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Fischer-Tropsch synthesis mechanisms have been postulated in which alkyl fragments are both
the chain-growing intermediate and the precursor to hydrocarbon products. The conversion of CO/
H, into small alky! fragments was investigated by scavenging C,-C; alkyl species from the surface
of an iron catalyst during Fischer—Tropsch synthesis. The experiments were performed in a steady-
state mode revealing that pyridine did not inhibit or poison the Fischer-Tropsch reaction, rather it
suppressed the overall rate slightly. Scavenged a-alkylpyridine distributions were dependent upon
synthesis variables and displayed a dependence which was proportional to the dependence of C,—
C; Fischer—Tropsch products. These dependences are used to demonstrate that alkyl fragments are
the immediate precursors to Fischer-Tropsch products.

1. INTRODUCTION

In a recent study of Fischer-Tropsch
synthesis we reported the catalytic behav-
ior of Fe/Si0O, and the development of a re-
active scavenging technique with pyridine
(1). Experiments demonstrated that pyri-
dine interacted with methyl and ethyl spe-
cies to produce a-methyl- and a-ethylpyri-
dine. These alkyl species were formed from
CO and H; on the iron surface and were
scavenged from the iron surface.

The scavenging technique can provide
unique insight into the Fischer-Tropsch re-
action mechanism. The technique has been
used to identify reaction intermediates (2,
3). Furthermore, the distribution of substi-
tuted scavenger molecules should be a re-
flection of the distribution of intermediates.
Langmuir-Hinshelwood mechanisms have
been constructed to describe propagation,
and olefin and alkane formation from a
common alkyl species (4). These mecha-
nisms can be used to predict distributions of
surface intermediates. Alkyl-substituted
scavenger distributions represent a second
set of data against which to test the reason-
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ableness of postulated mechanisms. A
mechanism must describe Fischer-Tropsch
product and intermediate species distribu-
tions.

The means by which CO and H; interact
over a catalyst to give C, and higher prod-
ucts is the subject of active investigation.
The two most likely mechanisms, which
have been discussed in recent reviews (5,
6), are presented in Fig. 1. Both involve
chain-growth steps in which an alkyl frag-
ment undergoes either addition or termina-
tion. Definitive experiments have not been
performed which prove either mechanism
(7). While the evidence is indirect (8, 9),
the scheme involving methylene insertion
appears to be the correct mechanism under
most conditions.

It has not been possible to discriminate
between the mechanisms by analyzing the
dependence of steady-state product distri-
butions upon the postulated reaction vari-
ables, reactant partial pressures and tem-
perature. The mechanisms contain a
common intermediate, alkyl species, which
have been scavenged from iron (/) and ru-
thenium catalysts (2, 3). The studies re-
ported herein were directed toward deter-
mining the effect of the synthesis variables
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F1G. 1. Possible Fischer-Tropsch reaction mecha-
nisms.

on the distribution of alkyl fragments over
an iron catalyst and using these measured
effects to gain insight into the role alkyl
fragments have in the Fischer-Tropsch
synthesis reaction.

II. METHODS

The experimental apparatus, microreac-
tor, catalyst preparation and conditioning,
and hydrocarbon analysis procedures are
described elsewhere (). The experiments
were performed at 230°C, 1.54 atm of total
pressure (1 atm equals 101.3 kPa), and
14,700 WHSYV (gas flow rate at the inlet
conditions in cm3/h/g of catalyst). Carbon
monoxide conversion never exceeded 2%.

The catalyst, 20.44 wt% Fe,0./S10,, was
conditioned for 6 days at 230°C under a 4/1
H,/CO mixture prior to any scavenging.
This produced a catalyst which displayed a
stable steady-state activity. X-Ray diffrac-
tion (XRD) analysis indicated the presence
of Fe;0, and ¢’-carbide, Fe,,C, after the
conditioning (I). The surface area of the
working catalyst was not determined. The
Fe,0; had a crystallite size of 240 A which
resulted in approximately 80-100 pwmol of
surface sites of Fe,O; being charged to the
reactor, The catalyst was allowed to adjust
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to new-synthesis conditions for 6 h before
data were collected.

The scavenging protocol was altered
from our earlier paper (). Pyridine was in-
jected continuously because this resulted in
a constant-surface scavenger concentration
and scavenged distributions represented a
steady-state condition. For continuous in-
jection, He at 2 sccm was sparged through a
stainless-steel frit at 0°C and combined with
the feed to the reactor. The effect of helium
flow and saturator temperature were not
studied, the conditions were selected to en-
hance saturation and minimize pyridine
partial pressure. The saturator was fabri-
cated from copper because the saturation
was conducted at 1.68 atm. Pyridine
formed a complex with copper which dark-
ened the solution. Identical results were ob-
tained with fresh pyridine, copper-contami-
nated pyridine, or pyridine in a glass
sparger. The reactor effluent was trapped at
liquid-nitrogen temperature for 25 min.

Trapped products were washed from the
inside of the 50-ml collection flask with 0.05
ml of diethyl ether. One to five microliters
of the ether solution was injected into a
capillary column. The products were sepa-
rated using an amine-deactivated fused sil-
ica column (0.25 mm I.D. X 30 m) loaded
with Carbowax. A nitrogen—phosphorus
detector (NPD) was used to detect nitro-
gen-containing compounds. Details of
product identification are given elsewhere
(1, 10). Three samples were injected for
each experiment; average values are re-
ported. Amounts of a given nitrogen-con-
taining compound were related directly to
the NPD signal area.

ITII. RESULTS AND DISCUSSION

The major components detected in the
scavenged samples were pyridine, 2-meth-
ylpyridine, 2,6-dimethylpyridine, 2-ethyl-
pyridine, and 2-propylpyridine. The 2,6-di-
methylpyridine signal was less than 2.5% of
the 2-methylpyridine signal. 2-Butylpyri-
dine was detected occasionally, however,
the signal-to-noise ratio for this peak was
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Fi1G. 2. C,-Pyridine/pyridine and the rate of methane
formation dependence on the partial pressure of H,,
where (-—-) represents the methane formed in the ab-
sence of pyridine and (- - ) represents methane formed
during continuous pyridine injection.

insufficient for quantitative purposes.
Trace amounts of 4-ethylpyridine and what
was thought to be a methylethylpyridine
were observed. The last two component
signals were too weak to quantify. Pyridine
was not found to undergo hydrogenation at
the conditions of this study (/).

Studies of the adsorbed states of pyridine
on iron films have demonstrated that pyri-
dine bonds to a preoxidized iron surface
through the nitrogen lone-pair electrons
and to a clean iron surface through = elec-
trons (/7). Conditioned catalysts were ana-
lyzed by XRD and found to consist of bulk
iron carbides and possibly some Fe;0,. The
surface was not analyzed; the presence of
some Fe;0, at the surface was postulated
on the basis of water-gas shift activity (7).
The means by which pyridine adsorbed on
the surface may be inferred from the fact
that almost all products were substituted at
the 2 position. This suggests that pyridine
adsorbed through nitrogen.

The details and efficiency of the reaction

241

between adsorbed pyridine and alkyl are
unknown. The reaction to 2-C,-pyridine is
thought to occur between an n-alkyl frag-
ment containing n carbon atoms and pyri-
dine (12, 13). The scavenged distributions
C,-pyridine/C,,,-pyridine decreased rap-
idly with increasing n and butylpyridine
was difficult to detect. This decrease may
have been caused by the actual distribution
of alkyl fragments and/or by steric limita-
tions between larger alkyl fragments and
pyridine. Steric limitations are suspected;
however, because known alkyl distribu-
tions could not be generated the steric ef-
fects could not be quantified. Scavenging
experiments were performed at one tem-
perature to avoid assigning alkyl distribu-
tion changes with temperature to possible
changes in the relative rates of the scaveng-
ing reactions.

The absolute amount of pyridine injected
was held constant. The amount collected
and ultimately injected into the capillary
column varied because these operations re-
quired several manual manipulations. A
suitable internal standard could not be iden-
tified therefore, for consistency all alkylpyr-
idine signals were normalized with the sig-
nal of pyridine. These normalized signals
are used to examine effects of the synthesis
variables on the alkyl fragments. The
trends reflect changes in surface alkyl con-
centrations; the absolute magnitude of a
scavenged distribution at one set of condi-
tions does not reflect the absolute magni-
tude of the surface alkyl distribution.

The effects of reactant partial pressure
on the sum of 2-methylpyridine and two
times 2,6-dimethylpyridine to pyridine (C,-
pyridine/pyridine) and methanation activity
are shown in Figs. 2 and 3. The partial pres-
sures were selected to produce nominal H,/
CO ratios of 5/1 to 1/1 for P¢q equal to 0.257
atm or Py, equal to 0.77 atm and nominal
ratios of 1/1 to 0.2/1 for Pcq equal to 1.027
atm or Py, equal to 0.308 atm. These figures
demonstrate that the rate of methane for-
mation was suppressed slightly in the pres-
ence of pyridine. Similar phenomena were
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FiG. 3. C,-Pyridine/pyridine and the rate of methane
formation dependence on the partial pressure of CO,
where (---) represents the methane formed in the ab-
sence of pyridine and (- - -) represents methane formed
during continuous pyridine injection.

observed for the rates of C,, ethane and
ethylene, and C;, propane and propylene,
formation. The rate suppressions were ex-
pected since pyridine was titrating small al-
kyl fragments from the surface. (Fischer~
Tropsch activity was always recovered in
the absence of pyridine.)

Pyridine did not noticeably alter the C,-
C; distribution for both pulse (/) and con-
tinuous injection but did affect the olefin/
alkane ratio. In all cases the low-weight
Fischer—Tropsch products were more ole-
finic during pyridine injection. The olefin/
alkane ratio was found to increase with in-
creasing Pco and decreasing Py,. The
olefin/alkane partial pressure dependences
(10) were nearly the same in the presence
and absence of pyridine. Wedler ez al. (14)
found that CO displaced preadsorbed H,
from polycrystalline iron films. The in-
creasing olefin content with CO and pyri-
dine over our catalyst may have been
caused by the displacement of surface hy-
drogen by either species. Displacement of
surface hydrogen would also account for
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some of activity suppression when pyridine
was present.

The partial pressure dependences of the
rates of CH, (Figs. 2 and 3) and C, and C;
hydrocarbons appeared the same in the
presence and absence of pyridine. The sim-
ilar partial pressure dependences for the
rates and olefin/alkane ratios demonstrate
that Fischer—Tropsch synthesis continued
in the presence of pyridine. The absence of
a noticeable effect of pyridine on reactant
power-law dependences also suggests that
the Fischer-Tropsch mechanism was not
affected by the presence of pyridine.

Figure 2 shows that the rate of methane
formation had a greater H, partial pressure
dependence that did C,-pyridine. The
methane rate depended on Py, to the 1.5
power, whereas C;-pyridine had powers of
0.9 and 0.6 for P equal to 0.257 and 1.027
atm, respectively. The Pcq dependences for
CH, and C,-pyridine were nearly identical
(Fig. 3).

These results are qualitatively consistent
with methane formation occurring via
methyl hydrogenation, viz.,

CH3(S) + H(s) i CH4(g) (1)
1 1
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F1G. 4. Distribution dependence of C, and C, scav-
enged and Fischer-~Tropsch products on the partial
pressure of H,.
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Assuming that molecular CO occupies
some surface sites, that CO is more
strongly adsorbed than H and that H, ad-
sorbs dissociatively results in the coverage
of H depending on Py, to the 0.5 power
(10). When methane has a 1.5 Py, depen-
dence the surface CH; concentration (C;-
pyridine) should depend on Py, to the 1.0
power.

The effects of reactant partial pressures
on the rates of C, and C; Fischer—Tropsch
product formation and on 2-ethylpyridine
(C;-pyridine) and 2-propylpyridine (C;-
pyridine) were also determined. The par-
tial-pressure dependence on H, was posi-
tive for all rates and scavenged products;
the dependence was less for the C,-pyri-
dine than for the corresponding rate of total
C, production. All species displayed a neg-
ative Pco dependence; the C,-pyridine de-
pendence was more negative.

Figures 4-7 present the distribution de-
pendences of the alkylpyridines and the
Fischer-Tropsch products on reactant par-
tial pressures. Except for the data collected
at Pco of 0.257 atm on Fig. 5 the distribu-
tion of scavenged products and the ratios of
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F1G. 5. Distribution dependence of C; and C, scav-
enged and Fischer-Tropsch products on the partial
pressure of H,.
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the hydrocarbon rates displayed nearly the
same pressure dependences. Previous work
(1) had established that pyridine was react-
ing with reaction intermediates rather than
with Fischer-Tropsch products.
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Kellner and Bell (4) presented detailed
kinetic arguments using the methylene in-
sertion mechanism in which they showed
that the ratio 6,.,/0, equaled the chain-
growth parameter «, where 8, represents
the surface coverage of an alkyl fragment of
carbon number n. They also showed that
when the termination rate constants are in-
dependent of the carbon number » the ratio
of 6,.1/8, equals the ratio of total C,,,/C,
hydrocarbon production for n = 2. The
chain-growth parameter and C,, ;-pyridine/
C.-pyridine should have the same partial-
pressure dependences. Correspondence be-
tween C,,,-pyridine/C,-pyridine and the
rate ratio C,,.,/C, implies that the termina-
tion rate constants for n + 1 and n were
similar.

Langmuir-Hinshelwood expressions for
alkyl fragment concentrations and for the
chain-growth parameter were developed
for the two postulated mechanisms shown
in Fig. 1 (10). The resulting expressions for
a were compared with the experimental ra-
tios of C,.,-pyridine/C ,-pyridine (Figs. 4-
7) to determine which growth mechanism
predominated. It was not possible to dis-
criminate between the mechanisms because
the Pco dependence of the CO coverage at
reaction conditions could not be deter-
mined. Both mechanisms were in qualita-
tive agreement with the data, therefore, the
studies support a mechanism in which alkyl
fragments are involved in the propagation
step.

Pyridine scavenged alkyl fragments. The
ratio of C,.-pyridine/C ,-pyridine was pro-
portional to the ratio of 8,,,/6,. As dis-
cussed earlier, trends in the alkylpyridine
ratios were expected to represent trends in
the surface alkyl concentrations. The corre-
spondence between the alkylpyridine ratios
and the Fischer-Tropsch product ratios
demonstrates that alkyl fragments are the
immediate Fischer-Tropsch product pre-
cursors.

IV. CONCLUSION
Pyridine has been shown to be an effec-
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tive scavenger which reacted with Fischer—
Tropsch synthesis intermediates, alkyl spe-
cies. Pyridine did not significantly affect
Fischer-Tropsch activity therefore the
scavenged alkyl species were representa-
tive of species present during synthesis in
the absence of pyridine. The resulting al-
kylpyridine distributions were used to de-
termine the dependence of the reactant par-
tial pressures on the alkyl species. This
research has demonstrated that alky! spe-
cies are reaction intermediates for the
Fischer—Tropsch synthesis reaction and
are the immediate precursors to alkanes
and olefins.
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