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The Fischer-Tropsch synthesis from CO and Hs (1: 3 mixture) at 1 bar total pressure and 570 K 
has been studied in a differential microreactor system on reduced and unreduced FesO, 
(magnetite). The catalytic reactivity data were complemented by surface analytical measurements 
using Auger electron and X-ray photoelectron spectroscopy (XPS, ESCA). XPS measurements 
showed evidence of carbon deposition, mostly in the form of graphite on all samples. The rate of 
methanation on reduced magnetite was characterized by a maximum and subsequent decrease.. 
Both features were dependent on the reduction history of the sample. All samples gave rise to the 
production of higher-molecular-weight species. The selectivity of reduced magnetite tended to- 
wards the formation of saturated hydrocarbons while that of the unreduced magnetite favoured the 
formation of alkenes. It was concluded that the reduction of magnetite led to a considerable 
increase in surface area and porosity and that secondary reactions of the alkenes caused the 
primary product spectrum to shift from alkenes to alkanes. Accordingly the polymerisation proba- 
bility increased from 0.3 for unreduced magnetite (also for clean foil) to ~0.42 for reduced 
magnetite. 

1. INTRODUCTION 

The oxides of iron with various promot- 
ing additives, such as A1209, CuO, ‘and 
GO, represent the basis of many commer- 
cial Fischer-Tropsch catalysts. The most 
commonly used iron oxide is magnetite, 
FeJ04. Numerous reactivity studies on pro- 
moted iron-based catalysts have been pub- 
lished in the literature (l-3). These cata- 
lysts are generally reduced in hydrogen 
prior to their use in synthesis. Several inter- 
esting questions exist in this context. How 
fast and how complete is the reduction of 
the iron oxide? Is the iron oxide reduced 
under synthesis conditions? What are the 
mechanisms of catalyst degradation during 
synthesis from CO and hydrogen? In an 

attempt to answer these questions, we have 
carried out model studies of the reduction 
of magnetite and of hydrocarbon synthesis 
from CO and hydrogen on reduced mag- 
netite by using a combination of sur- 
face analytical techniques and reaction ki- 
netic data. The surface analysis was per- 
formed with Auger electron spectroscopy 
(AES) and X-ray photoelectron spectros- 
copy (XPS, ESCA). Reaction kinetics were 
studied at 1 bar. total pressure in a CO/H% 
mixture of 1: 3. The ability to transfer sam- 
ples between the catalytic microreactor and 
the ultrahigh vacuum system in which sur- 
face analysis was performed permitted cor- 
relation of surface composition and reac- 
tion kinetic data. 

The results of the present study show 
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that magnetite can be reduced at 770 K in 1 
bar hydrogen to elemental iron particles. 
The catalytic activity of these iron particles 
at 570 K is time dependent. Surface anal- 
ysis shows the accumulation of largely gra- 
phitic carbon on these iron particles. This 
graphitic carbon seems to be responsible 
for the decrease in catalytic activity with 
time. The reduced magnetite thus appears 
to exhibit behaviour very similar to that of 
clean polycrystalline iron foils (4-6). 

2. EXPERIMENTAL 

The experimental system consists of a 
stainless-steel ultrahigh vacuum (UHV) 
chamber and an attached sample transfer 
system containing a small microreactor (4 
cm3 volume). The UHV system is equipped 
with a hemispherical analyzer for AES and 
XPS (Leybold-Heraeus). This system also 
possesses provisions for argon sputtering, 
residual gas analysis, and gas exposures. 
The sample is in the form of a block of 
dimensions 6.5 x 6.0 x 1.1 mm cut from a 
large block of solid magnetite which was 
made for us at Sasol Ltd. by casting molten 
magnetite into a magnetite-lined crucible. 
Sample heating is by direct contact be- 
tween the magnetite block and a joule- 
heated molybdenum foil on which it rests. 
Temperature is measured by a Chromel- 
Alumel thermocouple attached to the un- 
derside of the foil. Other details of this ex- 
perimental setup have been described 
elsewhere (5). 

The sample could be transferred by a 
valveless air lock system into the catalytic 
microreactor (Leybold-Heraeus). The mix- 
ture of CO/H2 flowed continuously through 
this reactor at a rate of 5 cm3/min. This gas 
flow and the catalyst volume give a space 
velocity of 7000 hr-l. The partial-pressure 
ratio of CO to Hz was set at 1: 3 by adjusting 
the individual flow rates of these gases be- 
fore they entered the mixing stage. The re- 
action gases CO and Hz were 99.999% pure 
and were passed over chromium oxide ab- 
sorption cells (Messer-Griesheim “Ox- 
isorb”) for further purification. The CO line 

contained in addition a heated carbonyl 
trap for the decomposition of Ni carbonyl. 
The magnetite was reduced at 770 K in 1 
bar H2 flowing at 10 cm3/min. 

The synthesis gas and reaction products 
were analyzed by gas chromatography 
(GC, Hewlett-Packard 5834A) using a mo- 
lecular sieve column and thermal conduc- 
tivity detector for the synthesis gas and a 
Poropak Q column and flame ionization de- 
tection (FID) for the reaction products. The 
column temperature was normally 160°C. 
Other details concerning product detection 
and reactivity measurements have been 
specified previously (5). 

Sputtering of the samples under UHV 
was carried out by using a plasma discharge 
sputtering gun (Leybold-Heraeus IQP lo- 
63) operated with a current density of about 
30 PA/cm2 and a beamwidth (FWHM) of 
about 1.0 cm. The ion energy was set at 4.5 
keV. 

The XPS data were taken with a MgKcr 
X-ray source generally operated at 10 kV 
and 300 W power. The pass energy of the 
spectrometer was set at either 100 or 150 
eV. The XPS binding energies were refer- 
enced against the graphitic carbon peak at 
285.0 eV which was always observed on 
iron foils and reduced magnetite after a 
longer reaction time (>30 min) (S, 6). 

3. RESULTS AND DISCUSSION 

We report the results of this investigation 
in different subsections. In the first section 
we present surface composition data ob- 
tained with Auger and photoemission spec- 
troscopy. The second section deals with the 
time dependence of the methanation rate of 
reduced and unreduced magnetite samples. 
In the third section we present data on the 
product distribution and its time depen- 
dence. 

3. I. Surface Composition Data 

The freshly prepared magnetite sample 
was inserted into the UHV system and out- 
gassed at 420 K for about 2 min. AES and 
XPS spectra were taken at this stage. Fig- 
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ure 1 shows a summary of Auger spectra. 
Spectrum (a) represents the initial state of 
the outgassed magnetite sample. Note the 
severe carbon and oxygen contamination 
and the low intensity of the Fe transitions. 

The sample was then transferred into the 
microreactor for a I-hr reduction at 770 K 
in flowing Hz at 1 bar. The reduced sample 
was transferred back into the UHV system 
to record its Auger spectrum (b). This 
showed a substantial decrease in the inten- 
sities of the carbon and oxygen transitions 
and an increase in the iron transitions at 60 
and 550-700 eV. The sample was then pro- 
cessed further in UHV by annealing at 1070 
K for 2 min and sputtering with argon ions 
for a total of 20 min. Auger spectrum (c) 
characterizes the state of the surface fol- 
lowing this treatment. Note the large in- 
crease in the iron Auger transitions and the 
small residual amounts of carbon and oxy- 
gen. The carbon Auger peak shape at this 
stage is typical of carbidic (atomic) carbon 
(6). This procedure showed that the con- 
tamination of the reduced magnetite sample 
still visible in spectrum (b) was mainly lo- 
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FIG. 1. Auger electron spectra of (a) unreduced 
magnetite, (b) after 1 hr reduction at 770 Kin 1 bar H,, 
(c) after additional annealing at 1070 K under UHV for 
2 min and 20 min of Ar sputtering, (d) after 3.5 hr 
reaction at 570 K in CO/H, = 1 : 3. 
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FIG. 2. X-Ray photoelectron spectra of Fe 2p, 0 is, 
and C 1s peaks; experimental conditions same as in 
Fig. 1. 

cated at the surface because it could be 
removed by a simple surface treatment. It 
is likely that some of this surface contami- 
nation occurs during sample transfer from 
the microreactor to the UHV system. 

The reduced magnetite sample was then 
moved into the microreactor for hydrocar- 
bon synthesis. The reaction conditions 
were 570 K and CO/Hz ratio of 1: 3. After 
2.5 hr of reaction the sample was returned 
to the UHV system for further surface anal- 
ysis. Spectrum (d) in Fig. 1 indicates that 
large amounts of carbon were deposited on 
the iron sample during the reaction. A small 
oxygen Auger peak is noted in spectrum (d) 
which is presumably due to the dissociative 
adsorption of residual water in the reactor. 
No oxidation of the sample occurred during 
the reaction, as will be seen more clearly 
from the XPS spectra presented below. 

The Auger spectra in Fig. 1 illustrate 
semiquantitatively the surface composi- 
tional changes occurring after reduction in 
H2 and reaction in a CO/H, mixture. More 
quantitative information is contained in the 
corresponding XPS data which are summa- 
rized in Fig. 2. This figure contains the Fe 
2p, 0 Is, and C 1s core level spectra re- 
corded for the same conditions as outlined 
above for Fig. 1. The Fe 2p spectra of 
magnetite, curve (a), closely resemble 
those given by Brundle et a/. (7). The Fe 
2p3,* region has a maximum at about 7 11 .I3 
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eV (Fen’) and is broadened on the lower 
binding energy side (Fe’?. After reduction a 
large shift to a binding energy of 707.8 eV 
(Fe? is noted, with little evidence of any 
remanent oxidic iron. After removal of sur- 
face contamination in UHV (spectrum (c)) 
the intensities of the Fe 2p peaks increase 
further without any changes in peak posi- 
tions. The Fe 2p,,, peak appears strongly 
at 720.8 eV. 

The 0 l.s peak is originally at 530.9 eV, as 
seen in spectrum (a), and shifts to 532.0 eV 
after reduction (spectrum (b)). This sup- 
ports the viewpoint of Allen et al. (8) and 
Haber et al. (9) who attribute the latter 
value to the presence of hydroxyl groups 
which would be expected after reduction. 
The subsequent UHV treatment, annealing 
and sputtering, destroys the hydroxyl 
groups and consequently the 0 Is peak is 
again found at around 531.0 eV. Finally, 
spectrum (d) shows an 0 1s peak at 532.5 
eV which could be due to chemisorbed mo- 
lecular CO (6, 7, 10). 

The strong C 1s carbon impurity peak 
which was present after sample preparation 
at a binding energy of 285.7 eV showed a 
diminution in height by a factor of about 4 
after reduction without any noticeable 
shift. The UHV surface cleaning treatment 
which followed removed nearly all carbon, 
as seen in spectrum (c). Finally, the C Is 
peak measured after reaction in spectrum 
(d), has a binding energy of 285.1 eV which 
is typical for graphitic carbon (6). This dep- 
osition of graphitic carbon is expected be- 
cause of the high CO/He ratio of 1: 3 (5) 
used in the reaction. 

We have also studied the reaction beha- 
viour of an unreduced sample. The XPS 
data for this experiment are given in Fig. 3. 
Spectra (a) were taken for the magnetite 
sample after the initial outgassing proce- 
dure under UHV. They are practically 
identical to those shown in Fig. 2. For some 
reason the initial carbon contamination 
seems to be lower than that for the sample 
in Fig. 2. The sample was then exposed to 
the 1: 3 CO/H, mixture at 570 K for a total 

FIG. 3. X-Ray photoelectron spectra of Fe 2p, 0 IS, 
and C Is peaks. (a) Unreduced magnetite; (b) after 
reaction at 570 K in CO/H2 = 1: 3 for 6 hr. 

time of 6 hr. The Fe 2p spectra in Fig. 3 
illustrate that the sample was partially re- 
duced during the reaction because the Fe 
2p,,, peak is composed of two contribu- 
tions, a peak at 708.0 eV (Fe3 and a shoul- 
der at 710.8 eV (Fe’?. This peak shape 
seems to imply that the sample consists of a 
mixture of reduced Fe and wiistite (FeO). 

The 0 Is spectrum after reaction indi- 
cates a small amount of oxygen on the sur- 
face. This result is unexpected as the 
magnetite is only partially reduced. How- 
ever, the C Is spectrum shows a large 
amount of contaminating carbon with a 
binding energy of 285.1 eV. The reaction 
has thus caused substantial graphite deposi- 
tion which presumably covers the mixed 
iron/wiistite surface and hence attenuates 
the true 0 Is electron emission. We see 
from a comparison of Figs. 2 and 3 that the 
reduction of magnetite is slower in CO/H* 
at 570 K than in pure Hz at 770 K. 

A third kind of sample preparation was 
carried out under UHV. Here the sample 
was heat treated and sputtered with argon 
ions for 30 min. The resulting Fe 2p spectra 
are shown in Fig. 4. Spectrum (a) repre- 
sents the outgassed magnetite sample. 
Spectrum (b) was recorded after the UHV 
processing. Note the shift of the Fe 2p3,* 
peak to the binding energy of 710.8 eV 
which is characteristic of Fe” (7). The com- 
bined heating and sputtering of magnetite 
thus causes a partial reduction of the sur- 
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higher initial reactivity (factor 100) which 
then decreases rapidly with increasing reac- 
tion time until a shallow minimum is 
reached after 60 min. At this point the reac- 
tivity is lower than that of the unreduced 
magnetite sample. If the reduction time is 
increased to 3 min, analogous behaviour in 
reactivity versus time is observed except 
that the minimum is reached after about 160 
min. The reactivity is then comparable with 
that of the unreduced sample. An increase 
in the reduction time to 60 min leads to a 
still higher maximum rate of methanation 
and a slower subsequent decrease with 
time. Even after 200 min of reaction the 
rate is still at least five times larger than that 
of the unreduced sample. A further in- 
crease in the reduction time leads to a de- 
crease in the maximum methanation rate. 
This behaviour is also illustrated in Fig. 5 
by the time-dependent methane generation 
by a magnetite sample which had been re- 

FIG. 4. X-Ray photoelectron spectra of Fe 2p. (a) 
Unreduced magnetite; (b) after Ar sputtering (4.5 keV) 
for 30 min at = 1000 K and 1 min annealing to 1120 K; 
(c) for comparison: a sample that was reduced at 770 K 

FeA 
Reduced at 770K 

in HP for 3 min. ltm H2 for 
q 300mm 

face layer to wiistite (FeO). Spectrum (c) in 
Fig. 4 which was obtained for a magnetite 
sample reduced in hydrogen for 3 min at 
770 K is also included for comparison. A 
short (3 min) reduction seems to be quite 
sufficient to change magnetite into fully re- 
duced iron in a layer of at least the thick- 
ness of the probing depth of XPS. 

3.2. Time Dependence of Methanation 

In this section we present reactivity data 
for magnetite samples in the form of metha- 
nation rate versus reaction time curves for 
reaction at 570 K and a CO/H, ratio of 1: 3. 
Figure 5 gives results for various magnetite 
samples which have been reduced in Hz for 
different periods of time. For example, the 
unreduced magnetite sample shows an ini- 
tially increasing reactivity until a plateau is 
reached after 80 min. In contrast, a sample 
reduced in Hz for 1 min shows a much 

0 m iuo 3w 
t (mm1 

FIG. 5. Initial time dependence of methane forma- 
tion from CO/H, = 1: 3 at 570 K for magnetite samples 
which had been reduced prior to reaction for various 
lengths of time. 
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duced for 300 min. The maximum is 
significantly lower than that for the 60-min 
sample although the rate of decrease is a 
little smaller giving roughly equal rates af- 
ter 200 min. Figure 6 summarizes these 
findings in a plot of maximum methanation 
rate versus reduction time of magnetite (all 
at 770 K). The optimum time is between 60 
and 100 min. 

The dependence of the maximum metha- 
nation rate on reduction time, Figs. 5 and 6, 
can be understood by referring to, on the 
one hand, an increase in specific surface 
area during reduction, and on the other 
hand, the reverse of this process, namely, 
sintering of iron particles at the reduction 
temperature. It is well known from the 
literature (II, 12) that the reduction of 
magnetite causes a substantial increase in 
specific surface area and porosity. This 
trend was confirmed in the present study by 
scanning electron microscopy of magnetite 
samples before and after reduction. Figures 
7a and b show representative examples of 
identical surface regions before and after 
reduction in Hz (1 hr at 770 K). It can be 
clearly seen that the reduction causes a 
significant widening of crevices and open- 
ing of pores which is indicative of an in- 
crease in surface area. We assume there- 
fore that the total volume and surface area 
of reduced magnetite increase with increas- 
ing reduction time. The time-dependent re- 

FIG. 6. Maximum rate of methanation as a function 
of reduction time (for constant size of catalytic 
sample). 

activity data in Fig. 5 then indicate the state 
of reduction of the total magnetite sample. 
The larger the volume of reduced magnetite 
is, the higher the initial rate of methanation 
is and the slower its rate of decrease. The 
increase in the amount of reduced material 
is not visible in the corresponding XPS 
spectra of iron because of the small probing 
depth of XPS. The reactivity versus time 
data in Fig. 5 are therefore a valuable com- 
plement to the surface composition XPS 
data for judging the efficiency of magnetite 
reduction. 

On the other hand, the reduction temper- 
ature of 770 K is presumably high enough 
for some sintering to occur. When the two 
processes, reduction of magnetite and sin- 
tering of reduced iron, are occurring simul- 
taneously the resulting surface area will de- 
pend on their relative rates at 770 K. 
However, regardless of these two rates, the 
process of sintering will always lead to a 
decrease in surface area for a totally re- 
duced magnetite sample. It is for this rea- 
son that a maximum in the methanation rate 
with reduction time in Fig. 6 is observed. A 
lowering of the reduction temperature will 
decrease the rate of sintering and favour the 
creation of a larger surface area. This was 
in fact proven for a reduction at 670 K 
which gave rise to a higher maximum rate 
of methanation, in support of the sintering 
hypothesis. 

For comparison, we have also studied 
the reactivity behaviour of iron foils in re- 
duced and heavily oxidized states. Three 
different modes of sample preparation and 
hence initial conditions were used: (A) new 
polycrystalline Fe foil cleaned under UHV; 
(B) heavily oxidized Fe foil after heating in 
air to 1000 K for 5 min; (C) foil oxidized as 
in (B) and subsequently reduced in Hz at 
670-770 K for 1-15 min. The clean Fe foil A 
showed a relatively low activity, in accord- 
ance with previous observations (4, 5). The 
oxidized foil B, on the other hand, was 
characterized by XPS data identical to 
those for magnetite and showed a reactivity 
versus time behaviour which was very simi- 
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FIG 3. 7. Scanning electron micrographs of unreduced (upper) and reduced (lower) magnetite; 
reduc :tion conditions were 770 K in 1 bar H2 for 1 hr. Magnification is about 500x. The photogrz 
show the same area of the same sample. 

the 



206 KREBS ET AL. 

lar to that for unreduced magnetite (Fig. 5). 
The reactivity was at all times higher than 
that for clean Fe foil (4). However, this 
reactivity was exceeded by that of the re- 
duced foil C which showed a maximum in 
the rate of methanation versus time as 
noted in Fig. 5 for the reduced magnetite 
samples. It is clear that the same argument 
as before, namely, a substantial increase in 
surface area, can be invoked to explain this 
increase in the methanation rate of the 
reduced/oxidized foils compared to the ox- 
idized or clean Fe foil. 

As seen from the data in Fig. 4, heating 
and argon sputtering of the unreduced 
magnetite caused a partial reduction of 
magnetite to Fe” in a surface region. This 
partially reduced magnetite, as character- 
ized by spectrum (b) in Fig. 4, was also 
subjected to the CO/H, mixture. The result 
is given in Fig. 8 as the rate of methanation 
versus time. These data are very similar to 
those obtained with the unreduced 
magnetite sample shown in Fig. 5. The ini- 
tial increase in reactivity versus time and 
the plateau reached after about 60 min are 
only marginally higher than those for the 
mu-educed magnetite. The data for the 3- 

0 Reduced at 77OK 
lbar Hz fw 3min 

l treated in WV 

0 M LO 60 00 MO 120 !LO 
t Imin) 

Fro. 8. Initial time dependence of methane forma- 
tion from CO/HI = 1: 3 at 570 K for a magnetite 
sample reduced in Hs for 3 min, and a sample which 
was Ar sputtered under UHV (compare Fig. 4 for 
corresponding Fe 2p spectra and experimental condi- 
tions). 
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FIG. 9. Schulz-Flory plot (Mr. = weight percentage, 
P = carbon number) of hydrocarbon products after 18 
min of reaction at 570 Kin CO/HZ = 1: 3; the magnetite 
sample had been reduced for 5 hr at 770 Kin 1 bar Hr. 

min reduced magnetite sample are included 
in Fig. 8 for comparison. The similarity be- 
tween the unreduced and the UHV-treated 
samples suggests that the degree of reduc- 
tion caused by sputtering of magnetite un- 
der UHV is insufficient to have a significant 
effect on the methanation rate. 

3.3. Selectivity 

AU magnetite samples, in their unre- 
duced state as well as after various times of 
reduction in H,, produced methane and co- 
pious higher-molecular-weight hydrocar- 
bons from a CO/H2 mixture. A Schulz- 
Flory plot for a sample which had been 
reduced at 770 K for 5 hr is presented in 
Fig. 9. The reaction conditions were the 
usual 570 K, CO/H, = 1: 3, 1 bar and the 
reaction time in this case was 18 min, i.e., 
close to the maximum activity for methane 
formation. The polymerisation probability 
derived from the slope of this plot is a = 
0.43. Note the typically low value for C, 
(undershoot) which is always observed 
when a values are high (13). 

The time dependence of the identified 
products for a freshly reduced (1 hr) 
magnetite sample is shown in Fig. 10 for the 
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FIG. 10. Time dependence of the product distribu- 
tion over the first 3.4 hr of reaction in CO/H2 = 1: 3 
at 570 K. The magnetite sample had initially been 
reduced for 1 hr at 770 K. Note the different behaviour 
of alkanes and alkenes. 

first -3 hr. Two important features can be 
observed. Firstly, the time dependence of 
all alkanes is similar to that of methane 
(Fig. 5), and secondly, the time dependence 
of low-molecular-weight alkenes, in partic- 
ular ethylene, is significantly different from 
that of methane. Unfortunately, propylene 
and propane could not be separated under 
the present experimental conditions. How- 
ever, note that the amount of ethylene actu- 
ally increases with time while butene shows 
a much lower rate of decrease than butane, 
and similarly for pentene. The maxima in 
the rates of formation of the alkenes shift to 
larger reaction times with decreasing car- 
bon number. These peak times are not 
highly reproducible but are in the vicinity of 
180, 60, and 30 min for ethylene, butene, 
and pentene, respectively. At the same 
time the carbon surface concentration in- 
creases (5, 6). The long-term product spec- 
trum, after about 10 hr, contains essentially 
only methane and alkenes, and agrees with 
the result of Pichler ef al. at high space 
velocity (24, 26). 

The data of Fig. 10 were also used to 
construct Schulz-Flory plots at three dif- 

ferent reaction times, viz., 6, 52, and 202 
min. These plots are shown in Fig. 11 and 
illustrate that the chain growth probability 
(r decreases from 0.46 at 6 min to 0.39 at 202 
min. One can also see here that the amount 
of CZ undershoot becomes less with in- 
creasing reaction time and decreasing (Y. 
This means that, since the behaviour of eth- 
ane is quite normal, ethylene is playing a 
special role in the chain growing process as 
has already been proposed (13). The total 
conversion, on a C-atom basis, was calcu- 
lated from the product spectrum and 
changes from about 14 to 21 to 4% (with a 
maximum of 36% at 18 min reaction time) 
such that the reactor does not operate truly 
differentially at all times. On the other 
hand, the total conversion exhibits a maxi- 
mum just as all products do (Fig. lo), but 
the chain growth probability shows a mono- 
tonic decrease with increasing time. At the 
same time it is observed that the amount of 
deposited carbon increases, for reduced 
magnetite as well as for clean iron foils (6). 
It thus appears that the “clean” Fe surface, 
i. e., the initial state of the completely re- 
duced magnetite, has the highest chain 
growing capability as evidenced by the larg- 
est o value. This surface is not “clean” 
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FIG. 11. Schulz-Flory plot of product distribution 
from Fig. 10 for three reaction times la. Note the 
decrease in Q with increasing time. 
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from a surface physics point of view but 
most probably covered with a CH,-type 
layer which contains a high concentration 
of chain growing groups (6). 

It is also interesting to compare the prod- 
uct distribution and (Y values of reduced and 
urn-educed magnetite. We have seen in Fig. 
5 that the time dependence of the reactivi- 
ties (methane) are quite different and conse- 
quently we expect differences in product 
distributions. Figure 12 compares results 
for the unreduced magnetite (upper panel) 
and a magnetite sample which was reduced 
at 770 K for 1 hr (bottom panel). Approxi- 
mately equal reaction times were chosen 
for this comparison. We note that (r is con- 
siderably smaller for the unreduced sample 
(here also (Y decreases with increasing 
time) and that the percentage of unsatu- 
rated products is consequently high. The 
reduced sample (high cw), on the other hand, 
shows a very low ethylene yield and low 
percentages of the higher-molecular-weight 
alkenes. The chain growth probability on 
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FIG. 12. Comparison of product distributions (wt%) 
of unreduced and reduced (1 hr at 770 K in H,) 
magnetite for about equal reaction times. Reaction 
conditions were CO/HI = 1: 3 and 570 K. Note the 
high value of a and the predominance of saturated 
hydrocarbons in the case of the reduced magnetite 
sample. 

reduced magnetite is thus higher than on 
magnetite. Unfortunately, this comparison 
is somewhat confused by the increase in 
specific surface area for the reduced 
magnetite. Due to the larger surface area 
and porosity it is possible that the diffusion 
of products out of this catalyst is slower 
than in the case of unreduced magnetite 
such that readsorption of products could 
become more important and influence the 
product distribution (13, 15). For this rea- 
son reaction experiments were performed 
on flat polycrystalline Fe foils in order to 
limit the possibility of product readsorption 
while still having totally reduced iron. 
These experiments, carried out under iden- 
tical conditions, yielded initial Q values of 
about 0.30 identical to the value for unre- 
duced magnetite. This agreement in (r 
values suggests that Fe,Ol becomes 
superficially reduced at the very beginning 
of the reaction and that the reaction then 
takes place on this thin layer of Fee. The 
high value of (r I 0.42 for reduced 
magnetite is probably due to reactions of 
readsorbed primary products, such as, e.g., 
ethylene. For this reason the relative con- 
centration of ethylene is particularly low in 
this case. 

4. CONCLUSIONS 

1. The reduction of magnetite at 770 K in 
Hz under the present flow conditions leads 
to an agglomerate of zero-valent iron with a 
concomitant increase in surface area. 

2. The time dependence of methanation 
from CO/H, (1: 3) at 570 K complements 
XPS surface analysis as it allows the pro- 
gress of magnetite reduction into the bulk 
of the sample to be monitored. 

3. Some sintering of the reduced iron 
takes place at 770 Kin Hz as evidenced by a 
lower methanation activity at large reduc- 
tion times. 

4. The reactivity of completely reduced 
magnetite is analogous to that of clean iron; 
excessive carbon deposition and graphite 
formation lead to a decrease in methanation 
activity with time. 
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5. The product selectivity of unreduced 
magnetite is characterized by a large per- 
centage of alkenes and is thus similar to 
that of clean iron. 

6. The selectivity of reduced magnetite 
shows a high percentage of saturated hy- 
drocarbons and a high polymerisation prob- 
ability OL, both of which are due to second- 
ary reactions of alkenes. 

7. The readsorption of primary products 
is more important on reduced than on unre- 
duced magnetite because of the higher sur- 
face area (porosity) of the former. 

8. The present study illustrates the use- 
fulness of a combined catalytic microreac- 
tor and XPS surface analytical facility fea- 
turing a fast and convenient sample transfer 
system. 
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