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The Fischer—Tropsch synthesis was studied at 520 K on reduced iron catalysts at a pressure of 24
Pa in a continuous-flow fixed-bed reactor and at 9 kPa in a batch reactor. A quadrupole analyzer
detector was used for continuous monitoring of the products formed. In the experiments at 24 Pa a
preference for the formation of aromatics was observed. From this it is concluded that carbon
adsorption on sites next to an occupied site is favoured as compared to adsorption on a clean part of
the surface. In experiments at 9 kPa very little activity is observed for a period of about 15 ks, after
which the customary activation sets in. However, when the catalyst is pretreated with a small
quantity of oxygen, hydrocarbons up to C, and C, compounds are produced immediately. Conse-
quently, the activation is also associated with the presence of oxygen on the catalyst. The activa-
tion is ascribed to the formation of certain active hydrogenation ensembies which form faster on the
preoxidized catalyst. From preoxidation experiments with '®Q, it is concluded that the rate of
dissociation of carbon monoxide on iron catalysts is a fast reaction compared to the overall

Fischer—Tropsch reaction rate.

INTRODUCTION

When freshly reduced iron catalysts are
exposed to synthesis gas the rate of hydro-
carbon production increases in the course
of an experiment from zero to a maximum
and finally levels off at a value below that
maximum. It has been found that during
this activation a considerable uptake of car-
bon and oxygen occurs (/). This process is
rather fast under atmospheric conditions.
In order to study these depositions in more
detail, we have followed the activation of
an iron-based Fischer-Tropsch catalyst at
low pressures, where all processes proceed
at a much lower rate. For this a high-vac-
uum system was built, with the reactor di-
rectly coupled to a quadrupole mass spec-
trometer. With this system quantitative
data could be obtained at low reactant pres-
sures.

Tillmetz (2) has already given a partly
quantitative description of the reaction at
very low pressures (1072-10-3 Pa) on fully
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carbided iron catalysts. On rhodium poly-
crystalline foils Sexton and Somorjai (3)
were not able to produce meaningful data at
such low pressures, because the amounts of
higher hydrocarbons produced were too
small for reliable detection by a quadrupole
analyzer. At these extremely low pressures
also our experiments with iron catalysts
were unsuccessful. Therefore our experi-
ments were carried out at pressures be-
tween 10 and 10* Pa.

We have used for this study an iron man-
ganese oxide catalyst as this study is part of
an investigation into the effect of manga-
nese oxide on the olefin selectivity of iron
catalysts (1, 9). In the latter publication it is
shown that the iron/manganese oxide cata-
lyst used in the present study behaves very
much like a pure precipitated iron catalyst.

EXPERIMENTAL
High-Vacuum Apparatus

A general scheme of the apparatus is
shown in Fig. 1. The system consists of a
feed section, a reaction section, and a quad-
rupole section.
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Fic. 1. Scheme of the high-vacuum apparatus. 1
mass flow controllers, 2 and 3 variable leak valves, 4
differential pressure gauges, 5 thermal conductivity
pressure gauges, 6 ionization pressure gauge, 7 mixing
vessel, 8 feed vessel, 9 reactor, 10 oven, 11 rotary
vane pumps, 12 turbomolecular pump, 13 quadrupole
analyzer, and 14 microprocessor.

The complete apparatus was made of
stainless-steel (AISI 316/321) Leybold—He-
racus equipment parts and the connections
were sealed with copper gaskets. All the
equipment has been baked out at 575 K.
During Fischer-Tropsch synthesis the
whole system is kept at 420 K, except the
reactor which is kept at 525 K.

The reaction mixture is prepared in the
feed section. The reactor operates at 24 Pa
as a fixed-bed flow reactor and at 9 kPa as a
batch reactor.

Gas mixtures of H,, CO, and Ne are pre-
pared by separate regulation of each gas
stream with mass flow controllers 1
(Brooks 5841-1) and stored in a feed volume
of 63 cm®. The absolute pressure in this feed
volume is determined by a membrane dif-
ferential pressure gauge PD 1.0 (Hottinger
Baldwin; 102-10° Pa). When the reactor is
used as a continuous-flow fixed-bed reac-
tor, the gas feed rate into the reactor is cal-
culated from the rate of pressure decrease
in the feed volume. This pressure decrease
is followed by a PD 0.01 differential pres-
sure gauge (measuring range 1 to 103 Pa).

The gases hydrogen (Matheson, ultrahigh
purity >99.999%), carbon monoxide
(Matheson, purity >99.997%), and neon
(Hoekloos, purity >99.9%) were used as
supplied.

For the continuous-flow experiments at
24 Pa the gas mixture is admitted to the
reactor by variable (Leybold-Heraeus)
leak valve 2, which maintains a constant
feed rate into the reactor, as long as the
pressure in the feed section does not
change too much. The pressure in the reac-
tor is controlled by a second variable leak
valve, 3, which connects the reactor to the
quadrupole section. The ratio of the con-
centrations of the various components to
that of neon, determined with the quadru-
pole, was used to calculate the mole frac-
tions at the outlet of the reactor. The reac-
tion rate was calculated by multiplying
these mole fractions by the gas feed rate.

At the higher pressure of 9 kPa the pump-
ing system operating at 10~* Pa is unable to
maintain an acceptable feed rate through
the reactor. Consequently the reactor is op-
erated as a batch reactor at this pressure.
The total reactor volume in this case is 1.8
dm®, From the reactor a small sample flow
is admitted via variable leak valve 3 to the
quadrupole section, kept at a pressure be-
tween 1073 and 10~* Pa. From the fast
stepwise increase of some concentrations
at the beginning of an experiment we con-
clude that concentration gradients in the re-
actor can be neglected in this study. The
reactor is made of quartz glass and was
filled with 1 g of unreduced catalyst. A by-
pass line around valve 3 is used for fast
evacuation of the reactor after reduction of
the catalyst or after a Fischer—Tropsch ex-
periment. The pressure in the reactor is
measured with thermal conductivity vac-
uum gauge 5 (Leybold—-Heraeus, Thermo-
tron 11/12, range 1 to 10* Pa).

A simple quadrupole mass spectrometer
(Leybold-Heraeus, Quadruvac Q 200,
mass range 0-100 amu) was chosen as ana-
lyzer. A Puzzle PSDS 20 microcomputer
was adapted to control the scan over a se-
lected mass range of the quadrupole and to
choose for each mass signal the appropriate
amplifier range, providing a total dynamic
range of 10° over the complete mass spec-
trum. The intensity at each mass was mea-
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sured 16 times and the mean value printed
in the output.

At high sensitivities the leading edge of a
strong peak can extend into the region of a
preceding small peak. A mathematical pro-
cedure was then applied to obtain an esti-
mate of the small peak. Complete details
will be published elsewhere (4). The quad-
rupole mass spectrometer is calibrated by
admitting mixtures of known compositions
into the quadrupole section. The intensities
(relative to neon) for the main peak of each
component are presented in Table 1.

A computer program, based on a modifi-
cation of a stepwise linear regression pro-
gram, that gives both qualitative and quan-
titative data for the composition of a sample
has been developed by Henriquez (5, 6).
This program uses the spectra of a great
number of possible components stored in a
library. Since no oxygen-containing hydro-
carbons were chosen from the library by
the linear regression procedure, these com-
pounds were not present in statistically sig-
nificant quantities in our experiments.

Catalyst Preparation and Pretreatments
An iron manganese oxide catalyst with
an iron-to-manganese atomic ratio of 4:1
TABLE 1

Sensitivities of a Quadrupole Equipped with a
Multtiplier for the Main Peak of Various Compounds
with Respect to Neon

Component  Sensi- Component Sensi-

tivity tivity
Xylene 3.5¢ Propene 2.9
Toluene 3.54 Ethane 34
Benzene 3.5¢ Ethene 3.4
Heptane 3.44 Methane 3.6
Heptene-1 3.4 Argon 3.7
Hexane 3.3 Water 3.3¢
Hexene-1 3.3e Neon 1.0
Pentane 3.32 Carbon dioxide 2.6
Pentene-1 3.34 Carbon monoxide 42
Butane 3.2 Nitrogen 3.3
Butene-1 3.2 Hydrogen 5.0
Propane 2.9

7 Estimated values,

was used in most of the experiments. The
iron manganese oxide catalysts were pre-
pared by slowly adding ammonium hydrox-
ide (12% by wt ammonia, Merck P.A., 0.05
cm?/s) to a solution (3 dm?) of 0.25 kmol/m?
iron (I1I) nitrate (Fe(NO;); :+ 9H,0, Merck
P.A)) and 0.06 kmol/m? manganese (II) ni-
trate (Mn(NOs), - 4H,0, Riedel P.A),
which was heated to 365 K. The ammonia
addition was stopped when a pH of 8 was
reached. The precipitate was filtered off
and washed with 200 cm? distilled water. It
was then dried at 390 K for 86 ks and
calcined at 675 K for 4 ks. In all the experi-
ments 1 g of this calcined product with a
sieve fraction of 0.2-0.6 mm was used.

Standard reduction of the catalyst was
carried out at 625 K in flowing hydrogen
(1.7 cm¥/s) for 70 ks. After this, an esti-
mated 90% of the iron is present in the form
of zerovalent iron. The remaining iron,
Fe?* and Fe**, is presumably associated
with the manganese oxide in the catalyst
(9), which is present as MnO. Thereafter
the reactor was quickly evacuated and
cooled to the reaction temperature of 525
K. Evacuation was continued for about 15
ks until a pressure of about 10-* Pa was
obtained in the reactor. The reduced cata-
lyst contained 56% by wt of iron.

RESULTS

CO Hydrogenation over a Reduced
Catalyst at 24 Pa

The Fischer-Tropsch reaction was in-
vestigated at 525 K and 24 Pa with a mix-
ture of H,, CO, and Ne with a volumetric
ratio of 40 : 10: 50 at a feed rate of 4.9 nmol/
s. During the first period of about 30 ks the
carbon monoxide was mainly converted
into benzene and toluene, while the rate of
formation of methane was much lower (see
Fig. 2). Besides aromatic compounds also
the olefins propene and butene and possibly
ethene were formed. Formation of ethene
could not be determined accurately, be-
cause the main peak coincides with that of
carbon monoxide. The production of ben-
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FiG. 2. Conversion rate of CO into various hydro-
carbons during Fischer-Tropsch synthesis in the con-
tinuous-flow fixed-bed reactor. T = 523 K; Py, = 9.6
Pa; Py = 2.4 Pa.

zene and toluene was much higher than that
derived from a Schulz-Flory relation based
on the C,, C;, and C4 hydrocarbon forma-
tion rates.

Since all products and carbon monoxide
were analyzed during the course of the syn-
thesis, a mass balance for carbon and for
oxygen could be obtained. The results of
this calculation are shown in Fig. 3, indicat-
ing that the catalyst absorbed only small
quantities of carbon and oxygen during the
experiment.

CO Hydrogenation over a Reduced
Catalyst at 9.2 kPa

The Fischer—Tropsch reaction was also
investigated at 525 K and a pressure of 9.2
kPa with the reactor operating as a batch
reactor. A 60:15:25 gas composition of
H,, CO, and Ne was used in this experi-
ment.

Methane and to a much smaller extent
hydrocarbons up to C; were formed imme-
diately after the introduction of the synthe-
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FiG. 3. Uptake of carbon and oxygen during Fis-
cher—Tropsch synthesis in the continuous-flow fixed-
bed reactor. T = 523 K; Py, = 9.6 Pa; Pco = 2.4 Pa.
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FiG. 4. Formation of various hydrocarbons during
Fischer-Tropsch synthesis in a batch reactor. T = 523
K; Py, = 5.5 kPa; Pco = 1.4 kPa; 1 g catalyst.

sis mixture (see Fig. 4), possibly again with
the hydrogen left on the catalyst after re-
duction. During the subsequent period of
about 15 ks no further product was formed,
although much carbon and oxygen were de-
posited during this period on the catalyst as
followed from the mass balances (see Fig.
5). This deposition continued until about
0.8 mmol C/g Fe and 0.5 mmol O/g Fe were
deposited on the catalyst. The concentra-
tions of carbon monoxide, carbon dioxide,
and water in the reactor are given in Fig. 6.

CO Hydrogenation over Preoxidized
Catalysts at 9.2 kPa

When the Fischer—Tropsch synthesis
was performed under atmospheric pressure
conditions (/) or at lower pressures (see the
preceding section), we observed during the
activation of the catalyst not only the depo-
sition of carbon but also a considerable up-
take of oxygen. To investigate the influence
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Fi1G. 5. Uptake of carbon and oxygen during Fis-
cher-Tropsch synthesis in the batch reactor. T = 523
K; Py, = kPa; Pco = 1.4 kPa.
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F16. 6. Concentration of the products H,O and CO,
and the reactant carbon monoxide during Fis-
cher~-Tropsch synthesis in the batch reactor. Synthe-
sis: T = 523 K; Py, = 5.5 kPa; Po = 1.4 kPa; 1 g
catalyst.

of oxygen on the Fischer-Tropsch reac-
tion, experiments were performed on pre-
oxidized iron catalysts. The oxidation was
carried out at room temperature by expand-
ing a diluted 1.8% O,/Ne mixture from the
feed volume into the closed reactor (1.8
dm?). Two different gas mixtures, which
contained 40 and 70 pmol of oxygen, 1°0,
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FiG. 7. Schulz-Flory plot of the hydrocarbon prod-
uct distribution after Fischer—Tropsch synthesis in the
batch reactor. Synthesis: T = 523 K; Py, = 5.5 kPa;
P.o = 1.4 kPa. After 1 ks of synthesis: on a reduced
catalyst, O; on an oxygen-pretreated catalyst (40 pwmol
0, for 1.7 ks), A; on an oxygen-pretreated catalyst (78
pmol 80, for 12 ks), 0. After 35 ks of synthesis on a
reduced catalyst, @.
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Fi1G. 8. Cs—C; olefin (C,?") and paraffin (C,) concen-
trations during Fischer-Tropsch synthesis on a re-
duced catalyst in the batch reactor. Synthesis: T = 523
K; Py, = 5.5 kPa; Pco = 1.4 kPa.

and 0, respectively, were contacted with
the standard quantity of reduced iron man-
ganese oxide catalyst for a period of 1.7 and
11 ks, respectively. At the end of the pre-
treatment the reactor was quickly evacu-
ated and thereafter in 2 ks heated to the
reaction temperature of 525 K. The reac-
tion was carried out again at 9.2 kPa and
525 K in the batch reactor system with a
60:15:25 gas mixture of H,, CO, and Ne.

In experiments in which an unreduced
Fe,0;/Mn,0; precipitated catalyst was di-
rectly exposed to the same gas mixture at
9.2 kPa and at 525 K, no hydrocarbon for-
mation and only a slow reduction were ob-
served. The reduced and subsequently pre-
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Fi1G. 9. Cs—C; olefin (C,2") and paraffin (C,) concen-
trations during Fischer~Tropsch synthesis in the batch
reactor on a reduced catalyst after a pretreatment with
40 pmol O, for 1.7ks. T = 523 K; Py, = 5.5kPa; Pco =
1.4 kPa.
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oxidized catalysts however produced
immediately methane, the production of
which increased during the consecutive re-
action period. No induction period, as ob-
served with the untreated reduced iron cat-
alysts, was observed. In Fig. 7 the product
distribution on the preoxidized catalyst is
shown after a reaction period of 1 ks. Fig-
ure 8 shows, as a basis for comparison, the
formation of the Cs—C; products on a re-
duced catalyst. Figure 9 shows the same
data for a preoxidized catalyst. The forma-
tion of the oxygen-containing compounds
on the preoxidized catalyst is given in Fig.
10. From atomic mass balances the quanti-
ties of carbon and oxygen remaining on the
catalyst are calculated and reported in Fig.
11.

DISCUSSION

If the quantity of CO adsorbed at room
temperature on the catalyst used in this
study, 60 wmol CO/g Fe (1), is indicative of
one monolayer, we find from the data of
Fig. 3 that in the low-pressure experiment
the equivalent of about 0.05 monolayer of
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carbon and of oxygen is adsorbed or ab-
sorbed when the maximum rate of benzene
formation is reached (15 ks). This means
that for CO the sticking probability must be
very low, as under the existing conditions
the minimum time to form a monolayer of
carbon monoxide would be less than 0.2
ms. It is remarkable that although the car-
bon surface coverage is small, the catalyst
converts more carbon monoxide into higher
hydrocarbons than, e.g., into methane, ex-
cept at the very beginning, when, presum-
ably with the aid of the hydrogen left on the
catalyst after reduction, the methane pro-
duction is the highest, as can be seen in Fig.
2. We are of the opinion that, although for
the formation of olefins and especially of
aromatics less hydrogen is needed than for
the formation of paraffins, the high fraction
of olefins and aromatics in the output can
only be explained partly by a lack of hydro-
gen. Because there is no reason to assume
that the hydrogen concentration on the sur-
face increases during an experiment, we
conclude that the slow but steady increase
in the production of normal Fis-

18,
Cc*®0

T T T 1

40 60
time ks) —

F1G. 10. Concentrations of unlabeled and 8Q-labeled products during Fischer—Tropsch synthesis in
the batch reactor on a reduced catalyst after a pretreatment with 78 pmol 80, for 12 ks. T = 523 K; Py,

= 5.5 kPa; Poy = 1.4 kPa.
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Fi1G. 11. Uptake of carbon and oxygen during Fis-
cher-Tropsch synthesis in a batch reactor on a re-
duced catalyst with no pretreatment and on a reduced
catalyst, pretreated with 78 umol/g #Q,. T = 523 K;
Py, = 5.5 kPa; Pco = 1.4 kPa. (a) Net 0O uptake on
pretreated catalyst; (b) '°0 uptake, after correction for
80 desorption.

cher-Tropsch products is caused by the
formation of an increasing number of sites
that are active in the hydrogenation of car-
bonaceous surface species. The initially
high rate of aromatics formation thus might
be due to a lack of these hydrogenating sur-
face sites at the beginning of the experi-
ment. However, because the aromatics for-
mation is not at all in agreement with the
Schulz-Flory distribution we do not think
that these products are formed according to
the customary chain growth model, but that
they are formed from six-membered carbon
rings laid down on the surface. In this con-
nection it is worth mentioning that graphitic
6-rings fit very well on a layer of close-
packed iron atoms, when the carbon atoms
are located in the valleys between three ad-
jacent iron atoms: the shortest distance be-
tween the centres of two of these valleys is
0.143 nm, and the graphitic C—C distance is
0.142 nm (7).

At the maximum benzene formation rate
there is only a small fraction (not more than
5%) of the surface covered by carbon. If

this carbon were randomly distributed, only
a negligible fraction would be in the form of
C¢ rings. The relatively exceptionally high
rate of benzene formation thus suggests
that a selective adsorption process is opera-
tive in which carbon adsorption is favoured
at sites adjacent to sites that are already
occupied with carbon. This formation of ar-
omatics from surface carbides is reminis-
cent of the original mechanistic model of
Fischer and Tropsch (8). In the 9.2-kPa ex-
periment much more carbon and oxygen is
taken up by the catalyst as is shown in Fig.
5. The quantities shown correspond to
about 13 monolayers of carbon and about §
monolayers of oxygen, but we assume that
most of the deposited material is transfer-
red to the bulk of the catalyst. The rates of
formation of hydrocarbons remained rea-
sonably constant in this experiment as fol-
lows from the straight lines in Fig. 4. This
can be ascribed to the approximately zero
order of the reaction rate in carbon monox-
ide. We found this zero order also under
atmospheric conditions (I). It follows from
a hydrogen mass balance that the hydrogen
concentration in the gas phase decreased
only marginally during the experiment.
Two reasons may be offered as an expla-
nation for the almost negligible rate of ben-
zene formation in this experiment. One is
that so much carbon is present on the sur-
face that almost no isolated six-membered
rings are present; the other is that the
higher hydrogen pressure and the higher
carbon deposition both enhance the forma-
tion of paraffins and olefins at the cost of
the formation of aromatics. For instance,
the rate of methane formation increases
from 2 X 10~ mol/g cat - s at a pressure of
24 Pato 4 x 1079 mol/g cat - s at 9.2 kPa,
During the ““induction’’ period of about 15
ks predominantly olefinic C; and C4 hydro-
carbons were observed, but the paraffin/
olefin ratio increased during the consecu-
tive activation period, as was also found
with this catalyst at atmospheric pressure
(9). At 9.2 kPa a normal Fischer—Tropsch
reaction model was operative, as can be
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concluded from the product distribution
shown in Fig. 7.

The C, and C; determinations are hin-
dered by the spectral signals from carbon
monoxide, carbon dioxide, and fragments
of the higher hydrocarbons. Therefore
these data are often omitted from our
results.,

Initially more oxygen was removed in the
form of water than as carbon dioxide (Fig.
6). After about 15 ks the concentration of
water in the reactor started to fall, while the
carbon dioxide concentration continued to
increase. From the oxygen mass balance
we conclude that after 10 ks no further oxy-
gen was taken up by the catalyst, so that
the observed decrease of the water content
is coupled to the increase of the carbon di-
oxide concentration: due to the long reac-
tion time in the batch reactor the equilib-
rium of the water-gas shift reaction, which
under our conditions lies on the CO, side
(10), is approached.

From Fig. 7 we see that the activity lev-
els of the two preoxidized catalysts are
higher than that of the untreated one, but
that the influence of the smaller quantity of
oxygen is more pronounced than that of the
higher quantity. This means that two op-
posing effects are operating, an activating
one at low oxygen content and a deactivat-
ing one at a higher oxygen content. The in-
activity of an unreduced iron catalyst can
be mentioned in this connection. Another
interesting observation follows from the
comparison of Figs. 8 and 9. Figure 8 shows
the normal behaviour of an untreated re-
duced iron catalyst, viz., slow activation
and an increase in both olefinic and paraf-
finic products. The rate of increase is
greater for the paraffins than for the olefins.
In Fig. 9 we see that olefins are only formed
at the very beginning of the experiment,
and then at a rather high rate. This means
that in the sequence

(;) CHyia
C* — CH% — C,H¥, (1)
oy (2) N

(4) C.Hy,

all steps except (3) proceed in the initial
stage of the synthesis at a high rate. How-
ever, as follows from Fig. 7, the methane
rate is not depressed at all. This suggests
that the two steps

CH% + 2H* —- CH, (2)
and
CH%, + 2H* — C,Hy 1 (3)

are different in nature: the rate of Eq. (2)
has a normal value on a lightly oxidized cat-
alyst whereas the rate of Eq. (3) is very
much inhibited. This means that the hydro-
genation ensembles active for the elemen-
tary steps (2) and (3) must be different. This
initial inhibition of the higher paraffin for-
mation results in a decrease of the overall
termination rate constant, and thus in a
smaller Schulz-Flory constant a.

Figure 10 shows into what types of ex-
change the preadsorbed '0 can enter: for-
mation of C¥0Q, C'®0'0Q, and H,®0O and
even a very small quantity of C'30'80. The
slight decrease in the concentrations of
hexene and heptene, shown in Fig. 9, indi-
cates the possibility of readsorption of
these olefins followed by hydrogenation.

The formation of C®0 must occur ac-
cording to an equilibrium reaction as

C* + BO* < CBO + 2%, (4)

The rate of formation of C'®O in the initial
period is high (6.5 nmol/g cat - s) as com-
pared to the Fischer-Tropsch reaction rate
on such a catalyst. From Fig. 4 we calculate
a total Fischer-Tropsch rate under the
same conditions of about 1 nmol CO con-
verted/g cat -+ s. This shows that under the
conditions applied in this study the CO dis-
sociation rate is much higher than the Fis-
cher-Tropsch reaction rate. It shows at the
same time that the interaction of gaseous
carbon monoxide with surface oxygen can
be more complex than assumed by Van Ho
and Harriott (/1) in their study on nickel.
For as follows from Fig. 10, the C'Q80
formation rate is much lower than the C80Q
formation rate. Thus on iron the rate of CO,
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formation is not at all indicative of the CO
dissociation rate, whereas on nickel ac-
cording to Van Ho and Harriott the CO,
formation rate is a measure of the CO disso-
ciation rate.

As far as the carbon dioxide and water
formation rates are concerned, we see that
the rates of the unlabeled products are
much higher than those of the products
containing an 30 atom, while for labeled
and unlabeled products the carbon dioxide
formation is higher than the water forma-
tion. From the former observation we con-
clude that much less ®0 than '%0 is avail-
able for exchange.

From a comparison of the quantities of
carbon and oxygen adsorbed during the Fis-
cher-Tropsch synthesis on a reduced and
on the 30-pretreated catalyst (Fig. 11) we
see that the predeposition of oxygen hin-
ders the subsequent deposition of carbon
and oxygen from synthesis gas. From the
exchange experiments shown in Fig. 10 we
estimate that 54 pmol ¥0/g Fe (correspond-
ing to about one monolayer) is available for
exchange. From hydrogen stripping experi-
ments at 523 K we have found that at that
temperature only part of the total oxygen
deposited on and in a catalyst can be recov-
ered as water. Since the exchange reaction
was fast, the exchanged oxygen must be
present in the outer layer of the catalyst.

CONCLUSIONS

From the observations described in the
previous section the following conclusions
can be drawn:

(1) Carbon monoxide adsorbs disso-
ciatively on iron, and this dissociation is a
fast reaction. This follows from the experi-
ment with labeled oxygen, where the car-
bon monoxide dissociation rate appears to
be much faster than the carbon dioxide for-
mation rate or the total rate of Fis-
cher-Tropsch conversion on a normal cata-
lyst (Figs. 10 and 4).

(i) The hydrogenation mechanisms for
methane formation and for the formation of

the higher paraffins are not the same. This
follows mainly from a comparison of the
product distributions on a reduced catalyst
and on a preoxidized catalyst.

(iii) There are indications that active car-
bon atoms adsorbed on the surface of the
catalyst facilitate the deposition of other ac-
tive carbon atoms on neighbouring sites.
This follows from the relatively high rate of
aromatic formation at 24 Pa.

A comparable conclusion can be drawn
from the experiments of Araki and Ponec
(12) on nickel. Their experiments show that
the formation of 2CH, from 2CO and H, is
enhanced when first some *C is deposited
on the catalyst.

(iv) Oxygen adsorbed on the catalyst

—inhibits the deposition of carbon (Fig.
11);

—activates the Fischer-Tropsch reac-
tion on an iron catalyst (Figs. 7 and 9);

—increases the probability of chain
growth (o) (Fig. 7).

Dwyer and Somorjai (/3) also observe a
higher initial reaction rate with preoxidized
iron catalysts, and also a small shift to-
wards higher-molecular-weight products.
Somorjai and co-workers (3, /4) observe
the same phenomena on polycrystalline Rh
foils. The increased reaction rate after an
oxygen pretreatment is also observed by
various authors on other metals such as
nickel and cobalt (/5) and ruthenium
(16, 17).

It is known that extensive oxygen pene-
tration in the lattice of iron can already oc-
cur at 85 K (I8, 19). Boudart (20) has sug-
gested that oxygen which penetrates into
the outer layers of the catalyst causes, as
follows from photoelectric measurements,
a lowering of the work function. This can
result in an increased adsorption of hydro-
gen. This latter phenomenon is also ob-
served on iron catalysts by Burshtein and
Surova (21). More recent results of Ches-
ters and Riviére (22) have shown that a
lowering of the work function only occurs
after a room-temperature exposure of more
than 20 Langmuirs (0.0025 Pa s). In our ex-
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periments the exposure has always been
many orders of magnitude higher.

Furthermore it has been observed by var-
ious authors (23-25) that the presence of
negative ions (halides, sulfide, oxide) re-
duces the carbon—metal bond strength and
in this way hampers the formation of car-
bon deposits (see Fig. 11). This allows for
more stable operation of such catalysts at
higher temperatures.
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