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The hydrogenation of CO and CO, over polycrystalline iron foils has been investigated
under highly controlled conditions (6 atm, 3:1 H,:CO, 300°C). The surface composition of the
foil before and after high-pressure reaction was determined by Auger electron spectroscopy.
The H,/CO reaction produced C,—C; hydrocarbons in detectable quantities. In this reaction the
initially clean iron surface was rapidly covered by a monolayer of carbonaceous material that
appeared to be the active surface. The specific methanation rate on this surface was 1.9 male-
cules site™ sec™! with an activation energy of 27 &+ 2 kecal mole™. The H,/CO, reaction pro-
duced almost exclusively methane (97 mole}) and at a higher rate (10.9 molecules site™ sec™)
than did the H,/CO reaction. In both the Hz/CO and the H,/CO; reactions the active surfaces
were eventually poisoned by excessive deposition of carbon. The carbon-poisoned surfaces
produced only methane but at much slower rates than did the active surfaces. Iron, without
promoters, appears to be predominantly a methanation catalyst that poisons rapidly by

the deposition of multilayers of carbon.

I INTRODUCTION

In the synthesis of hydrocarbons from
CO, CO,, and H,, iron plays an important
role as a catalyst (1—4). In the SASOL
process, potassium-promoted iron is utilized
commercially to catalyze the TFischer-
Tropsch reaction (5). In spite of the long
history of application of this material many
fundamental questions that may provide
the key to its catalytic activity are un-
answered. These questions concern the
surface composition of the active catalyst
and the atomic surface structure that pro-
vides desired activity, reactivity, and long-
term stability. We should also know the
oxidation states of atoms on the surface
and should attempt to identify the role of
the promoters that effeet activity and
product distribution.

The surface reactions of CO and H, may
be viewed as composed of two parts: (i) the
hydrogenation of dissociated or molecular
carbon monoxide and (i1) the subsequent
insertion of CO that results in the produc-
tion of hydrocarbon chains. Only the
first part of this process takes place
during methanation or during the produc-
tion methanol. There are several transition
metals that carry out this reaction but do
not exhibit insertion activity. Others, like
iron, can catalyze both reactions to yield a
broad distribution of produets with a wide
range of molecular weights.

To understand the mechanism of this
important catalytic reaction, we have
developed an apparatus that permits de-
termination of the surface composition of
the working catalyst by Auger electron
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Fi6. 1. Schematic of UHV surface analysis system equipped with sample isolation cell for high-

pressure (1~20 atm) catalytic studies.

spectroscopy in  situ, beforc and after
carrying out the Fischer-Tropsch and
methanation reactions at high pressures
(1-20 atm). The apparatus consists of an
isolation cell in an ultrabigh wvacuum
system, that can be pressurized or cvacu-
ated. The catalyst is of small surface arca
(~1 em?) but the sensitivity of the gas
chromatograph detector is sufficient to
determine rates and product distribution
under industrially suitable conditions. This
apparatus (shown in Fig. 1) has already
been employed to study the methanation
reaction on rhodium polyerystalline foils (6).

It was found that the initially elean iron
surface was rapidly covered by a monolayer
of carbonaceous material which appeared
to be an active surface for the Fischer—
Tropsch reaction, yielding C; to C; hydro-
carbons. This surface proved to be unstable
under our reaction conditions and, after
several hours, was covered by a multilaycr
carbon deposit. This deposit produces only
methane and at a slower rate than the
carbon monolayer.

The turnover numbers and activation
energies for methanation have been deter-

mined for both Hy/CO and H./CO, reac-
tions. The H,/CO, reactant mixture pro-
duces mostly methane but at a higher rate
than does Hy/CO and the composition of
the active surface appears to be different
(oxide) than the surface composition during
the Hz/CO reaction.

Previous studies (2-4) of the iron-cata-
lyzed Fischer—Tropsch reaction have shown
that the working iron catalysts are com-
posed of carbides, oxides, as well as a-iron.
The exact composition depends strongly
on reaction time, conversion rates, loca-
tion in reactor bed, and various ecatalyst
pretreatments. In this paper we report
studies of the H,/CO and H./CO; reactions
on initially clean polycrystalline iron foils
that were carried out at 6 atm, in the tem-
perature range of 250-400°C using a 3:1
reactant ratio. Duc to the low conversions
(«19,) and the short reaction times
(<5.0 hr) of the present study, the iron
foil did not undergo bulk phase transforma-
tions as observed in the previous studies.
Thus, we investigate only that part of the
Fischer—Tropsch reaction that occurs on
iron.



HYDROGENATION OF CO AND CO, OVER IRON FOILS

II. EXPERIMENTAL

The apparatus used in the present study
has been deseribed in detail elsewhere (6).
It consists basically of a diffusion-pumped
ultrahigh-vacuum (UHV) bell jar (1 X 10—
Torr) cquipped with a retarding grid Auger
cleetron  spectroscopy  (AES) system, a
quadrupole gas analyzer, and a 2-keV ion
sputter gun. The unique feature of the
apparatus is an internal 1solation cell which
operates as a micro-batch reactor (100 emi?
internal volume) in the 1- to 20-atm pres-
surc range while maintaining an UHV in
the bell jar around the isolation chamber.
An external gas recirculation loop 1s at-
tached to the cell through which the
reactant gas mixture is admitted. The loop
also eontains a high-pressure bellows pump
for gas circulation and a sampling valve
which diverts a 0.1-ml sample to a gas
chromatograph.

The iron specimen was a 1-em? poly-
crystalline foil (99.999, pure) which was
pretreated in a hydrogen furnace (1 atm
of He) at 800°C for 4 days prior to mount-
ing in vacuum system. This hydrogen
treatment was necessary to remove bulk
carbon and sulfur which otherwise diffuse
to the surface during the UHV cleaning
procedures. The iron foil was mounted such
that it could be resistively heated and the
temperature was monitored with a chromel-
alumel thermocouple spot welded to the
foil edge.

The hydrogen and carbon monoxide used
to prepare the synthesis gas mixtures were
of high-purity rescarch grade. The mixtures
were prepared in the circulation loop and
then expanded into  the isolation  cell.
Analysis of the synthesis gas by gas chro-
matography and mass speetrometry indi-
cated that HoO in very small amounts was
the only reactant impurity.

A clean iron surface was prepared in
ultrahigh vacuum by ion sputtering the
foil (Art, 2 keV, 100 gA) at 800°C for
15 min, then anncaling at 700°C for 2 min.
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This procedure generally produces a sur-
face which is free from sulfur and oxygen.
The only detectable surface impurity after
this treatment was carbon (10-15% of a
monolayer). Once a clean surface was pre-
pared the isolation cell was closed and the
synthesis gas (3:1, Hy:CO) was expanded
into the cell at a total pressure of 6 atm,
The sample temperature was then raised to
300°C and gas chromatographic sampling
of the reaction products was commeneed.
At any point in the reaction the sample
could be cooled, the eell and circulation
lines could be evacuated, and the cell
could be opened to UHV to allow AES
analysis of the surface. The pump-down
procedure from 6 atm to 5 X 107 Torr
took approximately 1 min.

III. RESULTS

A. H3/CO Reaction on the Initially Clean
Iron Surface

The H,/CO reaction was investigated at
a total reactant pressure of 6 atm and a 3:1,
H,/CO ratio. Prior to the reaction, the iron
surface was cleaned by ion sputtering and
the surface purity was verified by AES. The
foil was then isolated in the high-pressure
cell, the reactant gas mixture was admitted,
and the foil was heated to 300°C. The ac-
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plot.

cumulation of hydrocarbons in the batch
reactor was then measured as a function of
time. Under these reaction conditions the
dominant product was methane (85 mole %)
but hydrocarbons up to C; were produced in
detectable quantities. The chain products
were predominantly primary olefins: ethyl-
ene, propylene, l-butene, and 1l-pentene.
The corresponding saturated straight-chain
hydrocarbons were also detected but no
branched products were observed. The
olefin : parafiin ratio was approximately 4:1.
A very small amount of methanol (less
than 0.1 mole%,) was also detected.

The activity of the foil decreased with
time as can be seen from the accumulated
methane versus time curve in Fig. 2. Chain
growth stops after approximately 2 hr
but methanation continues at a slow rate.

The specifie rcaction rate or turnover
number for methanation was determined
in the following manner. Since a short in-
duction period (approximately 5 min) of
low reactivity was gencrally observed, the
first 10 min of methane accumulation were
ignored. The accumulation of methane was
assumed to be approximately a linear func-
tion of time over the next 15-min interval

(10-25 min). The slope of the accumulated
methane versus time curve, which is the
reaction rate, was then evaluated over this
time period by linear regression. The slope
of the curve was then divided by the con-
centration of iron atoms in the metal
surface (1 X 10** em~?) to determine the
specific reaction rate. The turnover number
for the foil at 300°C thus determined was
1.9. This procedure probably results in a
conservative estimate of the turnover
number sinee it assumes that all of the iron
atoms in the surface are active. It will be
seen from later discussion that the iron
surface undergoes chemical changes during
the reaction which result in a much lower
concentration of iron sites present on the
surface.

Figure 3 displays the influence of foil
temperature on the initial methanation
rate over the temperature range 250-390°C.
The methane reaction rate increases rapidly
with temperature from a turnover number
of 0.33 at 250°C to 32.8 at 390°C. However,
at the higher temperature the formation
of chain products is severely curtailed, and
above 400°C only methane is produced.
An Arrhenius plot of the temperature de-
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pendence of the reaction rate is shown in
Fig. 3. This plot yields an activation energy
of 23 £ 2 keal mole™ which agrees favor-
ably with the 21.3 keal mole™! activation
energy determined for alumina-supported
iron by Vannice (7).

A series of experiments was performed in
which the reaction was interrupted at
various times to permit surface analysis by
AES. The results of these experiments are
summarized in Fig. 4. It is scen that the
clean iron surface is unstable under the
reaction conditions and is rapidly covered
with ecarbon. Carbon deposition continues
during the reaction with the eventual for-
mation of a multilayer carbon deposit.
This carbonaceous layer is sufficiently
thick to obscure completely the iron Auger
signal (703 €V) which has an escape depth
of at least 20 A. The formation of this

—
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After
30 min
Fe
Fe Fe
dN(E)
dE
C
\Affer
4 hours
c(272ev)

Energy —

Fia. 4. Auger spectra of the iron foil before, after
30 min, and after 4 hr of reaction (6 atm, 3:1H,:CO,
300°C),
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Fia. 5. Methane produced by direct hydrogena-
tion of the carbon multilayer deposit.

multilayer carbon mass occurs within the
same time regime in which chain growth
is terminated and the methanation rate at
300°C falls to a turnover number of 0.38
from its initial value of 1.9. Repeated ex-
periments verified that the presence of iron
in the surface is a necessary condition for
chain growth and for a high methanation
rate. It should be noted that under no
circumstance was any oxygen-containing
species observed on the surface while using
reactant mixtures in the range of 1:1 to
11:1, H,:CO.

To investigate further the methanation
rcaction which occurs when only earbon is
present on the surface, the activation energy
for the reaction was evaluated after 4 hr of
reaction. The results of these measurements
indicated that the activation energy was
12 & 2 keal mole™. This lower activation
energy that nevertheless accompanies a
markedly lower rate of methanation on the
carbonaceous layer suggests that the mecha-
nism of methanation on the earbon layer
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Fia. 6. Auger spectra of iron foil after 1 hr at 6 atm, 3:1 H,:CO,, 300°C. (A) Low-energy iron
Auger peak showing characteristic oxide doublet. (B) Standard Auger scan showing carbon and

oxygen present on the surface.

is different from that initially observed at
short reaction times. Additional information
concerning the methanation mechanism on
this thick carbon deposit was obtained from
the following experiment. A usual reaction
(6 atm, 3:1 H;:CO, 300°C) was run for
4 hr until the carbon deposit was well
established. The reaction was then termi-
nated and the presence of the thick earbon
layer was verified by AES. The carbon-
covered foil was then sealed in the cell and
a 3:1 Hy:Ar mixture was admitted. Upon
heating the foil to 300°C methane was
produced as shown in Fig. 5. In addition,
the initial rate of methanation was identical
to that seen just prior to termination of
the H,/CO reaction. AES measurements
revealed that surface carbon was removed
by the hydrogen treatment. However,
carbon remained on the iron surface even
after 24 hr of hydrogen treatment, suggest-
ing that the carbon on the iron surface
cannot be totally removed by hydrogen at
this temperaturce. It was also found that
the removal of the thick earbonuaceous de-
posit by hydrogen trecatment reactivated

the iron foil, and chain growth was observed
when a Hz/CO mixture was reintroduced.

B. H,/CO; Reaction on the Initially Clean
Iron Surface

The H,/CO, reaction was studied employ-
ing conditions identical to those used for
the H,/CO reactions: 6 atm, 3:1 H,:CO,,
300°C. The results, however, were dramat-
ically different from those for the H,/CO
reaction. The H,/CO; reaction produces
almost exclusively methane (979, by mole).
The only other detectable product was
ethane with little or no ethylene. In addi-
tion to the change in product distribution
there is a marked increase in the methana-
tion rate when compared to the rate ob-
tained for the CO/H, reaction as shown in
Fig. 2. The initial specific rate was 10.9
which is about fivefold greater than the
rate for the H:/CO reaction.

The activity of the foil deecreases as a
function of time in the Hy/COj rcaction
and the methanation rate drops to a level
comparable to that in the H,/CO reaction
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Fia. 7. The influence of temperature on the methanation rate for the H,/CO: reaction. The

corresponding Arrhenius plot is also shown.

after approximately 4 hr. It is interesting
to note that the deactivation of the iron
foil oceurs at about the same rate in the CO,
reaction as in the CO reaction.

AES measurements as a function of reac-
tion time reveal that both carbon and
oxygen accumulate on the surface initially
during the H,;/CO, reaction. A typical
Auger spectra taken after a 1-hr reaction
period is shown in Fig. 6. The appearance
of a split My ;M4 My ; iron Auger line in
Fig. 6 is of particular importance. The
M, M,y My s iron Auger transition in-
volves the iron d orbitals and is often sensi-
tive to the chemical environment of the
iron atom. A splitting of the type shown in
Fig. 6 is characteristic of iron oxide (8).
This split iron peak and the intense oxygen
Auger signal are therefore taken as evidence
for the presence of surface oxide.

Auger spectra taken after 2 hr of reaction
indicate that carbon deposition oceurs on
the oxide surface. Eventually a carbon-
aceous multilayer deposit similar to that
encountered in the H,/CO reaction is built
upon the surface. Once again it appears that
the loss of catalytic activity can be asso-
ciated with deposition of excess surface
carbon.

The variation of the Hy/CO, methana-

tion rate with tempcrature is shown in
Fig. 7. The corresponding Arrhenius plot
vields an activation cnergy of 17 + 2
keal mole—.

C. Hy/CO Reaction
Surface

on the Preoxidized

Iron Fischer-Tropsch catalysts are known
to contain both iron carbides and oxides
in addition to a-iron (1-4). To investigate
the influence of oxide surfaces on the H,/CO
reaction, a series of cxperiments was per-
formed on preoxidized iron foils. The oxida-
tion was carried out by heating the foil
to 300°C in 4 atm of dry oxygen for 20 min.
This treatment resulted in a relatively
homogencous surface oxide as judged by
AES and uniform discoloration of the foil.
Reactions were performed on this oxide
under the usual conditions: 6 atm 3:1
H.:CO, 300°C.

The major product of the iron oxide-
catalyzed reaction was again methane
(769%), with a slight shift in the product
distribution toward the higher molecular
weight products as shown in Table 1. The
accumulation of methane as a function of
time is compared to that of the Hy/CO and
H,/CO; reactions starting with the clean
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TABL
Reaction Foil condition

H,/CO 3:1

6 atm, 300°C Initially clean
Hg/COz 3.1

6 atm, 300°C Initially clean
H,/CO 3:1

6 atm, 300°C Thick carbonaceous layer
Hz/CO 3:1

6 atm, 300°C

Initially oxidized

surface in Fig. 2. The most striking feature
of the methanation kinetics on the pre-
oxidized foil is a tenfold inercase in the
initial rate. In forming other products, the
preoxidized foil behaves in a manner similar
to the clean iron foil. The activity of the
surface oxide deereases with time and chain
growth ceases after approximately 2 hr.
The methanation rate after 2 hr becomes
comparable to the rates obtained from the
untreated foil after a similar reaction time.

Auger spectra recorded at various stages
of the reaction supply important insights
into the reaction on the preoxidized foil.
These Auger measurements show that the
surface oxide is unstable under the reaction
conditions and is rapidly reduced. This faet
is evident from the speetra displayed in
Fig. 5. The oxygen Auger signal is atten-
uated during the reaction until it is no
longer dctectable after 25 min. Simul-
taneously, carbon is deposited on the sur-
face such that the Auger speetra generated
after 25 min are identical to those obtained
from the initially clean surface after short
reaction times. Depth profiling by ion
sputtering indicated that the oxide is truly
reduced and not simply covered by a multi-
layer deposit of carbon.

The poisoning of chain growth at long
reaction times was again correlated with
a buildup of excess surface carbon. The re-
sponse of the preoxidized surface is, there-
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i1

Methanation rate
(molecules

Product (%)

)1 Cz C;; C4 C_’, Site_l Sec—l)

& 11 3 1.5 0.5 1.9

97 3 — — — 10.9
100 — — — — 0.38

76 17 45 175 075 18.7

fore, directly analogous to that of the clean
foil except for the enhanced methanation
activity over the first 25 min. This en-
hanced activity is apparently linked to the
reduction of the surface oxide. It is possible
that the reduection process produces me-
tallic iron clusters which are initially very
active, Further reduction produces a carbon-
covered surface which displays activity
similar to that observed in the elean foil
experiments.

Oxide
Surfoce
Fe
(703 eV)
Fe Fe{65leV)
(598 ev)
0(5i0eV)
dIN(E) After
HE Fe e Fe 30 min
C (272 eV)
Energy —

Fig. 8. Auger spectra demonstrating the reduc-
tion of the przoxidized surface under high-pressure
reaction conditions (6 atm, 3:1 H,:CO, 300°C).
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1V. DISCUSSION

The hydrogenation of CO and CO; over
iron foils has been investigated under
highly controlled conditions (3:1 H,:CO,
300°C, 6 atm). The product distribution,
rates, activation cnergies for methanation,
as well as the surface composition at
various stages of the reaction have been
measured. These data have revealed several
important features of these surface reac-
tions. It appears that the metallic iron
surface is not stable under our reaction
conditions. In the H./CO and H,/CO,
reactions the iron surface is covered with a
carbonaceous monolayer or an oxide—
carbon layer, respectively. These surfaces
which display considerable catalytic activity
are also unstable under the present reaction
conditions and arc eventually poisoned
by the deposition of multilayers of carbon.

The CO/H; methanation reaction pro-
ceeds through at least two mechanisms.
One mechanism predominates at  short
reaction times and occurs concurrent with
chain growth. This reaction is characterized
by high activity (turnover number 1.9)
and an activation energy of 23 + 2 keal
mole™.,

Auger spectra show that this reaction
oceurs on a carbonaceous deposit of approxi-
mately monolayer coverage. The second
mechanism which proceeds at a slower rate
(turnover number 0.38) and lower activa-
tion energy (12 keal mole™!) dominates
after 2 hr of reaction. This second mecha-
nism is apparently the direct hydrogenation
of the multilayer carbon deposit. The
evidence for the hydrogenation mechanism
is fairly coneclusive. Auger spectra reveal
that only carbon is present on the surface
at this stage of the reaction and that surface
carbon can be removed as methane by a
H./Ar mixture, at the same rate as in the
H;/CO mixture after 4 hr of reaction. An
important observation concerning the hy-
drogenation of this carbon deposit is that
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no chain produets were observed (100
mole%, CH,), i.c., there is no CO insertion
activity. This fact suggests that the direct
hydrogenaticn of surface earbon does not
contribute to the formation of chain pro-
duets in the Hy/CO reaction.

CO 1s known to dissociate on iron as
indieated by chemisorption studies using
single crystal surfaces (9). Thus, we are
justified to write the reaction

CoO + F(‘,(s) il F(,‘,(s)—c -+ F(‘(s)—o, (1)

which must take place initially on the clean
iron foil. This reaction, of course, does not
exclude the simultancous presence of mo-
lecular CO on the iron surface as evideneed
by ehemisorption studics. Since no surface
oxygen is deteeted in the H,/CO reaction
oxygen must be removed by one or both of
the following reactions:

F(,‘(S)*() + CO— C()_» + F(‘(g), (2)
F(‘(S)“() + Hz —> Hg() + F(‘(s). (%)

Rapid methanation and chain growth
oceur when both Fegsy and Fes)~C sites
are present on the surface. If only the
Fe(sy site participates in the insertion of
CO and the subsequent hydrogenation, it
must be an exceedingly active site since
the surface is covered with carbon in near
monolayer quantity. If the Feg,-C site 1s
active for insertion and hydrogenation this
activity competes with the catalyzed redue-
tion of CO on these sites which eventually
positions the reaction by the formation of a
multilayer carbon deposit. The poisoning
reaction may be written as

Ciy+CO+H; - C5)—Cs)+H.0 (1)
or
C+2C0 - C5y—C(y+CO, ()

In these eircumstances increased partial
pressures of CO; or HyO in the reactant
stream should slow down or inhibit the
poisoning reaction.
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The Hy/CO; reaction results initially in
the formation of a surface oxide on the
catalyst. This oxide is unstable with respeet
to the formation on an active carbon
monolayer which is unstable, and finally
a multilayer earbon deposit forms. It should
be noted that within our experimental
sensitivity no change in the product dis-
tribution can be observed as the surface
composition changes from an oxide to an
active carbon monolayer. The oxidation of
the iron surface is not surprising since CO»
is expected to be a mild oxidant and reac-
tions of the type,

3Fe + 4C0; — Fe;04 + 2C0,  (6)

are thermodynamically feasible at 300°C.

The H,/CO, reaction was very selective
toward methane (979, by mole) with the
only other detectable produet being ethane.
This product distribution is what one
would expect from a hydrogen-rich H,/CO
reaction. A high hydrogen partial pressure
in the Hy/CO reaction shifts the product
distribution toward methane and results in
saturated chain products. The similarity
between the Hy/CO; and a hydrogen-rich
H,/CO reaction suggests the following
mechanism for the Hy/CO; reaction. First
the water-gas shift reaction is catalyzed
by the surface oxide:

CO: + Hy 22 HyO) + CO. (7)

The carbon monoxide is then hydrogenated
to  methane in a hydrogen-rich
environment :

SH, + CO — CH, + H,0. (8

very

Vannice (7) found that the rate of methana-
tion from H,/CO mixtures varies dircetly
with the hydrogen partial pressure, whereas
it has an inverse relationship to the CO
partial pressure. The rapid initial rate
of methanation observed in the present
H,/CO; reaction is, therefore, consistent
with the water/gas shift mechanism which
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proposes a large hydrogen to carbon mon-
oxide ratio.

Experiments that utilized preoxidized
iron surfaces as a catalyst for Hs/CO reac-
tion have demonstrated that, under the
present reaction conditions, the oxide sur-
face is unstable and is rapidly reduced.
During the carly stage in the reaction,
while the oxide is being reduced, high
methanation and Fischer—Tropsch activi-
ties were observed. This enhancement of
the surface reaction rates may be due to
the formation of highly active iron atoms
or clusters on the surface during the redue-
tion process. If this explanation is correct
then it suggests that the iron sites are the
active centers for the Fischer-Tropsch re-
action. The carbonaccous layer observed
during the Hy/CO reaction on the initially
clean surface may in fact be inactive with
respect. to the Fischer—Tropsch reaction.
A small concentration of highly active
clean 1ron sites could be responsible for the
observed chain growth on the earbonaceous
monolayer.

The produet distribution observed in our
study is very different from those obtained
using promoted iron catalysts. Also, the
initially clean iron foil poisons rapidly as
compared to the iron  Fischer-Tropsch
catalysts. It appears that clean iron is
certainly not the catalytic surface that
produces aleohols and higher molecular
weight hydrocarbons, by more efficient
insertion reactions and that resists poison-
ing by carbon buildup. The influence of
additives that inerease the surface concen-
tration of oxygen (potassium, for example)
and the presence of iron compounds (car-
bides or oxyecarbides) on the product dis-
tribution, reaction rates, and catalyst sta-
bility is presently being investigated.
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