Summary

The kinetic isotope method (KIM) has been dtilized in a study designed Lo
determine the way 3n which promoters for iron catalysis impact the variety of
primary and secondary reactions in the Fischer-Tropsch synthesis (¥F15). The
XIM involves +he addition of ¥nmown oT suspected intermediates to the synthesis
gas feed. In order to follaw the conversion of the added compound, and the
products formed as a result of the addition, the gdded compound 1s labeled
with a radicactive isotope of carbon. An analysis of the fischer-Tropsch
syothesis products readily permits one to identify these compounds that are
derived fram the added compound . Using this technique, results were obtained
with unpromoted jron, irom promoted bY aonreducible oxide, and alkali promoted
jron catalysts. A number of anticipated results were obtained as well as Some
demanding exparimental gifficulties that were not anticipated from the
published results cummarized in the tntroduetion of this report.

A combination of gas chromatographic, éry column chromatographic and
tiquid chromatographic technigues allowed us to determine the l4c present in
compounds over the ¢y — Gzp range 3n the alkane and alkene fractions.

This permits a more detailed examination of the ¥ischer-Tropseh synthesis than
tias been the case with most of the earlier work.

A eontinuous stirred tank reactor (CSTR) was used for most of the
exparimental gtudies. There are many advantages +o this reactor system,
ineluding constant temperature and exposure of the entire catalyst £ill to the
same reaction environment.. However, it was observed +hat holdup of heavier
products in the CSIR, canbined with the slow rate of production of these
heavier produdts, causes severe problems in conducting the lic tracer

studies. These problems are not unique Lo the ¥IM technique bui are equally
jmwportant, but largely ignozed to date, for non-isotopic ProOCess studies whers
temperature, pressure, ete. are yaried and MASS palance 1S used to judge the
jmpact of these process variables. Tracer techniques provide & preferrad
method to generata experi.mental data to quantitati.vely account for the impact
of sccumulation in ProCess studies utilizing a CSTIR. '

Severe accumulation problems were encountered even for as low boiling
components as ethanol - Several hours were required for the accumulation
factor to be eliminated when ethanol was added to the CSTR. The time required
+o attain rateady-—state” becomes progressively lomger as the molecular welght.,
and hence the ppiling point, is jncreased. The unanticipated accumalation of
Smlsbeled compounds, especially Cy¢*» in the CSTR coused the 12C labeled
products, formed during 2 period of addition of a 1sbaled compeund to the

as fead, to bDe diluted with uniabeled compounds that were formed and
acceumlated Juring earlier periods of operation with unlabeled synthesis £as-
Thus, a major fraction of the Cpp alkane, for example, collected during the
24 hour period of 14¢ labeled compound addition was formed during 3 prior
period of cperation with unlabeled synthesis gas- The magnitude of this

problen only became apparent =S this expermmtal ProOgTAm pr:osrassed.

Even with the problems encountered with the aqi:mlati.on faetor, it was
demonstrated that the added aleohol or alkene served primarily +o initiate
growing chalns. i+ was shown that the type and extent of secondary reactions
that the added compound undergoes depends upon moletular weight and compound
elases.-
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syathesis. In other words, Cg Fischer—!ropsch synthesis products are
formed form the chain growing om the surface, or from nen-alkene
intermadiates. and the amount af chains Producing Cs products initiated by
liquid or gaseous alkene intermediate compounds is insignificant. This
implies that the Fischer—Tropsch synthesis Primary produect selectivity is
essentially determined by the surface reaction, and jisg only altered by
secondary resctions that are a Tesult of reactor and/or processg conditions.

Ethene was observed to be & unigque alkene. The extent of hydrogenation
wWas mrch greater than for pentene: based On reported alkene hydrogenation
studies thisc was expected. Ethene 2lso gerved to initiate chajin ETowth but tp
a smaller extent thag l-decenea. Unlike either pentene or decene, ethene alse
incorporated into Browing chains as wall 23 serving to initiate these chaing;
this was indicated by the increage in 14c1m01e in the hydrocarbon praducts

in Cyg -~ Cpp range.

Alcohols undergo more extensive incorperaticn than the corresponding
earbon number alkene doas; however, this difference decreases as the carbon
number increases. Alcohols and the corTesponding aldehyde or ketone are at or
neatr their eguilibriym composition under our éxperimental conditions.
Surprisingly, alcohols are bydrogenated to form the =same carbon mumber zlkane

analogous to alkali o to inhibition by a competitive adsorption. The effect
¢f aleohol occurs only with the unpromoted iron catalyst: no change in the



percentage of alkanes Was noted when alechol was added to the syngas feed toO
an alkall promoted catalyst. The effect of alcohol wpam the unpromoted irom
catalyst was reversible; the alkane selectivity gradually (c2. 24 hours)
raturned to the pre-alcohol pariocd upon termination of the alcohol addition.
This effect prevents us from obtaining 2 product aistripution for alcohol
jncorporation for an wmpromoted jron catalyst.

The patterns of 14¢c distribution in the products for aleohols and for
alkene jncorporation were cimilar; the major difference was the extent of
jneorporation. This was true for both the alkali promot.ed and the alkall free
catalyst.

A comparison of the LAC activity in the c, producks from the

convarsion of l4c 1sbeled 1- and 2.propanol was revealing. The 1-propanol
produced predominately normal alkenes and alkanes while the 2.propanol
(isopraopyl alcohol) produced -predominately jsoalkenes and isoalkanes. Thus,
these lwWo alcohels form surface intermedlates that initiate chain growth but
do not janterconvert to becomns equivalerit. Furthermore, the relative amount of
chain initiation indicates that {-propanol is g2- 10 times mere effective than
2.propancl; this is near the ratic that nermal and iso hydrocarbons are
produced during normal Fischer~-Tropsch synthesis With an iron gatalyst-

Ethene provides evidence for carbonylation:
ci, = CHp + €O, H2 e CH3CHCHUHR.

However , carbonylation repregents 2 minor fraction of the total ethene
conversion. Wwith the pentenes and l-decens, carbonylatlion was such a small
fraction of the total conversion that i+ could not be detected.

The use of 14, jabeled alkenes has permitted us to answer the c}uestlon
concerning alkene jncorporation and the extent of their imcorporatict.
Chemical snalysis alone was unable to make this quantitati.ve Aetermination.

For promoters 3t was Shown that some of the non-reducible oxides may
provide a second catalytic function, especially for the secondaTy reactions of
oxygenate products. Sodiunm, an alkali promoler, and added alcohol produce
similar effects, they decrease the amount of gacondary hydrogmatim to
alkanes. Xt Appears. pased upon data ohtained DY the addition of Cp. G5 .

and Cyo 1°C jsbeled alkenmes, tbat alkanes cowprise £i. 20% of the primary
products for each caTbon muber fraction in the C2 to Cop THNEES. The
products observed attain this value only for the Gy - €5 fractions.

Higher alkane parcentages for the C2 and C3 fractions are 2 result of the
rapid hydrogmation of the primary alkene productss this was verified by the
data produced when 14c 1abeled ethene W3S added to the synsas. secondary
hydrogenation reactions 9id mot occur with added 14¢ 1abeled 1- OT

2-pentenes hence, the obzerved alkane/alkene distribution repregsents the
primary product distripuvtion. FOT higher carbon aumber products, accumalation
jin the reactoT jnereases the residence time for gecondary reactions. Thus.
+he hydrogenation of Cjp Aalkenes j& much Slower than for ethene; however,
accumlation and the longer reaction times allow for a significant
contribution by secondary hydrogenation reactions to produce alkanes. The




l-decene data support this latter statement.
alter the ratio ko/kp shown below

) W
surface species
N alkane

to favor alkene products. Howsver, it appears that the added alkene altered
the 14¢ incorporation pattern.

Thus, the alkali Promoter may

alkene
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I-£. Promoters

The Fischer-Tropsch gynthesis received enormous attention since it was
£irst announced (1-1). In 1551 Storch et al. (I-2) summarized much nf the
early work. Anderson {(I-3, 1-4), BWODE others, has continued toO review much
of the work. especially that directed toward an understanding of the
pechanisms of the catalysis involved in the reactions.

Early work uwtilized a cobalt catalyst (1-1y- A combination of factors,
put mainly supply and cost, caused cemmercial operations to switeh to iron
based catalysts. aAn iron catalyst could only be utilized for an extended
period if it was promoted. Thousands of catalyst formulations have been
tasted; Emmett alone sharacterized by both physical and chemical adsorpiion
measucements more than 1,000 iron based catalysts, and tested these for
amponia synthesis activity. Thus, the compercial interest in Fischer- Tropsch
and ammenia synthesis has peen responsible for extensive studies that led to
an enormous body of information aon promoted iron catalysts.

Promotion of heterogeneous catalysts is probably the most widely practiced
and leask understood aspect of modern catalysis. More than 70 years ago in
his book on catalysis Jobling has a section on promotion; he says, it has
recently been discovered that there are other substances which, when added in
pinute guantity to 2 catalyst, increase its activity. Thus practically all '
metallic catalysts pecome activated when certain oxides or compounds or other
metals are distributed throughout them. In Haber's synthetic ammonia
manufacture, for jnstance, the jron, plationum, osmium Or uraniumn amployed as 2
catalyst is quickened to an enormous extent DY the presence of traces of salts
of other metals OT, with certain axceptions, of the othet metals themselves.
Further research in connection with these promoters, a5 they are called, would

be amply repaid."

Promotion in heterogeneous catalysis Was recently reviewed by Thomson
{I-683:

»This lecture reflects the variety of promotiunal effects. The examnplas
have been taken mainly from the 1985-86 literature. The word promotion does
not oceur frequently in the titles of papers on catalysis- vet the majority
inyolve promoticn OF modification of solids. The survey could only be made DY
reading papers regardless of their titles. It was obvious that the emphasis
for promotion had shifted from acceleration to specificity, selectivity and
lifetime of catalysts.”

In general, two rypes of promoters are added to irom catalysts: one is an
alkali premoter, almost always 38 Group I and/or 11 elemant. and the other is @
structural promoter, 2 pon-reducible metal oxide, added to prevent a rapid
loms of surface area. TYhe variety of test conditions for catalyst
dharncterization and activity testing make it a vecry demanding task to compare

results from the various studies. This difficulty 1s j1lustrated by the
following two examples.




increases; in the other case Just the Opposite treng is observed so that
alkali appears to function as a Poison.

The alkali also does not impact all reactiens in the =same manner; hence,
the selectivity may he altered by the addition of promoter. As indicategd by
Professor Thomson, this ic viewed as an area for amphasis ig today’s studies.
In the Fis:her-Tropsch synthesis it ig frequently observed that ihe Product
distribution does not follow a simple Anderson~3chulz—Flory distribution
(1-3); rather 3 Flot is obtained which appears to Tequire two independent
Polymerization Pathways to daescribe the products in the cl-czo Tange.

This Phenomena, the need for two alpha values (slope of the straight line in
the nndersun~3chulz-rlory plot) is illustrated in figure I-2. These plots
Witk lwc alphas were obtained in larger pilot pr commerceial plants using fixed

exhibits two lines with a break at abeut carbon number 10. The slope, the
ratic of polymer Erowth to product formation Plus polymer growth,
corresponding to the lower tarbon number conpounds iz the same for both
catzlysts. The higher alpha value, if it is due to sites formed from alkali
Promotion, means that the alkeli induced sites cause Polymerization by chains
which grow to a much bigher average carbon mumber than those grown on the
unprometed sites.

values, there 2ppears to be a geperal consensus that alkalj causes the
tatalyst to have a lower bydrogenation activity so that the hydrocarbons
Produced by these catalysts have a more olefinic character.

For a more detailed discussion ef Promotar getion one should consult
Tecent reviews, e.g. I-4.

—B. sotopic Tracer S diec

bydrogen over the catalysts iron, miekel ang cobalt catalysts. This theory
was widely dccepted follouinf its introduction, The availability of a
radioactive carbon isotope, 18¢C, provided a means of testing this theory
(I-10). The general Plan of these sxperiments was quite simple. If the
carbide was an internediate. a surface layer of metal carbide containing
radicactive 18¢ ghoyla cause the initial hydrocarbon Products formeg by
eXposing a mixture of hydrogen and normal carbon monoxide (1200) to the
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Figure 1.2, Lugaritlmic Plots of moles against ecarbon number.
from fluidized synthesis (from reference 1-3).
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Kummer et gl (I-1C) prepared the necessary carbided catalysts; mosgt of
the studiec ware conducted with gz bromoted, fusged, synthetic ammonia catalyst
containing 2.26% £1303. 0.62% 5i0,, and 0.21% Zro, as promoters. o
c¢hemisorption indicated that 35% of the catalyst surface was iron, and 65% was
promoter. Synthesis was effected at temperatures from 240 to 300%C, g3, 1
ath pressure and, in most tases, CO/H, = 1/1. Calculations for the fraction
of the reaction EPing by way of iren carbide as an intermediate are shown in
figure I-4 as a function of the ratio between the amount of carbon in the
synthesized hydrocarhbong and the amount that would be required to form a
monclayer on the iron surface of the catalyst {assuming the surface carbon to
be present in a ratio of one carbon atom for each two surface iron atoms). As
can be seen from figure I-4, the datg clearly indicate that al temperatures of
about 2609 or less, an average of aboul 0% of the synthesized hydrocarboa
Bppears to have been formed by carbide reduction, Tegardless of the Pressure
of synthesis gas, the percent FeyC present or the ratic of hydrogen to
carbon monoxide in the Synthesis gas. They concluded that the mechanism of
hydrocarbon pProduction by carbide reduction plays only a miner role in the
Synthesis of hydrocarbons. .

Emmett and coworkers (I-10) alse considered whether Synthesis could occur
o°n 2 few active sites of the type proposed by Taylor (I-11). They performed
two types of experiments. In ene group of TUNS, eare was taken to Eynithesize
an =mount of hydrocarbon corresponding to only a very small fraction of the
surface. If active Points covering several percent of the surface were
involved, one would expect that when the total amount of hydrocarbon
synthesized was made to correspond to & smaller and smaller fraction of the
surface carbon, the apparent percent of the reaction going by way of the
carbide mechaniem wWould pise. 1In contrast to this, even the lowest (0.62% of

influencing the results one would have expected successive Tuns, or syccessive
Samples in a single um, to give successively smaller gpparent percentages of
the reaction Proceeding by way of the carbide mechaniem. In contrast, a
constant percentage was obtained.

R = g
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studies described above (I-10). The experimentsl resultc may be succinetly
sSunmarized by saying that about 50% of the surface holds chemisorbed CO in

chemisorbed phase if addeq in two successive Portions. The other 50% of the
Eurface held its cherisorbed €O in such a fashion that it coulg not exchange
rapidly at either -78 or =195°9C with pPhysically adsorbed or gaseous carbon
monoxide and was therefore distinguishahle from other portions of added
chenisorbed gas. The simple conelusion is, therefore, that half of the
surface behaved as though it were heterogeneous and the other half as though
it were heterogeneous. However, Kummer and Emmett pointed out that further
considerations indicate that such a tlear-cut deduction as to the nature of
the catalyst surface Was noet warranted. They concludad thet it was possible
te reach the above simple conelusion only if one assumed that on a

with other molecules of chemisorbed carbon monoxide, and that on g homogeneous
surface the chemisorbed C0 molecules are not sterically hindered from becoming
equivalent to each other.

Kummer and Emmett (I-12) also obsarved that when 2dsorption was done in
two steps there was a very rapid displacement of patt of the fipst fraction of
themisorbed carben monoxide when one added the second fraction. They offereg
Lhree possible axplanations for thig observation:

kealsmole, ¢id not cause displacement of chemisorbed CO in spite of
the faet that oxygen penetrated the 0 surface layer to oxidize
approximately 10 layers of iron atoms,

{(2) R complax, such as Fey(L0)g, may form and some of the bridged cp
Tay become mquivalant.

{3) The heat of adsorption decreases with surface coverage so that the
heat of adsorption decressed to a few kilocalories per mole of co;
this would accoumt for the observed rapid exc -

Thus, these experimental results were not suffieient to define whether the
iron catalyst surface is heterogencous, or if it is, the extent of
heteroganeity.

Xummer &t al . (I-14) converted g Syngas mixture (CO!H2 = 1/1) that
contained eithar methyl- or methylene-labeled radioactive alcohol over an iron
catalyst at ahout 230°C and 1 atm pressure. Most rups were with a catalyst
that contained 2.82% Al,03 and 1.39% ThOy promoters. If ethyl aleohol
is either agn intermediate or if it becones modified slightly upon adsorption
on the catalyst surface to form an intermediate, one wonld logieally expeet in



in preliminarty suns with an iron catalyst promoted by 1-55% Alz03 and
0.58% 2r0p, these authors made a number of ohsecvations. First, they mnoted
thet the addition of slcohol cauced 3 decrease in the ratio of paraffins 10
olefins; that 1s, the added alcohol appeared to inhibit hydrogenation. In a
run without added alcohol the ratio of saturated to unsaturated hydrocarbons
was 122: in a ron with added alechol this ratioc was Aecreased bo 1.1.
secondly, these authors also nmoted 2 slight lowering of the overall catalytic
activity-

The radioactivity per mole of hydrocaroon wWas essentially constant for
Cp and higher hydrosarbons (figure I-5). The activity for hydrocarbons
greater than Ca was not determined for jndividual carbon nunber '
hydrocarbons; rather, the number of moles was obhtained from pressure-volume
measurenents for the hydrocarbon and the CO2 produced by their complete
combustion was used to obtain average number of carbons PeT molecule. A
comparison of the molar activity of the hydrocarbons with the activity in the
original a2]lcohol indicated that one polecule out of 3 to 4 contained the
cacrbon atoms Erom the radioactive atcohol. Thus, the results 1adicated that
ethanol, orf & Ca species derived from it, acted as an intermediate in the
synthesis of higher hydrocarbons from a CQ/H; mixture over an iren ecatalyst-

These authors also degraded the radioastive propane and propylene produced
when methyl- or methylene~1abeled ethanol was added to the synthesis B3sS- The
propane was eracked at £a. 5759¢ to produce methane and ethene. Propene Was
also degraded by converting it £irst to acetone and then to jpdoform. The
activity fer the methane or iodoform obtained thusly, together with that
expected if the carbon from CO added exclusively to the methylene carbon

(A addition) are summarized in Table I-1.

Table I-1

Activity Distributicn in Propan® Formed from 14C Labeled
gthanol During Fischer-Tropsch synthesis (ref. I-14)

From Propane CHy Activilty CHIg from Propene
alcohol Agded pbseryed Expected gbserved ggggcted
*CH3CHpOR 880 ag8s 760 985
CR3*CHz0H 120 0 82 o

Thus, the data are consistent with addition of the CO derived carbon
predominately to the Ok position.

¥aymrer and Emmett (I-15) obtained data from runs in which primary alcohols
(ethanol, n-propencl, oF Z—meﬁhyl-ldpropanol) were added to the extent of
about 1.5 volume percent to @ 1:1 Hp:CO synthesls gas. Two catalysts were
utilized; one contained, before reduction, 2.82% Al,03 and 1.39% ThOy in
addition to Fe3O4 and the other comtained 7.95% Alz03 in addition to

Fe305. The synthesis was effected at ca. 2350C and 1 atm pressure.

HMethanol, 2-propancl, 2 secondary aleohol, and 24nethyl—2-propanal. a tertiary
glcohol, were also wtilized. Im these runs the gaseous products Were
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separated into 3. Cy, C3 and Cs fractions by distillation in 2

podbislniak columm. fn addition, in 3 few runs 2-methyl propane {isobutane),
n-butane, 2_methyl-l-propene (isobutene) and the n-butenes were separated from
sach other and analyzed for their specific radicactitivies.

The hydrocarbon synthesis products in the Ca-Cipo» Cy~Cyp °T

Ca4-Clp Tanges when ethanol, n-propanol or n-butandl, respectively, were
added to the synthesis gas had an approximately constant melar radioactivity
aqual to one-third to one-half of the molar radicactivity of the original
alcohol. Thus, these results jndjicate that the primacy alcohol adsorbed on
the iron catalyst to act as an jnitiator to pulldup higher hydrocarbons.

Methanol, when added to the synthesis §2s, prnduc.ed CO» that contained
much more radioactivity than could have baen formed by decomposition teo co
followed by water Bas chift as depicted below:

H
*CHgOH ¢ 2CO + 2Hp {1-11

%0 + HpO—o——2 *C0y + Ha (1-23

Thus, at leasi & considerable fractlion of the £COp was derived by 3 direct
reaction pathway involving radioactive methanol.

whan radicactive methancl was added to Lhe sSyngas, the hydrocarbon
activity, when plotted against the carbon number, gave 2 straight line of a
slope of 70 counts/minute/ct of hydrocarbon for each unilt jncrease in carbon
number (figure 1-6). The apount by which the slope of the 1ine exceeds the
activity of the co (70 versus 32 counts per min. per c¢) was taken as evidence
that there is 2 tendency for the conplex resulting from adsorbed methanol to
entetr chain-growth and not just the chain-initiating steap. With methanol only
about 1 hydrocarbon molecule in 12 appeared to originate from 3 complex formed
py the adsorpticn of methancl on the catalyst surface. This corresponds to B
muich lower I itiatien by methanol than for ethyl. n-propyl oT
z—mat‘hyl—l-propanol where one in every two or three hydrocarbon molacules wera
derived from the added alcohol- 1n addition, methanol, unlike ethyl, n—propyl
or n-butyl alcohols, did not alter either the total conversion nor the alkane
to alkene raiio from that obtained during control runs with syngas alona made
aither just before oF just after the methanol run. Tmus, it appears that the
surface species derived from methanol has a behavior that uniquely differs
from those derived from higher carbon mmber anormal alcohols.

A comparison of the resulis obtained when Z-propanol was added to those
when l-propanol was added is most jnteresting- First, 2—propancl did not
enter inte the puilding of higher hydrocarbons to the same extent as the
primary alcohols: only 1 molecule in 7 of the €4 hydrocarbons and 1 in 27 of
the Cy hydrocarbons were produced from the radioactive 2~propanol .

Secondly, there was a steady drop jn the radioactivity of the hydrocarbon
fractions from 500 for the Cy hydrocarbons to 250 for Cg hydrcocarbons when
2-propandl Was 2dded whereas this remained nearly constant when a normal
aleohol was added (Eigure I-73- Thicdly, there was an apprecisble differance
in the activity of the normal- and brancthed-butane ‘hydrocarbons; this is
31lustrated in Table I-Z.
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Table -2

Activity Distribution in n- and i-butane from the Addition
of lLadeled Propanols {from ref. 1-18)

C4—alkane Ca~alkene
Alcohol Addeq n iso n iso-
CHz 14cH,CHy0H 2630 o 2500 450
CH3cny 4oy, o 3100 0 o 1050
LécncHonlacn, 30 4370 300100 4200430

It is evident that l-prepanol produced n=butane or n-butenes with a high
activity but that most, ar all, of the i-butane or i-butene was formed
directly from the unlabeled CO. The results for the synthesis when 2-propanecl
wWas present is just the opposite; the iso-aleohol produces labaled iso-C,
hydrocarbons but the n-Cs hydrocarbons gre mostly,or exclusively, formed

only the average activity for C4 hydrocarbons was considered. Thue, this
important observation hag been ignored for the past 30 yeers,

(Fe304 plus 4.6% Mz0, 0.6% K20, 0.6% Si0, and ¢.&% Cry03) with

Tuns at 1, 7.5 and 21 atm Pressure. The variation in radicactivity in the
products are shown in figure I-8. The qualitative features of the curves
obtained at the three Pressures are similar. The effect of pressure upon -
incorporation ie clearly evident: the average incorporation falls from 18 to 7

ethancl using a cobalt catalyst at atmospheric pressure, 1909C and Hy/c0 -
271. The data with cobalt {(figure I-10) wac similar to that obtained with an

attributed this tp dehydration of ethanol to form ethepe which was then
quickly hydrogenated to ethane. This would cause the ethane to comtain a high
fraction of material derived from ethanol, and hence the higher activity. 71t
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Figure 1-10.

fthancl tracer runS over a cobalt catalyst. The
assumed priecision of the data is indicated by wertical
1ines. The activity of the ethanol in K13 was 75,000
counts/mirn/cc. STP; in Tun K16 it wWas 0080: A, K186
ethanol 1.5%: B, K13, ethancl 0.04%.
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should be noted that diprsct bydrogenolysis of the £-0 bond of the alcohol
would produce a similar result.

very litile €0; wias converted tao €O, or to hydrocarbons. Thus, under these
conditions the water 233 shift reaction was slow. These workers also compared
the results for the convarsion of a SYngas containi lag labeled methanol

at 1 and 7.5 atm conditions. The data (figure I-11) generally show a similarp
trend at both pressures and indicate that the added methanol is incorporated
in boih the chain growth steps as well serving the princinal function of
initiating ehains. Since methanol decomposed to produce i4p labeled O, the

Hall et al. (I-18) also converted 14¢ 1abelea fornaldehyde at 1 atm ang
230°C. The resulis wWere rather similar to those obtained with methanol at 1
atm conditions. They stated that the data de not preclude, and are consistent
with, the formation by formaidehyde of a chain initiating complex with or
without a chain-building complex.

Hall et al. (1-19) converted a 1:1 Hy:CO synthesis gas eontaining 1 to
1.25 mole % radicactive ethene with an iron catalyst at 2249C. aAbout 1z% of

used for atmospheric studies contained 0.64% Aly03 and 2.00% Zr0; in
addition to iren oxife; the catalyst for the 100 PS1 run was a doubly prometed
iroen catalyst containing 0.6% 5i0,, 0.6% Cr203, 4.6% Mg0 and 0.6%

Kz0. The activity of methane was low, clearly showing that hydrocracking of
polyners an the surface is not an important reaction. At atmospheric
pressura, in the absence of added water, essentially all of the ethene
reacted, the principal Teaction baing hydrogenation to form ethane. In the
experiment at 100 psi with a deubly promoted irom catalyst, the incorporation
of ethene to form higher hydrecarbons was only about 6%, abpout kalf that
obtained with a Singly promoted catalyst at 1 atm. More importantly, it was
reported that in contrast to the one atmosphere runs, the activity fell off
strongly with increasing carbop number .

These authors also eonverted 14c 1gheled Propanol with the singly
Promoted irun catalyst at 1 atwosphere conditions. The results showed that
its behavier Was quite similar to that of l-propancl, with an incorporation of
sbout 37%. Tn al: respects, the data cbtgines with propanol were @xplicable
with the assumption that the propancl adsorbed apd formed the same complex as
l-~propanol.

These authors (I-19) alse put the combined dlcohol data into a simple
mechenistic picture as follows:

“The mechanisms Proposed by Storech, Golumbic and Anderson (I-193 and by
Kurmer and Bmmett (I-15) involved a type of adsorbed alcoholic complex.
Ethylene could form such a complex by known reactions if it (&) hydrated to
form ethanel or {b) underwent hydroformylation to l-propanol. There is
evidence that neither of these reactione oecurred. If reaction (2) occcurred
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in the ethylene experiments. it should also have occurred with the radiocactive
ethylene formed in the ethanol experiments. Thus, with methylane labeled

CHoC 400 == Ciy=Cléy, 4 30— cléu3 - cuyon
2 2V 2 CHy 2 02 2

wWould be expected so that the position of the radicactive carbop relative to
the hydroxyl ETOUp would have changed in 2 portion of the aleohnl during
synthesis. Examination of the unreacted radiocactive ethanol, recoverad from

hydrocacbons. Actually, the activity of the branched €4 hydrocarbons was
found t¢ be 72% of the activity of the straight chain Cs4 hydrocarbons. It
appears, therefore, that the complex formed from adsorbad ethylene need not
resembls the alcohol-type complexes suggested previously (I-2, I-15).

If etbylene does in faet form a different complex from that formed from
ethanol, it becones necessary io re-examine the aleohol experiments already
reported (I-14, I1-15, I-is, I-18). Let it be assuped that chain building

radloaectivity of the chain-building complex and the actual data from an
ethanol tracer experimant . Specifically, these activities should be those
found in an ethanol tracer experiment plus (n-2) A where n is the carbon
mmber and A\ iz the activity of the chain building complex. In figure 1-12,
the calculated points gra comparad to the points for the experimental data
obtained atmosp ic pressure and at 100 psi. In each case, the “equivalent
activity™ of the ethanol was Fixed by the activity of the C> hydrocarbons
from the corresponding methanol tracer expariment Likewise, the value of A
was determined from the slope of the plot of the data at high carbon pumbers.
The mgreement js quite good. It implies, of course, that the Ca complaxes
formed from methanol are the same ac thoge formed from ethansol but does
nothing to define ite nature,

If it is now Supposed that propylene iz also capable of build-in, simiilar
Lo ethylene, when Present in large eoncentrations, an explanation is available
for the appearance of radiocactivity in the 1L, fraction when l-propancl is



