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We have used the growth of filamentous carbon in conjunction with the gas-phase product
distribution as a probe of the reactivity of a powdered iron catalyst when exposed to a carbon-
containing gas environment. During the course of a series of reactions designed to examine the
differences in carbon deposition characteristics exhibited by CO and C,H, over iron, an unexpected
pattern of behavior was found. Exposure of the metal to a C,H,—H, mixture at 600°C resulted in
only minor decomposition of the olefin; however, upon addition of a small amount of CO to the
system, there was a dramatic increase in the amount of filamentous carbon formed, of which the
major fraction could be attributed to decomposition of C,H,. Maximum reactivity was achieved
with a C,H,~CO-H, (3:1: [) mixture, and it was apparent that CO was responsibie for not only
promoting the formation of solid carbon, but also inducing the conversion of C,H, to C,H,. Removal
of CO from the system resulted in a rapid decline in catalytic activity, however, upon reintroduction
of CO activity was restored to its initial high level, indicating that the reversible nature of the
activation-deactivation processes. This behavior is rationalized in terms of a reconstruction of the
iron surface in the presence of coadsorbed CO which results in the possible formation of various
faces with differing reactivity characteristics, and a relaxation when CO is removed from the

reactant. © 1993 Academic Press, Inc.

INTRODUCTION

The formation of carbonaceous solids
over iron surfaces from the decomposition
of carbon-containing gases has been studied
extensively (/-12). The variation in carbon
formation activities with different carbon
sources over iron, cobalt, and nickel sur-
faces have been investigated previously,
and it was reported that with CO as the
carbon source, iron was the most active cat-
alyst (/2), whereas when the carbon deposi-
tion reaction was conducted in the presence
of hydrocarbons iron showed little tendency
to produce solid carbon (6). The high activ-
ity of iron with CO has only been observed
when some additive gas such as hydrogen,
water vapor, or other oxygenates were
mixed with the reactant (/, 3, 7). Dry et
al. (3) reported that in all the cases where

! To whom correspondence should be addressed.

enhancement of carbon deposition was ob-
served, hydrogen was shown to be present
within the catalyst bed. They suggested that
the increase in solid carbon formation was
related to the ability of hydrogen to
strengthen the adsorption characteristics of
CO to the iron and as a consequence in-
crease its rate of decomposition.

It is known that disproportionation of
CO takes place via the Boudouard equi-
librium,

which favors the right side at temperatures
below 700°C. The promotional effects of hy-
drogen on the decomposition of CO have
been interpreted in two ways. The first is
the occurrence of a secondary reaction (CO
hydrogenation) to produce solid carbon
,7):

CO + H,— C + H,0 )
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In addition to this process, hydrogen ad-
sorbed on the metal surface was also found
to catalyze the Boudouard reaction, and this
effect has been explained by the ability of
hydrogen to decompose inactive metal car-
bides into the catalytically active metallic
phase (/). There have been numerous inves-
tigations which have dealt with the interac-
tion of CO and hydrogen on transition metal
surfaces, and these have been comprehensi-
bly reviewed by Vannice (/4). It is generally
agreed that the uptakes of CO and hydrogen
are mutually enhanced by a coadsorption
procedure compared to that of ecither gas
alone, and this aspect was rationalized in
terms of the formation of a surface complex
between the two adsorbate molecules.

Examinations of the carbonaceous de-
posit formed on iron surfaces during interac-
tion with CO-H, mixtures have been carried
out by transmission electron microscopy,
and the major fraction has been found to
consist of filamentous carbon (I, 2, 4-9).
The filaments are generally formed in a
whisker-like mode where the catalyst parti-
cle is attached to the growing end, however,
there are reports of ribbon-like structures
and bidirectional growths in a braided con-
formation (/5). One of the major sources of
controversy surrounding the formation of
this type of carbon concerns the chemical
state of the catalyst particle responsible for
catalyzing the growth of filaments. Some
workers believe that the active entities are
carbides (9, 16, 17), others favor the metallic
state (/1), and there is also a claim that
v-Fe,0, is the catalytic species (4). This lat-
ter state, however, seems unlikely in view
of surface science studies (/8), which dem-
onstrated a complete lack of any oxygen-
containing species on the surface of an iron
foil exposed to mixtures in the range 1: 1 to
11:1 of H,: CO. Furthermore, it was found
that a preoxidized iron surface was unstable
under the reaction conditions and was rap-
idly reduced.

The current investigation was undertaken
in an attempt to gain a fundamental under-
standing of the differences in carbon depos-

iting characteristics of iron when treated in
CO and ethylene, both in the absence and
presence of molecular hydrogen and in mix-
tures containing all three gases.

EXPERIMENTAL

The apparatus used in this study has been
described in detail previously (/9). It con-
sists basically of a quartz reactor tube,
which is connected to a gas supply line and
operated at 1 atm total pressure under con-
trolled flow conditions. There is provision
for taking samples at various intervals dur-
ing reaction for gas product analysis by gas
chromatography. The reactor tube is heated
by a conventional split tube furnace. Pow-
dered catalyst samples (50 mg) were held in
a ceramic boat which was placed at the cen-
ter of the reactor tube. After reduction of
the sample in a 10% H,—He mixture for 2 h
at 600°C, the system was flushed with he-
lium and then the reactant, either pure CO,
CO-H,, C,H~H,, or CO-C,H,~H, mix-
tures, was introduced into the reactor and
allowed to react with the iron catalyst at
600°C for periods of up to 5 h. The total
amount of carbon deposited during the ex-
periment was determined by weight dif-
ference.

The composition of the gas phase was
monitored as a function of time from analy-
sis performed in a Varian 3400 GC equipped
with a 30-m megabore column (GS-Q). The
column was temperature programmed to re-
lease hydrogen, CO, methane, carbon diox-
ide ethylene and ethane at 35°C and water
vapor as the temperature was progressively
raised to 180°C. Carbon and hydrogen atom
balances in conjunction with the relative
concentrations of the respective compo-
nents were applied to obtain the various
product yields. The accuracy of estimating
the amount of solid carbon produced by us-
ing this approach was checked in a number
of experiments where the reaction was ter-
minated after selected time intervals and the
amount of solid carbon determined directly
from weight measurement differences. Un-
der these circumstances the amounts of
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solid carbon were within 5% of those esti-
mated during continuous experiments by us-
ing mass balances of the reactant and
products.

Iron powder (200 mesh) was obtained
from Johnson Matthey, Inc. (99.99% pu-
rity), and had a BET nitrogen surface area
of 0.3 m*/g~"' at —196°C. The adsorption
properties of the metal powder were mea-
sured in a Coulter Omnisorb 100CX unit.
The gases used in this work, CO (99.9%),
hydrogen (99.999%), ethylene (99.99%), and
helium (99.99%), were obtained from Alpha-
gaz company and used without further puri-
fication.

The morphological characteristics of the
solid carbon were established from exami-
nation of random sections of the deposit.
TEM specimens were prepared by applica-
tion of a drop of a dispersion of the solid
carbon in isobutanol onto either a carbon
film or a transmission specimen of single-
crystal graphite. When this combination
was inserted into a JEOL 200CX electron
microscope (resolution 0.18 nm) it was evi-
dent that the deposits from all the various
reactant mixtures consisted of a large frac-
tion of filamentous carbon structures.

RESULTS

(a) Iron-Catalyzed Decompaosition of
CO-H, Mixtures

The effect of hydrogen addition to the CO
feed on the amount of solid carbon depos-
ited on iron after 1.5 h reaction at 600°C is
presented in Fig. 1. Inspection of these data
shows a number of important features:

(i) The addition of only a small amount
of H, into the feed produces a remarkable
increase in the formation of solid carbon,
from 0.5% (in the absence of H,) up to 20%
with a mixture containing 7% hydrogen.

(ii) A subsequent increase in the percent
of hydrogen in the reactant does not appear
to have a great deal of impact on the percent
of CO which is ultimately converted to solid
carbon.

In an attempt to determine the relative im-
portance between the Boudouard reaction
(2CO — C + CO,), CO hydrogenation
(CO + H,— C + H,0), and CO methana-
tion (CO + 3H, — CH, + H,O) both the
solid and gas-phase products compositions
were determined. The results of the analysis
for CO-H, (4 : 1) and CO-H, (1 : 4) mixtures
are presented as a function of time in Figs.
2a and 2b, respectively. Here, each product
yield is defined as the moles of that product
divided by the moles of input CO. After a
short initial period, the product yields in-
cluding those of the solid carbon reached a
steady state with a CO-H, (4: 1) mixture
(Fig. 2a). In this case, a larger fraction of
solid carbon is formed as a result of the
Boudouard reaction rather than CO hydro-
genation, and methane formation is almost
negligible.

On the other hand, with a CO-H, (1:4)
mixture (Fig. 2b), all product yields, with
the exception of CO,, exhibit a gradual
change at reaction times in excess of 30 min,
Specifically, the methane yield exhibited a
steady increase for periods of up to 3 h. In
this case, the water yield is very high and
a larger fraction of solid carbon is formed
via CO hydrogenation rather than the Bou-
douard reaction. It is of interest to note that
the methane yield is relatively important un-
der these circumstances and is even higher
than that of carbon dioxide at the later stages
of the reaction. This suggests that in addi-
tion to the Boudouard reaction and CO hy-
drogenation, a third reaction to produce
methane is operative, namely, CO metha-
nation.

The regions where the three reactions pre-
dominate can be identified from the data
presented in Table 1, which shows the prod-
uct distributions obtained from the iron cat-
alyzed decomposition of a series of CO-H,
mixtures after one hour reaction at 600°C.
At high CO-H, ratios the Boudouard reac-
tion is responsible for producing most of
the solid carbon, whereas with equimolar
mixtures about half of the deposit is found to
arise from CO hydrogenation. In contrast, at
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Fic. 1. Effect of hydrogen on the conversion of CO to solid carbon over iron at 600°C (reaction

time 1.5 h).

high H,: CO ratios, CO hydrogenation and
methanation become the dominant reaction
pathways with the former been the major
source of solid carbon.

Finally, we have also considered the pos-
sible contribution of the water-gas shift re-
action (CO + H,0 — H,; + CO,) on the
product distribution. The equilibrium con-
stant, K = [CO,][H,)/[CO][H,0], for this
reaction at 600°C based on thermodynamic
data is 2.59 (20). From the measured con-
centration ratios obtained in the current
study for the reaction of CO: H, (1:4) and
(4: 1) mixtures the values were calculated to
be 2.13 and 2.44, respectively. Since these
values are very close to that of the equilib-
rium constant, the rate of this reaction will
be very slow under the present experimental
conditions. As a consequence, we assume
that the shift reaction does not play a sig-
nificant role in determining the composition
of the product gas. This conclusion was also
reached by Walker et al. (1) from their stud-
ies which were performed at similar condi-
tions to those used in the present study.

(b) Iron-Catalyzed Decomposition of
C,H~H, and CO-C,H,—H, Mixtures

A comparison of the carbon deposition
rates from the decomposition of CO-H,

(4:1) and C,H,—H, (4: 1) mixtures over re-
duced iron, nickel, and cobalt catalysts is
presented in Table 2. It is apparent that the
solid carbon formation rates from the iron-
catalyzed decomposition of CO-H, are
much higher than those produced from the
other two metals. Conversely, when
C,H;~H, is the reactant mixture, iron
showed the lower activity for the formation
of solid carbon.

When iron powder was reacted in a
C,H,~H, (3: 1) mixture the carbon forma-
tion activity was initially 0.43% and re-
mained at this level for about [ h, at which
point CO was introduced into the feed gas
in sufficient concentration to create a
CO-C,H,—H, (1:3:1) mixture. The addi-
tion of CO to the feed resulted in a dramatic
increase in the amount of solid carbon which
was deposited on the catalyst, rising from
0.43 to 68%, over a 30-min period of time;
see Fig. 3. It appears that the presence of
CO may induce changes in the surface of
the iron catalyst which are responsible for
enhancing its ability to adsorb and decom-
pose ethylene.

An equally fascinating result was ob-
tained using a slightly different experimental
procedure, as can be seen from the data
given in Fig. 4. Initially a CO-C,H,—H,
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Fi1G. 2. Change in product distribution as a function of reaction time for various CO-H, mixtures
over iron at 600°C. These data are calculated by mass balances and the units are moles of products/
moles of CO input. (a) CO:H, (4:1) and (b) CO:H, (1:4).

(1:3:1) mixture was passed over an iron
catalyst, and the same level of high carbon
yields as those produced in the previous ex-
periment were obtained. After 80 min reac-
tion time, the CO flow was stopped, and as
a result of this action, the amount of solid
carbon decreased to around 3%, a level
comparable to that obtained with a C,H,~H,
(3:1) mixture in the previous experiment.
When the CO flow was reintroduced into
the feed 45 min later, the amount of solid
carbon recovered to the original high level.

This sequence of events indicates that the
catalyst activation—deactivation process is
reversible and the high carbon formation ac-
tivity occurs only when CO is present in the
reactant mixture.

In order to investigate the details of the
influence of CO on the decomposition of
ethylene, the ratio of CO in CO-C,H,~H,
mixtures was varied from 0 to 1 (CO frac-
tion = CO/{CO + C,H,}). The total product
distribution obtained with the various mix-
tures is presented in Table 3. Ethane is prob-



98 RODRIGUEZ, KIM, AND BAKER

TABLE 1

Effect of Gas Composition on Product Distribution
from the Interaction of CO-H; Mixtures over Iron after
60 Min Reaction at 600°C

CO:H, % Product distribution
Solid Carbon
carbon dioxide Water Methane
100:0 0.49 0.49 — —
93:7 20.2 19.6 0.62 0.02
80:20 21.9 19.9 2.05 0.05
67:33 22.8 7.7 5.51 0.41
50:50 254 16.3 10.4 1.27
33:67 24.5 14.1 16.5 6.10
20:80 25.7 10.4 24.8 9.5
10:90 27.7 6.80 35.6 14.7

ably produced by hydrogenation of ethylene
molecules which are adsorbed in a parallel
fashion on the metal surface. The solid car-
bon from ethylene and that from CO were
calculated by assuming that all of the meth-
ane resulted from the decomposition of eth-
ylene. Since the amount of methane pro-
duced was relatively small and that
produced from CO was negligible with the
feed containing a small portion of hydrogen,
the error resulting from the approach should
not be appreciabie. Inspection of the data
in Fig. S shows the relative amounts of solid
carbon from ethylene and CO as a function
of reactant composition, where it can be
seen that the solid carbon from CO is almost
independent of the composition of the feed

TABLE 2

Comparison of Carbon Deposition Rates from
CO-H, and C,H,~H, Mixtures over Iron, Cobalt, and
Nickel at 600°C

Catalyst Reactant Deposition rate
(g carbon/g cat-h)
Iron 10.30
Cobalt CO/H, 4: 1) 0.47
Nickel 0.02
Iron 0.32
Cobalt C,H,/H,4: 1) 4.50
Nickel 54.60

gas, whereas that from ethylene is ex-
tremely sensitive to the CO concentration.
The carbon produced from ethylene in-
creased significantly with addition of a small
amount of CO, and did not exhibit a substan-
tial change at CO concentrations higher than
25%. The procedure used to determine the
relative amounts of solid carbon produced
from CO and C,H, is described in the Ap-
pendix.

(¢) Electron Microscopy Examination of
Carbonaceous Deposits

A number of samples of the carbonaceous
deposits taken from selected flow reactor
experiments were studied by transmission
electron microscopy and found to consist of
a network of carbon filaments, where the
individual components varied from between
10 and 300 nm in width and up to 100 um
in length. Inspection of the filaments
showed that their structure and the mor-
phology of the associated catalyst particles
was extremely sensitive to the composition
of the gaseous reactant. Carbon filaments
produced from the interaction of C,H,~H,
mixtures with iron exhibited many similar
physical characteristics to those found with
filaments formed from the cobalt-C,H,~H,
reaction (20). It was apparent that they had
grown via a bidirectional mode where the
diamond shaped catalyst particle was con-
tained within the body of the filament. Once
formed, both the size of the catalyst particle
and the width of the filament remained rela-
tively constant throughout the growth pe-
riod, indicating a complete reluctance of the
metal to undergo dispersion within the car-
bonaceous solid. A close examination of the
filament structure failed to reveal the exis-
tence of any degree of crystalline order.

In contrast, when CO was present in the
reactant mixture the characteristics of the
carbon filaments were entirely different. In
this case, the catalyst particle was located
at the growing end demonstrating that the
filaments had been formed via whisker-like
process. Figure 6 is an electron micrograph
showing the appearance of carbon filaments
which were produced during the interaction
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FiG. 3. Effect of CO addition on the decomposition of a C;H;—H, (3:1) mixture leading to the

formation of solid carbon over iron at 600°C.

of iron with a CO-H, (4:1) mixture at
600°C. Also included as an inset in this figure
is the selected area electron diffraction pat-
tern showing the existence of sharp rings on
which the 002 arcs are superimposed and
are coincident with the graphitic platelets
found perpendicular to the filament axis. It
is significant that the platelets are aligned in
a parallel direction to the base of the catalyst
particles and this confers a ‘‘rib-cage’’ ar-

rangement to the filament structure. The un-
usual morphological shapes exhibited by the
catalyst particles in these particular fila-
ments is one which is normally associated
with the establishment of a strong metal-
support interaction.

In a complementary series of experi-
ments, samples of these filaments were dis-
persed on transmission sections of single
crystal graphite and then heated in the pres-
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TABLE 3

Effect of Gas Composition on Product Distribution from the Interaction of C,H,—CO-H, Mixtures with Iron
after 60 min at 600°C

C,H,:CO:H, CO % Solid % CH, % C,H, % CO, % H),O % CO % C,H, Hy o
molar ratio CO + C,H,4 carbon yield? yield® yield? yield® conversion  conversion H;
(mol/mol) yield” ‘
80:0:20 0 0.51 <0.01 8.1 0 0 0 9.8 0.53
73:7:20 0.09 20.3 0.73 8.5 1.1 30.1 323 29.0 1.84
68:12:20 0.15 50.3 0.58 9.4 2.7 299 354 61.9 3.68
60:20:20 0.25 68.1 1.07 10.3 59 23.5 32.5 86.4 4.95
38:42:20 0.525 67.9 2.7 5.5 9.1 17.5 38.5 96.8 5.41
17:63:20 0.788 459 2.6 5.8 18.1 5.8 42.0 93.8 4.88
0:80:20 1 21.9 0.05 — 19.9 2.1 40.9 — 0.91

¢ Number of carbon atoms in the solid carbon/number of carbon atoms in C,H, + CO feed.

b Number of carbon atoms in the methane produced/number of carbon atoms in the C,H, feed.
¢ Number of moles of C,H, produced/number of moles of C,H, fed.

4 Number of moles of CO, produced/number of moles of CO fed.

¢ Number of moles of H,0O produced/number of moles of CO fed.

S Number of moles of H, produced/number of moles of H, in the feed.
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F1G. 5. Relative amounts of solid carbon produced from C,H, and CO as a function of reactant gas
composition over iron at 600°C.

| 200 nm

FiG. 6. Transmission electron micrograph showing the typical appearance of carbon filaments pro-
duced from the interaction of iron with a CO-H, (4: 1) mixture at 600°C. The faceted iron catalyst
particles can be seen at the head of the filaments, where the particle base is aligned parallel to the
stacking direction of graphitic platelets in the filament. Inset shows the selected area electron diffraction
pattern of the large filament.
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ence of 0.2 Torr oxygen in the controlled
atmosphere electron microscope. Continu-
ous observation of this process showed that
it was necessary to raise the temperature
to 775°C in order to induce the oxidation
reaction of the filaments, which appeared to
take place at about the same rate as that
of the surrounding graphite substrate. The
onset of gasification is always dictated by
the degree of crystalline perfection of the
solid, amorphous carbon undergoing reac-
tion at much lower temperatures than graph-
ite. It was interesting to find that the iron
particles associated with the filaments did
not participate in the gasification reaction.

DISCUSSION

Over the years it has been tacitly assumed
that the decomposition of hydrocarbons and
CO over certain metal catalysts will lead to
the formation of similar amounts of solid
carbon deposits. More recently studies per-
formed both in our laboratory and by other
groups (/3, 19) have demonstrated that the
events occurring at the catalyst—gas inter-
face are critical factors in determining the
adsorption characteristics and mode of de-
composition of the carbon-containing gas, a
necessary step in the subsequent formation
of filamentous carbon. As a consequence,
the presence of additives, either in the gas
phase or as inclusions in the catalyst can
have a profound effect on carbon deposition
by modifying the chemical nature of the
metal surface.

(a) Iron-Catalyzed Decomposition of
CO-H, Mixtures

There are numerous studies highlighting
the complexity of the chemical nature and
the role of the carbon species formed on
metal surfaces during the decomposition of
CO-H, mixtures (/8, 2/-28). It is now gen-
erally agreed that the carbonaceous deposit
can be divided into three categories: (1) car-
bon which remains at the metal-gas inter-
face and is probably combined with hydro-
gen as CHx species; (ii) carbon which is
directly bonded to metal atoms and may be

RODRIGUEZ, KIM, AND BAKER

partially dissolved in the bulk, which is re-
ferred to as carbidic carbon, and like type
(i) may be an intermediate in the formation
of various gaseous products; and (iti) a gra-
phitic deposit, which initially accumulates
at the rear faces of the metal in the form
of a filament. The presence of this type of
carbon does not result in immediate deacti-
vation of the catalyst, since carbon grows
at the rear of the metal particle leaving the
upper surface of the catalyst free to undergo
continued reaction with the gas phase. In
the current work we have focused our atten-
tion on the events that precede the forma-
tion of filamentous carbon and mention of
the other types of carbon will be restricted
to circumstances where their existence im-
pacts on the type (iii) deposit.

When iron was reacted in either pure CO
or C,H, the amount of solid carbon pro-
duced on the metal was below the detection
limits of the techniques used in this work.
Under these conditions it is highly probable
that the metal surface was incapable of dis-
sociatively adsorbing the carbon-containing
gas. Examination of the data in Table 1
shows that whereas the introduction of a
small amount of hydrogen into the reactant
brought about a substantial increase in the
amount of carbon filaments produced from
the Fe-CO system. In contrast, when hy-
drogen was added to ethylene then very lit-
tle change in the carbon depositing charac-
teristics of iron were observed.

Dry et al. (3) suggested that the presence
of chemisorbed hydrogen induces electron
donation to the iron surface. Such an elec-
tron enrichment in the iron adsorption sites
would result in an increase in the strength
of the metal-carbon bond, which in turn
weakens the C-0 bond of the adsorbed CO
molecule and facilitates the eventual forma-
tion of solid carbon. Attempts have also
been made to identify the H,—CO surface
complexes from coadsorption experiments
and although success in this endeavor has
been limited (29, 30), many studies have pro-
vided indirect evidence for their existence
on metal surfaces. The presence of such
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complexes could be established by an in-
crease in the heat of hydrogen adsorption,
a change in the adsorption state of hydrogen
and an enhancement in the gas adsorption
capacity. Some workers (3/, 32) have also
found evidence for the creation of a strong
CO-H interaction via electron transfer
through the bonding electrons in the metal
surface.

Perhaps the clearest understanding of the
interaction of CO-H, with iron comes from
recent surface science studies performed by
Madix and co-workers (33, 34) of the coad-
sorption of CO and H, on Fey, surfaces.
It was suggested that adsorbed CO induced
a weakening in the strength of the Fe-H
bond, which triggered the formation of a
potentially more reactive hydrogen species.
In a subsequent investigation Burke and
Madix (35) demonstrated the validity of this
argument in experiments where the intro-
duction of CO onto an iron surface presatu-
rated with hydrogen brought about the for-
mation of ethane from coadsorbed ethylene,
a reaction which did not occur in the ab-
sence of CO (36).

Based on the experimental data obtained
in the current investigation, Table 1, we pro-
pose the following mechanistic pathways
outlined in Fig. 7 to account for the interac-
tion of CO-H, mixtures with the powdered
iron catalyst. At low percentages of added
hydrogen (7-209%) following reconstruction
of the surface, CO is adsorbed in a manner
where an oxygen atom in the weakened C-O
bond will interact with the electron rich car-
bon in a second CO molecule (Fig. 7-1). This

will result in rupture of the C-0O bond to
produce a molecule of CO, and leave a car-
bon atom on the surface which can subse-
quently dissolve and diffuse through the
metal particle and precipitate at the rear
faces thus contributing to the formation of
acarbon filament. It is possible that the pres-
ence of chemisorbed hydrogen on the sur-
face enhances the population of the 27 * (37,
38) (antibonding) orbitals and consequently
a weakening of the C-0 bond is promoted.
At higher hydrogen contents (~50%}), then
in addition to mechanism I there is a possi-
bility that the extra H atoms will be avail-
able to interact with O in the adsorbed CO
molecule, and under these circumstances
both H,O and carbidic carbon will be
formed, which will eventually be trans-
formed into solid carbon (Fig. 7-1I). Finally,
in the presence of excess hydrogen (>50%)
a third pathway would become available
where direct adsorption of CO over the hy-
drogen-saturated metal surface is blocked,
and as a consequence the O atom in the CO
molecule can then interact with the modified
surface. Simultaneously, the carbon atom
in the CO will also bond to other H atoms
as illustrated in Fig. 7-111. The products of
such an arrangement would be methane and
water and since mechanism 11 is also opera-
tive under these conditions, solid carbon
would be produced from this route. The
above arguments are consistent with previ-
ous studies by White and co-workers
(39—41), which indicated that CO will only
adsorb on hydrogen precovered open faces
of a metal crystallite, and will not bind to a
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hydrogen precovered closed packed face. It
would appear that in the presence of a
CO-H, rich mixture, the metal surface can
undergo reconstruction to generate several
different faces, which simultaneously can
catalyze several independent reactions.

(b) Iron-Catalyzed Decomposition of
C,H,~H, and CO-C,H~H, Mixtures

McCarty and co-workers (20, 42) have
categorized the various forms of carbon de-
posited on nickel resulting from the reaction
with ethylene according to their reactivity
patterns with various gas environments
such as hydrogen, oxygen and steam. Car-
bidic surface carbon species, designated as
the Ca state were formed from the interac-
tion of the metal with either CO or C,H,
at ~300°C and found to be very reactive
towards hydrogen, whereas C&' (filamen-
tous carbon) and C& (encapsulating carbon)
which only formed at temperatures in ex-
cess of 500°C, were more resistant to attack
by hydrogen. Although there are not pub-
lished reports relating to the extension of
this treatment to Fe—CO and Fe-C,H, sys-
tems, it is reasonable to assume that the
carbon deposits formed in these reactions
would exhibit similar reactivity patterns to
those produced in the analogous reactions
with nickel. Cooper and Trimm (43) per-
formed a very comprehensive investigation
of the deposition of carbon from the interac-
tion of propylene over both single-crystal
and polycrystalline iron surfaces. It was
significant that in order {0 maintain the
formation of solid carbon on the metal
surface they found it was necessary to add
hydrogen to the hydrocarbon feed. The rate
of carbon deposition appeared to be higher
on Fe,y, and polycrystalline iron sur-
faces than on Fe ., however, the reasons
for this trend were somewhat obscure.
Although the nature of the carbon deposit
was not characterized in this work, it is
probable that filamentous carbon was the
major component from reactions carried out
at 600°C.
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Although there have been a number of
investigations dealing with the effect of eth-
ylene addition on CO hydrogenation over
various metal catalyst systems (44, 45), only
a few of these have focused on the behavior
of iron in this context (46—49). Hall et al.
(46) found that when 1.0 to 1.25 mol% ethyl-
ene was added to a CO/H, (1:1) mixture,
then in the presence of an iron catalyst at
225°C, approximately 12% of the hydrocar-
bon products originated from the olefin.
Barrault et al. (47) also examined the influ-
ence of ethylene addition to CO/H, (1:1)
over various iron-alumina catalysts at 470°C
and reported that the olefin significantly en-
hanced both the formation of methane and
C,~-C, hydrocarbons, and the hydrogena-
tion to ethane. A similar trend towards the
formation of higher molecular weight prod-
ucts was also demonstrated by Dwyer and
Somorjai (48) from the interaction of CO/H,
mixtures containing small concentrations of
either ethylene or propylene over Fe,,, sin-
gle-crystal surfaces.

In the current study we have extended
the findings of Burke and Madix (35) relating
to the CO-induced hydrogenation of ethyl-
ene to produce ethane over hydrogen-pre-
saturated iron surfaces, to investigate how
the alternative olefin decomposition path-
ways such as carbon deposition, are influ-
enced by this promotional effect. Inspection
of the data presented in Figs. 3-5 and Table
3 shows that coadsorption of CO on the iron
catalyst not only promotes the formation of
ethane via the hydrogenation step, but also
has a tremendous impact on the fate of the
carbon species produced on the metal sur-
face from the C-C bond cleavage of the
adsorbed ethylene molecules. It is known
from previous studies (36) that in the ab-
sence of CO, ethylene adsorbs reversibly
without dissociation on hydrogen presatu-
rated iron surfaces and it is therefore not
surprising to find that very little solid carbon
is produced on the metal. In the presence of
CO, the metal is activated towards ethylene
decomposition and the carbon species
formed at the surface proceed to dissolve
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into the bulk of the particle and eventually
precipitate at the rear faces in the form of
a filament. This is obviously a facile process
since filamentous carbon is formed in abun-
dance and its growth is sustained for rela-
tively long periods of time.

When CO is removed from the reactant
then the fraction of ethylene which decom-
posed to form filamentous carbon rapidly
declines to the level exhibited by the CO-
free iron surface. On reintroduction of CO
the formation of this form of carbon is
quickly restored to a high level, demonstra-
ting the reversible nature of the promotional
effect. It is possible that adsorption of CO
induces reconstruction of the surface to a
configuration which facilitates rupture of the
C=C bond in ethylene. Elimination of CO
from the system causes a relaxation of the
reconstructed surface to a structure which
no longer favors ethylene decomposition. It
is also worth taking into consideration the
possibility that the presence of CO produces
electron perturbations which alter the bond-
ing characteristics between the ethylene and
metal surface atoms.

Coadsorption of CO on a surface is not
limited to stimulating the hydrogenation ca-
pacity of a metal catalyst, it can also pro-
mote other reactions. Somorjai and co-
workers (38, 50) have reported that CO was
capable of inducing the ordering of a number
of organic molecules on selected metal sur-
faces. They found that when benzene was
coadsorbed with CO on a Rh,,, surface,
the organic molecules became tightly bound
to the surface and it was suggested that un-
der these circumstances the hydrocarbon
would undergo distortion and eventual frag-
mentation rather than remaining intact. It
was concluded that CO, being an electron
acceptor, would induce rupture of the C-C
bonds in the benzene molecule. Similar con-
clusions might be drawn from the present
investigation where it is evident that the
presence of CO promotes not only the ad-
sorption of ethylene on iron, but also fosters
the rupture of the C=C in ethylene to pro-
duce solid carbon. It would appear that the

105

CO stimulation phenomenon is not re-
stricted to hydrocarbons. Sasaki et al. (51,
52) studied the CO induced decomposition
of both ammonia and methylamine, respec-
tively, on Ruy,, and found that well ordered
(2 x 2) structures were formed in the pres-
ence of CO and that dissociation of ammonia
and methylamine was considerably en-
hanced under these conditions. Based on
these results they suggested that CO coad-
sorption caused the selective activation of
a particular reaction pathway.

It is interesting to compare the relative
amounts of methane formed in the present
system with that produced from the decom-
position of C,H,~H, mixtures over cop-
per—nickel alloy particles (/9) where over
20% of the ethylene decomposed to form
methane. The excessive amount of methane
generated in this latter system was pur-
ported to result from the formation of an
“‘ethylidyne’” intermediate. It would ap-
pear, therefore, that in the present system,
where the methane yield under comparable
conditions is less than 0.01%, the formation
of an “‘ethylidyne’’ intermediate is not a fa-
vored step. Changes in the ratio of the reac-
tive intermediates formed from the decom-
position of ethylene on ruthenium surfaces
have also been reported when CO was intro-
duced into the system (53, 54). In the ab-
sence of CO, ethylene was found to decom-
pose via the formation of comparable
amounts of ‘‘acetylide’’ and ‘‘ethylidyne”’
intermediate states. Although both these
states were generated in the presence of
coadsorbed CO, *‘acetylide’” was the major
species.

From a consideration of the product dis-
tribution it is possible to make certain specu-
{ations regarding the mode by which which
ethylene is adsorbed on the iron surface con-
taining coadsorbed CO and H,. The forma-
tion of a relatively large amount of ethane
from the CO-induced hydrogenation of the
olefin suggests that there is a strong ten-
dency for the ethylene molecules to bind in
an arrangement in which the C==C bond is
“‘parallel’” to the metal surface. Conversely,



106

the low amount of methane produced during
this reaction indicates that a very small num-
ber of ethylene molecules adsorb in the
“*end-on”’ configuration, where one of the
carbon atoms in the molecule is attached to
three metal atoms in the form of an “‘ethyli-
dyne’’ conformation. In such an arrange-
ment the carbon atom attached to the sur-
face would then proceed to diffuse into the
metal and eventually precipitate in the form
of carbon filament.

(¢) Structural Characteristics of the
Carbon Filaments

The most striking feature to emerge from
the electron microscopic examination of the
solid carbon deposits was the observation
that filaments produced from the interaction
of iron with C.H,—H, mixtures were rela-
tively amorphous, whereas those grown
from a reactant mixture containing CO were
highly graphitic in nature. In a previous in-
vestigation (55) it was suggested that one of
the necessary requirements to form highly
ordered carbon filament structures was that,
under reducing conditions, the metal uti-
lized as the catalyst should readily wet
graphite, a consequence of the existence
of a strong interaction between the two
phases.

Direct observation of the behavior of iron
particles on graphite when heated in hydro-
gen was performed in the controlled atmo-
sphere electron microscope (56) and from
these experiments it was evident that the
metal showed no propensity to wet the
graphite at 600°C. Moreover, as the temper-
ature was raised to 755°C those particles
located on the basal plane regions became
mobile—a characteristic associated with a
weak metal-support interaction. Based on
this information one would predict that fil-
aments produced from the iron catalyzed
decomposition of a hydrocarbon would
adopt a somewhat amorphous structure. On
the other hand, by analogy the formation of
highly graphitic filaments from a C;H,—H,
mixture containing a small amount of CO
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would seem to imply that this environment
induces a strong wetting action between iron
and graphite.

SUMMARY

The rate of decomposition of pure CO
over iron was found to be very slow, how-
ever, the addition of a small amount of hy-
drogen resulted in a dramatic increase in
its reactivity. It is believed that the initial
increase in catalytic activity is due to recon-
struction of the iron surface induced by ad-
sorbed hydrogen. At higher hydrogen con-
centrations, it is suggested that due to the
weakening of the Fe—H bond in the presence
of CO, there is the potential for desorbed
H species to directly take part in the reaction
via the abstraction of O from the CO mole-
cule. It is also possible that under these con-
ditions the reconstruction of the metal crys-
tallites will result in the generation of
various faces which exhibit distinct reactiv-
ity characteristics.

When iron was treated in C,H,~H, mix-
tures, adsorption and decomposition of the
olefin was insignificant. The addition of CO
to the reactant brought about a dramatic
change in the catalytic activity of the iron
particles. Under these circumstances not
only was the metal transformed into a hy-
drogenation catalyst, but it also promoted
the adsorption and decomposition of ethyl-
ene towards the growth of carbon filaments.
Removal of CO from the system resulted in
the complete deactivation of the catalyst,
however, upon reintroduction of CO activ-
ity was restored to its initial high level, indi-
cating that the activation—deactivation pro-
cess was reversible.

APPENDIX

The relative amounts of solid carbon pro-
duced from ethylene and carbon monoxide
as a function of the reactant gas composi-
tion, presented in Fig. 5, were calculated
according to the following procedure:

If we consider the carbon atom atom bal-
ances in the two systems:
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(a) Solid carbon yield from CO decompo-
sition can be expressed as
C()input —(CO + Col)outpul
COinput
COjpp — CO
CO,

input

CO2 output
CcO ’

input

output

which is
{COconversion — €O, yield} XC atoms -
(b) Solid carbon yield from C,H, decom-
position can be written as
C>Hy o — (CHY/2 + CHg + CoHyguipu
C,H, input '

which is
{C2H4 conversion (CH4 + C2H6)yield} XC atoms »

where, xcaoms = fraction of carbon atoms
per mole.

Applying these expressions to the product
distributions from a given mixture, e.g.,

C,H,:CO:H, = 73:7:20 (Table 3)
Yield of solid carbon from CO
7
(31")7 + 73 x2 1.4
Yield of solid carbon from C,H,
73 x 2
= (19.8),—/m = 18.9
Finally, % solid carbon from CO
1.4
= m x 100 = 7%

and, % solid carbon from C,H,

18.9 |
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