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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, product or process
disclosed in +this report, or represents that its use by such

third party would not infringe privately owned rights.



Summary

The results of a detailed series of studies are reported
herewith On the effects of adding ethanol during Fischer-Tropsch
synthesis on a reduced fused magnetite catalyst at 248°C and 9.2
atm. Ethanol decreased +the hydrogenation capabilities of the
catalyst as reflected in lower CH, formation and higher olefin-
paraffin ratio of the products. The value of a (03-07 } based on
hydrocarbons was unaffected, but increased cuantities of
acetaldehyde, C, oxXygenates and ethyl acetate were found.

We found no evidence for significant ethanol incorporation
into growing chains. This is consistent with previous studies by
Kummey et al. (1951) and Kokes et al. (1957) with radioactively-
labelled ethancl. In their work, incorporation into growing
chains decreased markedly with increasing pressure and less
occurred over a doubly promoted iron c¢atalyst (MgO, Kzo) than
over a singly promoted catalyst ('I‘ho2 }. The catalyst here was

triply promoted (A1203, K,0., Ca0).
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Reactions of Ethanol Added During

- the Fischer-Tropsch Synthesis

Introduction

In the Fischer-Tropsch synthesis, in addition to paraffins,
l-olefins and l-aicohols are significant primary products. Once
formed, these latter can undergoe secondary reactions such as
hydrogenation, isomerization, and incorperation inte growing
chains. The objective of this task is to study such secondary
reactions of sélected primafy rroducts by adding the compound of
interest to the synthesis gas feedstream or directly to the
reactor under mnormal Fischer-Tropsch synthesis conditions. The
compounds to be studied are ethanol, ethylene, l-butene, l-decene
(C‘;L0 Hzo) and l-eicosene (C26H40). In the primary synthesis
ethanol is the dominant alcohol and c2 species appear to be
unusually reactive in secondary processes. The other olefins are
to be studied to see 1if any regularities are found with
increasing molecular weight of this homologous series.

Experimental Procedure

In general, experiments with and without each additive are
conducted at 248°C, pressures in the range of 7.8 to 14.8 atm, at
high and low CO conversions, and with high and low concentrations
of-thé additive in the feed. CO conversion is varied by changing
the flow rafe of synthesis gas to the reactor.

With a fresh catalyst at least 40 hours are first alloved.to
elapse to insure that steady state activity has been achieved. A

material balance is then run without additive addition for about
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& hours to establish a base case. The additive is then
introduced continuously for some 4 to 10 hours after which steady
state is essentially achieved and a material balance is £hen
obtained over a 6-7 hour period.

Results and Discussion — Ethanol

The conditions for all of the experiments are summarized in
Table 1 together with the resulting CO and I-I2 conversions and the
resulting partial pressures of the feed additive in the exit gas
of the reactor. 1In all cases the addition of ethanol
significantly increased the partial pressure of the additive in
the reactor over that which existed during normal Pischer-Tropsch
synthesis.

Results

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 oy ethanol leaving the reactor £for the feed addition
éxperiments conducted at the same conditions. Together with the
value of the ethanol flowrate into the reactor, the conversion
and rate of consumption of the ethanol in the feed could be
calculated. At high CO conversion, the averaged cenversion of
ethanol in the feed was about 30%, vwhile 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 I-I2 conversions at low CO conversions (see Table
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2). At high CO conversions, the ethanol addition did result in a
significafit decrease in H, conversion but only a sliight decrease
in CO conversicn. For example, for experiment 29,6 (= Run Fe 29,
Experiment #6) at ethanol partial pressure of 0.02 atm, Xy =
0.68 and Xeoo = 0.93, while for experiment 29,7 at ethanol parzial
pressure of 0.46 atm, xH = 0.59 and Xeag = 0.89.

Shown in Table 1 are the pertinent selectivity results from
these experiments. 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 g-olefin/g-olefin ratios. The latter two
ratios were more affected by ethanol at high CTO conversions. The
selectivity to form ethylene significantly increased, especially
at high CO conversions. However, the selectivity to form ethane
decreased by approximately an egqual amount, as reflected by ihe
essentially constant overall selectivity to form ethylene plus

ethane.

The selectivity to form C3 hydrocarbons (propane and
propene) remained essentially constant, ' but there was an
increased selectivity +to <form ethanal (acetaldehyde), Cay
oxygenates, and ethylacetate. The latter compound was positively
identified (Cambridge Analytical Associates, Inc.) using g.c.
mass spectrometer analysis and further confirmed in our
laboratories using ethylaéetate as a spike in the g.c. samples.

The Cy oxXygenates could not be accurately separated

quantitatively into propanol and propancne, but careful analysis
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of the samples containing the c3 oxygenates revealed that an
increase in the propanone selectivity was responsible for the
cbserved Mcrease in the overall c3 oxygenate selectivity. By a
material balance most of the ethanol disappearance could be
accounted for by appearance of acetaldehyde, c3 oxygenates and
ethyl acetate.

In Figure 1 is shown the effect'of ethanol addition at a
high €0 conversion on the Cy -C5 product distribution for
experiments 29,6 and 29,7. This is normalized without the C,
fraction. The methane selectivity dropped, but the chain growth
probability as characterized by o was not significantly
affected. Ethaneol addition had no significant effect on the
amount of CO, formed per mol of CO consumed, i.e., it did not
affect the water gas shift.

Discussion

Added ethanol did not significantly affect the conversion of
CO, suggesting either weak adsorption of the ethanol relative to
CO or adsorption of the ethanol.on sites other than those active
for CO adsorption. A similar 1lack of synthesis inhibition by
ethanol was also observed by Kokes et al. {1957). 1In that study,
synthesis gas (I-I2 /CO0 = 1) containing radiocactive ethanol (1.5
vol¥%). was passed over a reduced "singly promoted" iron catalyst
(0.64% A1,03 and 2.00% 2ro,) at 239°C and 1 atm, and over a
reduced "doubly promoted" iron catalyst (4.6% MgO, 0.6% Kzo, 0.6%

sioz, and 0.6% Crzo3 ) at 241-275¢C and 1-21.5 atm. For both

catalysts the ethanol addition did not retard the synthesis.

In a similar study by XKummer et al. (1851) when synthesis

—
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gas (H2 /C0 = 1) was passed over a reduced singly promoted iron
catalyst (1.55% Al,0; and 0.58% z:oz) at about 230° C and 1 atm,
the addition of radicactive ethanol (1.6 wvol%) reportedly
retarded the synthesis. However, catalytic activity was
characterized by gas contraction, rather than CO conversion.
Here, while -the CO conversion remained constant, the H,
conversion decreased upon ethanol -addition, thus decreasing the

overall contraction.

It is apparent that the added ethanol decreased the
hydrogenating characteristics of the catalyst, as reflected in
+he decrease in methane selectivity and the increase in C,-Cy
olefin/paraffin ratios. The increase in the oclefin/paraffin
ratios also suggests that the ethanol is competitively adsorbing
with the ' o-olefins for active sites, thus inhibiting the
secondary reactions of -the o-olefins. This is supported by the
observation that the op—olefin/g-olefin ratios also increased with
increasing ethanol partial pressure. Kummer et al. (1951} also

noted this decrease in the hydrogenating activity of the catalyst
.with added ethanol as evidenced by the increase in the C3, Ca and
c4 olefin/paraffin ratios.

The decrease in methane selectivity cannot be attributed to
the reaction of adsorbed ethanol with adsorbed methane
precursors. Such a reaction should result in an increased
selectivity to form c3 hydrocarbons, but this was not found. The
increase in the C, olefin/paraffin ratio is not the result of an

increased formation of ethylene due to ethanol dehydration, since

then the total C, hydrocarbon selectivity, ethylene + ethane,



.
should increase with added ethanol. once again, this was not
observed. ¥

All of the above effects were more predominant at the higher
CO0 conversions. At the correspondingly 2lower CO partial
pressures, more sites are available for the ethanol to adsorb and
interact with the ongoing synthesis.

Ethanol d&id not significantly incorporate into growing
hydrocarbon chains to form higher hydrocarbons, as evidenced by
the lack of increase in the Cqy hydrocarbon (i.e., propane +
propylene) selectivity with added ethanol. In contrast in the
study of FKummer et al. {1951) at atmospheric pressure, about 35%
of the radioactive ethanol added was incorporated and the
resulting hydrocarbon products (up to Cyg, ) had approximately a
constant radiocactivity per mole, suggesting that ethanol could
act as a chain initiator. It was further shown that the chain
jnitiation occurred preferentially at the methylene carbon atom

Kokes et al. (1957) extended the work of Kummer et al. by
radiocactive 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 from 18% to 7% to 2.2% as the pressure was
increased from 1 to 7.5 to 21 atm. They also concluded by
comparison to the results of Kummer et al. that less
incorporation occurred over a doubly promoted catalyst {MgO, KZO)
than over a singly promoted catalyst (Thoz).

The lack of evidence for significant ethanol incorporation
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in this study is consistent with the conclusions of Kokes, et al.
since the experiments here were at relatively high pressures
(9.2) over a triply promoted catalyst (Alzoa, Kzo, Cag). A small
degree of incorporation could not have been detected here.

The observed increases in selectivity to form both
acetaldehyde and ethylacetate with an increase in-ethanol partial
pressure are probably interrelated. The acetaldehyde is
probably produced by dehydrogenation of the ethanol (Reaction 1)
and the e;ﬁylacetate by the subsequent reaction of <the

acetaldehyde with ethanol (Reaction 2).

4p

CH,CH,O0H + CH3_C~H + H, (1)
H o)
} ” /B O‘b
CH.~C-0-E + CH.-C -+ CH.,~-C C-CH, + E (2)
39 3 ¢ 37 / 3 2
B H H O

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

CH,CH,OH + CH,* + H* + CH,COCH, + H, | (2a)
The fact that propanone formed in Reaction 2a instead of 1-
propanol further suggests that the ethanol is bounded to the
catalyst surface at the oxygenated carbon. The hydrogen produced
via Reactions 1, 2 and Za could account for less than 10% of the
cbserved decreased in hydrogen conversion. This decrease thus
reflected rather a decrease in the activity of the hydrogenation

sunctionality of the catalyst.
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Table 1 -~ Selectivity results from ethanol feed addition expeximents
{248°C, 5.2 atm, 0.90-0.94 Ezlco).

High CO Conversion Low €O Conversion
Rum, # 25 - 24 24 29 29 24 24
Experimentd 29 n 0 5 7 32 33
0 comes- @9 89 gs 93 29 40 2
P, (o) 2.98 3.10 3.07 2.80  2.99 4.07 3.95
P (atm) 0.7 0.93 0.90 0.67 0.86 3.67 3.46
Peo, () 3.85  3.53  3.13  4.02  3.42 1.10 1.13
Fp (urm) 0.26 0.36 0.59 0.35  0.34 0.12 0.08
oo BT 0.02 0.35 0.58 0.02  0.46 0.03 0.33
Vol.  EtOH = 3.1 64— .0 - 2.9
in Feed
Comyezaton - 29 38 - 28 — 1.0
feed (V)

Moles Product per Mole CO Consumed (x 100)

Mothane s.5 3.7 3.5 S.0° 42 __ 3.1 2.6
Ethylene 0.37 0.78 1.00 0.6 1.5 0.97 1.08
Ethane 2.0 1.5 1.3 1.9 1.3 0.54 0.43
Ethyleme + 2.4 2.2 2.3 2.5 - 2.8 1.5 1.5
Ethane R
Propylene + 2.6 2.3 2.3 2.3 2.8 1.4 1.3
Propsne
Ethamal 0.01 0.18 0.35 0.01 0,10 0.04 0.36
(Acetaldehyde) .
Ethylscetate  0.00 0.17 0.30 0.00  0.29 0.00 0.02
Properal + 0.03 @.17 0.25 0.08 0,28 0.03 . 0.11
Propancne
o, £6.9 46,8 46.4 47.1  48.3 4s.1 44.4
Secattin ¢, ©0.19 0.52 0.77 0.33 1.1 1.8 2.5

c; 1.9 4.0 47 3.4 6.7 4.6 .8

€, 2.6 4.0 4.6 3.7, '6.0 4.0 4.2
:-g::fg g, 1.7 5.3 8.0 2.8 134 17.0 28,0

cg 1.7 5.7 9.0 2.7 12,9 20.0 35.0
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