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NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the United
States nor any agency thereof, nor any of their employees, makes
any warranty, expressed or implied or assumes any legal liability
or responsibility for any third party's use or the results of
such use of any information, apparatus, proéuct or process
disclosed in this report, or represents that its use by such

third party would not infringe privately owned rights.



Summar

Our studies of the effects of adding wvarious selected
olefins during Fischer-Tropsch synthesis have now been summarized
in the form of a paper for publication, attached. The principal
observations and conclusions are:

In studies with a reduced fusad magnetite catalyst at 248°C,
and 0.78 to 1.48 MPa, reactions of the added species were much
more significant at high synthesis conversions where the
relatively lower partial pressure of C0O allowed competitive
adsorption effects with CO to become more important. Ethanol
decreased hydrogenation capabilities of the catalyst as reflected
in lower CH, formation and higher o©lefin-paraffin ratio.
Execluding ethylene, which is unusually reactive, the reactivity
of an l-~oclefin increased with molecular weight, but almast
exclusively ¢to form the corresponding paraffin or g-oclefin.

Incorporation of olefins into growing chains was relatively

small.



Reactions of Ethanol and

Selected l-Olefins Added During

the Fischer-Tropsch Synthesis

Abstract

In studies with a reduced fused magnetite catalyst at 248°C,
and 0.78 to 1.48 MPa, reactions of the added species were much
more significant at high synthesis conversions where the
relatively lower partial pressure of CO allowed competitive
adsorption effects with CO to become more important. Ethanol
decreased hydrogenation capabilities of the catalyst as reflected
in lower CH4 formation and higher olefin-paraffin ratio.
Excluding ethylene, which is unusually reactive, the reactivity
of an l-clefin increased with molecular weight, but almost
exclusively to form the corresponding paraffin or B-olefin.
Incorporation of clefins into growing chains was relatively
. small. -

Introduction

- In the Fischer-Tropsch synthesis, in addition to paraffins,
l-olefins and l-alcohols are significant primary products. Once
formed, these latter can undergo secondary reactiens such as

hydrogenation, isomerization, and possibly incorporation inte



growing chains. The cobjective of this work was to study such
gsecondary reactions of selected primary products by adding the
compound of interest to the synthesis gas feedstream or directly
to the reactor under normal Fischer-Tropsch synthesis conditions.
The compcunds studied were ethancl, ethylene, l-butene, l-hexene,
l-decene and l-eicosene (CspHyg). In the primary synthesis
ethanol is the dominant alcohol and C; species appear to be
unusually reactive. The other olefins were studied to see if any

regularities would be found with increasing molecular weight of

this homclogous series.

Experimental Apparatus and Materials

The experiments were conducted using a l-liter, well-mixed
slurry phase reactor. The experimentél apparatus and materials
were as described previously (1,2). The one exception was the
addition to the system of a ligquid pump te introduce a selected
compound of interest. Feor each run, about 70 grams of crushed
catalyst (270-325 mesh) were reduced and then slurried with about
420 grams of purified octacosane. The behaviour of the same
fused magnetite catalyst under a variety of conditions has also

been describéd (3,4). The compounds used in this study are

listed in Table 1.

Experimental Procedure

In general, experiments with and without each compound
listed in Table 1 were conducted at 248°C, pressures in the range
of 0.78 to 1.5 MPa, high and low CO conversions, and with high
and low concentrations of tbhe additive in the feed. CO

conversion was varied by changing the flow rate of synthesis gas



to the reactor.

Three lengthy sets of runs were made. For eac¢h run, at
least 40 hours were first allowed to elapse gfter the freshly
reduced catalyst was brought on-stream to insure.thaﬁ steady
state activity had been achieved. A material balance was then
run without additive addition for about 6 hours to establish a
base case. The additive was then introduced continucusly for
some 4 to 10 hours after which steady state was essentially
achieved and a material balance was then obtained over a 6~7 hour
period. The same additive at a different concentration or
another additive was then introduced and the samée procedure
repeated. Each run extended over several hundred hours and from
time to time the base case was re-run to insure that no
significant change in catalyst activity or selectivity had
occurred. To avoid any systematic bias the arder of experimenté
was randomized bkoth with respect to reactor conditions and the
nature of the additive.

Ethylene and l-butene were introduced by using tanks of
premixed gases. Ethanol, l-hexene and l-decene were introduced
as liquids b& a liquid pump. For l-eicosene the reactor was
taken off stream after 50 hours of synthesis and a known weight
of l-eicosene was directly injected into the reactor under inert
gas pressure after it was melted. The reactor was then put back
on stream and a sample of the reactor wax was taken after 8 hours
of resumed synthesis.

The base case experiments previous to addition of ethylene

or l-butene were conducted at each of two pressures, 0.78 and



1l.48 MPe. The subsequent experiments were done at slightly
higher total pressure in the reactor to maintain constant partial
pressure of CO in the presence of the increased partial pressure
of the feed additive. This increase in pressure amounted to a
maximum of about 100 kPa for the highest concentration of
ethylene or about 40 kPa for the highest concentration of 1-
butene. Because of physical limitations of the pump, the highest
operating pressure of the experiments when a liquid was added (Cg
and Cqg) was 0.92 MPa. The operating pressure for the l-eicosene
experiment was alsc 0.92 MPa. For direct compariscn each
additive was studied at least in part at the same set of
synthesis conditions (248°C, 0.92 MPa, high CO conversion)-
RESULTS AND DISCUSSION .

The conditions for all of the experiments are summarized in
Table 2 together with the resulting CO and Hy conversions and the
resulting partial pressures of the feed additive in the exit gas
of the reactor. 1In all céses the addition of the selected olefin
or ethanol significantly increﬁsed the partial pressure of the
additive in the reactor over that which existed during normal
Fischer-Tropsch synthesis.

Results - Ethanol

The conversion of the ethanol in the feed was calculated by
first subtracting the flowrate of ethancl leaving the reactor for
the experiments with no feed addition {base case) from the
flowrate of ethanol leaving the reactor for the feed addition
experiments conducted at the same conditions. Together with the

value of the ethanol flowrate fed to the reactor, the conversion



and rate of consumpticn of the ethanol in the feed were
calculated. At high CO conversion, the averaged conversion of
ethanol in the feed was about 30%, while for the single
experiment conducted at low CO conversion, the conversion of the
ethanol in the feed was less than 1%.

The addition of ethanol to the feed did not significantly
affect the CO or H, conversions at low CO conversions (40-42%)
(Table 2). At high CO conversions (88-93%), the ethanol additicn
resulted in a slight decrease in H; conversion but had no
significant effect on CO conversion.

Shown in Table 3 are the pertinent selectivity results from
the experiments with ethanel. At both high and low CO
conversions, the increased partial pressure of ethanol in the
reactor resulted in a significant decrease in methane
selectivity, and an increase in the olefin/paraffin and a-olefin/
B-~olefin ratios. The latter twe ratios were more affected by
ethanol at high CO converions. The ethylene concentration in the
exit gas significantly increased upon ethanol addition,
especially at high CO conversions. However, that of ethane
decreased by approximately an equal amount, as reflected by the
essentially constant overall selectivity to form ethylene plus
ethane.

The selectivity to form C3 hydrocarbons (propane and
propylene) remained essentially constant, but there was an
increased selectivity to form ethanal (acetaldehyde}, C3
oxygenates, (propanol and propanone) and ethyl acetate. The last

compound was positively identified (Cambridge Analytical



Associates, Inc.) using g.c. mass spectrometer analysis and
further confirmed in our laboratories using ethyl acetate as a
spike in the g.c. samples. The C3 oxygenates could not be
accurately separated guantitatively into propanol and propanone,
but careful analysis of the samples containing the C3 oxygenates
revealed that an increase in‘the overall €, oxygenate selectivity
was due to an increase in propancne. By a material balance most
of the ethancl disappearance could be accounted for by appearance
of acetaldehyde, Cy3 oxygenates and ethyl acetate, i.e., the
increase in ethylene concentration could be attributed to less
secondary hydrogenation of ethylene rather than ethanol
dehydration.

The effect of ethanol addition aﬁ a highlco conversion on
the C1-Cy product distribution is shown in Figure 1. This is
normalized excluding the C; fraction. The methane selectivity
dropped but the chain growth probability as characterized by a
was not significantly affected. Ethanol addition had no
significant effect on the amount of CO; formed per mel of CO
consumed, i.e., it did not affect the water gas shift. Because
of the normalization procedure, the amounts of Cq énd Ca~-C7 must
add up to unity. The results presented in Fig. 1 do not mean

that more C3-C7 is produced with higher ethanol addition.

Discussion - Ethanol

Added ethanol did not significantly affect the conversion of
CO, suggesting either weak adsorption of the ethanol relative to
CO or, less likely, adsorption of the ethanol on sites other than

those active for CO adsorption. A similar lack of synthesis



inhibition by ethanol was also observed by Kokes et al. (5). 1In
that study, synthesis gas (H3/C0 = 1) containing cl4 1abelled
ethanol (1.5 vol%) was passed over a reduced singly~promoted iron
catalyst (0.64% Al;03 and 2.00% 2rOp) at 233°C and 1 atm, and
over a reduced doubly-promoted iron catalyst (4.6% MgO, 0.6% K30,
0.6% Si0p, and 0.6% Cry03) at 241-275°C and 1-21.5 atm. For hoth
catalysts the ethanol addition 4id not retard the synthesis.

In a similar study by Kummer et al. (6}, when synthesis gas
{H/CO = 1) was passed over a reduced singly promoted iron
catalyst (1.55% Al;03 and 0.58% 2x0O3) at about 230°C and 1 atm,
the addition of cl4 labelled ethanol (1.6 vol%) reportedly
retarded the synthesis. However, catalytic activity was
characterized indirectly by gas contraction, rather than CO
conversicn. The constant CO conversion and decreased Hj
conversion upon ethanol addition observed here, of course
corresponds to decreased overall contraction.

The added ethancl decreased the hydrogenating
characteristics of the catalyst, as reflected in the decrease in
methaﬂF_selectivity and the increase in Cp-Cy4 olefin/paraffin
ratios: The latter also suggests that the ethanql is
competitively adsorbing with the a-olefins for active sites, thus
inhibiting the secondary reactions of the a-olefins, This is
supported by the observation that the a-oclefin/B-oclefin ratios
also increased with increaéing ethanol partial pressure. Kummer
et al. (6) alsoc noted this decrease in the hydrogenating activity
of the catalyst with added ethanol as evidenced by the increase

in the C,, C3, and C4 olefin/paraffin ratios.



The decrease in methane selectivity cannot be attributed to
the reaction of adsorbed ethancl with adscrbed methane precursors
such as CH3*. Such a reaction should result in a significantly
increased selectivity to form C3 species, but this was not found.
The increase in the Cs olefin/paraffin ratio is not the result of
an increased formatiocn of ethylene caused by ethanol dehydration,
since then the total C; hydrocarbon gelectivity, ethylene plus

P

ethane, would increase with added ethanol. Once agezin, this was
not cobserved.

21l of the above effects were more dominant at the higher CO
conversions. At the correspondingly lcwer CC partial pressures,
more sites are available for the ethancl to adsorb and interact
with the ongoing synthesis.

Etharol did not significantly incorporate into growing
hydrocarbon chains to form higher hydrocarbons, as evidenced by
the lack of increase in the Cj hydrocarbon (i.e., propane plus
propylene) selectivity with added ethanol. In contrast, in the
study of Kummer et al. (6) at atmospheric pressure about 35% of
the labelled ethanol added was incorporated and the resulting
hydrocarbon products {up to Cyp) had approximately a constant
radioactivity per mole, suggesting that ethanol could act as a
chain initiator. It was further shown that the chain initiation
occurred preferentially at the methylene carbon atom.

Kokes et al. (5) extended the work of Kummer et al. by cl4
tracer experiments with a doubly-promoted catalyst at varying
pressure and temperatures {(239-275°C). The percent incorporation

of the ethanol was not a function of temperature or contraction,



but fell £rom 18 to 7 tc-z.z% as the pressure was increased from

1 to 7.5 to 21 atm. They also concluded by comparison to Kummer

et al.'s results that less incorporation occcurred cver a doubly~-

promoted catalyst (MgO, K50) than over a singly-promoted catalyst
(ThO3) . : '

The lack of evidence for significant ethancl incorporation
in this study is consistent with the conclusicns of Xokes et al.
since the experiments hefe were at relatively high pressures
{0.92 MPa) over a triply-promoted catalyst (Alz03, K50, Cao).

' Howevér, if a small degree of incorperation did ocecur, it ¢ould
not have been detected with the anzlvtical technigques emploved
here.

The observed increase in selectivity to form both
acetaldehyde and ethyl acetate witk an increase in ethanol
partial pressure are probably interrelated. The acetaldehyde is
probably produced by dehydrogenation of the ethanol (Reaction 1)
and the ethyl acetate by the subsequent reaction of the

acetaldehyde with ethancl (Reaction 2}.

CE ,CH,OH -5 c:a3-c’\i + H, )
H "
-t ~c¥° - -
c:H3<l:o—H+ca_3 c\_B —)C_HB('(H °>‘,cﬁ3+ﬁz {2)
B O ]

The observed increase in selectivity to form propanone
{acetone) with an increase in ethanol partial pressure suggests
that the ethanol is possibly reacting with surface methylene N
species by a reaction such as 2a.

CH;CH,OF + CH,* + E*—5 CH,COCHy + H, (2a)
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The fact that propanone was formed in Reaction 2a instead of 1-
preopancl further suggests that the ethanol is ponded to the
catalyst surface at the oxygenated carbon. The hydrogen produced
via Reactions 1, 2 and 2Za would account for less than 10% of the
observed decrease in hydrcgen conversion. This decrease thus
reflected rather a decrease in the activity.of the hydreogenation

functionality of the catalyst.

Results - QOlefins

Ethylene

The addition of ethylene did not significantly affect the CO
conversion but Hj; conversion increased, especially at high CO
conversions (Table 2). | ;

The effect of the ethylene partial pressure in the reactor
on the methane selectivity is shown in Figure 2 for all of the
experiments. Methane selectivity decreased with increasing
ethylene partial pressure at both high and low CO partial
pressures. Increased ethylene partial pressure increased the Ci
and C4 olefin/paraffin ratios (Figure 3).. Although not shown,
the a-olefin/f-olefin ratios alsc increased with ethylene partial
pressure, but only slightly.

The effect of ethylens on the Fischer-Tropsch product
distribution at 91-93% CO conversion is shown in Figure 4. The
C1~C7 product distribution is normalized without the Cy fractiom.
The decreased methane selectivity at high ethylene partial

pressure is clearly evident, but there was no effect of ethylene

concentration on a.
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The conversiocn of the ethylene in the feed was calculated in
the same manner as was the conversion of ethanol. ‘Likewise, the
rate of formation of a compound resulting from the reaction of
ethylene was determined by subtracting the base case rate of
formation of that compound f£rom the rate of formation of that
compound during the feed addition experiments. The assumption
inherent in these calculations is that the ethylene did not
significantly affect the normal Fischer-Tropsch synthesis, which
seems reasonable. .

At high CO conversions (86 to 94%) the conversion of the
ethylene in the feed was between 56 and B6%, while at low CO
conversions (27 to 29%) it was between 8 and 11%. At low CO
conversions, essentially all of the ethylene in the feed that was
consumed, formed ethane. At high CO conversions, between 70 and
80% of the ethylene consumed formed ethane. Presumably then
between 20 and 30% of the consumed ethylene that reacted, or
about 15% of the ethylene fed to the reactor, was incorporated
into the growing hydrocarbon chains on the catalyst surface to
form heavier hydrocarbon products. This is supported by Figure
5, which plots the selectivity to form Ci hydrocarbons (i.e.,
propane and propylene) as a function of ethylene partial pressure
in the reactor. Under otherwise similar conditions, with
increasing ethylene partial pressure in the reactor there is an
increase in the formation of heavier hydrocarbons. This effect
is most pronounced at high CO conversicmns.

Some previous studies, although very fragmentary, showed

effects in the same direction found here. snel and Espincza {7)
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working at 270°C and 2.0 MPa with iron-calcium catalyst
containing about 3 atomic % C reported addition of ‘10 mole %
ethylene to syngss (H2/CO = 0.5) to depress methane formation, to
increase formation of higher hydrocarbons, and to increase the
olefin content of products formed. Molina et al. (8) working
with a 10% Fe/Al;03 catalyst at atmospheric pressure, 250°C, were
primarily concerned with studving the effect of introduction of
CO into a Hp-CyH4 mixture. However they likewise reported that
the presence of CoHy in a Hy/CO reaction mixture enhanced Cj
products and reduced methane formation.

With increasing ethylene partial pressure in the reactor
there is a strong increase in the seiectivity to form l-propancl,
as shown in Figure 6, although the concentrations are small
relative to the total C3 hydrocarbons. This does not appear to
be dependent on the CO partial pressure. There was also an
increasing selectivity to form 2-butanone. For example, for
PcoHy = 5.1 kPa, the ratio of 2-butancne production to CO

consumpticn was 9.3 x 10'5, while for PCoHg = €8 kPa, the ratio
was 6.3 x 1074,

1-Butene

The addition of l-butene to the syngas feedstream did not
significantly affect the CO or the E; conversions, methane
selectivity, olefin/paraffin ratioc or the a~olefin/B-olefin
ratios, No significant changes in the Cy hydrocarbon selectivity
or in Cy4 skeletal isomerization selectivity were observed. At
the low CO conversions, the l-butene conversions were very smail

{(>1%). At the high CO conversions, the conversion of the 1-
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butene was between 26 and 57%. Of the l-butene reacted about 60%
formed 2-butene, and 30% n-butane. The remaining 10% may have
been converted to some extent to higher hydrocarbons, as
indicated by‘Figures 7 and 8. In Figure 7 a slight increase in
Cg selectivity is seen with increased l-butene partial pressure
at each set of conditions. Figure 8 is a Flory plot excluding C4
products, for low and high 1-butene partial pressures. There
appears to be a slight increase in the selectivity to form Cg-C7
products relative to the C1-C3 products with an increased 1-
butene partial pressure. However, there is no change in a.
l-Hexene

The addition of l-hexene with varying CO conversions did not
significantly affect the CO or the Hj conversions, methane
selectivity, olefin/paraffin or a-olefin/p-olefin ratios. Only a
slight increase was observed in the Cg skeletal isomer
selectivity. n-Hexane and 2-hexene were formed in essentially
equal amounts at both high and low CO conversions. At a CO
conversion of 26% only about 15% of the l-hexene reacted and
there was no change in the selectivity to form C9-Cjg products
relative to Cq-Cg products. |

At a CO conversion of 90% (0.92 MPa), 70% of the l-hexene in
the feed reacted, and there seemed to be an increase in the Cy-
Cip products. This is shown in Figure 9, a Flory plot of C1-Cj9
products excluding Cg for three experiments conducted, two with
1-hexene feed addition and one without. 75% of the l-hexene that
disappeared formed hexane or B-olefin. 25% was unaccounted for.

Although the results in Figure 9 indicate considerable
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incorporation of hexene intoc growing chains we are uncertain how
reliable these results are. In our analytical system the Cg=-Cig
products are distributed between a liquid phase in a trap and a
gas phase, the analytical results of which are combipned. During
l-hexene addition the C7-Cjg products are present in relatively
small concentrations in the ligquid compared to Cg which also
reduces the accuracy with which they could be determined. We are
inclined to believe that the enhanced formation of Cy-~Ciqg was a
real effect, but that the change in slope with increased hexene
content may well have been an artifact.

l-Decene

As with the l-butene and l-hexene, the addition of l-decene
to the feed stream at high €O conversion 4id not significantly
affect the Hy or CO conversions, methane selectivity, the
olefin/paraffin ratio, the a-olefin/p-olefin ratio, or the Cq
hydrocarbon selectivity. The selectivity to form Cqg skeletal
isomer, cdefined as the ratio of the rate of Cjg-isomer production
to the rate of CO consumption, increased from 3.7 x 10~% to 20.4
x 1074,

The conversion of the l-decene in thé feed was 81%. Of
this, 24% formed n-decane, 43% formed 2-decene, 10% formed Cyg-
isomer, and the remaining 23% was unaccounted for. Shown in
Figure 10 are Flory plots for the results with and without 1-
decene in the feed. The selectivity to form Cig% products
increased slightly upon the addition of l-decene to the feed.
The partial pressure of added decene was much lower than that of

the lower olefins; more evidence of chain incorporation might
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have appeared at higher concentrations.
l-Eicosene

6.5 grams of l-eicosene were added to the reactor after SO
hours of synthesis, and the synthesis was then continued for an
additional 8 hours. The amount of Cpp compounds vaporized from
the reactor was negligible.

lListed in Table 4 are the calculated number of moles of 1-
eicosene and n-eicosane plus 2-cis-eicosene (these two compounds
could not be split by the g.c.) in the reactor bhefore,
immediately after, and 8 hours after the addition of l-eicosene.
The l-eicosene molar quantity was increased markedly by the
addition, from 0.15 x 1073 to 13.89 x 1073 moles. This latter
guantity corresponds to 3.9 grams of l-eicosene, about 2.6 grams
less than the added amcunt. As seen in Table 4, a fraction of
the l-eicosene was hydrogenated and iscmerized immediately to n-
eicosane and 2-cis-eicosene, respectively. However, this
conversion was not nearly enough to account for the missing 1-
eicosene. The lack of closure on the l-eicosene balance may have
been due to the difficulty in accurately determining the absolute
molar quantity of a compound when another compound, in this case
octacosane, is present in large excess (»30 wt% of reactor wax).

after 8 hours of synthesis, the number of moles of 1-
eicosene had decreased significantly (~76% conversion) while the
moles of n-eicosane plus cis-2-eicosene increased by an almost
proportional amount:; the total number of moles of the 3 compounds
decreased from 16.93 x 10-3 to 16.28 x 10~3 after 8 hours of

synthesis, which is probably within the experimental error of the
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analysis.

Some incorporation did occur, as shown in Figure 11, where
the absolute numbers of C35-Cpz meoles in the reactor wax,
excluding l-eicosene, are shown on a Flory plot for the samples
taken initially and after 8 hours of synthesis. The C3;7-Csg
molar quantities increased about 20-25% while the C17-Cig
cquantities remained essentially constant.

Discussion - Clefins

An overview of the reaction pathways of normal a olefins is
presented by the data and calculations in Taf:le 5. This
summarizes the results of seven representative olefin feed
addition experiments. The first four listed were conducted at
high CO conversion (low pgg), while the final three were
conducted at low CO conversion (high pbgpg). Included in the table
are calculated rate constants for the three most pertinent
reactions invelving the added l-olefin: (1) the consumption of
the l~olefin (largely to the corresponding B clefin and
paraffin), (2) the formation of the corresponding paraffin, and
(3) in the cases of l-butene, l-hexene, and l-decene, the

formation of the corresponding P-olefin (trans- plus cis-2-

clefin).

For comparative purposes, reaction rate constants were
calculated by assuming the following simple rate equations:
a-0Olefin disappearance: C=C-R ._I.{.l.) Products, -r = k1Pc=c-R )]
Paraffin preduction: C=C-R +kHz ——k£> C-C-R, T = kZPH2PC=C-R (4}
B-0lefin production: C=C-R _% C-C=R, T = kSPC=C—R (5)

The olefin partial pressure used in Equations 3, 4 and 5 was
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the total partial pressure of the olefin in the reactor. The
rate of reaction is that found after subtracting the rate
ocbserved in the base case experiment.

Alsc shown in Table 5 are the percent conversicn of the
olefin in the feed and the percent of the olefin added that was
converted to paraffin, to B-clefin, to skeletal isomers, to
incorporation products, and to that which was unaccounted for.
The incorporation products are taken to be the increase ir hydrocarbens that
contain 1 carbon atom more than the olefin additive.

The rate constants for the chree reactions are ccnsistently
higher at thé lower values cf prg for each olefin sﬁudied. This
supports the finding of Sudheimer and Gaube (9) that the
hydrogenation and isomerization reaction rates of l-hexene and 1-
decene during Fischer-Tropsch synthesis over an iron catalyst
were inversely proporticnal to peg-

Ethylene is clearly more reactive than l-butene. Schulz et
al. (10) added ethylene and propylene to the Fischer-Tropsch
- synthesis feedstream and under similar conditicns found that 76%
of the ethylene was consumed as compared to 44% of the propylene.
In an earlier study (11) we observed that while from 1B8% to 32%
of the ethylene added to the Fischer-Tropsch synthesis feedstream
was hydrogenated to ethane, less than 0.5% of thé added 1-
butene was hydrogenated to n-butane under similar synthesis
conditions.

The drop in reactivity from ethylene to l-butene is however
reversed as higher olefins are considered. The rate constants

for reaction 1 decrease in the following order: l—decene;> 1-
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hexene £x ethylene > i-butene. For olefin hydrogenation the order
of decreasing activity is ethylene > l-decene > l-hexene >
l-butene. For ao»B-olefin isomerization activity the order is
1—decene> l-hexene > l-butene. These findings suggest then that
the reactivity of the primary olefins increases with increasing
melecular weight, the exceptiocn being ethylene. This probably
reflects that fact that, other factors heing equal, the degree of
adsorptivity increases with molecular weight.

For present reaction conditions, at low values of pcg the
quantity of olefins hydrogenated is somewhat greater than the
quantity isomerized. At the higher values of ppg, the guantities
are about equal.

Skeletal isomerization of the added clefin was small
relative to a+»p isomerization and hydrogenation. No detectable
amount of any of the olefins was cracked as was evidenced by the
lack of increase in the rate of formation of hydrocarbons
containing one carbon atom leés than the added olefin. Absence
of these reactions was also observed in other studies. As
discussed by Dry (12}, KSlbel et al (13) found that hydrocracking
over an Fe catalyst accounted for less than 3 rercent of the CHy4
preoduced at temperatures up to 573°K, and Forney (14) reported
that with iron catalysts the coil was not cracked until
temperatures were in excess of 573°K. We (l1ll) found no evidence
for the skeletal iscmerization of l-butene nor for the cracking
of ethylene or l-butene. Likewise, Dwyer and Somcrjai (15) did
not find cracking of ethylene or propylene to cccur. Eall et al.

{16) concluded that hydrcecracking of ethylene is unimportant, and
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Schﬁlz et al. (10) reported that less than 1% of the added
ethylene or propylene cracked under the conditions ‘of their
study.

The low degree to which olefin incorporation occurs relative
to hvdrogenation and o~»p isomerization is ncteworthy. (This
result is alsoc evident from the l-eicosene data shown in Table 4
where of the 76% of l-eicosene converted, about 94% formed n-
elcosane and 2-eicosene.) The reaction of the olefins with
surface methylene (-CH;-) species is indicated in Figure 4 for
ethyvlene and in Figure & for 1l-butene. The selectivity to form
C3 hydrocarbons is seen to increase with increasing PCoH4 s
(Figure 5) and the selectivity to form Cg hydrocarbons increaseé
with increasing PC4Hg {({Figure €}. .Again, for l-hexene, the
selectivity to form hydrocarbons containing more than 1
additional carbon atcom above the number of carbon atoms in the
olefin also increased@ (Figure B8). All these results suggest then
that the primafy olefin can act as a chain initiator or that it
could directly react as a chain terminator with surface species
larger than methylene. Evidence for the chain initiation
reaction involving ethylene is shown in Figure 4, where the added
ethylene did not significantly affect the C3-C5 chain growth
Probability.

In contrast to these results are the results of Schulz et
al. {10) and Dwyer and Somorjai (15). Schulz et al. (10)
obhserved a chain-termination reaction with ethvlene. WwWhen
ethylene-c14 was added to the synthesis gas, the molar radio-

activity of the C3 and greater reaction products decreased
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rapid;y with the C number. Dwyer and Somorjai (15) found that -
the chain growth probability increased with the add;tion of
ethylene to the feed stream and concluded that ethylene
participates in chain propagation. However, we (1ll) pointed out
that the results may have been magnified by a combination of low
conversion (xcg < 1%), lack of alkali promoter in the catalyst,
unsteady-state activity and catalyst phase compesition in their
experiments.

The l-butene feed addition caused the Cg-Cy to increase very
slightly, relative to C;-Cg products.

l-Hexene seemed to show a much more prenounced effect than
l-butene (Figure 9), but we think this was at least in part an
experimental artifact. Added 1l-decene only slightly increased
the selectivity to form Cq3-C14 pProducts relative to C31-Cg
products (Figure 10), but the concentraticn of added decene was
guite low. With the addition of l-eicosene, selectivity to form
C31-Co5 products relative to C37-C1g products increased only
slightly (Figure 11). In this case also the concentration of the
added l-olefin was quite low.

An increase in the partial pressure of ethylene is seen to
decrease methane selectivity (Figure 2) and increase the C; and
C4 olefin/paraffin ratios (Figure 3). With increasing ethylene
concentration there is an associated decrease in the
hvdrogenating character of the catalyst. Dwyer and Somoriai (15)
also observed a slight inhibition of methanation at high ethylene
partial pressures. No significant effects of l-butene, l-hexene,

and l-decene, on the above product distribution characteristics
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were observed.

It is noteworthy that with all the olefins the.co conversion
remains essentially constant with increased olefin partial
pressure. This suggests thgt CO is much more strongly adsorbed
than the olefins. Presumably they compete for the same sites,
since the secondary reactions of olefins increase markedly at low
€O concentrations, corresponding to high conversions.

Increased ethylene partial pressure causes an increase in
the formatien of l-propancl and 2-butanone. This suggests that

ethylene reacts with adsorbed oxygenated species by reactions

such as
CoHg + CHpOH™ -+ C3H70H (6)
CoHy4 + CH3CHROH" + CpH5COCH3 (7)

The fact that 2-butancne is formed inétead of 1l-butanol suggests
+hat the iron-carbon bond is formed with the oxvgenated carben.
A similar phenomenon was cbserved by Pijolat and Perrichon
(i?). In their studies using a 10 wt% Fe on T-alumina in a
microreactor at 225°C and 18 bars, they observed a five-fold
increase in the formation of n-pentancl-l upon the addition of n-
butene-1 to a H3/CO (2/1) feed. They also cbserved a lesser
enhancement of n-hexanol-l and possibly n-pentanol-2Z2 and n-
hexanol-2. They proposed that the increased n-pentancl-1l
formation was caused by the insertion of CO intc the adsorbed n-
butene-1, followed by hydrogenation. To support their
hypotheéis, they noted an earlier study of theirs (18) wherein
they used I.R. spectroscopy to reveal the presence of non-dis-

sociated CO on the metallic iron sites of their Fe/Al,0; catalyst
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after reaction at 14 bars and 300°C.

The existence of oxygen-containing species on ‘the catalyst
surface has been hypothesized since 1931, when Andérson {19)
proposed a mechanism based on an enolic intermediate:

H\C/OH

™M
However, as later pointed out by Anderson (20), since the mid-

1950's no substantial evidence has been repertad that supports
the enolic intermediate scheme for the Fischer-Tropsch synthesis.
In fact, in an encompassing review by Biloen (21), strong
arguments are presented in support of a mechanism based on a
hydrogenated carbon intermediate.

= * -*
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Figure Captions

Figure 1 Ethanol addition has no effect on Flory
distribution except for methane. Data normalized
excluding C, fraction. Total pressure = 0.92 MPa.

Figure 2 Ethylene addition decreases methane selectivity.

Figure 3 Ethvlene addition increases oclefin/paraffin ratio.
Legend . shown on Figure 2.

Figure 4 Ethylene addition has no significant effect on Flory
distribution except for methane. Data normzlized
excluding C; fraction. Total pressure = 0.52 - 0.98
MPa, 248°C, high CO conversions.

Figure 5 The effect of ethylene on formation of propane plus
propene. Total pressure = 0.78 - 1.58 MPa. Legend
shown on Figure 2.

Figure 6 Ethylene increases l-propancl selectivity. Total

pressure = 0.78 - 1.58 MPa. Legend shown on Figure

2‘

Figure 7 The effect of l-butene on formation of Cg hydro-.

carbons. Oxygenates excluded. Total pressure =
0.78 - 1.58 ;vIPa.' Legend shcwn on Figure 2. W
points correspond to pog = 0.46 - 0.49 MPa and
Pror = 1-48 MPa.
Figure 8 1-Butene addition slightly increases Cg+ fraction.
Overlapping points at C; and C3. Data normalized
excluding Cy fraétion. Total pressure = 0.92 - 0.95

MPa.



Figure 9

Figure 10

Figure 11

-26=

l-Hexene addition increases C+ fraction. Overlap-
ping points a£ each of C;-Cg. High CO conversicns.
Data normalized excluding Cg fraction. Total
pressure = 0.92 MPa.

l-Decene addition slightly increases Cyji+ fraction.
Overlapping points at Cp and Cjp3. Data normalized
excluding Cig fraction. Total pressure = 0.92 MPa.
1-Eicosene addition moderately increases Cpi+
fraction. Data normalized excluding Cpq fraction.

Total pressure = 0.92 MPa.



Table I - Ccmpcunds Studied

Compound

Description

Ethanol

Ethylene

1-Butene

l1-Hexene
l1-Decene

l-Eicosene

-

200 proof (U.S. Industrial Chemicals)

2 sets of premixed tanks (Matheson),
0.92 H2/CO. 1.6 or 8.6 mols ethylene

2 sets of premixed tanks (Matheson),
0.92 H2/CO, 0.99 or 4.9 mol% l-butene

99.9% (Aldrich)
99% (Alfa Products)

98.5% (Wiley Organics)
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Tahle 3 ~ Selectivity results from ethanol feed addition experimonts
{248°C, 0.52 MMA, ©0,90-0.54 Bzft.'a].

CO Conversion = BB — 93% CO Conversion = 40-42%

Py _» kPa 2598 320 307 280 299 407 395

2
Poo? kFa 97 o3 90 &7 ae 367 345
Peg_ kPa 3ss 353 313 402 342 110 113

2
Py_oe kPa 26 36 55 a5 34 12 9

2
PEzOH* kPa 2 as LY | 2 46 1 33
Vol. % ExDH -_— 3.} 6.4 — 4.0 ) - 2.9
in Feed .
Conversion
of EtOH in
Feed (1) -— 29 kY] — 28 — 1.0

Moles Product per Mole CO Consumed (x 100}
Methane 5.5 3.7 3.5 5.0 4.2 3.1 2.6
Ethylense 0.37 0.78 l.00 D.6 1.5 0.97 1.08
Ethone 2.0 1.5 1.2 1.9 1.3 0.54 0.42 .
Ethylene = 2.4 2.2 2.3 2.5 2.8 1.5 1.5
Ethane
Propylane + 2.6 2.3 2.3 2.7 2,8 1.4 1.3
Propane
Ethanal 0.01 0.18 0.35 0.01 0.10 Q.04 0.36
[Acetaldehyde)
Ethylacetate 6.00 0.1'35 0.30 D.DU 0.28 g.00 0.0z
Propanzl + 0.03 0.17 0.25 c.08 0.28 .03 0.11
Propsnone
co, 46.9 46.8 46.4 47.1 49.3 45.1 44.4
Olefin/ .
Paraffin C, 0.18 0.52 0.77 0,33 1.15 1.8 2.5
Cy 1.9 4.0 4.7 3.4 6.7 4.6 4.8
Cy 2,6 4.0 4.6 3.7 6.0 4.0 4.2

e-Dlefin/
B-Olefin 54 1.7 5.3 8.0 2.8 13.4 17.0 28.0

Cg 1.7 5.7 8.0 2.7 12.9 20.0 35.0



Takle 4 - Molar guantities of C20 compounds before

and after l-eicosene addition to the reactora.

Moles x 103 Initial Imrmediately After B hours
atter of
Addition Synthesis
"I Ficosene 0.15 13.89 3,35
n~-Eicosane +
2-cis-Eicosene 2.48 3.04 12.93
TOTAL - 2.63 | 16,93 16.28
L L [PE—

8>48°C, 0.92 MPa, X 0.92.

=
co
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