linaar relatiocn between +he mole fraction of isoalkane and the carbon—tnenher
through Cg (figure XII-1S).

In figure I1I-19 the higher carbon-nuibher SASOL data of Pichler et al.
{I11-31) are plotted together with data from our run with a C-73 catalyst.
The SASOL data in figure 1II-31 is from reference 111-31 and is slightly
different from that plotted in figure TI1-18; however, a similar trend is
shown for both sets of SASOL data. The SASOL data in figure III-19 show
esgentially two linear regions where the percentage of jisecalkane inereases
with increasing carbon-mmber. In the first, lower carbon~number region the
jsoalkane content increases more rapidly with carbon-tumber than it does in
the second, higher carbon-number region. For our run «ith a &~73 catalyst at
2600¢ (figure 1II-19), the data represented by the closed squares (>
jnelude a coeluting alechol as an isozlkenas the data represented by the open
squaret ([J )} neglects the pesk containing the alcohol. After correcting for
the amount of aleohel, our data with C-73 is similar to data reported by
Pichler et al. {III-31) for the practical catalyst and for an alkalized iron
catalyst at 220°C. More importantly, the percentage of iscalkane that we
obtuined with the C-73 catalyst in a plug-flow reactor at 320°C and 7
atmospheres is essentislly +he same as we obtained at 260°C in the CSTR at 7
atmospheres. Thus. temperature alone does not appear to accouni for the much
higher fraction of jsoalkanes produced in the fluidized pilot plant synthesis.

III-E-1. gr‘bm—l& Tracer Studies

The conversion of syngas with earbon-14 labeled ethancl in a CSTE at 7
atmospheres produces Co—Cy products (figure TI3-20) that are consistent
with the results reported earlier by Emmeti and cowoTkers {figure TI1-21). 1In
both cases the nearly constant activity/mole with jncreasing carbon-number is
expected if the role of the added alechol is to only initiate chain growth.
However, the fraction of products produced by ethanol jnitiation in the 1
atmosphere work by Emmett et al. (30-40%) is greater than at our 7 atmosphere
conditions (5~15%).

Close examination of the data in figure IXII-20 chows that the activity of
the isobutsne is only about one-half as great as the other products. &
similar cbservation was made when the added alcohol was carbon-14 labeled
1-pentancl (figure 111-22). The botiom part of Figure I11-22 presents the gas
chromstograph and the upper curve is the output from the proporticnal counter
that coincides with the time seale of the g.c. Comnsider first the Cg
compounds. G.C. peak A {and the corresponding proportional counter peak A’)
represents 2-methylbutane; note that even though there jis a significant g.c.
peak the proportional counter peak ig only slightly abowve backgroumd. Peaks B
.. and €, corresponding to n-pentane and l-pentene, on the other hand, have the
140 aetivity expected if they are derived from the labeled alechol. A
gimilar situation is encountered for the six carbon products. Peaks I gnd J,
corresponding to n-hexane and l-hexéne, have significant proporticnal counter
peaks (I and J') inmdicating that a mignificant quantity of these are derived
frem the added alcohel. However, g.c. peak H, which was identified as
2-matbylpentane by retention time and the g.c.-W.5. fragmentation pattern, has
ecsentially no 14C (peak H'J.
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Emmett and coworker's data (ITI-17, IIi-20, ITI-21) in figure III-23
correspand to the average activity of the C4 products, when carbon-14
imbeled l-propancl was sdded with the s gas feed it was observed that
n-butane and n-butenes had appreciasble 14C activity but iso-butane and
iso-butene had essentially no 1%C activity. On other hand, the situation
was reversed when 14C labeled 2-propanol was added since the mormal products
had essentially no activity and the iso-butane and iso-butene products were
very active. These activity distributions in the C4 hydrecarbons plotted in
figure ITI-23 show the dominance of the activity in n-butane derived from
l-propancl and in iso-butane when 2-propanol was added.

Our data, obtained by adding 14C labeled propanoi, agree with that of
Emmett and coworkers. However, the amount of incorperation at 7 atm appears
to be much lower than Emmett and coworkers observed at atmospheric pressure.
The small amount of initistion with 2-propanol makes it very difficelt to
obtain accurate relative activities. First, the major reaction of 2-propancl
was dehydrogenation to acetone; in fact, the gasesus effluent contained almost
twice as much acetone as 2-propanol. This indicates that 2-prepancl was
adsorbed oo the catalyst surface to undergo dehydrogenation and, therefore,
the lack of injitiation of growing chains was not due to a lack of adsorption
of 2-propancl en the eatalyst surface. The relative activity of propane is
much higher than propene; this ipdicates that some fraction of the added
2-propanol underwent hydrogenolysis to directly form propane. We have
observed that ethancl and l-pentanol aleo wmnderge hydrogenolysis te form an
alkane with a higher relative activity than the correspoanding carbon~mmiber
alkene., However, in spite of the low lég activity in the products, an
examination of the Cg alkene data {(figure III-24) clearly show that
incorporation is much greater in the 2- and 3-methyl-l-butenes than in
l-pentene.

The current results, together with those reported by Emmett and coworkers,
indicate that normal and iso-aleohols initiate chain growth and that different
surface species are generated from these two alcohols. Furthermore, the
surface species of these two growth chaing do not interchange to an
appreciable extent. Thus, we have two alkane synthesis pathways: one must be
initiated by CO and another from alechols. The carbon-14 labeled aleohol
incorporation can therefore be depicted as in the scheme below (for léc
labeled propancls):

n-propancal
/cl > cz = O —% Pathway L
CO\: cl - CZ - 03 > Pathuway 2 [ITI-8}
i-propancl
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Figure TII-23. Activity in the iso- and normal-alkanes (solid symbols) and
alkenes {¥olid symbols) for synthesis products for the
addition of CHy*CH On (B ,0); CHyCHo*CHO0H
th A ; V. and XCHy-CHOHGCH; (i .&) (data from
referentes 111-20 and IXI-22).
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The three pathways in the scheme must not interconvert to a significant degrec
and must have the characteristics sumnarized below:

Pathway Products l4c plechol Initiatiom
1l alcohols, alkanes.
alkenes, etc. n-aleohols, yes; j—aleohols, no
2 normal alkanes no
3 ispalkanes n-alcohols, no; i—-alcohols, Yes

The current data obtained at 7 atmosphere agres with the earlier data
obtained by Exmett and coworkers at 1 atmosphere. Both sets of data indicate
that the carbon group added as alcohol serves tc initiate chain growth but the
jncorporation into the growing chain is small, if any. This implies that the
alkyl group added as labeled alcohol remains jntact during the synthesis.
Furthermore, the very small amount of carbon-14 activity in carbon-nunber
products smaller than the added alechol support the viewpoint that the
Fischer—-Tropsch synthesis is essentially irreversible.

schulz and coworkers (111-35) converted syngas mixtures containing either
propene [1-}4C] or propene [2-14c) with a cobalt catalyst and obtained
esgentially the same result with both labeled alkenes. The monomethylalkanes
had a higher radioactivity/mole than the'ﬁame'cafbon-number n-altkxane; this was
interpreted to show that propylene predominantly served to initiate chains and
did mot sppreciably puild into growing chains. With propene[l—-l“c] addition
to the syngas feed to an jron catalyst the results were less clear-cut; for
exanple, the n-butane had approximately 10 times as much activity as the
jsobutane. 7This 1atter result differs from the results deseribed above for
the labeled alcohol data ¢(I11-17, I11-20, 113-21)- 1t therefore appears that
5f the propene, formed from added propancl, undergoes secondarcy reactions, it
does so much more glowly than the added alcohol initiates growing chains.

One can never be sure whether the added tracer compounded is converted in
a parallel remction or actually foras 3 species that is both commen to and
egquivalent to 2 surface species in the reaction mechanism. 1In discriminating
pathway 1 and 2, it is only necassary to show that the added alcohol actually
parallels or enters into pathway 1 but not pathway 2; +hiz has been done
{111-33). It bas also been shown that pathways 1 and 3, or reactions that
parallel them, are completely independent. However, the data are not
sufficient to prove by carbon-14 incorporation that pathways 1 and 3 are the
same as those initiated by CO or 2 CO derived species; they do indicate that
independent. pathways are followed for synthesis of higher carbon-number
products from n— and iso-aleohol.

A consideration of earlier chemical composition data suggested that the
fraction of iso-alkane obtained with iron catalysts may ba determined
primarily by the reaction temperature. However, the similarity of the
aigtribution that we obtained at 260 or 320°C with a C-73 catalyst indicate
thgt factors other than that temperature must alsoc be important in determining
the iso- and normal-hydrocarbon distributions.
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III-F. Comparison of Conversion of COfHo with either i- OF Tmi—propancl
ITI-F-]. Chemical Compositions

The influence of added alcohol on the tonversion of CO and Hy, and also
on the formation of C0,. is shown in figure YI11-25 for 2-propanol and in
figure I1I-26 for l-propancl. For Z-propancl addition, there is barely a
detectable change in the conversion of CO or Hz. For l-propancl addition,
conversions appeared to be decreased, although even in this case it was less
than 5%. These tesults indicate that the addition of alcohol to the feed to a
€-73 doubly prometad iron catalyst have a very small, if any, affect on the
reactant conversion during FTS. This observation agrees with those of Hall
and Emmett (III-17) who reported that aleohol addition definitely decreasegd
conversion in the FTS with singly promoted iron catalysts but not for deubly
promoted catalysts. Our resnlt alsoe égreec with Hanlon and Satterfield's data
(I1I-36); these workers, utilizing a €-73 catalyst, found that the addition of
ethanol only slightly decreased the conversion. The small change in activity
for these doubly Promoted iron catalyst will be discussed later.

A detailed analysis of the C3; to Cj hydrocarbons showed a significant
difference between the addition of 1-propanol and 2-propanol. The data in
figure III-27 show that the concentration bf C1 to C4 in the product gas
Stream remaing almost constant with or without the additien of 2-propanal. On
the other hand, the addition of 2-propanol decreased the concentration of ¢,
and Cy products in the effluent gas stream, and increased the C3 and C,
mole fractions in the straam, as shown in figure ITI-28. To obtain another
view of the product distribution, Anderson~5chulz—Flory (ASF) plots for SYyngas
only, syngas plus 1-propanol and syngas plus 2-propancl feeds sre shown in
figure I1Y-28. As expected, there is no difference between the product
disteibution for syngas only and when 2-propanol was added; however, when
l-propanol was added, the distribution shows g small step increase in product
fraction at Cy. Wote that the thange in C; and C, content was sbout 15%
when l-propansl was added; however, in the ASF Plot (figure ITI-29), only a
emall difference is observed between the plot for the products with or without
aleohol addition to the synthesis gas. The wide range of products, and the
constraints of mass balance, limit the ability to observe the change in
product distribution.

III-F=2. Radioactive Compositions

The g.c. and p.c. cutputs for one of the gas phase samples from the
conversion of syngas with either labeled l-propancl or Z-propanol are shown in
figure ITI-30 is a composita of figures ITT-22 and TII-24. Although there is
little difference in the change in the earbon number distribution for the
addition of 1~ or 2-propancl, there was a pronounced difference hetween the
Tadicactive content of the products produced when cme 0f these two aicohols
was gdded. The incorporation of l-propancl was much greater than that of
2-propanol. A more detailed analysis of the products shown in figure ITI-30
is presented in figure III-31, and in figure III-32. Tt can be saen in figure
IIT-31 that, for the addition of Z-propanol, both iso-C, and izo—0Cg
hydrocarbons have a higher ragdiocactivity than o-C; and n-Cs hydrocarbons.

On the other hand, the incorporation of l-propancl produces more radiocactivity
in the normal C4 and Cg hydrocarbons than those of the corresponding
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iso-C4 and isc-Cg compounds. This agrees with earlier reports (ILI-17,
I1I-20).

One of the interesting aspects of this study is that propane contains more
radigactivity/mole than the other hydrocarbon products, regardless of whether
1- or 2-propancl was added. This result indicates that a portion of the
propane has been formed directly from propanol; otherwise, propane should have
the same melar of radioactivity as propene {assuming that the olefin is the
primary product formed from alcohol conversion to Ci hydrocarbons) .

Another interesting point is that €0, CDp. CHy and Co compounds do
not have s detectable radioactivity level in the products produced when
2-propanol was added. similar results are gbtained when l-propanol was added
except that, in this case. the C0p doeas contain radicactivity. This
indicates that, during the course of the synthesis, part of the added
l-propanol dissociates to form a surface intermedizte that forms GOz
direetly rather than through GO ac an intermediate. A similar result has been
obzerved when ethanol was added to the syngas (IIl-F~16); however, the samne
phenomena was not found when Z-propanol was added. In addition, under the
reaction conditions, 1-propanol equilibrated with proplonaldehyde, while
2-propansdl equilibrated with acetone as was demonstrated by both the ggreement
with thermodynemic ealculations (Table III-3) and the eguimolar 14c content
of the two compounds (figures YT1-31 and TII-32). Emmeti’s group (IT31-20)
obtained a similar result for the addition of l-propancl or propicnaldehyde to
a syngas feed. Schulz and Achtsnit {ITI-38), as well as Banzinger and Madix
(I11-39), found that 2-propaucl and acetone could equilibrate on an iren
surface.

An imporiant econclusion for the conversion of syngas containing l-propanol
wus the constant radiocactivity/mole for the Cz to Cg hydroecarbons. This
indicates that l-propanol ipitiates chain growth during the ¥IS reaction.
owing to the small extent of incorperztion for Z-propanol, sjmilar data cannot
be presented in this case.

The phenomenon of direct formation of COg from alcohol was investizated
with other normal aleohols, and the results are sumnmarized in figure II1-33.
1f the loss of the carbinol carbon of the alcohol was the reverse of
carbonylation, CO should be forped and it should be radioactive when a labeled
aleohol was added. This wes not the case. FPurthermore, the higher activity
of the CO; than of CO cannot be attributed to dilution. For example, the
steady state concentration of COp in the CSTR is higher than for CO: hence,
the lower activity inm CO cammot be due to a greater dilution by the ©0. Thus,
the data in figure II1-33 indicate that the CD; was formed directly from the
aleshel without first forming CO. To provide further verification of the loss
of €Oy, and retention of the rest of the molecule intact, 1-hexanol wWas
gynthesized so that the 14c 1label was located at the 2 positioa. Loss of
the carbinel carbon should produce 14¢ 1abeled pentane and unlabeled COz.

As can be seen by the dats in figure TIE-33, the pentane (Gn_lagn) has
apprecisbly more activity than the €O or COz. 1n addition it is appsrent
that hexane also has a significant fraction of the 14C lmbel. Assuming for
the moment that lsbeled pentane and hexane are derived only from i-hexanol,
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Tible IIT-3

Gbserved Reactions of Added Propanols During the FIS
Over C-73 Catalyst at 264°C and 100 psi

Reactants

800/Hy/C~C—*C-OH

OH

CO/Hy/C-*C-C

Observed in
Sutput Stream

C~C-*C-0OH

[+
C—C->C =

H
C—-C-%C
*002 and G2

*C3 Xy *g. ..

OH

C—*C-C~

C-%XC~C
C-*C-C

*C3 *C4 *Cg...

Name of Reactlon

Dehydrogenation

Hydrogenolysis
Cracking
Incarporation,

Primarily normal
compounds

Dehydrogenation
Hydrogenolysis
Incorporation,

Primarily isc

compounds

Percentage of

this Reaction

25.2%

25%

2.3%
2.0%

15.3%

36.55%

59.35%

1.56%

2.497

& There is a small amount of dimerization of normal-propancl with

propionaldehyde.
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then hydrogenclysis occurs about five times faster than loss of the carbinol
carbon; i.e., kp/k.=5 for the following scheme:

CH3CH,CHaCHEACHaCHy
¥n
iy
CH3CH,CH, CHL4CH  CH L0 . [III-9)
i
_coz

CH3CHpCHCHYSCHS + CO,

The relative quantity of radiosctivity in the Cs products,
n-pentane/lpentiene o 3, indicate that the pentane is formed as the COp is
lost rather than through l-pentene. It has been observed that L4c labeled
pantene, added to the =yngas, does not undergo measurable isomerization to
other pentenes or hydrogenation to pentane {I11-40).

The water-gas shift reaction is & feature of the FTS. The higher activity
in the CO, than in the CO suggest that, under our reaction conditions, the
water-gas shift reaction is rather far removed from carbon isotope
equilibration (figure IIT-33). Thus, the water-gas shift reaction is rather
slow, compared to FTIS, for the C-73 catalyst; this observation agrees with
that of Bukur and Brown (III-41}.

The radiocastivity/mole for the oll-phase hydrocarbons is shown in figures
ITI-34 and III-35 for products obtained when 1— and 2-propancl, respectively,
were added to the syngas feed. As expected, the radicactivity of the
iso-peraffins was much higher than that of the n-paraffins when Z-propanol was
added to the syngas. In figure III-34 it appears thal the radicactivity
decreases with increasing carbon number; however, a dominant reason for this
decrease is caused by hydrocarbon accumulation in the slurry reactor. After
correcting for this accumulation effact, the radicactivity per mole should be
constant for increasing carbon mumber, and this is the case as is indicated by
the dotted line in figure ITI-34. In other words, the ovil-phase results also
indicate that 2-propanol initiates chain growth during FTS. The effect of
accumilation is complex and merits a much more detailed study. For l-propanol
conversion, an opposite result was obtained since, in this case, the
o-paraffins have a higher radipactivity than that of iso-peraffins (figure
III-35). i

Our data for the C, alkanes were shown in figure II1-23 together with
data reported earlier by Emmett and coworkers. This presentation emphasizes
the similarity of the data gencrated with different catalysts and operating
eonditions us well as to emphasize that an iso-alcohol produces predominately
branched higher carbon number ecompounds while normal alcohols produce
predominately norwal higher carbon mmber compounds.

II-F=3. Mechanistic cts of - or n— ol T ration
The Fischer-Iropsch synthesis is a complex reaction. Bumerous reaction
. schemes have been advanced. The earliest mechanistic Tiew was that a carbide

intermediate was involved in the synthesis (I¥1-42). The results from :
Ermett’s pioneering 14¢ tracer studies conclusively showed that a bulk .
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carbide could not be involved in the synthesis; furthermore, their data was
consistent with only a small fraction of the products being produced through
utilization of the preformed surface carbide (III-19). Emmett’s tracer
gtudies led to the proposal of a nunber of mechanisms that involved an OXygen
containing intermediate. Sophisticated surface science inmstrumentation, with
the cepability for quantitative analysis, has become available during the past
few years. Measurements with these instruments show that carben is present on
the surface in much graater concentration than oxygen. This observation led
to the revival and wide acceptance of the surfuce carbide intermediate for
Fischer-Trepseh synthesis. More recently Lee and Ponec (I1I-43) advanced a
“hybrid” mechanism wherein a fraction of the CO was incorporated by an oxygen
free species and a fraction was introduced through an oxygeu-containing
species.

Tt nas alse been proposed that the promoted iron Fischer-Tropsch catalyst
has a heterogeneous surface so that mwore than one type of gite is avalilable.
For example, it has been proposed that an glkali promoter is reaponsibla for
the two alpha plot fregquently cbsecved (1II-44);: thus iron alone produces the
lower alpha {(ca. 0.6) synthesis pathway and the iron sites that are altered by
the presence of alkal: are responsible for the higher alpha (ca. 0.8) chain
growth.

In syngas conversion, it is possible that the overall synthesis has a
contribution that encompasses a sontribution from both the rariety of
catalytic sites and from two or more surface intermediztes. It is unlikely
that any one experimental study will be able to define the complete synthesis
mechanism.

Tollowing the discovery of decterium, it was recognized that metal and
metal oxide catalysis were very effective in catalyzing exchange between
bydrogen present in alkanes or alkenes and gaseous deuterium, or vice versa.
+the axchange during alkene ‘hydrogenation has been explained by a mechanism
frequently referred to as the Twigg mechanism (III-45) where 3
half-hydrogenated state is involved in a dynamic gurfece equilidbration as
depicted below for ethylene hydrogenation (below # represents a surface site}:

CHp=CHp + ————> CH,-CHy {I11-10)
PR Y
h Hy + —~—>H H {I1I-11)
e Aok
CH—CHy + He———y CHy-CH {I1I-12]
| O |
CH,-CHy + H———=>CHyCHz + -H - M - M- [I1I-13]
| !




The product on the right hand side of equation [I1I-12) is the
half-hydrogenated state that is formed by the addition of hydrogen to
ethylane. Hydrogen—dsuterium exchange could readily occur through the
Teversibility of reactions [I11-11] snd 1IIX-12). If b is =Aded to ethylene
to form the half-hydrogenated state, and if the small, if any, isotope effect
is neglected, the reverse reaction in [III-12] would have a prebability of 2
for generating a M-H entity and 1 for Producing @ ¥M-D. Thus, the
reversibility of reaction [III-12) readily permits the exchange of H and D.
Furthermore, isomerization of higher carbon number alkenes is believed to
involve a half-hydrogenated state.

Dlefins are the dominant Primary products far the Fischer-Tropsch
synthesis. The surface carbide mechanism invelves hydrogenated surface carbon
species. If l-propancl or Z-propanol loses an OH or Hy0 to form an adsorbed
species, the following would apply: '

2M + Clia*CHDH-ml3‘-‘—"? CH3*CHCH3 + OH [I11-1%]
B H

2M + CH3CH2*CHzOH_"—"§ CH3CH2*EH2 + EI{ [TI3-15]

34 + 0113*CH0HCH3—+ GH3*CHCH2 + Ol 1I11-16}
3] &

M + CH3CH*CHOH— CH39H—*?H2 + g}lz [Ti1-171
M -1

The adsorbed hydrocarbon species from dehydration according to equations
[III-16] and {III-17} require that identical Products be formed from 1- and
2Zepropancl. Since this does not happen, the contribution to the
Fischer-Tropsch synthesis through these alcohols must not involve this
adsorbed propene intermediate. Furthersmore, if the reactions in equations
[TIX-14] and [III-15] occur, different products can be formed from 1- and
2-prepancl only if interconversion of the two adsorbed species does not sccur,
i.e.,

C]igS.H—CH3 &———> CH3CHj3 Ii'.'l‘lz [ITI-18]
¥

It therefore appears that the data for the conversion of the two labelad
Propancle require:

(1) if » common set of sites are utilized for synthesis and for alechel
incerporation, then (a) & two site adsorbed clefin is not involved and (b)
8 half-hydrogenated intermediate, if involved, must be a unique one that
does neot permit interconversion by bydrogen abstraction and addition as is
normally proposed or

{2) synthesis from €O and aleohol are by parallel pathways which do not
have 2 common surface intermediate.

Since macroseopic reversibility requires gaseous alcchol to be readsorbed and
become equivalent to an adsorbed intermediate leading to the alecchol product,



the assertion in (2) above would reguire alcchol and alkene products to be
producad by a conpletely independent parallel pathways.

Biloen and Sachtler (III1-46) considered that, for the ecarbide mechanism:
“The totality of these data for chain growth in the Fischer—-Tropsch mechanisn
is comsidered as evidence in favor of x = 2, that is, an insertion mechanicm
that can be visualized as cis migration, where an alkyl group forms a bond
with a carbane group attached to the same metal atom"3 in other words, the
following equation may be written:

R
~ Pl > CH H/Cﬁz _ [111-19]

Here, again the intermediate on the right hand side {r.h.s.} of eguation
1II1-19 ic one of the two singly adsorbed species invelved in the
half-hydrogenated mechanism. It is difficult to write an squation that
converts the r.h.s. Structure to an adsorbed alkene without writing structures
that would permit the Ca oxygen-free structure that js formed from each of

the two propanols from becoming equivalent and, hence, to produce equivalent
lic 1abel distributions.

The reteotion of oxygen by the adsorbed alcohol, together with retention
of oxygen during the chain growth process, permits the formation of a
different 19C labeled product slatas from the added 1l- and 2-propanol.
However, one has to resort to unusual intermediates, such as dihydroxy
compounds, if oxygen is to be ratained.

17he alechols, both 1- and 2-propanol, did undergo extensive conversion
since the equilibrium mixture of ketone or aldehyde/alcohol nixture was
attained. This requires that the added alcchol be adsorbed on the surface and
undergo conversion on hydtogenationfdéhydrogenation sites. It seems unlikely
that such eatalytic sites would not be invelved in Figcher-Tropsch synthesis
as well.

The normsl alcohol underpoes a number of reactions. The data clearly
doeunent. the loss of the carbinol carbon as GO, not co, as well as the
hydrogenolysis of the C-0 bond that jncludes the carbinol carbon. It is
jnviting to propose that these two products result as follows:

CHaCHo*CH,0H =2 CH4CH*CHO + Hyp [III-201

CHgCH*CHO + O—> cn3cuz*]£-o——=> CH3CHy + *i-o
u bu '
B M {IT1-21]

CH3CH3 + *C0o + M

This mechanism produces COp directly rather than from CO through the water
gas shift reaction as the data obtained with L#C labeled ethanol require: in
addition, similar data was cbtained for propancl, pentancl and hexanol.
Because hydrocarbons are produced during the syuthesis, we are wnable to




define whether the ratio of the alkane (with one less carbon than the labeled
sleohol) to the €0y, i.e. [Cqh_1H2,/C0z]1, is one as required by the
stoichionetry of equatjon [III-21]. The above mechanism for the direct
formation of GO, differs from one Proposed earlier by Hall et al. (IT1-17)

to explain their data as well as that of Koelbel and Engelhardt (IIT-47):

H OH
€o B ¥o e
| o+ ] = i [T31-22)
] H M
H on
\ /’ H
ﬁ + H20 F COz + 4 [TI1-23]
) M
u\ /on
i:: + TO —> €Oy + CHy [111-24]
I .
¥ ¥ X

Our results are supported by those of Elliott and Pennella (TIT-48) who
observed the decarbonylation of alcohols using a Cu/Zn0/Al,03 catalyst at .
a slightly higher temperature (285%¢) and higher pressures (ga., 1,000 psi)
than we used in this study.

In addition to reactions [I1I-20] and [I11-217, the alcohol underwent
hydregenolysis to produce a hydrocarbon with the same carbon number angd
prasumably water, i.e.;

ClizCH7CHZ0H + Hp ———3 CH3CHp—CHz + Hy0 1T31-25]
and

(:Ham'l-—CﬁS + Hz ———— C!'l3CHz-CH3 + Hy0
OH

Licht and Pines have reported that this reaction readily occurs with a nickel
catalyst (IIJ-45). The result implies that the carbon, aor oXygen, or both,
bond to the surface so as to wasken the C-D bond; however, it is difficult to
visualize rupture of thi= C-0 bond without Producing a half-hydrogenated
species (the r.h.s. structure of equation [III-19]3}.

The inertness of alcohol towsrcd dehydration with this catalys=t is
surprising, especially for Z-propanol. If alcohols are produced as the
Primary surface species and the o -olefins result from the dehydration of
these products, then the added alcoho) should readily undergo dehydration.
This clearly was not the case and eliminates tas phase aleohol as @ possible
intermediate im the mechanism that Produces e —olefins.

in this study the majority of the hydrocarbon products derived from syngas
Were alkenes; for example, £a. 8U% of the €4 hydrocarbons were alkenas. The
aleohel was adsorbed and underwent dehydrogenation to a ketone or aldehyde to
Produce an equilibrium composition while, at the same time, the intermediate



