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Abstract

The effects of addition during synthesis of Ca, C4, Cgr Cig
or Cpg, mormal l-olefins, was studied in a continuous well-
stirred liguid phase reactor. Studies were at 248°C and £.78 to
1.48 MPa, using a reduced fused magnetite catalyst containing
potassium. Incorporation of these olefins into growing chains
could be detected, but was relatively minor. Instead the olefin
was hydrogenated to the corresponding paraffin or isomerized to
the 2-olefin. Excluding ethylene, which is unusually reactive,
the reactivity of the 61efins increased with molecular weight.

Disappearance of all added species was much less at low
synthesis conversions than at high, attributed}to competitive
'adsorption.with CO. The reactions of added ethanol were also
studied. Ethanol or ethylene decreased the hydrogenation
capabilities of the catalyst as reflected in decreased formation
of CH4 and increased olefin/paraffin ratio of the products.

Neither addition affected the chain growth probability, &.




Introduction

In the Fischer-Tropsch synthesis on an iron catalyst, in
addition to paraffins, l-olefins and l-alcohols are significant
primary products. Once formed, these latter species can undergo
secondary reactions such as hydrogenation and.isomerization.
There is also evidence that they may become incorporated into
growing chains, but the extent to which this occurs seems to vary
greatly with reaction conditions, reactant concentrations and
catalyst composition, especially the presence or absence of
potassium.

It is now well documented that the products from a variety
of iron catalysts generally exhibit two chain growth
probabilities, the dominating probability distribution changing
at about Cjgl. A plausible explanation is that two kinds of
sites are present on the catalyst, but it has also been suggested
that the effect instead may be caused by secondary incoréoration
of olefins into growing chains. Such incorporation is
hypothesized to be much greater for higher molecular weight
olefins, because of their reduced volatility and longer reactor
residence time. The fact that the change in the dominating
distribution occurs at about Cjg lends some plausibility to the
suggestion. We will show however that we could not'adduce any
substantial evidence for this hypothesis.

As a test, ethanol, ethylene, l-butene, l-hexene, l-decene
or l-eicosene (CogHag) were added to the synthesis gas feedstream
or directly to the reactor under representative Fischexr-Tropsch

syathesis conditions. In the primary synthesis ethanol is the
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dominant alcohol and C; species appear to be unusually reactive.
Studies with other olefins were made it to see if significant
differences might be encountered along éhe homologous series.
Comparison'of additive conversions at high and low syngas
conversions showed that major competitive adsorption effects

between CO and olefins occurred.

Experimental Apparatus and Materials

. The eiperiments were conducted using a l-liter, well-mixed,
continuous flow, slurry phase reactor.. In such a system exit
concentrations are truly representative of the uniform conditions
within the reactor. The experimental apparatus and materials
were as described preyiously2r3, except that liguid additives
were introduced with a liquid pump. The catalyst was a fused
magnetite (United Catalysts, C-73-1) sold for use in ammonia
synthesis. Its analysis was 64.4 wt% Fe, 0.76 wt$ Al, and 8.31
wt% K (Galbraith Labs). For each run, about 7@ grams of crushed
catalyst (278-325 mesh) were reduced in a separate vessel and
then slurriedvin the reactor with about 426 grams of purified n;
octacosane. The behaviour of the same fused magnetite catalySt
under a variety of conditions has also been
describedlv4. The additives used in this study are listed in
Table 1. |

Experimental Procedure

In general, experiments without and with each compound
listed in Table 1 were conducted at 248°C, pressures of §.78 to
1.5 MPa, high and low CO conversions, and with high and low

concentrations of the additive in the feed. CO conversion was
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varied by changing the f£low rate of synthesis gas to the reactor.

Three lengthy sets of runs were made., For each xun, at
least 44 hours were first allowed to elapse after th; freshly
reduced catalyst was brought on-stream to insure that 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 continuously for
some 4 to 16 hours after which steady state was essentially
achieved and a material balance was then obtained over a 6 to 7
hour period. The same additive at a different concentration or
another additive was then introduced and the same 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 order of experiments
was randomized both with respect to reactor conditionsband the
nature of the additive.

Ethylene and l-butene were introduced by using tanks of
premixed gases. Ethanol, l-hexene and l-decene were fed as
liquids by a liquid pump. For l-eicosene the reactor was taken
off stream after 58 hours of synthesis and a gquantity of melted
l-eicosene was directly injected into the reactor under inert gas
pressure., The reactor was then put back on stream and a sample
of the reactor wax was taken shortly thereafter and again 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



l

?

=5=

1.48 MPa. The subseguent 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 188 kPa for the highest concentration of
ethylene or about 40 kPa for the highest concentration of l-
butene. Because cf ph&sical limitations of the pump, the highest
operating pressure when a liquid was fed was 6.92 MPa. The
operating pressure for the l-eicosene aadition was also §8.92 MPa;
For direct comparison each adaitiQe was studied at least in part
at the same set of synthesis conditions (248°C, 6.92 MPa, high CO
conversion). ' . .
RESULTS AND DISCUSSION

The experimental conditions for all studies are summarized
in Table 2, including CO and Hj conversions and the partial
pressures of the feed additive in the exit gas of the reactor.
In all cases the addition of the selected olefin or eéhanol
significantly increased the partial pressure of the additive in

the reactor above that which existed during normal Fischer-

‘Tropsch synthesis.

Results - Ethanol

The addition of ethanol to the feed did not significantly
affect the CO or Hz conversions at low CO conversions (48-42%)
(Table 2). At high CO conversions (88-93%), the ethanol addition
resulted in a slight decrease in By conversion but bad no
significant effect on CO couversioa.

Shown in Table 3 .are the pertinent selectivity results. At
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both high and low CO conversions, the increased partial pressure
of ethanol in the reactor caused a decrease in methane
selectivity, and an increase in the olefin/paraffin and c¢-olefin/
B —olefin ratios. The latter two ratios were more affected by
ethanol at high CO conversions. The ethylene concentration in
the exit gas significantly increased upon ethanol addition,
aspecially 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, (propanal and propanéne) 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 quantitatively into propanal and propanone,
but careful analysis of the sampies containing the C3 oxygenates
revealed that an increase in the overall C3 oxygenate selectivity
was caused by an increase in propancne.

The conversion of the ethanol in the feed was calculated by
first subtracting the flowrate of ethanol leaving the reactor for
the experiments with no feed addition (base case) from the
flowrate of ethanol leaving the reactor for the feed addition

axperiments conducted at the same conditions. From the ethancl
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flowrate fed to the reactor, the conversion was 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 cohvezsion, the conversion of the ethanol in the feed was
less than 1l%. -

About one-half of the calculated.ﬁonversion of ethanol at
high CO conversion could not be accounted for by the increased
seleétivities of the aforementioned oxygenated épecies. In our
experimental system *he liquid ethanol was pumped into a
vaporizer, then into the reactor, and wés finally condensed in a
trap from the reaétor effluent. The lack of closure on the
ethanol material balance was caused by the difficulty of
determining the difference between the volume of ethanol pumped
and vapeorized into the reactor and the volume trapped out,
espécially when the volumes wexre small, as they were at high CO
conversion (low reactant flowrate). This difficulty affected.
only the ethanol conversion results for the high CO conversion
experiments; it did not affect the selectivity results since
these Qere bésed on relative efflueﬁt gas flowrates. 'This same
difficulty occurred with the l-olefins fed as liquids, l-hexene
and l-decene; however, the material balance closures for these
cases were considerably better. ‘

The effect of éthanol addition at a high éo conversion on
the C3-Cy product distribution is shown in Figure 1. This is
normalized excluding the Cz f:actibn. Notably, the methane
selectivity dropped but the chain growth probability as

characterized by o was not significantly affected. Because of
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the normalization procedure, the amounts of Cj and C3-Cy must add
up to unity. The results presented in Fig. 1 do not mean that
more C3-C7 is produced with higher ethanol addition. Ethanol
addition had .no significant effect on the amount cf CO; formed
per mol of CO consumed, i.e., it did not affect the water gas
shift. Similar normalization procedures were used in aill the
other Flory plots, except for Fig. 11, discussed later.

Discussion - Ethanol

2dded ethanol did not significantly affect the conversion of
CO, suggesting either weak adsorption of the ethamol 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 In
that study, synthesis gas (H/CO = 1) containing 14C labelled
ethanoi (1.5 vol3) was passed over a reduced, singly-promoted
iron catalyst (8.64% Al503 and 2.006% 2r0g) at 239°C and @.1 MPa,
and over a reduced, doubly-promoted iron catalyst containing
potassium (4.63% MgO, 0.6% K30, 6.6% SiOp, and 6.6% Crz03) at 241-
275 C and g.1-2.18 Héa. For both catalysts the ethanol addition
did not retard the synthesis.

In an earlier and similar study by Kummer et al.§, when
synthesis gas (H3/CO = 1) was passed over a reduced, singly
promoted iron catalyst (1.55% Al;03 and §.58% 2r0y) at about
230 C and @.1 MPa, the addition of 14C labelled ethanol (1.6
vol%) reportedly retarded the synthesis. However, catalytic
activity was characterized indizectly by gas contraction, rather

than CO -'conversion. The constant CO conversion and decreased H3z




copversion upon ethanol addition observed here, of couzxse
corresponds to decreased overall contraction.

The added ethanol decreased the hydrogenating
characteristics of the catalyst, as reflected in the decrease in
methane selectivity and the increase in Cy-Cy4 olefin/paraffin
ratios. Both of these trends could be caused by the inhibition
of Hz adsorption by ethanol, although no supportive evidence was
found for this. The increase in olefin-paraffin ratios also
suggests that the ethanol was competitively adsorbing with thé o-
olefins for active sites, thus inhibiting the secondary\reactioﬁs
of the a-olefins. This is supported by the observation that the
a-olefin/B~olefin ratios also increased with increasing ethanol
partial pressure. Kummer et al.b also noted this decrease in the
hydrogenating -activity of the caéalyét with added ethanol as
evidenced by the increase in the C3, C3, and C4 olefin/paraffin
ratios.

The decrease in methane selectivity cannot be attributed to
the reaction of adsorbed ethanol with adsorbed methane precursors
such as CH3*. Such a reaction should result in a significantly
increased seléctivity to form C3 species, but this was not found.
The increased selectivity to form propanone was not nearly enough
to account for the missing CH4. The increase in the Cj
olefin/paraffin ratio is not the result of an increased formation
of ethylene caused by ethanol dehydration, since then the total
Cz hydrocarbon selectivity, ethylene plus ethane, would increase
with added ethanol. Once again, this was ﬁot observed.

It is noteworthy that while added ethanol decreased the
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hydrogenating capéhility of the catalyst, it did soc without
affecting @, the chain growth probability. Such a phenomenon was
also observed in other studies in this laboratory7 in which water
was added to the system. These results suggest that the
mechanism governing CHy formation is not the same as that
governing the Fischer-Tropsch synthesis.

All of the above effects were more dominant at the higher CO
conversions. At the correspondingly lower CO partial pressures,
more sites are presumably available for the ethanol to adsorb and
interact with the ongoing synthesis.

Ethancl did not sigmnificantly incorporate into growing
hydrocarbon chains to form higher hydrocarbons, as evidenced by
the lack of increase in the C3 hydrocarbon (i.e., propane plus
propylene) seiectivity with added ethanol. In contrast, irn the
study of RKummer et al.® about 35% of tﬁe labelled ethanol added
was incorporated and the resulting hydrocarbon products (up to
C1g) bad approximately a constant radiocactivity per mole,
suggesting that ethanol could act as ; chain initiator. However
these studies were at atmospheric pressure. Kokes et al.>
extended the work of Rummer et al. by conducting l4C tracer
experiments with a doubly-promoted catalyst at varying pressure
and temperatures (239-275°C). The percent incorpoxation of the
ethanol was not a function of temperature or contraction, but
fell from 18% to 7% to 2.2% as the pressure was increased from
6.1 to 6.75 to 2.1 MPa. They also concluded by camparison'to
RKummexr et al.'s results that less incorporation occurred over a

doubly-promoted catalyst containing potassium (MgO, K20) than
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over a singly-promoted catalyst without potassium (ThO3).

The lack of evidence for significant ethanol incorporaticn
in the present study is consistent with the conclusions of Kokes
et al. since.the experiments here'were at relatively high
pressures (0.92 MPa) over a triply-promoted catalyst containing
potassium (Al303, K20, Ca0). A small degree of incorporation
could not have been detected with the analytical techniques
employed here.

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

ethanol, as shown below:

~

CH3CH,0H = CH3-</B + Ha S (1)
B |

CH3-E-0-H + ca3-cl$ cx-13- \c-cn3 + Hp  (2)
:IE \E \ '

The observed increase in selectivity to form propanone (acetone)
with an increase in ethanol partial pressure suggesfs that the
ethanol is possibly reacting with some surface methylene species.

The fact that propanone was formed instead of l-propanol further

'suggests that the ethanol is bonded to the catalyst surface at

the oxygenated carbon.

In a very recent paper, published after the present studies

were completed, Tau et al.8 zeport on the oxygenates formed from
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ethanol added during the Fischer-Tropsch synthesis on a Fe/silica
catalyst. As here, acetaldehyde and ethyl acetate were principal
oxygenated products. Propanal and propanone were not reported. -
They also reported an increase in the -quantities of methanol, 1=
propanol and l-butanol formed, but we did not look for this.
Several factors might cause considerable differences between
their results and ours., The presence or absence of potassium in
the catalyst can have major effects, as shown in the series of
early papers by Emmett and co-workers. Degree of conversion or
reactor gas compositions were not reported by Tau et al, but we
find this is an important variable. Further they noted that
their silica support itself was catalytically active and was
probably responsible for the formation of acetals that they
found, but we did not. ’

Results - Olefins

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 methzne 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 C3
and C4 olefin/paraffin ratios (Figure 3). Although not shown,
the a -olefin/g-olefin ratios alsoc increased with ethylene partial

Pressure, but only slightly.
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The effect of ethylene on the Fischexr-Tropsch product.
distribution at 91-93% CO conversion is shown in Figure 4. The
C1~-C7 product distribution is normalized without the Cz fraction.
The decreased methane selectivity at high ethylene partial
pressure is clearly evident, but notably there was no effect of
ethylene concentiation on g.

The conversion of the ethylene in the feed was calculated
from an overall material balance. The rate of formation of a
compound resulting from the reaction of ethylene was estimated by
subtracting the base case rate of formation of that compound from
the rate of formation of that compound during the feed addition
expe;iments. .

At high CO conversions (86 to 94%) the conversion of the
ethylene in the feed was between 56 and 86%, while at low CO
conversions (27 to 29%) it was betweén 8 and 11%. At low CO
converéions, essentially all of the ethylene in the feed that was
consumed, formed ethane. At high CO conversions, between 78 and
8d% of the ethylene consumed forﬁed ethane. Presumably then, for
these latter conditions, between 2¢ and 36% of the consumed
éthylene, or about 15% of the ethylene fed to the reactor, was
incorporated into the growing hydrocarbon chains on the catalyst
surface to form heavier h&drocarbon products. This is supported
by Figure 5, which plots the selectivity_to form C3 hydrocarbons

(i.e., propane and propylene) as a function of efhylene partial
pressure in the rgacto:. Under otherwise similar conditions,
with increasing ethylene partial pressure in the reactor there is

an increase in the formation of heavier hydrocarbons. This
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effect is most pronounced at high CO conversions.

some previous studies, although fragmentary, showed effects
in the same direction found here. Snel and Espinoza? working at
278°C and 2.9 MPa with an iron-calcium catalyst containing about
3 atomic % C reported addition of 1fF mole % ethylene to syngas
(H2/CO = §.5) to depress methane formation, to increase formation
of higher hydrocarbons, and to increase the olefin content of
products formed. Molina et al.lo working with a 16% Fe/Al303
catalyst at atmospheric pressure and 250°C were primarily
concerned with studying the effect of introduction of CO into a
Hp-CoHy mixture. However, they likewise reported that the
presence of CHy in a H3/CO reaction mixture enhanced C3 products
and reduced methane formation.

With increasing ethylene partial pressure in the reactor the
selectivity to form l-propanol increased, as shown ia Figure 6,
although the concentrations were small relative to the total Cj3
hydrocarbons. This doces not appear to be dependent on the CO
partial pressure. There was also an increasing selectivity to
form 2-butanone. For example, for PC2H4 = 5.1 kpa, the ratio of
2-butanone production to CO consumption was 9.3 X 19-6, while for
Pcohy = 68 kPa, 1ae ratio was 6.3 x 18-4.
l-Butene

The addition of l-butene to the syngas feedstream did not
significantly affect the CO or the Hp conversions, methane
selectivity, olefin/paraffin ratio or the a-olefin/f-olefin
ratios. No significant changes in the C3 hydrocarbon selectivity

or in C4 skeletal isomerization selectivity were observed. At
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the low CO conéersions, the l-butene conversions were very small
({1%). At the high CO conversions, the conversion of the 1-
butene was between 26 and 57%, and of the l-butene reacted abcut
643 formed 2-butene, and 36% n-butane. The remainingilﬂ% may have
been converted to some exient to higher hydrocarbons, as
indicated by Figures 7 and 8. 1In 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, at high CO conversion and for low and high l-butene
partial pressures. There appears to be a slight increase in the
selectivity to form C5-C7 products relative to the C3-C3 products
with an increased l-butene partial pressure. However, there is
no change in <. A '
1-Hexene

The addition of l-hexene with varying CO conversions did not
significantly affect the CO ox the Hjy conversions, methane
selectivity, olefin/paraffin 6: a¢-olefin/B-olefin ratios. Only a
slight inczeése was observed in selectivity to the Cg skeletal
isomer. n-Hexane and 2-hexene were formed in essentially equal
amounts at both high and low CO conversions. At a CO conversion

oFf 26% only about 15% of the l-hexene reacﬁed and there was no

change in the selectivity to form Cy-C3;g products relative to Cj3-

Cs products.
At a CO conversion of 90% (.92 MPa), about 78% of the 1-

hexene in the feed reacted, and there seemed to be an increase in
the C7-Cjg products. This is shown in Figure 9, a Flory plot of

T3-C3g products excluding Cg for three experiments, two with 1-
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hexene feed addition and one without. 75% of the l-hexene that
disappeared formed hexane or the f8-olefin. 25% was unaccounted
for. Although the results in Figure 9 would seem to indicate
considerable’ incorporation of hexene into growing chains, we are
dubious about the reliability of these results. In our
analytical system the Cg-Cjg products are distributed between a
liquid phase in a trap and a gas phase, the analytical results of
which are combined. During l-hexene additiocn the C7-Cj3g products
are present in relatively small concentrations in the liquid
compared to Cg, which also reduces the accuracy with which they
could be determined. We are inclined to believe that some
enhanced formation of C7-Cjg was a real effect, but that the

change in slope with increased hexene content may well have been

an artifact.
l-Decene

As with l-butene and l-hexene, the addition of l-decene to
the feed stream at high CO conversion did not significantly
affect the Hs or CO conversions, methane selectivity, the
olefin/paraffin ratio, the a-olefin/B-olefin ratio, or the Cy
hydrocarbon selectivity. The selectivity to form Cig skeletal
isomers, (paraffin plus olefin) defined as the ratio of the rate
of Cjg-isomer production to the rate of CO consumption was very
low, but did increase from 3.7 x 1¢6~4 to 26.4 x 19-4.

The conversion of the l-decene in the feed was about 80%.
Of this, 24% formed n-decane, 43% formed 2-decene, 10% formed
Cig-isomer, and the remaining 23% was unaccounted for, the reason

for which was most likely the same as that for the ETOH and
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l-hexene additions. Shown in Figure 18 are Flory plots for the
results with and without l-decene in‘the feed. The selectivity
to form Cjg* products increased slightly upon the addition of 1l-
decene to the feed. The partial pressure.of the added decene was
much less than that of the lower olefins added; more evidence of
chain incorporation might have appeared at higher concentrations.
l-Eicosene

A sample of l-eicosene was melted and injected into the
reactor after 50 hours of synthesis, and the synthesis wés then
continued for an additional 8 hours. The amount of Cog compounds
vaporized from the reactor was negligible. The reactor coniznts
were sampled and analyzed shortly after the l-eicosene addition
and again 8 hours later.

The l-eicosene concentration was increas;d markedly by the
addition, from 9.15 x 16-3 to 13.89 x 18-3 moles. The
predominating reaction was hydrogenatiop; olefin isomerization was
negligible. Table 4 lists the Cpg compositions in the reactor
before, shortly after, and 8 hours after the addition of 1~
eicosene.

After 8 hours of synthesis, the number of moles of 1-
eicosene had decreased significantly (76% conversion) while the
moles of n~eicosane increased by an almost proportional amount;
the total numbex 6f moles of the 3 compounds decreased from 16.9
x 16-3 to 16.3 x 16~3 after 8 hours of synthesis.

A slight degree of incorporation did occur, as shéwn in
Figure 11, where the absolute numbers of Cj7-Cps moles -in the
reactor wax, excluding l—éicosene, are shown on a Flory plot for

the sémples taken initially and after 8 hours of synthesis. The
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C17-C19 guantities remained essentially constant, while the C31-

C25 molar quantities increased slightly. These individual high
molecular species are present in low amounts and their
concentrations cannot be determined with high accuzracy. Also,
some incorporation might have occurred b2fore the first post-
addition sample was taken.

Discussion - QOlefins

An overview of the fate of added normal l-olefins is
presented in Table 5, which summarizes the results of seven
representative experiments. The first four listed were conducted
at high CO conversion (low pgg), while the final three were
conducted at low CO conversion (high pgg)-.

Table 5 gives the estimated percent conversion of the olefin
in the feed and the percent of the olefin added that was
converted to paraffin, to g-olefin, to skeletal isomers, to
incorporation products, and to that which was unaccounted for.
The incorporation products are taken to be the increase in
hydrocarbons that contain 1 carbon atom more than the olefin
additive. The amount of feed unaccounted for is the difference
between the total amount converted and the amount converted that
can be attributed to the four categories of products listed
above.

The conversions to paraffins and g-olefins are consistently
higher at the lower values of pgo for each olefin studied. This
finding supports the finding of Sudheimer and Gaubell that the
hydrogenation and isomerization reaction rates of l-hexene and 1-
decene during Fischer-Tropsch synthesis over a precipitated iron
catalyst containing potassium were inversely proportional to Pco-
In other Fischer-Tropsch studies in our laboratories we also find
significant changes in product distribution at high CO

conversionsl2, The effect of CO conversion on the genexral
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reaction network of Fischer-Tropsch synthesis'can be an important
variable, to which little attention has been paid. It is
difficult to isolate this effect in plug-flow reactors, the type
usually used-for Fischer-Tropsch studies, but the well-mixed
continuous flow reactor, as used in our studies, is particularly
suitable for these kinds of studies.

Ethylene is cleérly more reactive thaq 1-butene. Schulz et
al.l3 added ethylene and propylene to the Fischer-Tropsch
synthesis feedstreém utilizing a precipitated alkalized iron

.catalyst at 226°C and 2.8 MPa. 76% of the ethjlene was consumed
as campared to 44% of the propylgge. In an earlier, brief

48°C
studyl4 on this same catalyst at and 1.5 MPa we observed

that while from 18% to 32% of the chylene added to the Fischer-
Tropsch synthesis feedstream was hydrogenated to ethane, less
than 0.5% of the added l~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. n-Olefin
reactivities estimated as a first order process, decrease in the
following orders l—decene;> l-hexene R ethylene > l-butene. Fox
olefin hydrogenation the order of decreasing activity is ethyleﬂé:>
1-decene> l-hexene> 1-butene. For- a+B-olefin isomerization
activity the order .is l-decene > l-hexene > l-butene. In genezal
the reactivity of the primary olefins increases with increasing
molecular weight, the exception being ethylene. This probably

reflects that fact that, other factors being egual, the degree of

adsorptivity increases with molecular weight.
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For present reaction conditioms, at low values of pgg the
quantity of olefins hydrogenated is somewhat less than the
quantity isomerized. At the higher values of pgg, the quantities
are about egual.

Skeleta; isomerization of all added olefins was small
relative to o+B isomerization and hydzrogenation. No detectable
amount of any of the olefins was cracked, as measured by the rate
of formation of hydrocarbons containing one carbon atom less than
the added olefin. Absence of cracking reactions was also
observed in other studies. As discussed by Dryl5,

Rolbel et a2l.l® found that hydrocracking over an Fe catalyst
accounted for less than 3 percent of the CHy produced at
temperatures up to 573°K, and Forney et a1.1l7 reported that with
iron catalysts the oil they studied was not cracked until
temperatures were in excess of 573 %K. Wel4 found no evidence for
the skeletal isomerization of l-butene nor for the cracking of
ethylene or l-butene. Likewise, Dwyer and Somorjail® did not
£find cracking of ethylene or propylenme to occur.

Hall et al.l® concludéd that hydrocracking of ethylene is
unimportant, and Schulz et al.l3 reported that less than 1% of
the added ethylene or propylene cracked under the conditions of
their study.

Although olefin incorporation under our conditions was minor
relative to hydrogenation and o+8 isomerization, it clearly could
be detected. With added ethylene, the selectivity to form C3
hydrocarbons increased with increasing PCoH,? {Figure 5) and with

added butene the selectivity to form Cg5 hydrocarbons increased
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with increasing pc,ug {Figure 6). Likewise, with l~hexene, the
selectivity to form hydrocarbons containing more than 1
additional carbon atom above the number of carbon atoms in the
olefin also increased (Figure 8). Similar results from l-decene
and eicosene are shown in Figures 1¢ and 1ll. All tﬁese results
squest then that the primary olefin can act as a chain initiator
or that it could dizectly react as a chain terminator with
surface species larger than methylene.

as far as ethylene is concerned, Fig. 4 suggests that
ethylene initiates chains, since added ethylene did not
significantly affect the Cj—C7 chain growth probability. However
Schulz et al.l2 reported that ethylene terminated chains since
upon addition of ethylene-l4C to synthesis gas, the molar radio-
activity of the C3 and higher reaction products decraased rapidly
with the C number. Dwyer and Somorjai18 reported that the chain
growth probability increased with the addition of ethylene to the
feed stream and concluded that ethylene participates in chain
propagation. However, the results may have been ﬁagnified by a
combination of low conversion (xcg < 1%), lack of alkali promoter
in the catalyst, unsteady-state activity and catalyst phase
composition in their experimentsl3,

aAn increase in the partial pressure of ethylene is seen to
decrease methane selectivity (Figure 2) and increase the C3 and
C4 olefin/paraffin ratios (Figure 3). With increasing ethylene
concentration there is an associated decrease in the
hydrogenating character of the catalyst. Dwyer and SOmorjail?

also observed a slight inhibition of methanation at high ethylene
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partial pressures. No significant effects of l-butene, l-hexene,
and l-decene on the above product distribution characteristics
were observed in our work.

It is noteworthy that with all the olefins the CO conversion
remains essentially constant with increased olef‘n partial
pressure. This suggests that 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
CQO concentrations, corresponding to high conversions.

Increased ethylene partial pressure causes an increase in
the formation of l-propanol and 2-butanone. The first could be
formed by reaction of ethylene with an adsorbed oxygenate or
possibly by CO insertion. The fact that 2-butanone is formed
instead of l-butancl suggests that the iron-carbon bond is formed
with the oxygenated carbon.

A similar phenomeﬁon was observed by Pijolat and
Perrichonzo. In their studies using a 10 wt% Fe on T-alumina in
2 microreactor at 225°C and 1.8 MPa, they observed a five-£fold
increase in the formation of n-pentanol-l upon the addition of n-
butene-1l to a H3/CO (2/1) feed. They also observed a lesser
enhancement of n-hexanol-l and possibly n-pentanol-2 and n-
hexanol-2. They proposed that the increased n-pentanol-l
formation was caused by the insertion of CO into the adsorbed n-
butene-1, followed by hydrogenation. To support their
hypothesis, they noted_an earlier study of theirs?l wherein they

used I.R. spectroscopy to reveal the prasence of non-dis-

sociated CO on the metallic iron sites of their FPe/Al03 catalyst
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after reaction at 14 bars and 386°C.

Summary and Conclusions

The existence of two Flory-Schulz product distributions from
Fischer-Tropsch synthesis on a variety of iron catalysts @s now
well documented. It has been suggested that the effect is
associated with reduced volatiiity and longer reactor residence
time of higher molecular weight intermediates, especially
l-clefins, that become incorporated into growing chains.

However, we could find no evidence to support this hypothesis. .
Under a set of conditions in which the double distribution has
been clearly shown to occur, we observed only a very slight
degree of cha1n 1ncozporatxon upon additions of various l-olefins
or ethanol in major amounts.

Instead, the principal reactions of the added l-olefin were
hydrogenation to the corresponding paiaffin and isomerization to
the correpsonding 2-olefin. The reactivity of the additive was
harkedly enhanced at high CO conversions (low CO partial pressure),
attributed to a decrease in competitive adsorption by CO. By
extension and from other studies in our laboratories, we conclude

_that the reaction networik in the Fischer-Tropsch synthesis may be
markedly affected by CO conversion. This variable has received
little attention in the past, probably because it is difficult to
isolate its effect by studies in a plug-flow (fixed bed)
reactor. A continuous flow stirred tank reactor (CSTR), as used

here, is particularly well suited to study effects of this sort.
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Figure Captions

Ethanol addition has no effect on Flory

distribution except for methane. Data normalized

excluding Cy fraction. Total pressure = §.92 MPa,

248°C.

Ethylene addition decreaées methane selectivity.
Ethylene addition increases olefin/paraffin ratio.
Legend shown on Figure 2.

Ethylene addition has no significant effect on flory
distribution except for methane. Déta normalized
excluding Co fraction. Total pressure = §.92 - §.98
MPa, 248°C, high CO conversions.

The effect of ethylene on formation of propane plus
propene. Total pressure = §.78 - 1.58 MPa. Legend
shown on Figure 2.

Ethylene increases l-propanocl selectivity.- Total
pressure = .78 - 1.58 MPa. Legend shown on Figure
2. '

The effect of l-butene on formation of Cg bydro-
carbons. Oxygenates excluded. Total pressure =
5.78 - 1.58 Mpa. Legend shown on Figure 2. M
points corzespond to pgo = #.46 - .49 MPa and
total pressure = }1.48 MPa.

1-Butene addition slightly increases Cg+ fraction.
Overlapping points aﬁ C2 and cg. Data normalized
excluding C4 fraction. fTotal pressure = $.92 - #.95

MPa.




Figure 9

Figure 18

Figure 11l
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l-Hexene addition increases Cy+ fraction. Overlap-
ping points at each of Cj-Cs. High CO conversions.
Data normalized excluding Cg fraction. Total
pressure = .92 MPa. See text for discussion.
l-Decene addition slightly increases Cjj+ fraction.
Overlapping points at C; and Cj3. Data normalized
excluding Cjg fraction. Total pressure = §.92 MPa.
l-Eicosene addition moderately increases Cpi+
fraction. Data normalized excluding Czg fraction.

Total pressure = §.92 MPa.
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Table I - Ccmpounds Studied

Compound
Ethanol

Ethylene
1-Butene

l-Hexene
l-Decene

l=Eicosene

Description

200 proof (U.S. Industrial Chemicals)

2 sets of premixed tanks (Matheson),
0.92 Hz/co, 1.6 or 8.6 mols ethylene

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

99.9% (Aldrich)

99% (Alfa Products)

98,.5% (Wiley Organics)
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Table 3 -~

Selectivity results from ethanol feed addition experiments
(248°C, 0.92 MPA, 0.90-0.94'32/CO).

CO Conversion = B8 - 93%

310

93

353

36

35

3.1

307
90
313

59

58

6.4

280

67

402

35

299

86

342

34

46

4.0

CO Conversion = 40-42%

407

367

110

12

Moles Product per Mole CO Consumed (x 100)

P kPa 298

Py 2’

pto,kPa 97

Pco.» kPa 385

2
Py o° kPa 26
2

Peeon® K2 2

Vol. % EtOH -

in Feed

Methane 5.5

Ethylene 0.37

Ethane 2.0

Ethylene + 2.4

Ethane

Propylene + 2.6

Propane

Ethanal 0.01

(Acetalidehyde)

Ethylacetate 0.00

Propanal + 0.03

Propanone

Cﬂz 46.9

Olefin/ .

Paraffin C2 0.19
Cy 1.9
C4 2.6

a~Olefin/ )

g-Clefin C, 1.7
Cs L.7

3.7
0.78

- 1.5

2.2
2.3
0.18

0.17
0.17

46.8

0.52
4.0
4.0

5.3
5.7

3.5
i.00
1.3
2.3

0.30
0.25

46.4

0.77
4..7
4.6

5.0
0.6
1.9
2.5

2.7
0.01

0.00
0.08

47.1

0.33
3.4
3.7

2.8
2.7

4.2
1.5
1.3
2.8

2.8
0.10

¢.29
0.28

49.3

1.15
6.7
6.0

13.4
12.9

3.1
0.87
0.54
1.5

0.04

0.00
0.03

45.1

1.8
4.6
4.0

20.0

395

346

113

2.6
1.08
0.43
1.5

2.5
4.8
4.2

28.0
35.0



TABLE 4

Molar Quantities of Cog Compounds
Before and After l-Eicosene
Addition to the Reactor

Moles x 13 Initial Shortly after
"Addition

l-Eicosene g.15 _ 13.9

n-EBicosene 2.48 3.6

TOTAL 2.63 16.9

az48°c, 9.92 MPa, xgp = .92

Aftex 8 Hours
of Synthesis

3.4
12.9
16.3
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