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The performance of silica-supported iron catalysts promoted by potassium and nitrogen has been
studied for the conversion of CO to hydrocarbons. Reactions were investigated at 250°C and at 1,
7.8, and 14 atm in a differential conversion range of less than 6%. Significant differences exist in the
behavior of these supported catalysts in comparison to prior studies of fused or precipitated
materials. It was found that an unpromoted Fe-carbide catalyst was more active at lower pressures
and less active at higher pressures than the nitrided catalyst. Moreover, it was found that potas-
sium-promoted catalysts were less active than catalysts without potassium. Both Fe-nitride and
potassium-promoted catalysts showed higher olefin selectivities, higher water—gas shift activity,
lower alcohol yields, and larger proportions of higher molecular weight products than their unpro-
moted counterparts. The product distribution parameters are presented for all catalysts at different
pressures and conversion levels. The significance of the incorporation of alcohols into the distribu-
tion plot is discussed and a mechanism for alcohol formation is proposed. The effect of nitrogen on
the catalytic reaction is discussed in terms of a donor model theory in which nitrogen atoms donate
electrons to the iron d band. From the product distribution of the supported Fe-nitride and potas-
sium-promoted catalysts, it is concluded that nitrogen and potassium have a similar promoting
function on the Fischer-Tropsch reactions and further that an additive effect is observed for Fe-K-

nitride catalysts. © 1985 Academic Press, Inc.

INTRODUCTION

In the previous paper (I), the composi-
tion of the silica-supported Fe-nitride cata-
lyst was studied by the methods of Mdss-
bauer effect spectroscopy and X-ray
diffraction analysis. This paper presents ac-
tivity/selectivity results for both potassium-
and nitrogen-promoted supported iron cata-
lysts in the syngas reaction. A distinction
was made in the prior paper between Fe-
carbide and Fe-nitride depending upon
whether the reduced catalysts had gone
through the nitridation process before reac-
tion or not. In this paper, potassium-pro-
moted iron catalysts are also designated in
a similar manner, namely Fe-K-carbide and
Fe-K-nitride.

Potassium has been used as a promoter
for various types of catalysts for many

years. In applications to iron catalysts used
for synthesis reaction it has been proposed
that potassium atoms donate electrons to
iron thus weakening the C-O bond when
carbon monoxide attaches to an iron sur-
face (2). About 1950, the Bureau of Mines
initiated studies of iron nitride catalysts in
Fischer-Tropsch reactions. Those materi-
als were initially either fused or precipi-
tated magentite with other components
such as MgO, CuO, Al,O3, and K,O as pro-
moters. In this study, iron nitrides sup-
ported on silica were prepared with or with-
out potassium for purposes of direct
comparison.

Reaction rates are expressed as turnover
numbers, with the number of sites based
upon the hydrogen chemisorption of the re-
duced metal (3). All activity and selectivity
determinations, as well as water—gas shift
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activity, were measured as a function of
percentage of CO converted into hydrocar-
bons (C; ~ Cy) and alcohols (methanol and
ethanol). Product distributions are pre-
sented and characterized by the chain
growth parameter.

The yield of product i, Y;, with respect to
reactant j is defined as the ratio of moles of j
converted to i to the moles of j initially
present, namely,

_ moles of j to i )
" moles of j initially present

i

The mole fraction of product i, P;, is
based on 1 mol of feed gas that produces x;
moles of product i. Thus

Xi
Fou’

where F,, is the total moles of effluent per
mole of reactants fed (H, + CO).

Selectivity in this study is defined as the
ratio of product turnover numbers for two
components; water—gas shift activity is de-
fined as the ratio of the mole fraction of CO,
to that of water (3).

P;

EXPERIMENTAL
1. Catalyst Preparation

The preparation of potassium-free cata-
lysts (Fe-carbide and Fe-nitride) has been
described in the preceding paper (). In the
case of potassium-promoted catalysts, po-
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tassium carbonate was coimpregnated with
iron nitrate solution onto Davison 62 silica
gel. The iron loading is 9.9% based on iron
metal and the K : Fe molar ratio is 0.0175.
The thermal treatments are similar to those
described in (7).

2. Synthesis Experiments

The medium-pressure, single-pass, fixed-
bed reactor system used is depicted in Fig.
1. Details of construction and operation
have been reported by Amelse et al. (3) and
Arcuri et al. (7). Catalysts were first re-
duced at 425°C for 24 h in hydrogen. For
nitride preparation they were then switched
to NH3, the temperature raised to 495°C for
12 h and the samples subsequently cooled
to room temperature in NH;. For the car-
bided catalyst, samples were cooled in H,
after reduction, prior to conducting the CO/
H, synthesis reactions at 250 = 2°C. The
reactants were obtained from Airco Indus-
trial Gases as premixed mixtures (CO : H; is
either 1:1 or 1:3) in aluminum cylinders in
order to reduce carbonyl formation. How-
ever, low levels of carbonyl were observed
so a 5-A-sieve cold trap was employed in
the feed system. Minimal purity for CO is
99.3% and for H, is 99.999%. Oxygen re-
moval was provided by a MnO,/SiO; trap
prereduced in flowing H; at 350° for about 1
h. This trap serves as its own indicator,
turning from a blue-green in the reduced
state to brown-black as it oxidizes. Details
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Fi1c. 1. Experimental system for activity and selectivity measurements.
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of the chromatographic calibration and
product separation are described elsewhere
(4). All turnover frequencies are based on a
surface area measurement determined from
the amount of hydrogen chemisorbed dur-
ing the flow-desorption experiment devel-
oped by Amelse (3, 6). Hydrogen is chemi-
sorbed as the temperature is decreased
from 450 to 0°C, reversibly adsorbed H, re-
moved by flushing in Ar at 25°C, and a mea-
sure of the chemisorbed H, taken as that
desorbed on temperature programming
from 25 to 450°C.

RESULTS

1. Rate Data as a Function of Percentage
CO Conversion

Although there can be many products in
a typical Fischer—Tropsch reaction, in this
work analysis was conducted for hydrocar-
bons up to Cy plus methanol and ethanol.
The term ‘‘percentage CO conversion’’ re-
fers specifically to the conversion of CO to
these products and does not include CO
consumed in forming CO,. All rate data
were obtained at 250°C and at steady-state
conditions, namely, the catalyst state and
product distribution are constant with re-
spect to time in the flow reactor system.

Figure 2A is the time scale of turnover
frequency (Nco) of Fe-carbide and Fe-K-
carbide at a fixed gas hourly space velocity
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o
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(GHSV) at 7.8 atm with 1/3 (CO: H,) feed
gas. Deactivation seems to be negligible.
The stabilities of Fe-nitride and Fe-K-ni-
tride at 7.8 atm with 1/3 feed are shown in
Fig. 2B. It is seen that N¢¢ is quite stable up
ca. 50 h; however, when the ethylene and
propylene selectivities (represented by
Nc#/Nc, and Ncg/Nc,, respectively, and
discussed in next section) at a fixed GHSV
are plotted with respect to time (Figs. 3A
and B) there is an initial decrease up to 25 h
(Fe-nitride), then the selectivities level off
with respect to time. The similar shape of
both ethylene and propylene selectivities
and equivalent times (~25 h) for equilibra-
tion provide reasonable evidence that the
Fe-nitride catalyst is at steady state after 25
h of reaction. However, considering the GC
accuracy vis-a-vis relatively small changes
in the selectivity of ethylene and propylene
one may realize that, after 15 h, these
changes (5.5 and 2%, respectively) are
within the limits of the accuracy of analysis
(=6%) and thus both Fe-nitride as well as
Fe-K-nitride catalysts are regarded as
reaching their ‘‘steady states’’ after 15 h of
reaction. Rather extensive deactivation has
been reported for Fe,N (5) under similar
conditions. For the carbided -catalyst,
steady state is observed within 1 h, after
which the reduced iron is fully carburized
in the syngas atmosphere (6).

Listed in Table 1 are the CO turnover
numbers, N¢o, for Fe-carbide and Fe-ni-
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F1G. 2. (A) CO turnover frequency as a function of time for 1/3 feed: (a) Fe-carbide, 7.8 atm, GHSV
= 600, 7.2% conversion. (b) Fe-K-carbide, 7.8 atm, GHSV = 264, 6.5% conversion. (B) CO turnover
frequency as a function of time for 1/3 feed: (a) Fe-nitride, 7.8 atm, GHSV = 255, 8.5% conversion. (b)
Fe-K-nitride, 7.8 atm, GHSV = 240, 7.6% conversion.
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FiG. 3. (A) Ethylene selectivity as a function of time for 1/3 feed at 7. 8 atm: (a) Fe-K-nitride, GHSV
= 240, 7.6% conversion. (b) Fe-nitride, GHSV = 255, 8.5% conversion. (c) Fe-carbide, GHSV = 255,
8.7% conversion. (B) Propylene selectivity as a function of time for 1/3 feed at 7.8 atm: (a), (b), (c) asin

(A).

tride catalysts at 3 different pressures for
both 1/1 and 1/3 CO/H; feed gas mixtures
(at 2% CO conversion). Nco values in-
crease as the pressure changes from 1to0 7.8
atm, but there is no further increase in Nco
as pressure goes up from 7.8 to 14 atm ex-
cept for the nitrided catalyst with 1/3 feed
mixture. In all cases, N¢co decreases with
increasing conversion as is shown in Fig. 4
for the Fe-carbide catalyst. The decrease in
activity with increasing conversion has also
been reported elsewhere (6, 7) and is attrib-
uted either to some type of product inhibi-
tion or to slower CO consumption rates as
hydrocarbon chains grow. In all reactions
with the 1/3 feed mixture for both carbide
and nitride catalysts there seems to be no
deactivation during the course of an experi-
ment. With the 1/1 feed mixture however,

TABLE 1

CO Turnover Frequencies (Nco) of Fe-Carbide and
Fe-Nitride at Various Pressures and Feeds at 250°C
(2% CO Conversion) (X 10? molecules/site-sec)

Catalyst: Fe-Carbide Fe-Nitride
Feed gas
CO/H; ratio: 1/3 n 1/3 11
Pressure
(atm)
1 15+2 6.1 = 0.1 11 =02 501
7.8 74+ 4 26.0 + 0.4 40 =3 372
14 635 245=+05 97 +6 432

there is about a 10% decrease in CO turn-
over number after 15 h at all pressures in-
vestigated. This deactivation is very proba-
bly due to carbon deposition which causes
surface-active site fouling (8).

The CO turnover numbers for carbide
and nitride catalysts are about the same at 1
atm. However, carbide and nitride cata-
lysts behave quite differently at higher
pressures: the nitride catalyst is more ac-
tive with 1/1 feed gas at both 7.8 and 14 atm
and with 1/3 feed gas at 14 atm, whereas the
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FiG. 4. CO turnover frequency vs conversion as a
function of pressure for 1/3 feed; A = 1 atm, 0 = 7.8
atm, O = 14 atm.
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TABLE 2

CO Turnover Frequencies (N¢o) of Fe-K-Carbide
and Fe-K-Nitride at Various Pressures and Feeds at
250°C (2% CO Conversion) (X 10° molecules/site-sec)

Catalyst: Fe-K-Carbide Fe-K-Nitride
Feed gas
CO/H, ratio: 173 11 173 1/1
Pressure
(atm)
| 1.0 03 2302 12003 3202
78 23415 9408 29315 15615
14 462+25 140%12 392+25 287+15

carbide catalyst is more active with 1/3 feed
gas at 7.8 atm. Earlier studies by Anderson
and co-workers (9, 10) also indicated that
nitrided iron catalysts were more active
with 1/1 feed gas at 7.8 atm.

For the potassium-promoted Fe-K-car-
bide and Fe-K-nitride catalysts, the Nco
values at 2% CO conversion are listed in
Table 2. These N¢o values increase as the
pressure increases. However, all values are
smaller than for the potassium-free cata-
lysts. Fe-K-nitride seems to be more active
than Fe-K-carbide except for the case of 1/3
feed gas at 14 atm. N¢o values drop as the
% CO conversion increases, in a manner

ch=
o

% CO Conversion
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similar to that of the potassium-free cata-
lyst.

2. Ethylene and Propylene Selectivities

The conversion dependence of the
steady-state Ncs/Nc, ratio for Fe-carbide
and Fe-nitride catalysts at 14 atm is shown
in Fig. SA for the 1/3 feed gas mixture. The
general trend shown for the steady-state
Ncz/Nc, ratio is the same at 1 and 7.8 atm,
decreasing with increasing conversion,
consistent with the view that the initial
products are olefins. In all cases studied,
the Fe-nitride catalyst gives a Nc#=/Nc, ra-
tio which is more than twice that of Fe-
carbide. Note especially the first two sam-
ples in Fig. 5A, denoted O; and O,, which
were taken early in the experiment and
which have a selectivity ratio about 6 times
larger than that for Fe-carbide catalyst.

It has been claimed that a potassium-pro-
moted iron catalyst will give higher olefin
ratios (2). In Fig. 5B, it is seen that the
Ncg/Nc, values increase slightly with pres-
sure for the Fe-K-carbide catalyst. Com-
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F1G. 5. (A) Ethylene selectivities vs conversion for 1/3 feed at 14 atm; O = Fe-nitride (O, and O,
were measured after 18 and 64 min of reaction, respectively); O = Fe-carbide. (B) Ethylene selectivi-
ties vs conversion for 1/3 feed at different pressures; O, ¢,V = Fe-K-carbide at 1, 7.8, and 14 atm; X,

A, O = Fe-K-nitride at 1, 7.8, and 14 atm.
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pared with the unpromoted material, the
Fe-K-carbide catalyst boosts the Ncs/Ng,
value from 0.5 to 1.1 at about 3% CO con-
version. On the other hand, the Fe-K-ni-
tride catalyst shows a very strong pressure
dependence for ethylene selectivities. At 1
atm, the Ncy/Nc, value for Fe-K-nitride is
smaller than for the Fe-K-carbide, but as
the pressure increases the value increases
from about 0.7 to 2.1 at 3% conversion. Fe-
K-nitride shows the highest ethylene selec-
tivity of all four catalysts studied. The same
type of behavior is observed for the Ncy/
N, ratio, although for a given conversion,
the fraction of C3~ olefins is greater. Thus,
the promotion effect of potassium on olefin
selectivity is well supported by these
results.

3. Relative Activities for Alcohols

At 1 atm alcohol production from iron-
based Fischer-Tropsch catalysts is very
small. However, at higher pressures alco-
hols become substantial products. Figure
6a depicts the mole fraction of methanol
produced by Fe-carbide and Fe-nitride;
with the 1/1 mixture at 7.8 atm the carbide
catalyst produces about twice the amount
of methanol compared with the nitride cata-
Iyst. A similar relationship exists for the
ethanol mole fraction, with the iron carbide
producing more ethanol than the iron ni-
tride. ,

The total C; + C, alcohol mole fraction

o4

o 1 i 1
o [ 2 3 4 5
% CO Conversion
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vs % CO conversion for potassium-pro-
moted catalysts is plotted in Fig. 6b. On
comparison of Figs. 6a and b it would ap-
pear that potassium-promoted catalysts re-
tard methanol selectivity. However, with
the copresence of potassium and nitrogen,
Fe-K-nitride produces more methanol and
ethanol (see Fig. 6b). Anderson and co-
workers (9) claimed that with bulk nitrided
iron catalyst (with K,O as one of the ingre-
dients) alcohol production was greatly en-
hanced. The present results are consistent.

Although the alcohol mole fraction is the
scale used to measure the selectivity of al-
cohol production, the absolute activity for
alcohol formation is expressed in terms of
its yield. Figures 7a and b show that both
Fe-carbide and Fe-K-carbide yield more al-
cohol (methanol and ethanol) than their ni-
trided counterparts at 14 atm with the 1/1
mixture. However, with the 1/3 mixture,
Fe-K-carbide and Fe-K-nitride produce
about the same amount of alcohol, as
shown in Fig. 7c.

It can be concluded that in general the
Fe-carbide catalyst produces more alcohol
than Fe-nitride and Fe-K-carbide or Fe-K-
nitride. Comparison of the two potassium-
promoted catalysts reveals essentially
equivalent yields of alcohol.

4. Water—-Gas Shift Activity

Although feed mixtures of CO/H, with
ratios of 1/1 and 1/3 were used throughout
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FiG. 6. (A) Methanol mole fraction vs CO conversion for 1/1 feed at 7.8 atm: A = Fe-carbide; O =
Fe-nitride. (B) Total C; + C, alcohol mole fraction vs CO conversion for 1/1 feed at 7.8 atm: A = Fe-K-

carbide, O = Fe-K-nitride.
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Fi1G. 7. Total alcohol yield vs CO conversion for 1/1 feed at 14 atm; (a) A = Fe-carbide, O = Fe-
nitride; (b) A = Fe-K-carbide, O = Fe-K-nitride; (c) yields for 1/3 feed at 14 atm; A = Fe-K-carbide, O

= Fe-K nitride.

the study, the actual reaction mixture com-
positions are modified by the presence of
the water—gas shift reaction shown below,
which occurs concurrently with the synthe-
sis reactions on the catalyst surface:

CO + H20 2 C02 + Hz;
Py P
204 Co

This is a thermodynamically reversible
reaction with equilibrium constant increas-
ing as the temperature is lowered. At
250°C, the equilibrium constant is about 83
(11). This reaction, although no hydrocar-
bon is produced, changes the internal hy-
drogen economy in a Fischer-Tropsch
process. In the present study, where low
conversion is maintained, the ratio Xco,/
Xn,0, with X the mole fraction of these non-
hydrocarbon products, gives a measure-
ment of the extent of forward reaction of

Eq. (1), and we refer to it for convenience
as “‘shift activity.”

The mole fraction of CO, in the reactor
effluent was measured directly by gas chro-
matography (3). However, since water
gives a broad background peak in the GC
separation, the rate of water formation was
calculated by assuming that the hydrocar-
bon product distribution terminated at C,
and alcohols terminated at C,.! Since each
molecule of H,0 that formed from the syn-
thesis reaction may shift to CO,, at steady
state the molar rate of consumption of CO
equals the sum of the molar rate of forma-
tion of H;O and CO,. The validity of such a
calculation depends upon the fact that CO

! An estimate of the error associated with this as-
sumption can be made on the basis of the chain growth
probability parameter, «, in Eq. (2). For a = 0.5, the
error in total hydrocarbons not accounted for is 1.2%,
for e = 0.6 it is 4.7%. Since a values here are typically
of the order of 0.6, we estimate resultant maximum
errors of 5%.
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does not disproportionate to form carbon
and CO,. This is evidenced by stable turn-
over numbers during the period of reaction.
Similar results with respect to dispropor-
tionation have been obtained by Amelse et
al. (3) and Arcuri (7).

Figure 8A shows that Fe-nitride has
higher shift activity than the Fe-carbide cat-
alyst with 1/1 feed gas mixture, although
the carbide and nitride catalysts exhibit
similar activities at 1/3 feed gas ratio. How-
ever, with potassium-promoted catalysts,
the nitrided catalyst has about the same
shift activity as the carbided catalyst as is
shown in Fig. 8B. More extensive compari-
son (not shown) of the shift activities of cat-
alysts with and without potassium indicates
that potassium-promoted catalysts show
higher shift activities than potassium-free
catalysts at all three pressures studied.
Amelse, et al. (3) and Arakawa and Bell
(12) have seen similar results with 1/3 mix-
tures. It should be noticed that in no case is
the water—gas shift reaction near equilib-
rium. This can be seen from the fact that no
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Xco,/Xu,0 ratio is larger than 0.7, whereas
the equilibrium value should be about 28
and 83 with the 1/3 and 1/1 gas mixtures,
respectively, at 250°C.

5. Overall Product Distributions at
Steady-State Conditions

5.1 Product chain length distribution.
The chain growth probability parameter, «,
is defined as the ratio of the rate of chain
propagation to the sum of the rates of prop-
agation and termination (/3). Thus a larger
a value indicates a higher probability to
form larger molecules. There are several
mathematical forms for the product distri-
bution. The one used for the present analy-
sis of o values is given as

In(y; X 10 = nlna + b, 2)

where y; is the sum of the product mole
fractions that have i carbon atoms, 7 is the
degree of oligomerization, or the carbon
number in a chain, b is the Y-axis intercept,
and « is the chain growth probability. The
multiplication of y; by 10° in Eq. (2) is used
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FiG. 8. Shift activities vs CO conversion at 7.8 atm: (A) X = Fe-nitride (1/1 feed); A = Fe-carbide (1/
1feed); + = Fe-nitride (1/3 feed); [0 = Fe-carbide (1/3 feed). (B) X = Fe-K-nitride (1/1 feed); A = Fe-
K-carbide (1/1 feed); + = Fe-K-nitride (1/3 feed); O = Fe-K-carbide (1/3 feed).
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for convenience to transform the logarith-
mic values to positive numbers. The y; val-
ues include the C,; and C, alcohols as will be
explained in the discussion section. Figure
9 presents an example of typical results ob-
tained.

The « values, calculated from the slope
of the product distribution plots for Fe-car-
bide and Fe-nitride are given in Table 3. A
trend that values increase with increasing
pressure as well as CO conversion level is
obvious, indicating that higher pressure and
CO conversion level favor long chain for-
mation. The « values also increase as the
hydrogen content in the feed gas decreases.
The hydrogen-rich environment is believed
to favor hydrogen incorporation (chain ter-
mination) instead of carbon incorporation
(chain propagation). In all cases studied,
the nitride catalyst has larger values than
the corresponding carbide. This indicates
that Fe-nitride catalyst tends to form larger
molecules with less hydrogenation (en-
hanced olefin ratio).

fnty; x10%)
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TABLE 3

Growth Parameters, «, for Fe-Carbide and
Fe-Nitride Catalysts

Catalyst: Fe-Carbide Fe-Nitride
Feed gas
CO/H, ratio: 173 11 173 171
Pressure
(atm)
1 .554 (5.38)% .607 (1.84) 595 (3.91) .619(1.27)
.521(1.50)  .601 (0.84) 525 (1.15)  .610 (0.25)
7.8 .597 (7.84)  .645 (3.25) .651 (5.55) 665 (3.66)
590 (2.93) 638 (1.21) 645 (2.05)  .654 (0.87)
14 .607 (7.14)  .650 (3.47) 654 (7.23) .670(4.22)
590 (1.85) 630 (1.11) 649 (3.45) .661 (1.06)

“ Value in parentheses is % CO conversion.

The « values for the potassium-promoted
carbide and nitride catalyst are listed in Ta-
ble 4. Comparison among the « values of
Table 3 indicates that potassium-promoted
catalysts overall have larger « values. This
is in agreement with prior results that these
catalysts tend to form longer chain prod-
ucts (2). The previously described effects
of feed gas composition, pressure and con-
version level are also observed with the po-
tassium-promoted catalysts. In all four cat-
alysts studied, the Fe-K-nitride catalyst
seems to have the highest « values, indicat-
ing an additivity of the effects due to potas-
sium and nitrogen is observed in the overall
product distribution.

‘©
QL «
"
-
: . k\.\l\.\‘\ TABLE 4
Qg
2 .
} b Growth Parameters, «, for Fe-K-Carbide and
o — Fe-K-Nitride Catalysts
B. .
e X Catalyst: Fe-K-Carbide Fe-K-Nitride
[Sar-N s 3 Feed gas
x CO/H, ratio: 173 11 113 11
tad
i
= 2. L Pressure
' c {atm)
fo] 1 1 1 1 1 1 | 1 1 1 L
P23 45 6 78 9 1 578 (4.47)7 636 (1.32)  .637(5.02) .666 (1.83)
Carbon Number, n 497 (1.68) 607 (0.54)  .587 (1.61) .587(.264)
FI1G. 9. A representative chain growth plot; Fe-K- 7.8 620 (4.50) 629 (1.49) 694 (4.83) .723 (2.86)
. X 590 (1.51) 620 (0.77)  .684 (1.95) .686 (0.57)
nitride for 1/1 feed: (a) A = 1.83% conversion; X = 1 621 (465  654(239) 699 (4.49) 736 (.4)
0.26% conversion; 1 atm. (b) A = 2.86% conversion; 613 (1.41)  .634(0.98)  .682(2.85) .691 (1.58)

X = 0.57% conversion; 7.8 atm. (c) A = 3.40% con-
version; X = 1.58% conversion; 14 atm.

“ Value in parentheses is % CO conversion.
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Fi1G. 10. Product distributions at 7.8 atm for 1/3 feed: (A) (a) Fe-carbide, 3.0% conversion; (b) Fe-
nitride, 3.0% conversion. (B) (a) Fe-K-carbide, 3.66% conversion; (b) Fe-K-nitride, 3.38% conversion.
Product distributions at 7.8 atm for 1/1 feed: (C) (a) Fe-carbide, 1.2% conversion; (b) Fe-nitride, 1.1%
conversion. (D) (a) Fe-K-carbide, 1.49% conversion; (b) Fe-K-nitride, 1.09% conversion.

5.2 Total product distribution. The
steady-state product distribution for any of
the catalysts is a strong function of temper-
ature, pressure, feed gas mixture ratio, and
conversion range studied. Figures 10A to D
present some examples of the total product
distributions obtained at 250°C. The fact
that the Fe-nitride catalyst produces more
olefins, more C¢ ~ C, fractions and less al-
cohols than Fe-carbide is obvious. Potas-
sium-promoted Fe-K-carbide also in-
creases the olefin selectivity and C¢ ~ Co
fractions of hydrocarbons, but decreases
the alcohol production.

DISCUSSION

In the present paper the synthesis reac-
tion results have been presented for the
four catalysts investigated in order to com-
pare the effects due to potassium and nitro-
gen. A summary of the observations for the
reaction studies is listed below. In compari-

son with prior results on Fe/SiO, (3, 7),
both the supported Fe-nitride and Fe-K-
carbide catalysts have (1) higher olefin se-
lectivity, (2) higher water—gas shift activity,
(3) lower alcohol yield, (4) a tendency to
shift products to larger molecular weight.

These tendencies are further enhanced
for the Fe-K-nitride catalyst. Thus, from
these observations on the behavior of both
the K-promoted and nitrided catalysts, one
may start to ponder the question of whether
potassium and nitrogen are doing the same
thing.

Potassium-promoted iron catalysts have
been studied quite extensively (2, 14, 15)
and the results indicate that potassium do-
nates electrons to iron. Studies of iron ni-
tride (16-22, 27) have shown that nitrogen
also donates electrons to iron, in semiquan-
titative agreement with the ‘‘donor model”’
of Wiener and Berger (23).

The experimentally observed, approxi-
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mately linear decrease of hyperfine field
with the number of metalloid (C,N) neigh-
bors (21, 27, 28) corresponds to a decrease
of the iron magnetic moment by 0.52 ug for
N neighbors and by 0.44 ug for C neigh-
bors. This suggests that the charge-transfer
into the partially filled iron 3d band is larger
for interstitial nitrogen? than for interstitial
carbon. The retention of about 15% intersti-
tial N in the stabilized Fe-nitride catalyst
(1) should therefore result in a slightly
larger electron population in the iron d band
as compared to the Fe-carbide.

Electron donation from potassium to iron
has been indicated by earlier studies (2,
14, 15) for the K-promoted catalyst, but
this was not seen in the Mossbauer spec-
trum of the reduced K-promoted catalyst.
Probably, potassium atoms are segregated
to the surface of the metal as has been pro-
posed by Bonzel and Krebs (29). Alter-
nately the electron donation could be in the
4s band, leaving the Fe-moment and the as-
sociated large core-polarization contribu-
tion to the hyperfine field unchanged. This
should still change the conduction electron

H,C—CH,—R
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contribution, but this is usually a smaller
effect in 3d metals (31). The discussion 1s
beclouded by possible gradients in nitrogen
content in the Fe-nitride catalyst. How-
ever, given the metallic properties of iron
nitride, it is likely that the delocalized elec-
tron-enriched 4 band affects the catalytic
behavior at the surface, leading to the simi-
larity of behavior of nitrogen- and potas-
sium-containing catalysts.

A final point has to do with the determi-
nation of y; and resulting o values. The
product distribution from Fischer—Tropsch
reactions is an analog to that found for oli-
gomerization reactions, and the calculation
of y; in Eq. (2) should include all products
that derive from the same precursor. We
believe there is evidence that alcohols as
well as hydrocarbons involve the same in-
termediate. Figure 9 shows a typical exam-
ple when alcohols are included in the prod-
uct distribution plot. The linearity of the
n(y, X 109 vs n plots seems to support this
interpretation of the data.

Generalized product formation reactions
can be written in a summary form, then, as

| ~—> —-M— + CH,~CH,—R (A)
—M
H,C—CH—R H
(IJHZ—CHZ—R 2| H - | + CH,=CH—R (B)
—M— . 2
H
I
H,C—CH,—R —M—
1!4’/0 - 2 M- + (I',‘HZ—CHZ,—R ©

2 The electron donation from interstitial nitrogen is
different from (but not inconsistent with) the case of
chemisorbed nitrogen on an iron surface where it is
believed to accept electrons from iron (26). This is
understandable because the octahedral interstices in
the e-phase can accommodate, without lattice strain, a
sphere of radius less than about 0.56 A. The interstices

OH

are too small for atomic nitrogen with a radius of 0.74
A (24) or the still larger N ion. The estimated effective
radius of nitrogen in &-Fe,N of 0.68 A (25) is consistent
with the view that interstitial nitrogen (and by similar
argument, carbon, too) donates electrons and exists in
the structure as positively charged ions.
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The possibility that alcohol is found via CO
insertion is akin to findings on metals such
as Rh that have less tendency to dissociate
CO. Alcohol formation is favored at higher
pressures. Arcuri’s (7) study of iron-based
catalysts found that the sum of the fraction
of CO converted to CH, plus methanol is
approximately constant regardless of the
operating pressure. Similar results were
found in the present study, further suggest-
ing that methane and methanol may be de-
rived from the same intermediate. If metha-
nol decomposes at low pressures (~1 atm)
on the iron surface, pathway C will not be
favored and the precursor intermediate
shifts to the formation of methane via path-
way A.

The reaction sequence shown can also be
applied to catalysts that produce very small
amount of alcohols. For example, Co cata-
lysts yield very small amounts of methanol
even at high pressures and produce more
CH, than either Fe and FeCo catalysts at all
pressures (7). However, the sum of frac-
tions of CO converted to CH4 and CH;0H
is smaller at higher pressures than at 1 atm.
This is no surprise when the chain growth
probability, «, of Co is compared with that
of iron. Co, with 1/1 feed gas, gives an «
value of 0.86 whereas Fe has an « value of
only 0.56. This ‘‘compensation’’ effect is
also consistent with a common intermedi-
ate for chain propagation or termination
which results in paraffin, olefin, or alcohol
(and possibly other minor products).

Despite the apparent success in the inter-
pretation of the distribution plot for y; at
higher pressures when alcohols are incor-
porated in the calculation, two points are
still unresolved. First, is that in plots such
as Fig. 9, at 1 atm yc, is still underestimated
due to decreased alcohol formation. Sec-
ond, is that the observed y¢; is sometimes
greater than predicted by the linear plot.
One possible reason for these discrepan-
cies, according to Biloen and Sachtler (30),
is that a constant chain growth probability «
does not exist for very small chains. The
second possibility is that there are multiple

YEH, SCHWARTZ, AND BUTT

pathways for the formation of C, and C,
hydrocarbons and the secondary reactions
that involve C, hydrocarbon are very pres-
sure-dependent. Further data, particularly
with regard to the effect of pressure, are
required to resolve these questions.
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