active catalysts and that the hydrocarbon
'prpduction rate increases as the catalyst undergoes carburization. It
roﬁ]d seem that the iron carbide formed &uring exposure to the feed gas
.b}éyé some role in hydrocarbon production. Kryukov et al, (68)
'?recarburized an irdn catalyst with radioactive carben monoxidé'and found.
:ﬁbeled carbons in the hydrocarbon products. In fact the radicactivity

in the higher molecular weight products was higher than that.calculated

assuming one labeled carboa in each growing chain. Therefore more than




one labeled carbidic carbon is present in a'given chain supporting the
surface poTymerization model. Since ninety-nine percent of the
radioact{ve carbon did not react t§ yield products the authors conclude
that the carbide may not be an important intermediate. Similaer results

were obtained by Kummer et al. {70). These results support the fact that

the carbide intermediate may not be the principlie reaction pathway. Biclen
and Sachtler (20) note that the carbides used by Kummer et al. (70) were
formed at much higher temperatures than typical FT conditions. This same

arqument could be app1ied_to_the work of Kryukov et al. {68).

Additionally both of these studies were conducted with bulk Fe catalyst with
very low dispersions. If the bulk carbide is considered to bé a stable
phase during the synthesis the small amount of labeled carbon found in
the product stream may only raflect the small surface area of the
catalyst and suggest thatllarger catalytic surface areas might yield a
higher labeled carboh'fraction in the products.

In the 1950's the carbide intermediate mechanism was losing its
predominance and being replaced with the hypothesis of an oxygen
containing intermediate. This was mainly due to the pioneering work of
Dr. P.H. Emmett (71,53,54), which will be discussed in a subsequent
section, '

In the mid 1970's when a fenewed researcﬁ effort in the FT process
began to take place, the carbidic {ntermediate developed some strong
experimental support. Wentrcek, Wood, and Wise (125) performed a
assical experiment which provided convincing evidence that the surface
arbide may be the only reaction intermediate on Al,03 supportéd nickel
1 atmosphere. In their investigations, CO was bulsed over the

alyst at 250°C and disproportionated to Cags and COE.. By knowing the

u .
ant of CO‘PU1sed into the reactor and measuring the amount of CO, at




the outlet the surface average of Cads and CQzqq was determined.. The
amount of CH, formed via introduction of pure H, pulses corresponded to
the amount of adsorbed carbon ratﬁer than the amount of adsorbed CO. In
a pure H2 environment the Cads species is the far more reactive species.
Transition metals décom#ose CO into an adsorbed carbon which can be
readily hydrogenated. The authors (97) could not obtain any relative
rate data for the hydrogenation of Cads or COads but "suggest® that the
Cadg is more reactive.

Araki and Ponec {9), using Ni films, disproportionated 13C0 and
then passed a CO/H, mixture contihuous1y over the catalyst. They
observed 13CH, prior to the farmation of ]h?CH‘+ and 12€0,, and concluded
;hat the hydrocarbon products are formed via a carbidic intermediate
rather than by the direct hydrogenation of adsorbed CO. Biloen and
Sachtler {20) point out that the catalyst has a very high 13C,4¢ surface
overage prior to the_introductidn of the CO/H, mixture. The presence of
3C in the initial products may be a manifestation of the high surface
coverage -since the relative rates based on the two possible reactions

equations 2.2.1 .and 2.2.2) can be influenced by the initial surface
..
oncentration of 13C,4s-

H2
“ads = CHy + H0 (or €O,) 2.2,

2.2.2




i1

prﬁduct. A small difference in reaction order compounded with an
aptificially induced surface composition may give kinetic observations
which are inappropriate under normal synthesis conditians of pure CO/H,
.feed and pressures greater than 1 atmosphere.
More recent investigations (18,19) involved the deposition
of submonolayer amounts of 13C on Si0, supported Ni, Co and Ru catalyst.
Following deposition, a batch mixture of a 3/1 Hyo/+2C0 feed gas was
contacted with the catalyst at pressures greater than one atmosphere in
order to monitor the radicactivity in the C;.hydrocarbon products. Upon
Irepeated contact of the feed mixture on the same catalyst it was found
“that the amount of 13CH, produced corhesponded.to the surface
concentration of 13C54¢ on the catalytic surface. The adsorbed species
L3¢ and 12C0 were found to be kinetically equivalent for both methane and
the higher molecular weight hydrocarbons, _The authors assume that
identical catalytic sites are used for both the Cazgg and (0ads specieé,
f.e., |
812 + 813 = 1 2.2.3
COads Cads '
here Bx is the fraction of sites occupied by species x. Rapid oxygen
crambling between the !2(¢ and !3C atoms which could account for the
netic observations was was found to be less than 3% in the CO/Hy
nY1rcnment and the rate of scrampling in a H free environment was found

e very Tow.

"~ The authors (20) conclude that both the 13Czgs and 12C0ads are

2dly converted into a common reaction intermediate CH_ which is then
erted to methane and/or higher carbon number hydrocarbons. This

10N sequence is shown below in equation (2.2.4).




12

.
CH
Cc:dss\_)m13 / 4
| X
20 ads/ \ 2,3~y

s contained more than one 13C atom again supporting sowe

> 2.2.4

Some carben chain
type of surface methylene polymerizatioen step,

The carb1d1c carbon intermediate is further supported from bh“ work

of Pichler and Schulz {g2). They introduced a labeled o olefin

I+CH, = CH - CiyHog ihtq a CO/H, feed over a Co catalysti at one

atmosphere and found radicactivity in carbon chains containing less than

16 carbon atoms. In terms of the overall product distribution only 8.3%

of the 14¢ atoms occurred in the Ty > 16 fraction while 14.3% occurred in

product chains of 15 carbons or less. The remaining i%C atoms in the

parent compound which was predominantly hydrogenated. The authors

conclude that the presence of radiocactivity in the hydrocarbon fraction

of 15 carbon atoms or less strongly supports the transfer of 2 (CHyx)ads

SDEC'IES to QFOW'lﬂg chains.

Ekerdt and Bell (43) showed that cyclohexene 1ntroduced in 2 feed
‘mixture of CO/H, will react to form alkyl cyclohexenes and alkyl

;CYc1ohexanes. The authors suggest that these results can be attributed

6 a reaction between the cyciohexene with either adsorbed alkyl and/or

?1kY1idine species. These results were obtained at one atmosphere aver a

Ru/Si0, catalyst with CO,/H, feed ratios of 1/3 and less. Tamaru {115)

ntroduced a small amount of 12CH, = :2CH, into a '3C0/Hp feed mixture

d detected propylene containing only one Tabeled carbon (13C12C,Hg) .

fact that no propylene contained cne or three 12C atoms indicates that

Nylene is not a source of CH, intermediates.
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The presence of a surface carbidic intermediate (methylene group) is

shown to be present in the work of Brady and Petit, reviewed by Bell

(16). They passed a dilute stream of CH,N, over Ni, Pd, Ca, Fe and Ru
cataiyst. In the absence of H, the producté were ethylene and nitregen.
However when H, was mixed with the CH,N, reactant they cbserved a product
mixture of straight chain hydrocarbons resembling that normally obtained
in the synthesis. In a subsequent study (25) it was found that the
addition of CHyNg to CO/H, feed shifted the product distribution
towards higher molecular weight products. Using labeled 13C0 with CHpN;
resulted in a product distribution consistent with the one predicted

assuming a growth model invelving the combination of -CHp-groups.

2.2.2 Oxygen-containing Intermediate

. The introduction of a hydrocarbon or_oxygen'containing compound fn
addition to the synthesis gas is not a recent method in the investigétion
of the Fischer Tropsch reaction mechanism. Through the 1850's

mmett performed some_cTassicaT experiments in ﬁhe use of radivcactive
sbfopes in the study of the synthesis mechanism (53,54,71), It was
ogn& that ethylene can act as a chain initiator but to 2 Tesser extent
'?Eaa primary aTcohoi. Using an iron catalyst, the amount of ethylene
fﬂﬁjPOFated into higher molecular weight products decreased with |
2asing pressure. -

Kummer ‘et ai..(?O) performed FT reaction studies on various
éf?_catﬁ1Ysts. Pichler (91) reviewed these results and concludes
& activity of these ﬁata1ysts was too low to Justify them as

?jntermediates. The oxygen—cahtaining intermediate started

g in the literature (112) about this time. Xummer and Emmeti
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(71) and Hall et al. (53) introduced labelled ethylene and various
alcohols into a feed gas using an iron catalyst. They found that the
ﬁrimary aicohols were 1ncorporated to a greater extent than ethylene, and
no degradation of alcohols into surface -CHp- groups was observed.

Also they concluded {53) that the alcohols form a different type of
adsorbéd complex than that of ethylene, The mechanism invelving adsorbed

alcghols can be shown as fallows

2 E)Ei_t; ) C)k{ S F1
7N | l
2H+* RC-H + C -—>H20 + RCHZ-Cl?—OH

Y M M

}Qﬁ__i-j;i oH CH oH
?—CH3+'?——-—3~H20 + R--CH-(}H
M M M

etween CG or Hy, being the reductant in the dehydration step.

Methahol shéwed the greatest activity in both initiating chains and
ntering into them, however, not to the extent it sh0u1d if it were
ndeéd the basic building block (S3,54i. Introduction of l—prﬁpanol
esulted in about 50% of the alcohol being incorporated into higher
i0lecular weight products including stgnificant amounts.of isobutene and
butane (54)., The addition of propionaldehyde resulted in a labeled
bon distribution similar ta that of 1-propanal 1mp1yiﬁg this compound

Ms the same adsorbed compliex as 1-propanol. For the ethyiene and

hol feed mixtures there was negligible hydrocracking at both 1 and




y-u
o

7.5 atmospheras. The propiohaldehyde exhibited a small amount of
hydrocracking.

Kummer and Emmett (71) added labeled ketene (!%CH 5C0) to a

reaction mixture (abouf 1.5%) and found that the l“CH, group did not
incorporate into any growing chain at 1 atmesphere. More recent
jnvestigations using higher ketene concentrations over supported
catai}sts at one atmosphere have shown that insertion of the -CH,- grdup
does occur (96).

Nijs and Jacobs (87) have performed pulsed and contiauous FT
reactions gver various supported catalyst completely covered with 13C via
the 13C0 disproportionation reaction, They worked at relatively high
ressufe (7-15 atm), high €O conversion {25-35%) and used a feed ratic of
}2/3 in.CD/Hz. The catalyst employed included Co on kieselghur and Ru on
aerosil. On the initially clean metal surface they found methane and Co,
.be the initial products. Upon subsequent pulses they found & drop in
the amount of thesa compounds while the rate of formation of heavier
yﬁrocarbons increased. The CO conversion was 1n1tfa11y high and

B réased to a constant level. The authors pfopose that the C0,

tiaily produced reacts with H, to preduce H,0 via the reverse water
.shift reaction. The H,0 formed combines with the adsorbed C to form

adscrbed enol complex which is the intermediate in carbon chain

N H O
N/

C + Hp —— G

2.2.6
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The addition of steam into the feed gas accelerated the time needed to
reach a steady state product distribution confirming the fact that water
plays some role in the transient behavior of the catalytic surface. The
authors (87) conclude that there are two intermediates on a FT catalyst, a
carbide and an adsorbed enol. The former is responsib]e:for the
production of methane while the latter is invalved in the growth of
hydrocarbon chains.

2.2.3 Carbidic Iniation/CO Insertion

The previously mentioned mechanisms can not explain some rather

asic experimental phenomena associated with the FT product distribution.
é carbidic intermediate mechanism can not explain the produétion of
gen;containing products nor readily account for the relatively small
ﬁ?unt of branched isomers. As Ponec (95} peints out the alcoholic
armediate mechanism does not readily explain why alcohols cannot enter
o chain growth via a dehydrocondensation reaction.

Hall et al. {54) point out that labeled ethylene affects the’

Bduct distribution differently than that of labeled primary alcohols.
deed there may be paraliel rea@tion.netwcrks at work over the wide |
“of catalyts and conditions under which the Fischer Tropsch

hesis occurs, However, if one is to assume a commen mechanism for
fgnthesis process the carbidic initiation/CO 1nsert10n model can

the above inconsistancies in the previous two mechanisms.

nder et al. {124) first introduced the concept of CO insertion
.ﬁﬁrdwiﬂg hvdrocarbon chain. Pichler and Schultz (92,93)

2d that initially the C0Q inserted into a metal-hydrogen bond and

owth proceeded via CO insertion into a metal-alkyl bond (equaticn




