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The Fischer-Tropsch synthesis was carried out at various experimental conditions on an
unpoisoned and sulfur-poisoned precipitated, alkali-promoted iron-copper catalyst. The sulfur,
present in the fixed catalyst bed as a longitudinal concentration gradient, had little effect on
conversion or product selectivity. However, for both poisoned and unpoisoned catalysts, there was
a significant change in the CO conversion to CO, on going from a reaction temperature of 240 to
250°C. This suggests that there is a rapid change of our catalyst surface after 240°C: the surface
changes from one that is effective for CO, formation to one that is not as effective. Finally, analysis
of the condensed products led us to suggest that there are at least two types of sites for
hydrocarbon chain formation, each with a slightly different value of the chain growth probability.

INTRODUCTION

Fischer and Tropsch produced the first
measurable quantities of higher hydrocar-
bons, in 1923, by passing H; and CO over
alkalized iron filings. Since this discovery,
iron-based catalysts have proved to be a
mainstay of the hydrocarbon synthesis
process. In fact, about 40 years after the
famous Schwarzheide tests (/) in which Fe-
based catalysts were used, the only current
commercial operation in Sasol, South Af-
rica, still uses Fe-based catalysts. These
catalysts can be poisoned by sulfur com-
pounds present in the H, + CO feed gas
obtained from coal gasification. At Sasol,
for example, the Rectisol process is used to
remove the sulfur before the synthesis step.
Various past studies, recently reviewed in
some detail (2), have shown that the inter-
action of sulfur compounds with Fischer—
Tropsch (FT) iron catalysts is quite com-
plex.

Two sets of investigations concerning the
effect of S on Fe-based Fischer-Tropsch
catalysts are of most interest to us: one by
Rapoport and Muzovskaya (3-5) on alka-
lized precipitated Fe-Cu catalysts, and the
other by Anderson and co-workers (6-8) on
alkalized fused Fe catalysts.
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The investigation by Rapoport and Mu-
zovskaya indicated that when their catalyst
was reduced in H, at 250°C it could be used
with reactants containing 50 mg S/m?® of
inert-free synthesis gas for more than 2
months with little reduction in activity or
change in selectivity (3). However, when
the catalyst was reduced in H, at 500°C
instead of 250°C, it rapidly deactivated in
synthesis gas containing S (5). Rapoport
and Muzovskaya noted that at the high
reduction temperature the catalyst was re-
duced predominantly to metallic iron and
therefore was easily poisoned. After reduc-
tion at 250°C, however, the catalyst con-
tained predominantly iron oxides. They
concluded that the presence of iron oxide
was necessary to prevent rapid deactiva-
tion by S compounds during the FT syn-
thesis.

The fused iron catalyst used by Anderson
and co-workers (6) was reduced in H, at
450°C with 90% of the starting material
being converted to metallic Fe. This cata-
lyst deactivated rapidly in the presence of
synthesis gas containing only 6.9 mg S/m?
of gas. Carbiding or nitriding the reduced
Fe catalyst (7) helped increase the resis-
tance to S poisoning but did not prevent it. It
should be noted that in the study by Ander-
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son and co-workers the catalyst was not
uniformly poisoned but that there was a
large longitudinal S concentration gradient
on the catalyst in the tubular reactor (&).

This paper describes our investigation on
an alkali-promoted precipitated Fe-Cu cat-
alyst, similar to the one used by Rapoport
and Muzovskaya, with and without the
presence of sulfur. Sulfur, when used, was
present as a longitudinal concentration gra-
dient on the catalyst like in the work of
Anderson et al. (8). Our objective was to
learn, by obtaining detailed product anal-
ysis, how the presence of S would affect
hydrocarbon selectivity. We wished to
compare the results on the iron-based cata-
lyst to those on the cobalt-based catalyst
(9) which contained very similar longitudi-
nal gradients and on which significant sulfur
effects on condensed hydrocarbon distribu-
tion had been observed. The paper also
attempts to address the dynamic nature of
an iron catalyst surface during the FT syn-
thesis.

EXPERIMENTAL

The apparatus, multiple reactor system,
and analytical procedures have been de-
scribed elsewhere (9).

The catalyst, 100 Fe:21.8 Cu: 1 K,CO;,
was specially prepared by Harshaw Chemi-
cal Company. A chloride solution was pre-
pared to contain 75 parts Fe?*, 25 parts
Fe?*, and 20 parts Cu®**. The solution was
heated to 70°C and then mixed with a hot,
90 to 100°C, solution of sodium carbonate.
The mixing and the consequent precipita-
tion was carried out as rapidly as possible
and was limited only by the large quantities
offoam generated. The final pH was approx-
imately 7.5. The precipitate was filtered and
washed with deionized water until the
efffuent had a chloride level slightly lower
than tap water. The wet precipitate was
then treated with a potassium carbonate
solution. After drying, 60 to 120 mesh gran-
ules were prepared. 1he catalyst composi-
tion and preparation were similar to the

precipitated iron catalyst described by
Pichler (/).

The reactors were filled with 40 cm?, 39.4
g, of the catalyst and flushed with He.
Catalyst induction was then carried out at
atmospheric pressure. First, the tempera-
ture of the catalyst was increased to 225°C
under flowing H; and CO, H;: CO = 1, ata
gas hourly space velocity (GHSV) of 100
V/V/h. The catalyst was treated under
these conditions for 24 h. The induction
temperature was then increased to 230°C,
and the treatment was continued for 24 h.
Finally, the temperature was raised to
235°C, and the treatment was ended after a
final induction period of 24 h. The reactors
were then flushed with He. This induction
procedure is similar to that used before
with similar catalysts (/, /10). The effect of
varying pretreatment on catalyst perfor-
mance was not studied here.

The reactors containing catalysts which
were not to be sulfided were closed off
under positive He pressure. The other cata-
lysts were sulfided at the final induction
temperature of 235°C and atmospheric
pressure. A 2: | mixture of H, : CO contain-
ing 150 ppm H,S was used at a GHSV of
approximately 400 V/V/h. No H,S was
detected coming out of the reactors during
the sulfiding process. After the required
amount of sulfiding was completed, H,S
was not added again to the catalyst at any
time during experimentation.

Experiments were conducted simulta-
neously, with pure CO and H,, on the
sulfided and unsulfided catalysts at the
same pressure, temperature, GHSV, and
H,;/CO ratio. Each experiment was per-
formed for 4 to 5 h. After each experi-
ment, the catalysts were kept overnight
in flowing He at the same temperature
and pressure used in the experiment.

In this paper, results only with the cata-
lyst containing the largest nominal S con-
centration will be compared to the
unsulfided catalyst. Results with catalysts
containing lesser loadings of S will not be
reported as they do not contribute to or
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TABLE 1
Longitudinal Sulfur Distribution in Catalyst
Beds®
Section S distribution (%S by wt)
1 13.50
2 5.27
3 0.77
4 0.15
S 0.04
6 0.04
7 0.04
8 0.02
9 0.06
10 0.01
11 0.01
12 0.02
13 0.03
14 0.01

2Nominal S level, as wt% of unreduced
catalyst = 0.4%.

change the discussion in this paper; these
results may be found in Madon et al. (11).
The reproducibility of the results checked
with two reactors containing unsulfided cat-
alysts and working simultaneously was
good and has been discussed in detail else-
where (11).

The maximum nominal sulfur level ob-
tained was 0.4 S wt% of the untreated
catalyst; this corresponds to approximately
6 mg S/g Fe. As mentioned in the Introduc-
tion, the S was present as a longitudinal
concentration gradient as in Anderson et al.
(8) and Madon and Taylor (9). Therefore as
a nominal S level does not give the com-
plete information, a detailed longitudinal
sulfur gradient analysis was performed (Ta-
ble 1). After all the experiments had been
completed, the catalyst to be analyzed was
removed from the reactor in approximately
equal sections. The inlet portion, approxi-
mately the first 28% of the bed, contains
most of the sulfur though there is sulfur in
the rest of the bed. The amount of sulfur in
the unsulfided catalyst was found to be
negligibly small throughout the bed, nomi-
nal sulfur content being 0.01 wt% S.

The synthesis reaction was carried out

under integral experimental conditions in
order to allow the product selectivity pat-
tern to develop fully. However, as such
operation often magnifies problems associ-
ated with transport phenomena, care was
taken to minimize the effects of physical
events on our studies. A detailed analysis
of various transport artifacts is given in
Madon et al. (11). The key design parame-
ters to reduce the artifacts are (a) the cata-
lyst powder size which has been kept below
0.2 mm to help eliminate internal diffusion
and heat transfer problems, and (b) the
reactor internal diameter which is 0.77 cm
and thus prevents radial heat transfer prob-
lems. Longitudinal temperature gradients
were checked with a ‘‘traveling’” thermo-
couple. A hot spot was found approxi-
mately 5 to 10 cm below the catalyst bed
inlet. When reaction temperatures were at
or below 250°C, the spot temperature was 5
to 10°C above reaction temperature; at a
reaction temperature of 260°C, the spot
temperature was 15°C above reaction tem-
perature; and at a reaction temperature of
270°C, the spot temperature rise was 25°C.
The rest, about 95%, of the bed remained at
the reaction temperature at all times. We
feel that the appearance of a hot spot has
not significantly masked our results.

RESULTS

As shown in Table 2, the activity, stated
as percentage total conversion, is identical
for the sulfided and unsulfided catalyst even
though 28% of the sulfided catalyst has a

TABLE 2

Conversion of H; and CO

Expt. conditions® H;, + CO
conv. (%)
Temp (°C}) P (MPa) S (wt%) = 0.4 0
241 1.0 66 66
230 1.0 47 46
242 0.5 47 47

*H,/CO = 1.5. GHSV = V/V/L.
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significant amount of sulfur. One may argue
that conversion values from the reactors
are identical because the complete bed does
not participate during reaction. And, there-
fore, even though the sulfided portion of the
catalyst is inactive, there is sufficient re-
maining catalyst to give the appropriate
conversion. This argument is valid for con-
versions of 99—100%. But for low conver-
sions of 47% (Table 2), the above argument
cannot be used to explain the observed
identical conversions for sulfided and
unsulfided catalysts. This lack of catalyst
deactivation in the presence of a small
amount of sulfur is real and agrees with the
results of Rapoport and Muzovskaya (3-5).
On the other hand, on fused reduced Fe
catalysts, Anderson and co-workers (7, 8)
show that at approximately the same load-
ing of sulfur per g of Fe as used by us, the
catalyst activity decreases by more than
50%. And, as in our case, the S concentra-
tion on the fused iron catalyst is present as
a longitudinal gradient.

Tables 3 and 4 show the effect of the
H,/CO ratio and space-velocity, respec-
tively. A normalized selectivity is reported
(percentage of reacted CO converted to the
required product) to rule out effects due to
variations in conversion. In both cases,

TABLE 3
Effect of H;/CO Ratio®

1.61 1.03
H,/CO
S nominal wt% 0.4 0 0.4 0
H; + CO conv (%) 80 81 88 87
Selectivity
% CO conv. to
CO, 35,2 320 409 444
CH, 6.2 6.7 4.7 4.5
Cyst 394 395 43 38.3
Olefins in
gaseous products
C.H,/C,H; 0.19 0.12 0.35 0.27
C3;Hg/C3Hg 3.23 2,69 433 4.62
C.H,/CH, 2.50 205 3.58 3.80

T = 250°C, P = 1.0 MPa, GHSV = 195 V/V/h.

TABLE 4
Effect of Space-Velocity®

100 250
GHSV, V/V/h
S nominal wt% 0.4 0 0.4 0

H; + COconv. (%) 74 70 66 65

Selectivity

% CO conv. to
CO, 40.5 45.7 46.9  48.2
CH, 3.9 3.4 3.0 2.8
Cs* 42.6 38.2 39.1 387

Olefins in

gaseous products
C;H,/C,H¢ 0.10 0.09 0.81 0.49
C;H¢/C;H, 2.68 2.70 4.48 4.34
CHs/CHy 2.17 1.85 3.56  3.58

*T = 240°C, P = 1.0 MPa, H,/CO = 1.5.

there is virtually no effect of S on conver-
sion or selectivity. Varying the H,/CO ratio
results in small changes in product selectiv-
ity as seen, for example, by the small
decrease in CH, make at lower H,:CO.
And there seems to be no real change in
product selectivity on going from 100 to 250
V/V/h. However, there is a definite effect
on the gaseous olefin/paraffin ratios: this
ratio is increased when the H,/CO ratio is
decreased or the GHSV is increased. These
results are expected; for as shown by Pich-
ler et al. (12), the primary reaction in the
FT synthesis is the formation of the a-olefin
which is hydrogenated in a consecutive
step to the corresponding paraffin. Thus the
higher space velocity operation would fa-
vor increasing the primary a-olefinic prod-
ucts. What seems to be interesting, how-
ever, is that the olefin/paraffin ratio is not
greatly affected by the presence of S. There
is some small enhancement in C,H,: C,H;
for the sulfided catalyst, but, in general, the
effect of S is minimal. For the cobalt-based
catalyst (9), depending on the experi-
mental conditions, S helped enhance the
olefin/paraffin ratio by almost a factor of 2.
Sulfur thus seems to affect the olefin hydro-
genation capacity more for the cobalt-based
than for the iron-based catalyst.
Temperature, as shown in Fig. 1, has a
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FiG. 1. Dependence of the ethylene/ethane ratio on
temperature. P = 1.0 MPa, GHSV = 250 V/V/h,
H,/CO = 1.5. Open points, unsulfided catalyst; solid
points, sulfided catalyst.

significant effect on the ethylene:ethane
ratio. This ratio is greater than one at 230°C
but falls rapidly as the temperature is in-
creased; the value is less than 0.2 at 275°C.
It should be noted that at all temperatures
ethylene : ethane is slightly larger for the
sulfided catalyst. In contrast to C,, the
propylene/propane and butene/butane ra-
tios are relatively constant and independent
of both temperature and the presence of S.
The olefin/paraffin values are about 4 for Cs
and 3 for C,. Madon and Taylor (9) and
Schulz et al. (13) offer some explanations
why ethylene/ethane ratios are usually
small in normal FT synthesis: the values
are very often less than one and almost
always smaller than the corresponding C;
and C,ratios. Our results at different space-
velocities (Table 4) indicate ethylene rather
than ethane to be the primary product.
Therefore, though we cannot rule out the
possibility in general, under our present
conditions we do not feel that the C, frag-
ment prefers to terminate as a paraffin
rather than as an olefin. Perhaps ethylene
can hydrogenate readily on different kinds
of surfaces offered by the iron catalyst,
whereas CsHg and C,Hg need particular
hydrogenation sites.

The effect of pressure, however, seems
to be more significant than the effect of

temperature on the gaseous olefin/paraffin
ratios. Figure 2 shows that the ratios for C,,
Cs;, and C, decrease with increasing pres-
sure. This decrease is most dramatic for C,;
the ethylene/ethane ratio falls by a factor of
40 between 0.5 and 2.3 MPa. The hydroge-
nation of the primary a-olefin product be-
comes more effective at higher pressures.
Though this could be predominantly Ki-
netic, the possibility that this may be cou-
pled to catalyst surface changes which ef-
fect more efficient hydrogenation cannot be
ruled out. Again, like in the case of experi-
ments done at various temperatures (Fig.
1), there is a small influence of S on the
ethylene/ethane. There is no such S
influence for the corresponding C; and C,
ratios.

Figure 3 indicates the temperature de-
pendence of CO, and CH, formation.
Within a narrow temperature range, be-
tween 240 and 250°C, there is a sharp
reduction in CO, selectivity and an increase
in CH, selectivity. The C,-C, selectivity,
not shown in the figure, increased similarly,
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FiG. 2. Dependence of olefin/paraffin ratios on
pressure. T = 240°C, GHSV = 250 V/V /h, H,/CO =
1.5. Open points, unsulfided catalyst; solid points,
sulfided catalyst.
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Fi1G. 3. Dependence of percentage reacted CO con-
verted to CO, and CH, on temperature. P = 1.0 MPa,
GHSV = 250 V/V/h, H;/CO = 1.5. Open points,
unsulfided catalyst; solid points, sulfided catalyst.

whereas the C;* selectivity remained con-
stant. However, it should be noted that the
selectivity is stated as percentage CO con-
verted to particular products. Hence, the
decrease in CO consumption to CO; has to
show up as an increased CO consumption
to hydrocarbons; it is interesting that this
increase shows up in the light hydrocarbons
whereas the condensed C;* product selec-
tivity remains relatively unchanged.

Just as CO, formation decreases with
increasing temperature, a similar but not as
large a decrease in CO, formation takes
place with increasing pressure: the percent-
age reacted CO converted to CO, decreases
from 55% at 0.5 MPa to 41% at 2.3 MPa,
the temperature being 240°C and H,: CO =
1.5.

Comparison of Iron-Based and
Cobalt-Based Catalysts

Both catalysts were promoted with alkali
and studied with similar longitudinal S gra-
dients. The effect of S was more pro-
nounced with the cobalt catalyst (9). With

cobalt, not only was the olefin/paraffin ra-
tio affected but large differences were ob-
served in the condensed product distribu-
tions: the presence of S enhanced the
formation of heavier hydrocarbons. Under
similar conditions, the effect of S on our
iron catalysts was negligible. In neither
case did S severely reduce the activity of
the catalyst.

Table 5 compares the performance of
unsulfided catalysts at similar pressures
and H, : CO ratio. Except for the fact that a
large amount of CO, is formed on the iron
catalyst, the selectivities, on a CO,-free
basis, are quite close. One point concerns
the C, make: it is quite high on the iron
catalyst and much lower on the cobalt
catalyst. We will pursue this point in an-
other paper. The gaseous olefin/paraffin
ratios show that under FT conditions cobalt

TABLE 5

Comparison of Precipitated Iron-Based and
Cobalt-Based Catalysts®

Fe-based Co-based
Reaction temperature (°C) 240 195
GHSV (V/V/h) 244 208
H, conversion (%) 45 90
CO conversion (%) 94 67
CO converted to
hydrocarbons (%) 49 65
H, usage ratio 0.41 0.67
Selectivity, % CO
converted to
CO, 48.2 2.9
CH, 2.8(5.4) 4.7(4.8)
C, 3.5(6.8) 1.8(1.9)
C; + C, 6.8(13.1) 10.4¢10.7)
Cst 38.7(74.7) 80.2(82.6)
Olefins
in gaseous products
Cqu/CgHs 049 "‘0
C3Hg/C3H, 4.34 2.23
CHy/CH,, 3.58 1.36
2 CO: ThO,:kieselguhr: K,CO;, P = 1.1 MPa,
H,/CO = 1.53; Fe:Cu:K,CO;,, P =10 MPa,
H,/CO = 1.46.

® Numbers in parentheses represent values on CO,-
free basis.
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is a much better hydrogenation catalyst
than iron.

For the iron catalyst, the amount of CO
converted is large, but a significant portion
is used to produce CO, rather than hydro-
carbons. The H, usage ratio defined as the
ratio of moles of H, converted to the total
moles of H, and CO converted indicates
that for cobalt

CO + 2H2 i —CHg— + HgO (1)

is the main reaction. For iron, the usage
ratio is lower indicating that less H, and/or
more CO is being consumed. Thus if on
iron Eq. (1) takes place as the primary
reaction and some water—gas shift (WGS)
takes place as a secondary reaction

then the reactions together would give a H,
usage ratio less than 0.67. A primary reac-
tion

2CO + H; —» -CH, + CO, (3}

would also account for a low H; usage ratio
of 0.33. However, the usage ratio in most of
our experiments on iron fluctuated between
0.4 and 0.55. Furthermore, we did observe
H,0 as a product. Knowing the conversion
of CO to various products, we calculated
(11) the hydrogen consumption using Egs.
(1) and (2). The calculated values matched
the experimentally observed value of hy-
drogen consumed remarkably well. No
such agreement was obtained if Eq. (3) was
assumed to be the main reaction or if all
CO, was assumed to occur via the
Boudouard reaction [2CO — CO. + C].
One may indeed argue that Egs. (1) and (3)
can occur together to give both H,O and
CO,, and that Eq. (4) is therefore not neces-
sary to account for CO,. Though it is
difficult to disprove this, our work and the
experiments of Dry et al. (14) indicate
WGS to be a very probable secondary
reaction during iron FT catalysis and that
under steady-state operation Eq. (3) is not
important. These conclusions substantiate
the suggestions of Anderson and co-

workers (75, 16), Dry et al. (14), and
Kolbel er al. (17, 18) that on iron catalysts
Egs. (1) and (2) are the main reactions.

DISCUSSION

The rapid reduction in CO, make, as
shown in Fig. 3, suggests that between 240
and 250°C there is either a mechanistic
change and/or a change in the catalytic
surface. We believe that the latter reason is
more important and that if a mechanistic
change occurs it is due to the catalytic
surface having undergone transformation.

Recently Jacobs and Ollis (/9), working
at atmospheric pressure on a similarly pre-
pared catalyst as ours, obtained the same
result as described above for CO, forma-
tion. More importantly they showed that
both the reaction rate and selectivity for
CO, formation declined rapidly at about
250°C not only for the FT reaction but also
for the WGS reaction; i.e., the CO, forma-
tion trend during WGS mimicked that dur-
ing FT synthesis. Jacobs and Ollis per-
formed X-ray diffraction on catalysts used
for FT synthesis for 12 h at 240 and 260°C.
The catalyst used at 240°C gave a pattern
that was predominantly Fe,O, and some
iron-carbon solution; carbides were not
observed. At 260°C, however, the X-ray
pattern corresponded predominantly to the
x and € iron carbides.

Our X-ray work on a fresh catalyst sam-
ple that was inducted in 1:1 H;:CO at
240°C overnight at atmospheric pressure
showed Fe;0,, Cu, and some a-Fe. In the
FT synthesis tests, our final six experi-
ments were carried out at temperatures
=240°C; X-ray diffraction patterns on this
used catalyst showed Fe;O4 and Cu but no
a-Fe or iron carbides (20).

A key experiment by Jacobs and Ollis
was performed on a catalyst similar to that
discussed so far but not promoted by alkali.
In this case the CO, formation rate and
selectivity did not decrease after 240°C but
kept increasing for both the WGS and FT
reactions. X-Ray diffraction on such an
unpromoted catalyst at both 240 and 260°C
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showed no signs of iron carbides; the pat-
tern was predominantly Fe;O, and at the
higher temperature the pattern due to the
iron-carbon solution increased.

It is well known (2/) that during hydro-
carbon synthesis iron-based catalysts
make CQ, as the principal oxygenated
product whereas Ni, Co, and Ru-based
catalysts make H,0. However, as indi-
cated in the previous section, H,O is a
primary product on iron-based catalysts
and CO; is formed via a secondary reac-
tion: the water—gas shift.

Though, of course, X-ray results do not
give information regarding the state of the
catalyst surface, our work and that of Ja-
cobs and Ollis strongly suggests that the
reason why CO. is obtained so readily on
Fe-based catalysts is because the catalyst,
at least in part, offers a very active surface,
magnetite, for WGS: magnetite being a well
known active material for the shift reaction
(22). During our experiments at or below
240°C, we speculate that the catalyst sur-
face has a significant amount of Fe;O,; thus
enabling substantial amounts of CQO, to be
formed. It is very likely that shift occurs via
the Temkin regenerative mechanism (23) in
which the adsorbed reactant CO combines
with the surface oxygen [O] of magnetite to
give CO,

COnq + [0] = CO; + [ ]

and the primary FT product water regener-
ates the surface

H;0.4 + [ 1 Hp + [O]

This mechanism on magnetite has been
confirmed by Boreskov et al. (24) and most
recently substantiated by Dumesic and co-
workers (25).

In our case, at reaction temperatures
above 240°C, we postulate that iron car-
bides are rapidly formed leading to the
observed rapid decrease in CO, formation.
Two limiting possibilities therefore exist for
the decreased CO, production above 240°C.
First, the amount of surface Fe;O, present
is decreased, and the fewer available sites

for WGS result in less CO, formation. Sec-
ond, the surface contains no Fe;O4 and is
completely carbided: this too would result
in less CO, formation as the rate of WGS is
less on iron carbide than on Fe;O, (16, 17).
The WGS mechanism on the carbide
would, of course, not be of the regenerative
type but may follow the adsorption scheme
postulated by Oki et al. (26).

Early investigations at the U.S. Bureau
of Mines (16, 27) showed that magnetite
was an integral and often substantial part of
an iron-based FT catalyst. McCartney et al.
(27) found that catalysts, similar to the one
used by us, after induction or use in the
synthesis reaction, gave electron diffraction
patterns of magnetite though X-ray patterns
suggested that carbides were also present.
The authors suggested that the catalyst
surface is predominantly magnetite and that
the oxided state of the catalyst surface is
maintained due to the presence of product
H;0 and CO, during reaction. Later Shultz
et al. (16) confirmed the fact that H,O plays
a very important role in determining the
surface state of the iron-based catalyst.
They found that even on an iron catalyst
that was carbided before being used
magnetite formed during the synthesis reac-
tion. And the rate of magnetite formation
increased with higher conversions of H, +
CO, i.e., with greater H,O make. Shultz er
al. (16) postulated that water would di-
rectly oxidize Fe,C to give magnetite, H,,
and C or CH,. They stated that during their
investigation with iron-based catalysts the
H,O/H, ratio was always large enough for
oxidation of the catalytic surface; indeed
such oxidation was possible at CO + H,
conversions greater than only about 5%
(16). On the other hand, the CO,/CO ratio
was probably large enough for oxidation
only at conversions greater than 80% (/6).

Thus the partial pressure of H,, CO, CO,,
and H,0, the experimental conditions and
extent of reaction, and, as shown by Jacobs
and Ollis (/9), the presence of a promoter
can all affect the state of an iron catalyst
surface during FT synthesis. This complex
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situation may be schematically represented
as follows:

Fe;O, = Fe = Carbide (€, €, ¥)

1 ]

Often at the start of the synthesis reaction,
a reduced fused iron catalyst may be pre-
dominantly in the metallic state. However,
past investigations of used traditional FT
iron-based catalysts, either fused or precip-
itated, have not found metallic Fe to be a
major component to the same extent that
Fe;0O, and/or carbides are major compo-
nents.

McCartney et al. (27) found that on their
iron-based catalysts the catalytic activity
and selectivity remained essentially con-
stant over the experimental period in which
both the catalyst surface and bulk were
being converted to Fe;O4 Interestingly,
nitrided iron catalysts whose surface con-
tained nitrides and carbonitrides showed
marked differences in activity and selectiv-
ity (27) when compared with inducted, re-
duced, or carbided iron catalysts; all of the
latter being much more similar to each
other. In our case, over the whole range of
temperature studied the amount of reacted
CO converted to Cs+ hydrocarbons re-
mained quite constant. Jacobs and Ollis
(19) even on their unalkalized catalyst, in
which X-ray patterns of carbides were not
observed, found that reaction did take
place; interestingly the rate of methanation
on promoted and unpromoted catalyst was
close, whereas the overall rate of CO re-
acted was much higher for the promoted
catalyst.

It seems that there is synthesis activity
whether the iron catalyst is more in the
“oxided’’ state or the ‘‘carbided’ state.
This suggests that either most, if not all,
forms of iron are active for the FT syn-
thesis, or that some type of active site can
exist in the presence of both oxides and
carbides. Indeed, though the catalyst bulk
is an identifiable oxide and/or carbide, the
surface under reaction conditions may be a

combination of iron, carbon, and oxygen
whose mole ratios are quite different from
those in the bulk. Thus it is tempting to
speculate that the active site may be com-
posed of clusters of active metallic iron.
The performance and stability of this active
Fe may be influenced by whether it is
present on top of and/or next to a carbide
or oxide phase.

For CO. formation, these speculative
suggestions may be coupled with the
scheme shown above. When conditions fa-
vor the limit Fe;O4 = Fe, more CO, is
produced due to the large presence of
magnetite; when conditions favor the limit
Fe = carbides, CO, production falls be-
cause magnetite is not present and WGS
takes place more slowly on the carbide
(16, 17).

Similarly, the state of the iron surface
may control the extent and rate of catalyst
deactivation by sulfur. As stated in the
Introduction (5) and as shown in the
Results section, a partially oxided iron sur-
face is more resistant to S poisoning than a
well reduced, metallic iron surface. Ander-
son et al. (7) showed that a carbided or
nitrided iron surface was also more resis-
tant to S poisoning than a reduced iron
surface. Though the physical state, surface
area and pore size distribution, of a catalyst
can affect deactivation, we believe the
chemical state of the iron surface is a more
determinative factor.

Recently, studies on clean and preox-
idized iron surfaces led Dwyer and Somor-
jai (28) to speculate that a small concentra-
tion of highly active clean iron sites may be
responsible for FT activity. Similarly, Mat-
sumoto and Bennett (29) state that in the
presence of adsorbed hydrogen bulk carbu-
rization does not affect the surface which
remains metallic and active for synthesis.

Recent investigations on supported iron
catalysts carried out at differential condi-
tions in conjunction with Mdssbauer Spec-
troscopy by Raupp and Delgass (30, 3/)
and by Amelse et al. (32) have brought to
light some interesting features of the syn-
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thesis reaction. However, an iron surface,
when reaction conversions are low, may
not reflect an iron surface at high conver-
sions in the presence of higher H,O and
CO, formation. As stated elsewhere in the
discussion, H,0O and to a lesser extent CO,
play an important role in defining the
steady-state surface where synthesis and
WGS take place. We suggest that when

differential FT studies are carried out on

NALILCL Caivaca SrLlaIvs iix sl

iron catalysts at least some experiments be
performed in which H,0 and/or CO, are
added to the reactants so that realistic
values of H20/H2 and CO,/CO are

d\.«lllCVCd OVeEr LUC \.«aldlybl
ther enhance the use of differential studies
on iron catalysts to explain FT synthesis.
We also suggest that CO, formation during
synthesis may be used as a probe in helping
to UI]UCIbl.dIlu l[lC Catalyllb bUIlace u‘urmg
FT synthesis and consequently the effect
on the surface due to particle size, support,
and promoter. It is intriguing, for example,
that Raupp and Delgass (37) report that
excessive amounts of CO, were formed on
their iron on magnesia catalyst.

Thia wanld fire
11115 WOUuUlLU 1ui-

Condensed Product Distributions

F'1mlr¢> 4 shows that the condensed nrod-

prod
uct dlstnbutlons for the sulfided and
unsulfided catalyst are very similar. For the
latter catalyst, there is a small variation

around C;,; from an otherwise smooth plot.

Tha
1

Wea ran offar na avnlanatian far thic
TY O Lail Uil LIV VAPIdLIAWUULL UL uUiLS.

chromatograph was checked for linearity of
response factors by means of calibration
standards containing n-paraffins of carbon
number n > 30. We also note that there is

) P P P

some 1088 of | usut proaucis. Thus these
distributions are useful in giving trends
rather than accurate yields. Even though
the light products have been lost, we can
analyze the data to give some useful infor-
mation.

Friedel and Anderson (33) used the fol-
lowing equation to analyze chain growth in
FT synthesis:

bn = P "7,

n=x

4

WEIGHT %
£

T T

l\e“

CARBON NUMBER

FiG. 4. Distribution of condensed products. ' =
240°C, P = 1.0 MPa, GHSV =« 250 V/V /h, H,/CO =
1.5. Open points, unsulfided catalyst; solid points,
sulfided catalyst.

where ¢ is the moles of product of carbon
numbern or x, and «a is the probability of
chain growth. This equation is Markovian.
And it may be used to fit data even if
reliable data are available only after a cer-

tain carbon number. If one normalizes for
carbon numbers =x, Eq. (4) reduces to

Weight fraction [W,]

P T | 2
no” Tl }

=1+(x—1)( )

At x = 1, Eq. (5) is the Flory equation
which has been used recently (34-37) to

alyz FT data On atts In W /n»
aualy LD i1 x uala . il l}l\llbllls lll TYn/ it

versus 7, data fitting Eq. (5) should give a
straight line with slope «.

With the data given in Fig. 4, we obtain
the result shown in Fig 5. The data do not
fall on a Siﬁgle aualgut line. There is a
distinct break, and the data may be repre-
sented by two lines. Breaks in similar plots
have been shown by Anderson (/6), albeit
at lower carbon numbers, when plotting

i'couua Ul rc—uabcu bdldlyblb atuuleu at [ne

Schwarzheide tests. Hall ez al. (38) have
suggested that beside stepwise growth with
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FiG. §. Plot of In W,/n versus carbon number #.
Experimental conditions as in Fig. 4. Open points,
unsulfided catalyst; solid points, sulfided catalyst.

single carbon intermediates multiple build-
in of growing chains could occur during
synthesis. This could affect the growth rate
of heavy hydrocarbons. Alternatively, we
suggest that chain growth takes place on at
least two types of sites, each having a
slightly different chain growth probability
.
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