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Nature of Surface Species on Supported Iron during CO/H, Reaction
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The transient method has been used to study the H,/CO reaction over 10% Fe/Al,O; and 10% Fe/
SiO; at 1 atm and 285°C in a differential reactor. Responses to perturbations in the feed composition
to the reactor were measured by on-line mass spectrometry. Additional studies were made with the
reactants CO/He, C,H,/H;, and C,H,/He. The effect of water in the feed was also investigated. The
nature of the species remaining on the surface or in the bulk of the iron was investigated by
hydrogen and by oxygen flushing. The observations are explained by proposing a common surface
carbon precursor to the formation of surface CH, surface carbidic carbon, surface graphitic carbon,

and bulk iron carbides.

INTRODUCTION

In this work results are presented on the
hydrogenation of carbon monoxide on sup-
ported iron catalysts (10% Fe/Al,O; and
10% Fe/SiO,). As in previous studies on
this system (I, 2) measurements have been
made by mass spectrometry of the response
of the composition of the effluent from a
differential reactor to step changes in feed
composition at constant temperature, pres-
sure, and flow rate. In these studies (/, 2)
several aspects of the sequence of steps of
the first part (methanation) of the Fischer—
Tropsch synthesis were determined, as fol-
lows. The initial rate of methane production
over a freshly reduced catalyst upon a
switch from pure H; to 10% CO/H; is high
and then rapidly decreases to a minimum in
less than a minute at 285°C, as a surface
carbonaceous species builds up. As the re-
action continues a second surface species
appears, and the rate of reaction increases
to a second maximum as the coverage of
this second species increases. Studies by
Mossbauer spectroscopy during these tran-
sients show that the rate of formation of
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bulk iron carbides is lower than the rate of
accumulation of surface species. More than
an hour is required for the carburization of
the iron bulk, whereas the second maxi-
mum in the H,/CO reaction rate occurs af-
ter only about 10 min at 285°C. Carbon bal-
ances obtained during this initial period
show that after the first minute the rate of
CO dissociation is constant, so that as the
rate of accumulation of intermediates goes
down, the rate of hydrocarbon production
goes up. After the second maximum in the
rate any added carbon accumulation seems
to inhibit the rate of the H,/CO reaction.
In the previous work (I, 2) the nature of
the two surface species was not considered
other than to note that they seem to be of
different degree of hydrogenation, CH, and
CH, . These surface species may be associ-
ated with those observed on iron by Bonzel
and Krebs (3). In the present work we have
studied the reaction of the surface species
with oxygen and the influence on their ap-
pearance of the CO/H, ratio and the water
content of the feed gas. We have also stud-
ied the transformations of the surface spe-
cies during exposure to helium at 285°C. A
series of experiments has also been done by
exposure of the freshly reduced catalyst to
CO/He. Here the surface intermediate is
unhydrogenated carbon, and its behavior
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on exposure to oxygen or helium at 285°C
will be shown to be different from that of
the two intermediates formed during expo-
sure to CO/H,. As discussed in what fol-
lows, these experiments do seem to confirm
that these species are CH, and CH,,.

EXPERIMENTAL METHODS

In this work the experimental methods
and equipment are the same as those de-
scribed previously (I). Transient experi-
ments involving feeding one gas or gas mix-
ture after another for various times will be
designated by a nomenclature such as H,,
15 h — He, 5 min — 10% CO/H,, 100 s —
He, 40 s = H, (1). The result will then be
expressed as a graph of production rates of
various compounds (mole/min-g of sup-
ported catalyst) as a function of time ¢ after
the last switch indicated (e.g., H; (7). In
some figures points on . the curves are
shown merely to identify them.

The 10% Fe/Al,05—Alon C catalyst is the
same as that previously described (1). The
10% Fe/Si0O,—Cab-0-Sil catalyst was made
by impregnation by the method of incipient
wetness, using as the starting salt
Fe(NOs); - 9H,0. Both catalysts were acti-
vated by exposure to flowing helium at
270°C for 1 h followed by reduction in flow-
ing hydrogen at 450°C for 15 h.

Unless otherwise indicated, 50 mg of
supported catalyst has been used with a
feed flow rate of 33.3 mi/min of the various
gases or gas mixtures at atmospheric pres-
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sure. The reaction temperature is 285°C
(558 K).

The alumina-supported catalyst has been
characterized by transmission electron mi-
croscopy, X-ray diffraction, and CO chemi-
sorption at —74°C (I). These three tech-
niques indicate a particle size of about 170
A, equivalent to about 100 wmole of surface
iron site/g of catalyst. In connection with
Mossbauer studies (2) on the silica-sup-
ported catalyst, the crystallite size for 10%
Fe/SiO, was determined as about 140 A by
transmission electron microscopy and by
X-ray line broadening.

RESULTS

Reaction of oxygen with the surface spe-
cies. Figure 1, from our previous work (1),
shows the result of the experiment 10% CO/
H,, 5 min — He, 40 s — H,(¢) over the 10%
Fe/Al, O, catalyst. Unless otherwise speci-
fied, the results given here are for this cata-
lyst. The first two peaks have been associ-
ated with the hydrogenation of two
different surface species, and the final tail-
ing production of CH, has been associated
with the hydrogenation of bulk carbides.
Very little water is produced with the CH,,
so the two peaks have been supposed to be
two species of different degrees of hydroge-
nation, CH, and CH,. Here we use the re-
action of oxygen with the surface species in
order to estimate their hydrogen content.

The effect of oxygen is complicated by
the heating of the catalyst particles that oc-
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FiG. 1. Methane produced by a switch to hydrogen after various reaction times (10 s to 10 min) of

10% CO/H, at 285°C.
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curs when metallic iron is oxidized. Some
of the water produced during the passage of
10% CO/H, is retained on the alumina sup-
port so that a switch to oxygen will produce
some water by thermal desorption in addi-
tion to that originating in the oxidation of
CH, or CH,. In what follows we describe
experiments intended to determine the de-
sorbed water so that the oxidation experi-
ments can be correctly interpreted.

We have studied two times of contact
with 10% CO/H,. An exposure time of 10 s
is used first, so that only the first peak is
present (50 umole/g). If 5 min of exposure
to 10% CO/H, is used, all three peaks ap-
pear: the first (still 50 umole/g), the second
(251 pumole/g), and the third (205 wmole/g)
representing 33% carburization of the bulk
(I). Thus the amount of water produced
from the 10-s experiment gives an estimate
of xin CH,, and the 5 min experiment gives
the water coming from both CH, (assumed
the same as 10 s) and CH,,. Experiments to
be described presently (see Table 3) show
that the CH, peak, formed in 10 s, is stable
in He. Its stability in H,/CO was also shown
in our previous study (Z). The oxidation of
the carbide, if it occurred, should produce
no water.

Therefore we proceed as follows. The ex-
periment 10% CO/H,, 10 s — He, 5 min —
O, produces 78 umole of water/g of cata-
lyst, and this amount includes that from
CH, and from thermal desorption of water
produced during 10% CO/H, reaction. The
experiment 10% CO/H,, 10 s —» He, 40 s —
H,, 30 s - He, 5 min — O, produces 52
pmole water/g, and this amount must come
from thermal desorption alone, since the
CH, has been completely removed by hy-
drogen, and a 5-min purge in He is suffi-
cient to desorb water held at 285°C. Thus 26
pmole of water/g come from the CH,. The
reactions are

CH, + H, — CH, D

CH, + O, — ’2—‘ H,0 + COs. (2

BIANCHI ET AL.

Thus we have

50 CH, 2

26 H,0 «x
so that x is about 1. We have also confirmed
that no water is present in the absence of
reaction. The experiment H,, 460°C — H,,
285°C — He, 5 min — O, does not produce
any water.

The hydrogen content of the surface is
next investigated after a 5-min exposure to
10% CO/H,. The experiment 10% CO/H,, 5
min — He, 5 min — O, produces 109
umole/g of water. As previously, this quan-
tity includes the hydrogen from CH, and
CH, and also the water thermally desorbed.
The experiment 10% CO/H,, 5 min — He,
40 s — H,, 6 min — He, 5 min — O, pro-
duces 61 wmole/g. This quantity is some-
what larger than the 52 umole/g found in
the similar experiment above, with only 10
s of exposure to 10% H,/CO. The differ-
ence may be caused by the longer exposure
of the support to water of reaction in the 5-
min experiment, so that a little more water
is desorbed than for the 10-s experiment.
From the total water (109 — 61 = 48 umole/
g) we subtract 26 umole/g coming from
CH,, leaving 22 umole/g coming from CH,,.
This time we have

251 CH,

2 "o~

so that y is about 0.17. These values of x
and y are only approximate, since water is
difficult to determine accurately by mass
spectrometry. It should also be noticed
that, for the measurement leading to
CH, 7, the thermal effect of the oxidation
of the bulk of the iron is not exactly the
same for the measurement of 109 umole/g
(iron about 33% carburized) as for the mea-
surement of 61 umole/g (iron decarburized

We have also attempted to use deuterium
to estimate x. The experiment 10% CO/H,,
10 s — He, 40 s — D, should lead to the
production of CH,D,_,. However, the OH
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of the alumina can exchange its H with an
adsorbed D so that such experiments are
not as useful as they first appear. The re-
duction of the catalyst in hydrogen at 450°C
for 15 h produces an alumina of low surface
OH concentration. However, during CO/H,
reaction at 285°C, the OH on the alumina
surface builds up as the support is exposed
to water from the reaction. To test the pos-
sibility of exchange, we report the experi-
ment H,/H;0, 40 s —» He, 5 min — 10% CO/
He, 5 min — He, 40 s — D,. The exposure
to H,/H,0 simulates the water that would
be adsorbed during the CO/H, reaction.
CO/He gives unhydrogenated surface C, so
this experiment should give CD, as the sole
product. Such is not the experimental
result. Large peaks of CH,D, and CHD; are
produced as well as CD,, showing that hy-
drogen from the support exchanges with
adsorbed D,. This is an example of the H,
or D, spillover.

Influence of hydrogen. In our previous
work (I), the nature of the surface species
resulting from the exposure of the reduced
catalyst to 10% CO/H, for various times has
been studied. Here we study the different
surface species involved when CO is used
without H, (10% CO/He) and when a little
hydrogen is added to this mixture (109% CO/
1% H,/89% He). In the previous section we
have shown that the exposure of 10% Fe/
Al,O; to 10% CO/H, for times above about
1 min gives a catalyst exhibiting two sur-
face species proposed to be CH and CHj 5,
in addition to bulk carbides.

Experiments with 10% CO/He. In Fig. 2
are shown the results of the experiments H,
(450°C) 15 h — He (285°C), 10 min — CO/
He, () — He, 40 s — H,(#;). The rate of
methane production is given as a function
of 1, for various times ¢, of exposure to 10%
CO/He. The result is quite different from
that of Fig. 1, as might be expected, for
now the only species involved must be CO
and C on the surface, and bulk carbides. No
hydrogenated species are to be expected.
During the production of CH, (Fig. 2) prac-
tically no water was produced, so the sur-
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F16. 2. Methane produced by a switch to hydrogen
after various reaction times of 10% CO/He at 285°C.

face species must be surface carbon. The
height and area of this peak increase with
t;, and after 6 min a second peak starts to
appear, at first as a tail on the first peak and
finally as a region of almost constant meth-
ane production. MOssbauer studies carried
out at the conditions of this experiment but
at 270°C show that there is a long period of
approximately constant rate of decarburi-
zation. Thus it is logical to associate the
long flat tails of the peaks at high ¢, with the
production of methane from bulk carbides.
This procedure was used in our pre-
vious work (I), and the carbide peak for
hydrogen treatment after exposure to 10%
CO/H, is the third peak of Fig. 1. The quan-
tities of CH, produced in the peaks of Fig. 2
are given in Table 1. The percent carbide
calculated is based on the formula Fe, ;sC, a
mixture of ¥ and &’ carbides, obtained from
the Mdssbauer results averaged over the
first 15 min of reaction (2). When the quan-
tities of carbide (second flat peak) are sub-
tracted from the total carbon, the surface
carbon given in Table 1 is obtained (first
peak).

It is clear that the surface carbonaceous
species represented by Fig. 1 are qualita-
tively different from those represented by
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TABLE 1

Species Accumulated during Exposure to 10%CO/He
at 285°C, umole/g of Catalyst

Time (s) Total  Surface  Carbide  Percent
carbon carbide
6 3.5 3.5
60 40.0 40.0
360 232.0 174.0 58.0 9.5
900 586.0 378.0 208.0 34.0
1800 553.0 102.0 451.0 74.0

Fig. 2. After 900 s of exposure to 109% CO/
He, the peak in Fig. 2 corresponds to 378
umole/g of surface carbon (Table 2). In Fig.
1, 300 s of exposure to 109% CO/H, forms a
peak of different shape; the amount of sur-
face carbon is 361 umole/g (I).

Experiments with 10% CO/1% H,/89%
He. Since the rate of carbon buildup on and
in the iron is much less with CO/He than
with CO/H,, it is interesting to find out
what is the effect of adding a little H; to the
10% CO/He mixture. This section con-
siders such experiments.

Figure 3 gives the methane production
peaks obtained by a switch to H;, after vari-
ous times of exposure to 10% CO/1% H,/
89%He. As in previous experiments the
third peak corresponds to the hydrogena-
tion of the bulk carbide. The carbide accu-

TABLE 2

Species Accumulated during Exposure to 33%
CO/H, at 285°C, umole/g of Catalyst

Time (s) Total Peak Percent
_ carbide
1 2 3
6 75 75
10 122 75 47
15 168 76 92
25 263 54 180 29 4
45 405 54 282 69 11
80 578 54 380 144 23
180 656 53 380 223 36
600 728 54 329 334 56
1800 707 50 156 501 82
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mulated (as percent, based on Fe,3,C) is
plotted in Fig. 4a for the various reaction
mixtures. In accord with the Mdssbauer
results, the rate of carburization increases
in the order 10% CO/He, 10% CO/1% H,/
89% He, 10% CO/H,, and 33% CO/H,. Fig-
ure 4b shows a similar result but for the
combined methane peaks arising from all
the surface species. During the carburiza-
tion with the mixture containing 1% H,, no
hydrocarbon products and water were de-
tected; the only product was CO,. It is
clear that the presence of hydrogen in CO/
He enhances both the rate of accumulation
of surface species and the rate of bulk car-
burization of the iron.

Figures 4a and b show that the surface
species formed with CO/H; build up faster
than those formed with CO/He and that the
same is true for the carburization of the
bulk, as shown by the independent M&ss-
bauer studies (2). A similar result has been
reported by Unmuth et al. (4).

The effect on the 10% CO/H, reaction of
the carbon already deposited by 10% CO/
He. From the results described so far it is
clear that the carbon laid down by CO/He is
different from the hydrogenated carbon
species laid down by CO/H,. The question
now arises as to what relation may exist
between the three surface species pro-
posed: the species deposited by CO/He,
and the two species deposited by CO/H,.
To study this we have performed the exper-
iment 109% CO/He, 6 min — He, 40 s —
10% CO/H,, 60 s — He, 40 s — Hy(1),
shown in Fig. 5a along with a previous
result, 10% CO/He, 6 min — He, 40 s —
H,(®. It is observed that the short contact
with CO/H, has greatly modified the pro-
duction curve of CH, from what it was after
CO/He only. Curve B resembles that ob-
tained after 10 min of exposure of the fresh
catalyst to 10% CO/H,. The three peaks of
Fig. 5 after 60 s in 10% CO/H, have the
areas 45 umole/g, 311 umole/g (close to sat-
uration), and 172 umole/g (carbide). After
60 s of 10% CO/H, over a fresh catalyst, the
values would be 50 umole/g, 100 umole/g,
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F1G. 3. (a,b) Methane produced by a switch to hydrogen after various reaction times of 10% CO/1%

H/89% He at 285°C.

and 50 umole/g. The extent of carburization
15 9.5% after 5 min in 10% CO/He and then
goes to 27% after 60 s additional in 10% CO/
H,. On a fresh catalyst, 60 s of this mixture
produces a carburization of about 6%.

The influence of the carbon deposited by
CO/He on the catalytic activity for the reac-
tion CO/H, is shown in Fig. 5b. The activity
rises quickly, in 80 s, to a value comparable
to that which required 10 min of reaction
time in the experiment of Fig. 1. (I). The
interpretation of these results will be dis-
cussed in a later section.

Experiments with 33% CO/H,. It is of in-
terest to study the effect of a higher partial
pressure of CO than the 10 kPa used in the

experiments discussed until now. Figures
6a, b show the results at 285°C of the ex-
periment 33% CO/H,, () — He, 40 s —
H,(t,). The curves obtained are similar to
those for the 10% CO/H, mixture. For time
t, greater than 25 s three peaks are ob-
served, and the quantities involved are
given in Table 2. As with the 10% CO mix-
ture, the first peak stays at about 50 umole/
g. The second peak increases with ¢, until a
maximum of 380 umole/g at 80 s, and then
after a short period of stability (80-180 s) it
decreases. The maximum value is higher
than that with the 10% CO feed, 309 wmole/
g. The third peak, corresponding to bulk
carbides, increases continuously. In accord
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F1G. 4. (a) Carburization of 10% Fe/Al,O, at 285°C with different mixtures. A: 10% CO/He; B: 10%
CO/1% H,/89% He; C: 10% CO/H,; D: 33% CO/H,. (b) Quantity of CH, produced by hydrogenation of
all surface species at 285°C. A: 10% CO/He; B: 10% CO/1% H,/89% He; C: 10% O/H,; D: 33% CO/H,.

with the Mdssbauer results, the iron is car-
burized in 33% CO/H, faster than in the
other mixtures studied. This is shown in
Fig. 4a. In Fig. 4b are also plotted the
results for the accumulation of the surface
species. The second surface species builds
up faster with 33% CO/H, than with 10%
CO/H;, and the methane production rate
during reaction also rises more quickly to
its maximum, as shown in Fig. 6¢. For both
feed mixtures, the maximum quantity of the
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second peak is found at the time corre-
sponding to the maximum methane rate in
the appropriate reaction mixture.
Experiments with water added to the feed
mixture. In our preceding work (/) it was
found that water acts as a reversible inhibi-
tor for the H,/CO reaction, a result con-
firmed by others (5, 6). The results of the
experiment H, — 10% CO/H,O/H, are
shown in Fig. 7. The water content was
0.6%, added via a saturator at 0°C. As
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Fi1G. 5. (a) Transformation of surface carbon behavior by exposure to 10% CO/H,. Methane pro-
duced by A: 10% CO/He, 5 min — He, 40 s — Hx(?); B: 10% CO/He, 5 min — He, 40 s - 10% CO/H,,
60 s »>He, 40 s —>H,(¢). (b) Transformation of surface carbon behavior by exposure to 10% CO/He.
Methane produced during CO/H; reaction by 10% CO/He, 5 min — He, 40 s — 10% CO/H,(1).
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FIG. 6. (a,b) Methane produced after various reaction times of 33% CO/H, at 285°C. (c) Methane
production at 285°C over freshly reduced catalyst after switch from He to 33% CO/H,.

shown, water vapor inhibits the H,/CO re-
action, particularly at the time of the mini-
mum rate, at ¢ = 50 s, The second maxi-
mum in the rate is attained sooner than
without added water. The surface and bulk
species present after 4 min of reaction are
shown in Fig. 8. For curve A, the total spe-
cies accumulated is 181 pumole/g. For curve
B, it is 375 umole/g. The accumulation of
the second, less hydrogenated peak is much

greater with water than without. Thus it
seems that the rate of CO dissociation re-
mains high but that water has reduced the
ratio H/O on the surface so that the rate of
hydrogenation of the surface species to
products is reduced, so that they build up
faster than without water. The CO, produc-
tion accompanying Fig. 7 is increased (not
shown).

If water is added to 10% CO/He the rate
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FiG. 7. Initial methane activity of 10% CO/H, over
freshly reduced catalyst at 270°C. A: No water in 10%
CO/H,; B: 0.6% water in 10% CO/H,.

of carbon deposition is drastically reduced.
The result appears in Fig. 9. Now the sur-
face is relatively oxidized so that H, and
CO, are the main products (shift reaction)
rather than surface and bulk carbon spe-
cies.

The Mossbauer results (2) show that bulk
carburization is markedly inhibited when
H,0 is added to CO/H, or to CO/He. As
previously, a reduced surface favors carbu-
rization whereas an oxidized surface in-
hibits it.

Stability of the surface species. After the
experiment 10% CO/H,, 10 s — He, 40 s —
H, it will be recalled that a single methane
peak is formed by hydrogenation (Fig. 1).
For longer reaction times this peak changes
little and retains its value of 50 wmole/g.

200

100 |-

pmol /min-g

!
100 200 TIME ()

F1G. 8. Methane produced by a switch to H, after 4-
min exposure of reduced catalyst to 10% CO/H, at
270°C. A: No water in 10% CO/H,; B: 0.6% water in
10% CO/H,.
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Now we consider the experiment 10% CO/
H,, 10 s — He(s) — H,. Table 3 shows that
this peak is remarkably stable in helium.
Also, the maximum rate is about the same
as that for the first peak of Fig. 1. This
result also indicates that the O, and H,O
levels in the helium are low, for otherwise
this extremely reactive peak would be
changed by the extended exposure to He.
We are also interested in the effect of he-
lium on the second peak of Fig. 1. A reac-
tion time in 10% CO/H, of 5 min is chosen,
so that the second peak is large but carburi-
zation is not complete (peak 1: 54 umole/g,
peak 2: 251 umole/g, peak 3: 205 umole/g;
33% carburization (7)). This curve is shown
in Fig. 1 and is the starting curve for Fig.
10. Then the experiment 10% CO/H;, 5 min
— He(t;) — Hai(t,) is performed, with the
results shown in Fig. 10. As time of expo-
sure to helium increases, the second peak
decreases and the tailing carbide peak in-
creases. As noted in the legend of Fig. 10,
the total amount of carbon represented by
the methane peaks remains constant,
within experimental error, for different ex-
posure times in helium. The Mossbauer
studies (2) corresponding to this experi-
ment show an increase in carburization dur-
ing heat treatment in helium, so it is logical
to conclude that some of species CH, has
been converted to bulk carbide. The rate is

800
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M | L
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FiG. 9. Methane produced by a switch to H, after 6-
min exposure of reduced catalyst to 10% CO/He at
285°C. A: No water in 10% CO/He; B: 0.6% water in
10% CO/He.
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TABLE 3

Stability of Surface Exposed to Helium (285°C): 10%
CO/H,, 10 s — He(r) > H,

Purge time

t(s) 20 30 60 120 300 600 1800
CH,

pmole/g 50 46 48 51 52 50 49

quite low when compared to that with 10%
CO/He or especially 10% CO/H,. The rate
of carburization by the second surface spe-
cies can be increased by increasing the tem-
perature during the helium treatment after
the surface species are formed. Figure 11
shows the results of the similar experiment,
33% CO/H,, 5 min — He(t)) = Hx(#y).

The experiment 10% CO/He, 5 min —
He, 30 min — H, (all at 285°C) reduces
slightly the corresponding peak of Fig. 2
and also increases its tail. These experi-
ments seem to support the idea that the car-
bon peak of Fig. 2 as well as the CH, peak
can be transformed into surface carbon and
bulk carbide by heat treatment, whereas the
CH, peak is relatively stable.

Experiments with ethylene. Another test
of the idea that H,/CO leads to the surface
species CH and CHy ;7 is accomplished by
the experiment 10% C,H,/Hy(t;) — He, 40
s = H, (1,). With the large excess of hydro-
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gen which is used with ethylene it is reason-
able to assume that ethylene or CH, from it
is not appreciably dehydrogenated on the
surface. The reaction 10% C,H,/H, gives,
in addition to ethane, a considerable pro-
duction rate of CH,. Some C;Hg and C;H
are also produced. Thus the C-C bond is
broken on the surface, so that
CH, surface intermediates are probable.
The presence of propane and butane in ra-
tios to methane similar to those arising from
10% CO/H, gives support to the notion that
for both reactions the polymerization
passes through CH, groups. No oxygen
(CO insertion) seems to be necessary. No
bulk carbides are formed during the 10%
C,H,/H, reaction (2).

Upon switching from 10% C,H,/H, to
H,, the methane peaks shown in Fig. 12 are
formed after varying reaction times ¢;. At ¢,
= 30 s, the area is about 50 umole/g, and
this figure is consistent with the quantity of
CH that the iron surface seems to be able to
hold. The area under the peak of Fig. 12
increases only slightly with time, and this is
further evidence that the peak arising from
ethylene is similar to CH. No second or
third peaks appear.

The sequence 10% C,H,/He(t;) — He,
40 s — H,(1,) gives the results shown in Fig.
13. There is a small production of methane
arising from the self-hydrogenation of the

pmol CHg/min- g

800 1200

ta.s

Fi6. 10. Effect of exposure to helium at 285°C on the methane peaks formed in the experiment 10%
CO/H;, 5 min — He(t;) = Hx(f,). The total quantities of methane in the peaks are 60 s, 480 umole/g; 720

s, 487 umole/g; 1800 s, 480 umole/g.
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Fi16. 13. (a,b) Methane produced at 285°C by the process 10% C,H,/He(t,) — He, 40 s — H,(1,). The
amounts of methane formed are 10s, 11 pmole/g; 40 s, 25 umole/g; 120 s, 46 wmole/g; 300 s, 57 wmole/

g; 1200 s, 62 umole/g.
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ethylene (not shown). The switch to hydro-
gen gives methane peaks of increasing
quantity as carbonaceous species arising
from the self-hydrogenation of the ethylene
build up on the surface. The species origi-
nating from C,H,/He seems similar to the
CH peak arising from CO/H,, since it is of
the order of 50 umole/g and is stable. It
does not increase as does the C peak arising
from CO/He. Since we have found CH very
stable on iron, it is logical to propose that
adsorbed ethylene loses H only to the ex-
tent of becoming CH. This proposal is sup-
ported by the fact that no species like the
second peak of Fig. 1 is formed, and no
carbide is formed. The latter especially
should require free surface carbon.

Specificity of the behavior of iron. The
application of the transient method to the
CO/H, reaction over 10% Ni/Al,O; and 10%
Co/A1,O; will be presented in a separate
study. However, it is of interest here to re-
port that the basic experiment 10% CO/
H,(#,) — Hx(t,) for Ni and Co gives results
which differ greatly from those for Fe. For
both of these catalysts, there is a rapid rise
of methane production to steady state after
exposure to 10% CO/H,. Then after the
switch to hydrogen there is a large methane
peak which is over by ¢, = 40 s. For contact
times ¢; greater than 300 s the subsequent
peak formed by H, does not vary. For Ni,
the saturation peak quantity is about equiv-
alent to the surface Ni atoms. For iron the
surface species may amount to more than
four times the number of surface Fe atoms
at 285°C. Both Ni and Co are more active
than Fe, so these results are for experi-
ments at £ = 220°C. There is no bulk carbu-
rization.

Thus it is clear that the sequence of steps
for the CO/H, reaction over iron is different
in several ways from that over Ni and Co,
for example. Over Ru, the sequence is also
different (7, 8). The differences are so com-
plex that it seems unlikely that the kinetics
over these various metals can be under-
stood in terms of a single expression like r

= KCOy(Hyy.
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Results over 10% FelSiO,. Iron is a metal
for which interaction with oxide supports
may be expected. In a separate study we
are investigating Fe/Ti0,, Fe/MgO, and Fe/
C, for which the effect of the support is
considerable. Here we mention briefly
results on 10% Fe/SiO, (Cab-O-5Sil). All the
different kinds of transient experiments al-
ready described for 10% Fe/AL,O, have
been performed, albeit in less detail, for the
10% Fe/SiO, catalyst. In every case the
results are qualitatively similar, although
the silica-supported iron is about 60% as
active as the alumina-supported iron. Two
surface species and bulk carbide are pro-
duced as before. Mdssbauer experiments
(2) on the silica catalyst also give similar
results. In summary, there seem to be no
qualitative differences in the behavior of
the two catalysts. The silica supported iron
crystallites (140 A) are smaller than those
on alumina (170 &) (2).

DISCUSSION

The results of the experiments that have
been described are quite complicated, and a
model accounting for all the experimental
features is difficult to devise. Here we
present such a model, but until there are
more data on surface composition during
the experiments the model must be consid-
ered tentative.

General Reaction Scheme

First we consider a few general aspects
of the results. From Fig. 1, and our pre-
vious work (1), the quantity in the first (CH)
peak has been found about constant at 50
pmole/g. This means that while the first
peak is being removed by hydrogen there is
little contribution from the second peak
(CHy ;7). If the second peak started to be
formed during this time, the first peak
would appear to increase with reaction
time. It seems that the formation of the sec-
ond peak (by hydrogenation of CHy ;) is
inhibited by the presence of the first peak
(CH). We have found that 3 s is sufficient
for the complete desorption of surface hy-
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drogen, and adsorption is of course faster.
Thus the second peak might be expected to
have a shape such that the maximum rate
would be at the switch to hydrogen; by con-
trast, its experimental shape is a peak start-
ing at zero and having its maximum at times
after the decay of the first peak (Fig. 1).
Thus we assume that there are relatively
active sites S; which adsorb hydrogen and
CO and give rise to a very rapid formation
of CH. The CH quickly covers almost all
these sites, reducing the HS, concentra-
tion. To explain the slow start of the second
peak, we must assume that CHg 17 forms on
other sites S,, and that HS, forms from the
gaseous H, and gets to the S, sites via the S|
sites. Thus as the CH is removed from the
S sites, HS| goes up, sending HS, up and
producing the second peak with its delayed
maximum.

These hydrogenations can be expected to
follow the approximate equation, r =
k(CH,)(H) where z is 0.17 or 1. For the first
peak, CH starts high and goes down as H
goes up producing the observed shape. A
similar equation applies to the second
peak, but H stays low until the CH is gone,
as proposed above.

To continue the discussion, let us pro-
pose the sequence of steps that follows; we
shall then try to show how the experimental
results support the scheme:

CO + §; = COsS, 1)
COSs, + §;— CS, + 0§, 2
COS; + 05, — CO, + 2§, 3
H, + 25, =2 2HS, “4)
2HS, + O0S; 2 H,0 + 38, &)
CS, + HS; — CHS, + §; ()]
CHS, + HS; 22 CH,S, + §, )]
CH,S, + HS; 2 CH,S, + S, ( fast 8)
CH,S, + HS, — CH, + 2§, )]
CS; + xFe — Fe C + §; (10)
CS, — C (graphite) 5, (1
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CS +8aCs, + S, 12)
HS; + S, 2 HS, + §; (13)
HS, + CS, — CHS; + 5, (14)
CHS, 2 CH,S, =

CH,S, — CH, (fast). (15)

In this sequence CHS; is associated with
the first peak of Fig. 1, CS, with the second
peak, and Fe,C with the third peak. We
shall discuss a little later the nature of CS,,
which we have written in place of CHy 7 or
CH,.

First of all, it is clear that CH.S, is not the
precursor of CS§, in the existing hydrogen-
rich atmosphere. The opposite is not true
either, since Fig. 1 shows that CHS, is
formed before CS,. Thus we conclude that
these two species are formed competitively
from a common precursor, CS;, which
comes from the dissociation of COS,. As
mentioned above, the presence of CHS, in-
hibits the hydrogenation of CS;, so we must
propose (Eq. (4)) that H, adsorbs from the
gas onto the sites §,. HS; can then transfer
to the S, sites by Eq. (13), at a rate deter-
mined by the concentration HS;. Thus in
Fig. 1, for which a switch from He to H, is
made at time zero, the hydrogen attacks
first the CHS; (Eq. (7) plus rapid further
hydrogenation). As CHS, is used up, HS,
goes up, goes over to HS,, and then reacts
with CS§,.

Nature of the Surface Species

The species CHS) gives, when hydroge-
nated, not only CH,, but higher paraffins (7).
Its apparent stability has been mentioned,
and it is also clearly highly reactive to hy-
drogen. Except for reaction times less than
10 s, its quantity is always found to be
about 50 umole/g.

The second species CS; is more difficult
to characterize. As reaction time goes from
0 to 10 min, its quantity increases to 309
pmole/g, much greater than the approxi-
mately 100 umole of surface iron sites
found by chemisorption (7). Thus the spe-
cies must be either a carbon chain, or there
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must be several carbons bound to single
iron atoms. If chains form during reaction
(10% CO/H,) it does not seem logical that
such chains, when the CO is removed,
should give only CH,, when we know that
the CHS,; does give higher hydrocarbons
(I). We recall that exposure of the second
peak to helium causes its conversion to
bulk carbide, as shown by Fig. 10 and the
Mossbauer studies (2). Table 3 shows the
relative stability of the CHS; peak to such
treatment. These results all favor the exis-
tence of several carbon atoms grouped
around iron, rather than chains of carbon
extending away from the surface.

When the catalyst is reacted with 10%
CO/He, a switch to hydrogen (Fig. 2)
causes a methane peak associated with sur-
face carbon which rises and falls as shown
in Table 1. Bulk carbide forms simulta-
neously. A switch from CO/He to He alone
shows continued carburization (2). Thus it
appears tempting to associate the surface
carbon formed by CO/He with the CS, spe-
cies formed by CO/H,. The latter we have
found to be slightly hydrogenated (CHg ),
but these arguments, with others to come,
lead us to propose that the two surface car-
bons discussed are the same.

However, how can the peaks of Fig. 2,
which appear very rapidly, be said to come
from the same surface species as those of
Fig. 1, which appear slowly? This differ-
ence is explained by the sequence of steps
already discussed, that is, the CHS, formed
in the presence of CO/H, inhibits the hydro-
genation of CS,. Strong support for these
ideas is furnished by the results of Fig. 5. A
treatment in CO/He gives curve A of Fig.
5a after a switch to hydrogen. However, if
there is a brief passage of CO/H; before the
switch to hydrogen, we get curve B of Fig.
Sa. The surface carbon of A has not been
changed to a different form, but the §, sites
have been almost filled by CHS,, so that
the carbon from CO/He now looks like the
second peak after CO/H, reaction. Figure
5b supports this argument also. A switch
from CO/He to He to CO/H, gives a rapid

3N

increase of the CH, production rate, and
the final maximum rate occurs sooner than
following a switch directly from the re-
duced catalyst (in H; or He) to 109 CO/H,.
In other words, the maximum CH, produc-
tion rate during CO/H, reaction occurs in
both these experiments at the time when
the accumulated CS, on the surface goes
through its maximum.

Thus we propose that the second peak of
Fig. 1 comes from the same surface carbon
as the first peak of Fig. 2. Although the car-
bon produced by CO/H, is slightly hydro-
genated, we prefer the approximation that
it is carbon alone, based on its behavior as
discussed above.

The nature of the surface species may be
discussed in the light of the work of Bonzel
and Krebs (3). They have studied the sur-
face of Fe(110) after CO/H, reaction at at-
mospheric pressure by Auger electron
spectroscopy and by X-ray photoelectron
spectroscopy. They find three phases, des-
ignated by them as follows: (1) a CH, phase
which the Auger studies suggest is CH, Ej
(C1s) = 283.9 eV; (2) a carbidic carbon-—
hydrogen phase, Eg (Cls) = 284.2 eV; and
graphitic carbon with Ep (Cls) = 284.7-
285.0 ¢V. This phase is more difficult to
hydrogenate then the first two.

Although our iron is in the form of small
polycrystalline particles, we seem to have
reached conclusions about the nature of the
surface species which are similar to those
of Bonzel and Krebs. We propose CHS,
(CH), CS, (CHg,7), and C(graphitic) S;. In
addition to the surface species, we have ob-
served that the bulk iron, for sufficient time
in CO/H,, is completely carburized to a
mixture of ¢'-Fe, ,C and x-Fe, sC (1, 2), de-
termined by Mossbauer spectroscopy. To
explain our Kkinetics, it has been necessary
to propose an added (unobserved) surface
species CS,, a very active nascent carbon
which is not so closely bound to iron as the
other species.

In accord with the work of Krebs et al.
(9) on polycrystalline iron foil, we observe
a simultaneous increase in the CO/H, reac-
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tion rate and the coverage of carbidic car-
bon (CS,), and then a decrease in the rate as
graphitic carbon build up (7).

The carbidic carbon CS, must be consid-
ered as a grouping of carbon atoms around
iron atoms in the top layers of the iron crys-
tallites. Because of the low percentage ex-
posed of our catalyst, this surface carbide,
of unknown structure, contributes little to
the MES spectra. In the bulk we observe
mainly &’ and x carbides, and no ¢-Fe;C (at
285°C). There must be an activated process
for the transformation of the CS§, into dis-
solved carbon, which then diffuses rapidly
into the bulk (2) and reacts in another acti-
vated step with iron to form the observed
bulk carbides.

The experiments with ethylene, reported
in Figs. 12 and 13, confirm some aspects of
the differences between CHS; and CS,.
Neither C,H,/H, nor C,H,/He leads to any
bulk carburization, as does CS,. The CH,
species formed by ethylene apparently do
not dehydrogenate beyond CH, but they do
transform in the opposite direction to pro-
duce methane eventually. The quantity of
CH, formed by the hydrogenation of these
surfaces CH species is of the same order
(60 wumole/g) as that of CHS,; and the spe-
cies is rapidly removed by hydrogen.

To summarize this part of the discussion,
we then propose that after exposure to 10%
CO/H; for times in the order of 10 min there
are associated with the iron: surface CHS,;
surface CS,, a carbidic carbon; surface
graphite, an inhibitor; and bulk carbides, as
discussed in our other studies (Z, 2).

Evolution of the Activity of the CO/H,
Reaction

A number of experimental results remain
to be discussed, in particular the shape of
curves like curve A of Fig. 7 (I). Why does
the reaction rate go back up after its initial
maximum has been passed? To explain
this, and a number of other results, the se-
quence of steps contains the carbon species
CS;, which we propose as extremely active
surface carbon which has just been formed
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from the dissociation of COS,. This C§; is
the common precursor of Fe,C, CHS,, and
CS,. We propose that the general increase
in reaction rate is related to the competitive
modes of reaction of CS,. It is transformed
to CHS, almost instantly and to carbide
rather slowly (~40 umole/g min). The CS,
is also transformed to CS,, as soon as the
CHS, has been formed. All of these sinks
for carbon eventually saturate; in particular
CS, reaches its maximum at about the same
time (10 min) as the reaction rate reaches its
maximum. Measurements (material bal-
ances) on the rate of disappearance of CO,
appearance of surface and bulk C, and ap-
pearance of gaseous products (/) have
shown that after about 1 min the rate of CO
dissociation is constant while the rate of
bulk and surface carbon accumulation de-
creases and corresponds to the observed
rate of increase in gaseous CO, and hydro-
carbons. We have made this argument pre-
viously (5), and more recently Niemants-
verdriet et al. (11) have argued persuasively
in support of this scheme. However, in
these previous papers (5, 1/) it was
thought that the bulk carburization was the
principal competitor to hydrocarbon pro-
duction. Here we see that the formation of
the surface carbide, CS,, is also very im-
portant. During these first 10-20 min the
role of surface graphite is minimal, but over
the long term it will be the principal inhibi-
tor. We note also that when the time to
reach the maximum CS§, accumulation is re-
duced, the time to reach the maximum in
the CH, production rate is correspondingly
changed. This relation is illustrated by the
use of a higher partial pressure of CO (33%
CO/H,), by preformation of CS§, from 10%
CO/He, and by addition of H,0O to 10% CO/
Hz feed.

We are also proposing that the gaseous
products are formed from CHS, ; CS; is not
hydrogenated rapidly in the presence of
CHS,. How can the rate of CH, production
go up when the CHS, measured is about
constant after the first 10 s of reaction? To
answer this question we propose that the
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coverage of CHS,; during reaction with CO/
H, is lower than its saturation value (50
pmole/g). The concentration of CS, is al-
ways low. However, when a switch to he-
lium is made, HS, goes down, and CH,S,
and CH;S,, present on the surface in small
concentrations, revert to the stable (in the
absence of HS,) form CHS,. This revers-
ibility of the hydrogenation of CH, groups
has been observed by Calvert and Shapley
(12) for some homogeneous systems. More
pertinent to our heterogeneous system is
the recent work of Yamasaki et al. (13),
who have studied the CO/H, reaction on
Ru/Si0O, by in situ infrared spectroscopy at
150-200°C. They observe the formation of
CH; and CHj; in chains present on the ru-
thenium. Upon evacuation their resuits
suggest that the CH, species lose hydrogen
and revert to carbon by reactions like

CH,=2C + 2H
2H 2 H,.

For iron, our results indicate that the dehy-
drogenation goes no further than CH,
which has a remarkable stability in the ab-
sence of hydrogen.

Demuth, in a number of studies, has in-
vestigated the interaction of acetylene with
the principal crystal faces of nickel by ultra-
violet photoemission spectroscopy (14, 15)
and by electron energy loss spectroscopy
(16). The adsorbed C,H, leads to CH, CH,,
and CCH species in the UHV conditions of
the experiments. Thus the stability of CH,
species on nickel is demonstrated. As dis-
cussed previously, we suggest that CH,
groups from ethylene do not dehydrogenate
beyond CH on our iron surfaces.

Thus, we propose that during the first 10
min of reaction, when the rate is increasing,
the concentration of CS, is increasing, al-
though this concentration cannot be mea-
sured by our techniques. The concentration
of CHS, is also increasing, but we do not
-measure this dynamic concentration. When
the switch to helium is made, CHS, goes up
to its saturation value, as observed by its
subsequent hydrogenation.
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Support for this part of the scheme is
given by the results with CO/H,/H,0,
shown in Figs. 7 and 8. Water is known to
inhibit the CO/H, reaction (I, 5, 6) and
this overall effect is shown in Fig. 7. The
species OS; goes up at the expense of HS|,
already present only in small concentration
in the presence of CHS,. Thus the hydroge-
nation reactions are decreased, but the dis-
sociation rate of COS; is not changed so
much, so that CS is now converted prefer-
entially into CS,, as shown by curve B of
Fig. 8. Note that curve B of Fig. 7 does rise,
almost in parallel with curve A. As already
noted, the increased rate of CS, accumula-
tion decreases the time to the maximum
CH, rate in-this region. It has been found
that the water inhibition effect is reversible
(D), in accord with these ideas.

CONCLUSIONS
We suggest the following reaction
scheme, in accord with Eqgs. (1)—(15):
CO + §1 == COSy
Ho + 28y I—= 2HS;
9N €Oy

00//(
COSy + S1—»CSy + 08y
)
%,
\d}
Fe,C Ho0

S 1Fe HS

CS; ==5 CS; —» CHS; 2= CHyS

¢ !

HS
Clgr)Sy CHgq —» CH3S

HSy + Sop == HSy + &

CSp + HSy —— CHS2 + S2

The common precursor of the various spe-
cies is C§,, active surface carbon not
closely bound to iron. This intermediate is
then transformed competitively, at least
during the initial reaction period, into bulk
carbides (¢'-Fe,,C and x-Fe,sC); surface
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carbidic carbon CS,, probably with some
associated hydrogen (CH, ;7); inert surface
graphitic carbon; and, finally, into reaction
products via the stable surface intermediate
CHS,. After a burst of products formed on
the clean iron surface, the CO/H, reaction
rate falls as the bulk and surface carbide
accumulate, If the catalyst is saturated with
H, before the switch to 10% CO/H,, the ini-
tial methane peak is high and sharp, the re-
action rate quickly falls as the accumulated
surface hydrogen is consumed (I). A
switch from He to 10% CO/H, produces
only a small overshoot. Beyond this first
maximum, as the sinks for relatively inac-
tive carbon fill up the hydrocarbon produc-
tion rate goes up, but it soon reaches a max-
imum as graphitic surface carbon starts to
accumulate. The reduced surface of the cat-
alyst obtained under CO/H, favors rapid re-
action and bulk carburization. More oxidiz-
ing gases (CO/H,/H,O or CO/He) lead to a
lower concentration of carbon precursor
and lower rates of hydrogenation and bulk
carburization.

It should be recalled that we base these
conclusions on our work at 270-285°C. The
phenomena may be altered at other temper-
atures.
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