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A detatied study of the entalylie disproportionniion of CO over Fe and 3.5%
Si-Fe single ervstaks in the minge 550-8060°C has been made. For both Fe and Si-Fe
it has been demonsirated that y-Fe.Oa 15 the aciive catalytic species. T is considored
that ihe defeet fype structure associnted with this oxide aids the diffusion of Te® lons
to the surface where they may facilitale the breakdown of CO molecules, The notable
reduction mn ruke of reaclion at temnperaiures above 550°C was shown fo be a direct
result of the formution of «-T'e.0; In which the diffusion of Te™ ions is considerably
tess than in y-Feun,

Electron mieroscopy aml selected area diffraction studies of the highly fibrous
eurbonneeous produets formed sl various slages in the reaetion revealed that al
550°C the reaction proceecds vin the breakdown of Fe.C whiskers {(predominately)
andd platelels. The overalt resetion is diseussed in terms of the condilions necessary

for the formation of the pariivular Fe oxides

carbides,
INTRODUCTION

The catalyiie disproportionation of car-
bon monoxide to earbon and earbon dioxide
has reeeived wide spread attention {I-5)
because of ils importanee in many indus-
trial processes. A bibliography, up to 1956,
of the liter lfulo aml patents relafed to ihe
production of carbon by this reaction is
available (6). In the gas cooled high tem-
perature reactor, small amounts of CO
formed in the high temperature region dis-
proportlonate eatalytically in the cooler
{ea. 550°C) heat exehanger region with the
ultimate corrosion of the heal exchanger

walls, This bype of corrosion is generally
termed “mefal dusting” (7). Undesirable

arbon deposition also ocears ax a side re-
aetion in the low temperature reduciion of
orves and in the synthesis of hydrocarhons
by the Fischer-Tropsely proeess where the
reaclion may lead to the deaetivation of
the eatalyst, Disintegration of furnace lin-
ings also has been attributed to ca-hon dep-
ostbion a6 dron oxide impurities in the
fireelay briek,
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and the growth and reactions of Fe

The most active eatalysis for the reac-
tion are the ferromagnetic metals ¥e, Co,
and Ni. For Fe catalysis in particular, the
precise eatalytic mechanism is not lnown,
although many suggestions have  heen
proffered, A representative eross seelion of
the prineipal econelusions reached by sonie
of the previous investigators are lsted
chronologically in Table 1, The vonfusion
regarding the nature of the catalytie species
is mderstandable when one eonsiders the
complexity of the system and also that most

the stwdies have been earvied out with
finely divided powdered eatalysts.

It appears fikely that the stoiehiometric
equation,

(h
merely approximates to the overall reaction,
whereas the final produets netually result
from a sequence of intermediate reaetions,
Depending on the experimental eonditions,
the latter could involve uny one of a series
of oxides or carbides, or even a combina-
tion of both. In this respeet, il is pmlm;r
slgntficant that rendily deteetable rafes of

200 = (1 U,



O

DISPROPORTIONATION

TABLE 1
Suansary or Soxme Previovs IsvesTIGaTions

hivestigrtors Yenr Proposed Catalyst or Mechanism

Boudouard (8) {901 Iron oxides

Hilpert and Dieckmann (9) 1915 Cementile (Fel(h)

Hofmann and Groll (10) 19028 IFe

Fuliye (11} 1929 Fe;C

Olmer (12} 1641 Te

Baukloh nnd Edwin (13} 1942 I

Fleurean (1) 1953 Formation of Fe carbonyls as the fivst step in ree
action, Decomposition of these gave free earbon
and Fe which could {hen repeat the eyele.

Chatlerjee and Das (15) 1954 Fe

Taylor (2) 1036 Formalion of an iron-iron oxide inferface st
which point enrhon could enter the Fe lnttice
becanse of the lurger lattice spucings in the vi-
cinity of the interface.

Berry of al. (1) 1456 Hage enrbide (FeC) from 00 to 565°C and a

Walker of al. (3, 4} 1654

form of ¥, €, having #n gbnormally low Cirie
lemperature, from 565 to 700°C,

Suggested Fe as the ealalyst sinee OO ean ehemi-
serh on Fe but not. on Fe;C. Fhusg reaclion
stops when all the Fe has been converied to the
lntter.

Muaeltne (161 1966 Lron—iran oxtde interface

Hans et al, {3 1968 Fe

Ruston o ¢l. (I7) 1660 Te;Cs and Fe
dhizproportionation are found only when {11t} the aging time and heat treatment

M. (3, 4) or, aliernatively, water vapor (5)
are introduced n to the gas stream. Tt
would appear that H, could moedily the
wtalytic mode both directly, by promoting
the rupture of the C~0 bond and indircetly,
by regenerating for jnstance a completely
aarbided catalyst whieh in this situation is
regarded as being inaetive (4). When pres-
ent in o sufficient quantity, water vapor
would lead to the oxidation of the Fe
surfnees.

Speeiat mention is now made of a few
studies selected beeause of their partieular
reevanee to the following discussion. Taylor
62} neted that when powdered Fe was em-
ployed as the catalyst, magnetite (Fe,0,)
was always preseut in the reaction products.
Further, he found that the eatalytie netiv-
ity of a series of iron exides was very de-
pendent upon the following faetors:

{1) the method of preparation of the iron

oxidoe,
{ty b= purity,

the oxide was subjected io.

Taylor suggested that the mechanizm for
disproportionation invalved an Fe-Fe (),
interface. It was supposed that the mis-
maleh in lattice spacings at this interface
favored the migration of carbon alons inio
the ferrite lattice. Then at high lTevels of
arbon supersaturation, obiained with an
active eatalyst, a1 metasiablo carbide was
asstumed to form, zo0 deactivating the eaga-
Iyst. For the lower supersaturation levels
associnted  with a less active catalyst,
graphite was said to constitute the primary
solid produet.

Barlier Trilat and Oketnni (18-718) had
ohserved the formation of Te,0, during ¢
transmizsion electron diffraction study of
the cementation of polvervstalline Fe films
at 550°C in a CO atmosphere. Howoever, in
1 subsequent study employing Fe single
erystals, Kelirer and Teidbeiser (200 deter-
mined the presence of Fe,0,, by a glancing
angle X-ray diffraction teehnique, only on
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the aurlace of specimens treated with CO
lrelow 350°C. The other prinary produet al
this temperature was Hige carbide (IPe.C).
On 2 erystal surface exposed to CO ab
5350°C, prior to carhon formation, the labter
authors noted the formation of needle-like
arowlhs, Purthermore, continwed growth of
the needles ocewrred unti! they almost com-
pletely  cncompassed  the  erystal surlace
swhen earlbon deposition oeeurred, A grazing
ineidence X-ray analvsis of such o surface,
before the fornation of free earbon, ve-
vented only  the presence of cementite
{Fe ). However, when o erystal surfnee
previously reasted to form the needle-like
material was treated for 20 hr in a H.
atmosphere ab 550°C, the Neray pabtern
remained unchanged. Despite this the erys-
tal haed assumed o grevish east suggesting
that some eomponent which eould not he
identified from the X-ray data had heen
redueed.

This partieular study i= also slgnifieant
in that by ufilizing single erystal spheres
e authors were able to correlate vatalytic
activity with differing atomie arrangements.
They determined the following descending
series for the rate of earbon growth on the
various  planes, minor faces > 211, 311

L 221,331 ... > 210, 310 ... > 111
and 110 > 100. It iz emplasized that these
planes refer to an Fe lattice.

Ab the time of writing this paper, Ruston
el al. {17} published a study of the solid
reaction products resulting from the break-
down of CO over Fe single erystals in which
they voneluded that both Fe wnd e Gy
were active entalysts for this reaction. How-
ever, as pointed oul bhelow, the X-ray
powder patterns used to ddentify this car-
bide are open to other interpretations,

ExreriMeNTaL METHODS

Materials

The present study of the disproportionad-
tion of CO over Fe and 3.5% Si-Fe single
erystals was initiated in an attempt to
differentinte between the above mentioned
possible eatalytie species. The original rea-
song for employing botl Fe and Si-Fe were
threefold:

AND WALKER, JH.

(i} It has been suggested that there 1s a
resurgence in the rate of CO disproportiona-
tion over Fe ubove ca. 860°C, which could
possibly result from tlie greater solubility
of carbon in the BCC than in the FCC Fe
latlice. This o te ¢ transition, which oceurs
ab 723°C for the Fe-Te,C system, is com-
pletely repressed by the addition of 3.5%
Si.

(1) Although it % relatively easy to car-
bide Fe ahove 200°C, 3.5% Si-Te is car-
bided only with eonsklerable diflieatty by
reaction in Ho—heptane mixtures far in ex-
cesg of the above femperature (21). This
could elearly be advantageous in determin-
ing the role of earbides in this reaction.

(1ii) In contrast to Fe erystals, i i not
too difficult to arrange for arenys of pure
odge and pure serew dislocations to dersect
different faees of the same Si-Fe single
erystol. By suitable heat treatment the edge
thsleeations  become polygonized forming
Hucar arrays which are sessile under the
comditions utilized for the disproportiona-
tion reaction. IL is important to know if
such disloeations act as active sites for the
nueleatlon of renction products at the Te
sirface, or whether perliaps they promole
a solid-state reaection hetween C and TFe, TE
= well known that the disloeations in hoth
Fe mnd Si-Fe ervstals arve preferentially
decornted by C atoms (27},

Single erystal beams of both Fe and
3.5% Bi-Fe, having the dimensions 12 X
2.5 x 1.25 mm, were eud from larger cerys-
tals employving a jewelers saw. After being
moechanically polished through 4/0 silicen
carbide paper a back reflection Lauve N-ray
iffraction teelmique showed the beams to
be within 3% of the orientation depicted in
Fig, 1. Aceording to Kehrer wud Leidheiser
{200 (2ec above} the (211} face provides

Fra, 1. Schemalic represenfation of the erystal
orientstion employed.
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one of the most catalytically active sur-
faecs. When required, dislocation uwrrays
were  Introdueed by four-point  bending
using an Instron Testing Machine. Prior to
reaction the heams were electropolished in
a Morris hath (223 and then annealed in
dry H, at 630°C lor several hours.

Researeh grade CO (Matheson Company,
Ine., having the following main impurities,
CO, <70 ppim; O, <3 ppim; N. << 100
ppm) was used in all the statie experiments
mvolving this gas; whereas, for the kinetic
experiiments eyiinder GO (99.8% puarity)
was employved. In other experiments a mix-
e of CO-94% Hy, from a eyvlinder
{Matheson Company, Inc., main impuritios
heing 0.018% O, and 0.14% CO.) was cm-
ployed. The eylinder gases were in some in-
stances  purified by passing  through an
Ascarite fower to remove CO,. a Dhrerite
tower to remove H.O, and a furnaee at
250°C to decompose any Fe carbonyls that
might he present. The partial pressure of
the water vapor present in the system eould
Le controfled by varving the relrigerent in
a eold trap.

Maghemite {y-Fe.0y) powder was pre-
pared by the methed of David and Weleh
(237, The fraction passing through a 200,
but not a 325, mesh sieve was used for ex-
perimentation. An X-rav diffraction anal-
vsis of the powder showed that it contained
a small percentage of hematite (a-Fe.Oy).

Method

Statie experiments were carrvied out in a
double-walled quartz reaetion vessel which
coudd be evaeuated to a pressure of 107
Torr, as recorded on an jonization gauge.
A reaetion temperature of 550°C, controlled
to =1°C was emploved in most experi-
ments, and unless obtherwise stated the gas
pressure was 1 atm. Kinetie data woere oh-
tained with a Cahn RG  electrobalanee
which was incorporated into a conventional
high vacuum system.

The erystal surfaces and reaction prod-
uets were examinerd at various stages of the
reaction by optical microscopy (Reichert
Zetopan), transmission electron mieroscopy,
transmission and refleetion electron diffrae-
tion with the projector lens turned off
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(Hitachi HU-11}), and X.ray powder dif-
fraction. TWither Au or Pt was used as an
internal standard fo determine the relevant
diffraction constant of the microscope.

ResvLrs

Formation of the Catalytic Species i o
CO-9.4% I, Alicture

On Fe surfaces. The photomicrograph
shown in g, 2 depiets the (211) surflace of
an Fe erystal after 30-min reaction in o
C0O-9.4% H. mixture (introduced into the
reaction chamber from the eylinder withoul
further purtfieation} at 550°C. The needle-
like platelets evident here are approxi-
mately 100 p long, 100 wide, and 1 4 thick.
Under these particular conditions growth
of the platelets was observed to coniinue
for periods up to 3 iy hefore cither a ear-
bide, or earbon was nucleated. Onee initi-
ated the disproportionation reaction then
led rapidly to the formation ol a complete
produet Jayer whieh eonsisted of both car-
bides and earbon (see helow), Mierascopic
examination of the Fe erystal, after removal
of the produets hy mechanieal and eleetro-
polishing techniques, did not reveal any
evidenee to indicate the formation of ear-
bides within the hulk of the erystal.

Examination of the erystal surface by re-
flection cleetron diffraction prior te enr-
hon formation {the presence of carbon was
sought by electron microprobe analysis)
vielded the diffraction pattern shown in
Fig. 3a. In this instance, the diffraction
constant of the microscope was determined
from refleetions arising from a Au fAlm Iaid
down on one half of the surfaece under in-
vestigation, From the orderly array of dif-
fraction spots in Fig. 3a, it is conecluded
that the initial reaction product was single
erystal in nature and had grown cither
epitaxially or topotactically on the Fe single
erystal substrate. On indexing the pattern
the reflections were shown te be consistent
with {hose expeeted {rom the (031} reeip-
roeal lattice net of v-Fe.(, (sce Fig. 3h).
The [aint extrancous spots in this patlern
could have arisen both frem diffraction in
a different underlying oxide laftice and by
double diffraction. The weak rings eorve-
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T 2 Aeiealnr plates of 9-FeOy Tormed on the (28D Faee of an Fe single ervstal after approximately 30-
i reaction in o CO/OA4% Faomixiure at 350°C, {1507,

e 3a. Rellection electron diffeaetion patiern oblained from the surfaee depieted e Fig, 2. (h) Reeipraceal
lattice net in the y-FeOy strueture eorresponding {o the dilfraction patters shown in Fig. Ba.

14, 1, Reflection electron diffmetion patiern from the (2117 siuface of an Fe single erystal reacted for 30
min in a Turther purified CO/9.4%0 Th mixtare.

G 3a. HReflection electron dilfeaetion pattern from the (2117 surfaee of & 3.5% Si-Fe siugle ervstal re-
aeted Tor approximately 30 min iva CO/LAS Hymixtare of 5350°C, (b1, Reeiproeal Inttice net in the 5-Fe();
strickure corresponding to the diffraction pattern showa in Fig. du.

spond to reflections from the Au lattice, of the two crystul lattices, it is sometimes
formed by the electron heam overlapping  dificult to unequivocally differentiate be-
both the oxide and Au films present on the  bween the oxides Fe,O, and y-Fe.Oy by a
erystal surfaee. diffraction analysis. In the above ease, the

It is noted that, beeause of the similarity  lentification of +-Fe, 0y s hased on the
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observation of reflections at the lower 0
valwes whieh are forbidden by the symme-
try of the TFe, 0, lutiice.

When the CO-9.4% . mixture was fur-
ther purified (as deseribed ahove) prior to
reaction with the Fe erystal, the character
of the oxide formed was markediy different.
The oxide film grew more rapidly, the erys-
tal surfaee being completely eovered in the
first. few minates of reaction, and i some-
times attained a thickness of ea. 20 0 How-
ever, the induetion period for the indtiation
of earbon growth, az measured from the
time of admission of the gas mixture to the
reaction chamber, was nol  substantially
difleront.

A typical reflection clectron diffraction
pattern obtained from the ouler surface of
this oxide ts shown in Fig. 4, This clearly
demenstrates that the grain size of the oxide
i very small. The measured nterplanar
spacings {rom this pattern, together with
the ASTH N-ray diffraction data fer Fe,0,,
vFe 0y, and o-Fe, Oy, are listed in Tahle 2.

TABLE 2
erracTion Dara ror Oxibe Fian Foussn
ox Fe s a Poririep GO/ Mixrons
A B50°C

ASEM despacings (A

Obhserved - —
y-Feuly

spacings (A) a-1pal )y el
3R 3. 861
; )22“ :; R 22’.‘.’:
300w 308
2 AP 2 num Ry
2 G 2. Gt
RS e 2, G
2. 40 2418 2 g2
2,y 2o 3oy
2w 2,204 2,20 3oLy
2.0 2.0 RNIrEn Sy
1.85= LRGeY [ R
1.73m [ 7(yeos 1. Gepn 1.7
1.62m [ g3[e [ i3 1.(180
1. A8Rvw 1.5 [0
1.4qm 1,430 I 45%
1.37s 1.35% Y
'l ..;‘)III l ) '{23"0 1 ‘:3 I'.}“ i A:.}:S'JII it
1.2pm 1,2y 1.2 1.2)m"
1.16m B IR L

¢ Ldentilieation of these reflections is dubinus.
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It = apparent from the intensity of the
individual rings, particularly the one ai
2.68 A, that the prineipal outer oxide phase
formed wnder these conditions was a-Fe.O,.
| Note, this does not imply that e-Fel),
grows more rapidly than the cubic oxide
plases, such an :wuunu)i‘iml woutld he in-
correct (24)]. The {airly strong reflection
corresponding to an mi.ezplanm spaeing of
3.2 5 was noled on o number of oecasions
and  its erigin remains somoewhat of 2
myvsiery. However, the reflection eleciron
diffraction pattern from an Fe ervstal re-
acted in O, under conditions known to form
a-Te0r (24) gave a pattern similar to that
i Fig. 4 and also contained the rveflection
at 3.2 A, Maghemite, present ns a small
pereentage of the total oxide, iz blentifiod
froan the very weak refleetions ohserved at
the lower £ values. Tt iz possible that the
medium intensity refleetions corresponding
to interplanar spaeings of 292, 2.01, and
L61 A, rvespectively, arise in part {from a
small quantity of FeO, residing in the oxide
surface layvoer.

In order to determine the thermal stabil-
ity of y-Fe.0y above 530°C & series of ox-
periments were carried out, emploving a
CO-9.49 T, mixture {without further puri-
fication}, in which the temperature was in-
ereased suceessively by inerements of 25°C.
A freshly vl{‘c%mpoli-:hvrl ervstal was em-
pMoyed for cach experiment. Eleetron dif-
fraction analvsiz of the films 20 formed
showed that ax the tempernbire was in-
erensed w-Fe.Oy rapidly heeame the dom-
inant oxide phase. The temperature eorre-
sponding  to  the minimum  detectable
amount of y-Fe.(); was 625°C, The diffvace-
tion pattern from the ihn grown at thiz
tempernture was  very similar to  that
presented in Fig, 4,

On 1.5% Si-Fe. The substitution of 3.5%
si-Fe for Fe yielded results similar to those
deseribed in the previous scetion. Figure
Sa represents a refleetion electron rhﬂr:t.(--
tion pattern obtained {rom the oxide formed
on u Si-Fe crystal reacted in CO-84% H.
{without further purifieation) at ..).)D"C
prior to carbide, or earbon nueleation. This
pattern corresponds to a reeiproeal latlice
plane in the y-Fe, 0, Inttice (sce Fig. 5b).
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Susaany orf irrracrion Resoles ox Sivcne Cnysrais

Btage at which

Tnitial oxide
formed alb erys-
tal surfaee as

determined by roduets s kdentified

HStarting Gaseons atmosphere Temp  solid produets eleetron dif- By Neray powder
el erind al 1 atm pressure 0 were studied fraclion diffraetion
Fe CO-9.4%, H. direct. 550 Tnduetion period  Single erysial
(ZED /(T froma tank prior to carbon y-Fedh
growih
CO-U_ 4%, Hy direet 550 Conelusion of Graphite, Fe,C
from tadk reaclion
Bi-Fe CO-9.4¢% Ha direet 550 Induction pericd  Single erysiak
{211 /04 from {ank prior lo earbon w=1reat);
growlh
CO-0 4% 1y direet Aty Conclusion of Graphite, Fe;,C
from tank reaelion
Ie CO + H:O vapor 550 Induction period  Polyerystalline
(2113/¢m1) Puo - 6.2 % (- I)l"i()l,' to earbon -,:—1*’__0:0;: ar
Pou growth Ty
Parified CO-4 49 536 Induetion period  a-Feold 4
1t prior to earbon small
growlh amotint of
'*,~-FC-3(I)3
Purified CO-4. 40, 50 Conclusion of Ciraphite, Fe,C
Ey reaction
Research grnde CO abtt Afier 2 days I, 1Pe,C, FeC
No graphite
Bi-1ve CO-9.4% Ha 4 H0 0 550 Induction period  Single erystal
(211 /{490 vapor prior Lo earbon v-Feild;
¥
—iﬁﬂ = .2 X 1078 growih
Peor, ’
Purified CO-9 445 850 luduetion period  o-FelO; +
. privr tu earbon st
growth amont of
+-Fedly
w=Fealls Purified CO 550 At spproximaiely Fe, el e,
the end of the Fe(); very weak
reduction singe praphite reflee-
Lons
CO 4+ HaO vapor 858 Al approximately IFe, FeyC, Feal,
Pyw  _ N the end of the Feld; very weak
F:.:“ = 7.5 x reduction stape graphite refiec-
i Lions
Parified CO 8500 Alter 209 renc- Graphite, Fe,C,
Lion Fe.(0; very wesk
Fe reflections; no
Fre() reflections
Purified CO 530 Conclusion of Graphite and
rexction Fe,C
Research grade CO oo Adter 2 days I'e, FeuC, graphite

{8 em)
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Again, when the Si-Fo was reacted in CO-
9.49% H., whieh had been purified, the same
oxide phases resulted that were previously
found in the case of Fe; namely, «-Fe.O;,
a very much smaller pereentage of y-TFe.Oy,
and perhaps Pe,0,. However, under both
sots of experimental conditiens the indue-
tion period for carbon growth was now
about hali that noted for pure Fe.

In an attempt to establish the influence
of lattiee defects on the renction, a plasti-
cally deformed Si-Fe eryvstal coniaining
woll-defined rows of edge and serew dis-
locations which intersected the (211} and
(491) erystal faces, respeetively, was ro-
acted in the gas mixture of 550°C. Miero-
seople examinalion of the erystal surfaces
ub various stages of the reaction failed to
furnish evidence for the preferential nuele-
ation  of ecither oxide or earbonneeous
produets at the disloeation sites.

Finally, a summary of the resulfs dis-
cussed above coneerning the outer oxide
phase Tormed both on Fe and Si-Fe single

erystals reacted in CO-94% H. taken
from a eylinder is given in Table 3. In
35 T T
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addition, Table 3 includes a bricf resumé
of an X-ray powder diffraction study
desipned to elucidate the nature of the
solid earbonaceous products of the reaction.

Formalion of the Catalytic Species in CO

An e =ingle erystal was reacted at
330°C in GO (research grade) at a pressure
of 160 Torr. Almost immediately after
admibting the gas, w bluish eolored film
appeared at the erystal surface. After a re-
action time of 10 min, the erystal was re-
moved from the system and examined by
reflection electron diffraction, Analysis of
the diffraction pattern showed that the
outer surface consisted predominately of
a-TTe, 0.

In a similar experiment, an e erystal
was allowed fo reaet for 93 hr in CO when
a grey layer of reaction produets formed.
The latter was carvefully stripped from the
surface of the Fe erystal and examined by
Neray powder diffraction. Fhe resuliing
patiern indieated the presence of Fe.C,
Fe,C, and Fe, However, it is quite possible
that the latter had been Inadvertently re-

30
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Fra 6. Bfecl of water vapor on the sate of carbon fornation from CO disproportionated aver an e single

erysfad.
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FFra. 7. Rates of earbon formation over Fe and 3,50 Si-Fe.

moved from twe erystal surface, In another
pxperiment an Fe erystal was fivst reaeted
for 100 e in CO (160 Torr) and then H.
(35 Torr) was admitted to the reaction
eliwmber. Within 1 v earbon began to
form at the erystal surface.

In view of the above results, the effeeb
of small amounts of water vapor en the
mode of reaetion was investigated, The
refleetion electron diffraction patterns ob-
tained from the surface of an Fe erystal
reacted for 158 min in CO with a Pie/Peo
ratio of 6.2 % 10-® indieated that the ouder
oxide seale corresponded to either Fe (d, or
y-Fe, 0y Unfortunately, for reasons cited
sarlier, it was not possible in this instance
to differentiate bebween these two oxide
phases. Bssentially the same results were
found when a Si-Fe erystal was substituted
for e

The data from this seetion iz alzo sum-
marized in Table 3.

Microbalance Studies

Effect of water vapor on the reaction
rate, It was considered that a rigorous
kinetic study was not justified at this time

heeause of the complieated reaction scheme
thought necessary to adequately deseribe
the disproportionation renction. Insteiwd,
speeific experiments were designed to coin-
pliment the results obtained by microseopie
and diffraetion techniques.

A weasure of the effect that sinall
smounts of waber vapor have on the rate
of QO disproportionation over single
erystal Fe is reeorded in Fig, 6. An Te
erystal was reaeted at 550°C in CO (taken
from o eylindery for whiel Puyo/Pos = 6.2
5 1079 The reaection was eventually dis-
continued after 1500 min when 37 mg of
earbon had formed. An almost identieal
erystal was then reacted at 550°C in a gas
mixture having the same Pino/Poe ratio
for 10 min, a period sufficient to produce
a film of the inverse spinel type oxide. The
system was then evacuated and the erystal
was heated to 1000°C. This temperabure
was maintained for 12 i to ensure the
complete removal of the L0 associated
with the oxide laktiee (25). The furnace
was subsequently cooled to 550°C and CO
{taken from a cyhnder and further puri-
fied) was admitted. Thiz experiment was
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taken to completion when after 2000 min
the observed inerease tn weight was 10 mg.
In both experiments the induction period
wis ea. 1300 min.

Comparison of the catalytic activity of
Fe and Si-Fe crystals, Crystals of both
Fe and Si-Fe, having the orientation
sehematieally represented in Fig. T oand
possessing similar surince areas, were sue-
cessively reacted at 550°C on the micro-
halanee in a CO-9.49% H, mixture. In each
instanee, it was necessary to prematurely
terminate the reaetion beecause the extent
of carbon formation was suel that the laiter
eventaally fell from the quarlz conbainer
Bome notion of the mechanieal strength
of the material produced Is given by
the faet that on some ocensions the lat-
ter extendded as mueh as 2 em from the
individual erysial {aces before breaking
off. For hoth e and SBi-Fe the eurves oh-
tained, see Fig, 7 for typical examples, were
stemoidal. However, the point of inflection
for the eurve corresponding to 3i-Fe oe-
curred after only 8 hr, whereas for Fe the
inflection point was not apparent until a
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reaction time of 36 hr. It is expected that
the total carbon yield would be approxi-
mately the same for both erystal types.

Powdered +-Fe.O. In an attempt to
relate this study Lo previous investigations
in whiely powdered eatalysts were employed,
a limited munber of experiments were ear-
ried out using y-Fe0; powder as the start-
ing material. All the experiments involving
v-Fe, 05 were conducted at 5530°C and a
fotal gas pressure of 1 atm, Belore admit-
ting the gas, the sample was hrought to ihe
reaetion temperature and the mierobalanee
read out allowed to stabilize.

Tigure 8 depicts a typical eross secetion
of the data compiled in this manner. Curve
T represenis the resetion of y-Fe.Q, with
a CO-water vapor mixtwre for which ihe
P/ Poe ratio was 7.73 3 107 The 1nitial
redhuetion of the oxide eansed the sample
welght to deerease during the first 10 min
of resction, after which fime the curve
passed through o minimum and a linear
rate of carbon formation of 553 3 10
a/min was established. By lowering the
partial pressure of water vapor to n value

24 1

20+

] av

WEIGHT CHANGE IN MGS
@

I REACTED AT 550°C IN GO WITH Py o/Peg = 1732107
T REACTED AT 550°C IN €O WITH Py_o/Pep =6.18x1075
T REACTED AT 550°C M €O

SAMPLE WEIGHT s

12.2 MG,

1 i

200 300 400

TIME N MINUTES

Fie. 8. Bffect of waler vapor on the rate of carbon formation from the disproportionation of CO over 4-

Fealh powder,



RENSHAW, ROSCORE,

AND WALKER, JH.

BOG )
600~
o
3
=
w ago-
P2
w
&
z /
-
X {
(43
= 200} /
o REACTED AT 550°C IN CO :
2 REACTED AT 550°C IN CO WITH
Oé A~ Pryo/Feo = 7.73 11074 ]
o SAMPLE WEIGHT = 250 2
1 .. [ S — i ]
0 i20 240 380 480 500
TIME IN MINUTES

ra. 4. Deleterious effect of waler vapor on the

conecmnitant with o Pr.e/Pey ratio of 618
3¢ 1079, the linear rate of reaetion was
redueed by wmore than an order of magnitude
to 257 ¢ Wr* g/min, see Cuarve 11 Curve
ITE, representing the weight ehange noted
when  CO o {puvified) wns employed, is
ieluded 11 Tig. 8 for comparative purposes,

The possible influence of water vapor
on the produets of the disproportionation
reaction was determined by performing an
analogous  set of experiments to those
typificd in Curves T and 111 When the re-
action was prematurely terminated ai
stage corresponding to the minimum in the
weight change earve, an N-ray diffracetion
analysis showed that for beth seis of ex-
periiental  conditions the products were
Fe, Fe,C, e, C, wastite (FeO), uand a trace
amount. of graphite. After the reaetions
had gone approximately 209 toward vom-
pletion, analyvslx of the produets showed
that the graphite, Pe,C and Fe, refieetions
were strong, whereas the o vefloetions were
very weal mud the FeQ reflections had eom-
pletely disappenved. At the conelusion of
the renction graphite and Fe,C were the
only products dentified. The results are
sumnarizes] iy Table 3.

tutad vield of earban formed ovor -Feddy powder.

The deleterious effeet of water vapor on
the total vield of carbon produced i the
wibalyzed disproportionation  resetion s
demonstrated by Fig. 8, When CO having
1 Puae/Fee ratio of 773 2107 wus
employed, o faster linear rate was realized
It the final earbon yickl was only 66% of
that noted for dry CO.

Chptical and Electron Microscope Investi-
gation of the Carbonaceous Produets

Examination under the optical micro-
seope showed that the final produets of the
disproportioniation reaetion over hoth Fe
wl Si-Fe erystals consisted of o platelet
waterinl and two distinet types of fibrous
material. The former was easily identified
as amali deformed graphite eryvstals. Some
of the graphite  fibers, which previous
authors {26, 271 have shown to be so ehnr-
aeteristie of thiz reaetion, are up to 0.3 m
in length and even longer fibers probably
exist which are interwoven in the rigid muss
ecomprising  the hulk  of  the reaetion
produciz,  The second type of fibrous
material, which 15 present to a lesser extent
than the graphite fibers deseribed above,
iz represcented in T 10 These fibers are
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considerably eonrser than the others and
wre typieally found in disercte, well-defined
bundles.

Meore detailed  information conecerning
the mdividual components of the carho-
nieeous produet waus obtained in an eleetron
microscope study. For this study, sample
prodiets were taken after the reaetion
Ll proceeded approximately 209 foward

completion.  The  transmission  electron
mderograph, Fig, 11, illustrates the three
typiend  conformations, namely  helieal,
spiral, and straight, taken up by the

sraphite fibers. The diameter of the fibers,
with flie notabie exception of those display-
ing a helical conformation, have a diameter
of zbout 0.5 p.

Figure 12 is particularly significant be-
sause 1B elearly shows that the graphite
refalively

fibers  emanate  from [arze

I75

platefets of an intermediate product of the
resction, One of the seleeted area diffrae-
tion patterns obtained from the tip of this
souree for fiber growth is presented in Fig.
13, and a vomplete listing ol all the reftee-
tions abtained Irom this material s given
i Table 4. From this analysis it was
concluded that the intermedinte product
in question was Fe.C, In a similar manner,
the presenee of  this  earbide was also
detected In the fibrous material shown
Mg, 12.

Further eareful searching of the sample
in the eleetron microseope reveated another
Heee of an intermediate product {sce g
) which was muelh more suitable for
transmission eleetron diffraction. All the
patterns obtained fromy this sample were
compheated by the faet that the latter
vonsieted  of an agglomerate of several

Fra. 1L Buneh of relatively thick Ghers oshserved in the carbonaceons reaction produeis formed on an Fe

erystal, (X005,
Ty, 18,

Transmission eleetron micrograph depicfing the three typienl eonformations exhibited by the

fibers constituting the bulk of the reaction produets, {324,000,
Fra, 12, Trapsmission electron mievograph showing a cluster of Abers emanating from an intermediante

renetion produel. {3C24,000).

Fra. 13, Seleeted area diffraclion pattern oblained from the lip of the intermediate produed shown in Mg,

12
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TABLE 4
InErracrion Dara CoRRESPONDING TO
Parrery Deereren i g, 18

TEEE

ASTA d-spaeings (A

Obz=arved o-

spneings Y Feall Fea(
388 EPNIE
204 2o
R R 2,2
2.02 2o 2 e
1.4 IR (I
1G4 . A® (IR
118 1. IR

platelets whiclh apparently were not all of
the swne earbide plase. For instanee, the
puttern given in Fig. 15 was obtained from
an ares i which there were fwo overlap-
ping platelets and consequently two single
erystal patterns ean be identified along
with a number of satellite refleetions aris-
ing from double diffraction. The pattern
designated by elreles vielded o set of
interplanar spacings {sce Tuable 5) which
uppears to correspond closely with those
of the Fe. lattice as given by Jack (£8).
Despite this it was not poszible to correlate
ihis puttern with a reeiproeal lattice plane
in the e strueture. The interplanar

TABLE 5
PDirrracrion Darta CORRESPONDIRG TO THE
Coxposrre Sivail Cnysran PATrEry Suows
v Fui 15

Ohserved d-spacings .
from (4 ASTAL e-spacings (A0

A Pattern © Patiern:

Fe.C Fell

o5 4.5t

1.8

1Y
.87 3. NG

3. 60
{3 556

265
2 56 2 AL 9
2.3 RIRI o
2.07 2 (s 2 g
1.72 L7 1.7

* Caleulsted spaeings,
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spacings determined from the other paltern
(whieh for convenience of identifieation has
heen marked out by a sef of triangles) do
not eorrespoud to any listed spacings for
an iron carbide, even when the appearance
of what are nornully consgidered as forbid-
den reflections is taken into neceount {sec
Table 5). As o result, it is suggested that
hoth of these patierns arise {rom  the
presence of a series of earbides having
compositions  intermediate  between  Fe.C
and Fe, 0 (29).

An interesting feature of the graphite
fibers that  they sometimes  ecntain
diamond or hexagonal shaped particles of
another material, Tn Fig. 12, two sueh
partieles are distinguishable approximately
halfway along the length of the two im-
mediately  adineent fibers loeated on the
far right of the mierograph. I is note-
worthy that an almest identical situation
wuas found by Tofer ef al. €26Y 1y the
nrhon products formed  during the  dis-
proportionation of CO over a Co catalyst.

The microsiructural details of a graphite
fiber containing one of these seeond-phase
particles 1z more clearly resolved in the
higher magnifieation transmission electron
microgeaph, Fig, 16, Typieally the tiny
individual graphite erystallites tend to be
radially - digposed  about s hollow  core
wlieh eompletely traverses the length of
all  the  uneollapsed  fibers. In every
instanee the seeomd-phase particles were
completely  contained within the confines
of the fiber In the nwumer fllustraied in
Fig, 16, The sclected aren electron diffrace-
tion pattern obtuined from this partieular
particle = given in Mg 170, This was one
of the very few patterns taken whieh was
sufficiently complete to allow the dienti-
fieation of the second phase as Fe ' The
ecorresponding  reciprocal  luttiee  net
presented i Fig. P7h. The presenee of
refleetions forbidden by the symmetry of
ihe orthorhombie eell of Fe,C result from
the overlap of diffrnetion spikes centered
on adjncent reeiproeal lattice planes which
are lsplaced along the ¢ axis. Buel dif-
fraction spilkes are normally a feature of
very thin transmission specimens.

Is

is
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Fic, 14, Praesnis<ion electron micrograph showing plate-like materiad formed during product growth.
£ 3¢ 55,0007,

Fis. 15, Seleeted nrea dilfraction pattern oblained from the plafe-like materiad showy in g, 10 This pai-
lern i a compusite of two single erystal paiterns which are identified by A’ and O's, vespectively, for the
safke of clurity.

Faz 16, Transmission electron micrograph showing a seeond-phase partiele residing within a graphite
fibar. (X 55,000,

e 175, Selected aren diffraction pattern obtained from ihe second-phase particle shown in Fig, 16,
(1. Combination of the reciproeal lnftice nets in the cementile struciure corresponding 1o the dilfraction

pattern shown in Fig, 17a.
P 18, Transmission electron microgeaph of earbide whislers proteading from a geaphite erystal grown
from an Fe-C sphution. (Observation in the optieal mieroseape indiented that the maximum length of the

whiskers was 0.5 mm.)
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Formafion of Carbide Whiskers v Fe-{
Melts

It i pertinent to the establishment of o
mechanism responsibie for the formation
of the graphite fibers to eonsider briefly
here some results generated during attempts
to grow large geaphite single erystals in
these laborastories by passing a thin zone
of molten e through a rod of polyerystal-
line graphite {301, Iigure 18 represents
an eleetron micrograph of a portion of a
thin erystal grown in this manner which
had been mounted on the refleetion stage
of the microscope. With the erystal in this
orientation, it was possible to take a sct of
Lransinission  eleetron  diffraetion patterns
with the incident beam engulfing @ nunber

Frg. 19, Transmisston efectron diffeaction put-
tern from a gproup of the whiskers shown in Fig. 18.

of the whiskers which are scen to protrude
from the erystal surfaee. The length ol
somse  of these whiskers, as deternnined
mnder the optical mieroseope, was in ihe
region of 0.5 mm. An example ol the type
of pattern obtained, which corresponds to
diffraction from nn Fe,C lattice, 1s given in
Fig. 19, In thiz partienlar instanee the dif-
fraction constant of the microscope was
determmined by means of a Pt filmy deposited
on the upper surfaee of the reflection stuge.

THscUssioN

Tie initial product of the reaction of
both Te and Si-Fe single erystals with a
CO-94% I, mixture, taken directly from
a eyhnder, was an oxide layer. The outer
oxide seale waz identified by refleetion
cleetron diffraction as either wFe,0, or,
alternatively, a =olid solution Te,.,0y, where
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18 > 74 > 0, whieh is thought to possess
n very similar erystal strueture (31). This
oxide layer is in ali probability cextremely
thin, sl it should be noted in this con-
neetion that in reflection electron diffraetion
the electron bewm is thought to peneirate
the surface under stwdy by only 20-40 &
{32). Free energy dingrams show that an
oxygen puartial pressure of 10°% atm =
sufficient to oxidize e to Fe.Oy at 550°C.
Such oxygen pressures are present even
wihen employing research grade CO.
Copious amounts of ewrbon were pro-
dueed under these conditions indieating that
the y-Fe.dy type lattice nets g an excellent
mtalytic species for the disproportionation
of CO. Although the y-TFeld), latlice is
tetrigonal it elosely  approximates o a
defeetive  inverse spinel  strueture which
would contain 2% catlon vacaneles per
unit cell. The molecular formula may be
represented by Fe[ Jiy FeasOa, where [
siguifies o cublon vacaney. The presenec
of these defeet sites 1z extremely importanl
to the function of the oxide ax a eatalyst,
becuuse they provide a pathway for the
diffusion of the cations through the oxide
layer te the gns—solid interface. It is
proposed here that these lons then facilitate
the chemisorption mnd subsequent rupture
of the CO moleeule on the oxide surface.
When a procedure was adepted to further
purify the CO-94% H, mixture prior to
reaction by lowering the H.O, CO,, and
possibly earbonyl impurity concentrations
{23) an oxide layer formed more rapidly
on the Fe surface. The outer seale in this
instanee was found to be e-Feu(h, which
suggests that the oxide subseales must have
heen responsible for the enhanced growth
rate. This iz in aeecord with the fAndings of
Boges ef al. {24) that the rate of oxidation,
due to the growth of an Fe,0, seale, Is
propertional to the inverse of the oxygen
potential in the rvesction system. The same
result. was also Tound when research grade
CO was substituted for the gas mixture,
An expertment was then performed in which
a small addition of H.O vapor was made
to the reseaveh grade CO, the Puw/Peo
ratio heing 6.2 x 10-%. Unfortunately, {from
the ensuing reflection electron diffraction
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analysis, it was not possible to deelde un-
cquivoeally whether the outer oxide seale
was Fe,0; or y-Fe.0, However, in view
of the previously skated results, 16 is tenta-
tively assumed that the exide was y-Fe. Oy

The seguenee of experiments deseribed
=0 [ar strongly suggest that water vapor
playvs the extremely hnpertant role in the
satalyzed  reaction of stabilizing the -
as opposed to the a-modifieation of Fe,0,.
This result is supported by a study (25}
in which it was established that for the
topoticlie transformation of Fe,0, io y-
Feokds Lo oeeur during oxidation, it is neces-
sary for the Fe0; lattice to contain a high
density of hattice defeets, In the dispropor-
tlonation experimoents this eondition would
he satisfied when water vapor was present
m the oxidizing atinosphere, because it iz
Believed that this feads to the substifution
of highly mobile protons lor the Fe eations
m the oxide lattice (25).

The formation of y-Fe.0; ut 530°C is in
apparent eontradicéion te the observation
(343 that the phase transformation »-Fe.O,
— @-Feod; s a signifieant rate at temper-
atitres in excess of 400°C. However, Talkel
and Chiba {35} have reeently deseribed a
procedure Tor the epitaxial growth of thin
vty films in the temperature range
£30-700°C by vapor phase deposition on o
1 {100) faee of an MO single ervstal.
They propoze that the stability of the
v-TFe.Oy lndice resulls from the very elose
relationship  existing hetween the atomie
arrangement of the oxygen lons at the sub-
strate surfaee and those in the (1001 plane
of w1004 I this arguwment is valid, it iz
then quite possible that in the present
study the y-Fe.0; is stabilized by the under-
Iving Fe,Q), lattice.

A =t of experimenis have heen deseribed
whirh  were designed to  determine the
thermal stability of v-Te.0, films formed
during the dispropertionation of CO over
Fo. Although o-Fe.(3, waz not found n
the oxide suriace at a reaction tempoerature
of 530°C, when the iatter was raised to
625°C" only u harely detectable amount of
wFey remained with a-¥e,04 being the
muin component of the film, For the follow-
ing reason, it i considered somewhat more
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than coineidental that in this same temper-
ature range the rate of disproportionation
of CO passes through o maximum and then
fnfls quickly to a relatively low value
Hematiie has a rhombohedral fattice which
does not contain the eation vacaneies as-
sociated carlier with the +Feld)y laitiec.
Therefore, the presence of even a very thin
outer seale of a-Fe(3, would impede the
diffusion ol the cations fo sites where they
could inflienee the dissocintion of the CO
molceeule, Consequently, it is possible to
prediet the observed deerease i reaction
rabe b en. 600°C on a reaction seheme
whicly assumes the oxide y-Fe.0y to he the
aetive eatalyiie species. It has been tacitly
assumed  throughout  this  text that  an
individuat e partiele will hehave in a very
similar  manner {0 the  single  erystal
material employed for most of this study.

It i pertinent at this juneture Lo note
that Olmer (12) Tound that by the ad-
dition of MgQO powder to Fe, alzo in 2
powelered form, both the masimum rate of
redetion and the temperature at which it
oceturreld were inereased, Indeed the re-
action rate he observed at 7580°C was ap-
proximately equal to the maximum rate in
the absenee of Me€h Tt was supposad 1hat
the MeOQ mfluenced the reaction mesely
by limiting the particle size during sinter-
ing of the Fe. However, in terms of the
present theory it seems probable that the
Me(y ol alio have modified the nature
of the eatalyst ehemieally. Provided it ean
e assumed that MgO is able to diffuse into
the oxide, perhaps to a depth of ~100 A,
a thin seale of the spinel shrueture cor-
responling to MeFe. O, would displace the
a-Fo 0y seale normally  Tormed above
600°C. Under these cireumstances the over-
all reaction rate at any tempernture will
depend only on the relative rafes of the
eatalyvzod forward and baelk reactions sume-
nmarized in B, (1),

In vconsuleration of the dizsenssion so far
presenied, it appears reasonable to suppose
that any p-lype oxide of Fe, residing on an
TPe substrate, which ean he stabilized under
the conditions  pertaining to  the  dis-
proportionation of CO will aet as an
effeetive eatalyst. The studies of Tavlor



180 HRENSHAW,
(21, Trillat (18, 19) and Kehrer and Leid-
heiser {20}, respectively, also appear, at
feast in part, te substantiate this conclusion,

It seems  likely that the needle-like
erystals formed at the onsct of reaction
af 530°C on the single erystal Fo spheres
employed by  Kehrer and  TLeidheiser
originally grew as an oxide, despite the
fact that they were subsequently identifted
as Fe,C. This is quite feasible provided
sufficient CO had dispreportionated hefore
the reaetion was terminated, so thal the
carbon formed could undergo o solid-zolid
internetion with the oxide to produce a
wirhidie phnse. Evidence for believing that
this type of roaction isx of importanee is
diseussedd below. It is noted that Kehrer
and  Leidheizer were able to  observe
refleetions from the Fe,0, Iatiice in the
N-ray patterns taken from ervstal surfaces
reacted at temperatures below 350°C where
the rate of disproportionation is subsfan-
tuelly slower,

The study of Ruston ef al. (I
partieularly  noteworthy  here  beeause
despite the use of quite stringent experi-
mental condibions, aimed at ninimizing
the eoncentration of foreign reactants, they
nevertheless retected the formation of w-
Fe O, Contrary to the viewpoint expressed
i this fext, the sume anthors conehuded
that the important eatalytie speeles, which
was ngain observed to form as an epitaxial
deposit, was the earbide Fe (. However,
it would appear that the N-ray diffraetion
powder patberns on which they base this
premise enn be interpreted equally as well
m ternns of the Fe.C and w-Te, 0, Inttices.

IT mdeed an oxide phase acts as the
eatabvtie species, the bulk propertics of
the Fe matrix shoubd exert Httle influenee
on  the disproportionation reaetion. The
following observations support this view-
poing,

(i} Neither the cafalyvtie mode nor the
reaction rate were madified by the inten-
tional plastic deformation of a 8i-Fe erystal
prior to reasetion.

(1) By comparizon of the reaction rates
found over hoth Fe and Si-Te erystals ab
800°C, it was shown that the partieuiar
modification of the Fe lattice stable at this

is
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temperature was not of any great mpor-
tance,
""" No evidence was found for any
significant earburization of the Fe erystal
during reaetion whieh suppests that the
mechaniszm for disproportionation put for-
ward by Taylor is incorrect.

(iv) Il chemizorption of CO on pure Fe
is a major step in the disproportionation
reaction then one would also expeet Ptoand
Pd to be at least cqually good eafalystz
sinee they chemisorh CO more strongly
thin Fe. The reason they are not is readily
explained in terms of the present mecha-
nisni.

There 15 one apparent snomaly relating
te the anhove arguments; namely, the ad-
dition of 3.5% 81 to an Fe erystal results

in hoth a shorter induetion period for
wrbon growth and an inerease i the
initinl  resetion  rate. To  explain this

plicnomenon it appeats neecssary to assune
that Si s, fo some extent, meorporated in
the oxide film. 11 this oecirred, the 31 would
then be in a position where it eould promote
the graphitization of any  intermedinte
carbide phase (567,

Bommne  coneeption of the inflyence that
relntively smnll amounts of water vapor
oxert on the disproportionation reaction at
a temmperature of 550°C ean be gainod by
commparizon of eurves A and B, Fig, 6. It
i sugested that there are two faeavs,
both of whiely relate to the water vapor
partial pressure in the renction system,
contributing to the very diflerent results
obtained in these two experiments. Tn the
first  Instantee,  the  reaction  rate was
probably  appreciably  depressed  ar o the
fower water vapor levels, see enrve A, be-
enuse af the formafion of o thin onter seafe
of the relatively inactive oxide a-Fe.Q),.
seeomd, even after a reaetion Gime of 93 hr
an N-ray diffraetion analysiz indieated that
the products of the renciion represented

Uy eurve A were prineipally the earbides
| | Fe.C and Fe.C Clearhy then these species
are nol eatalyvtieatly aetive in the dispro-
portimtion renction. In contrast, graphite
was o mjor produet when the HoO vapor
level was ralsed to produce cwrve B It is
therefore conchuded that water vapor is
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of the
reaction

the breakdewn
as Intermediate

instrumental  in
rarbides formed
products.

This point iz further substantiated by the
enrves shown in Fig. 8, which were ob-
tained Dby reaction over a powdered eata-
Jlyst, Haas el af. (5) have recently reported
very similar findings which they suggested
woere roresult of the formation of I, from
the water gas shift reaction. In an carlier
study Walker ef al. (4) elearly deseribe
the effeet of varying the H, concentration
in o CO-H, mixture on the renction rate.
However, it still remains diffienlt to ration-
alize the ohservation that the total yield
of earbon iz diminished by inereasing the
water vapor concentration. The initind
weight loss reeorded in the curves of Fig.
8 refleet the reduction of y-Fe.(), which
was employed as the starting eatalyst, to
Feo and TFeO. This implies that  the
formatien of the y-Feu()y seale on the Fe
single erystals rvesulted from o kinetie
balance of two competing reactions; namely
{a} the oxidation of Fe by O., and (h) the
reduction of the oxide hy CO. It was not
possible to deteet in the products of re-
duetion the presenee of either an Fel); or
v-Fou0)y senle. However, in caeh nstance
the enrbides Fe.C and FellO were present.
Thiz would =uggest that hefore the re-
tlnetion precess had gone to completion
suffieient earbon had formed to convert the
outer oxide scales to these carbides. A
similar explanation was given carlior in
connection with the observations of Kehror
and Leidheizer (200,

The rvesulis presented in Fig, 17a and b
provide further ecorroboration for helieving
that the formation of a earbide, and more
specifically Fe.C, is o precursor Lo the
appearanee of the graphite fibers which
comprise the bulle of the reaction products.
With regard fo the themmal stability of
Feu(, Nagalura (37} has shown that at
350°C FeoC and Fe, 0 may indeed coexist.
The following ohservations indieate that
the maost viahle mechanism for the produe-
fion of these fibers nvolves the graphiti-
zation, either thermally or hy interaction
with M., of Fe.C whiskers almost fm-
medintely afier they hegin {o grow from

I8

their base. Graphite fiber growth is then
Italted when earbide whisker growth ceases.

1. Reflections cotresponding to the Fe.C
lattice were found n the selected area
diffraction  patterns obtained from the
filers shown in Fig. 12, This was one of
the fow instances found in which the carbide
wliskers had not been eompletely hreken
down.

2. The whizkers visible in Fig. 18, which
were identified as Fe,C, elearly demonstrate
the ability of Fe earbides to grow in
whisker form.

3. Tt is diffieult to envisage any other
moechanism  for the formation of fibers
whiell consist of loosely packed erystal-
lites radially disposed about a hollow core.
In terms of the decomposition of an Fe,C
whisker the fiber porosity, which includes
the hollow core, ean among other things
be related to the volume of the displaced
Fe, The only other possible meehanism for
fihor growth would involve the depesition
ol earbon Irom a eatalvst particle residing
ab the fiber tip. Indeed in many instances
the fibers do appear to be less transparent
to elecbrons ab their ends, although seleeted
area diffraction always failed to indicate
any material other than earbon at these
loeations. However, to produce n fiber ap-
proximately 0.3 mm long in this manner
would require a relatively large eatnbyst
particle heeause  the  latter would un-
doultedly bhe broken down during the course
of reaction. In addition, such n reduction
it the particle size of the catalyst could
not account for the uniform diameter dis-
plaved by the majoriby of the fibers.

4. Welledefined  crvstals of Fe,C o oare
fornd trapped within the confines of the
fibers. This entrapped Fe,O) which iz a
procuet of the thermal decomposition of
T, would explain why previous investi-
gators (22, 3} have found it difficult to re-
move the last traces of Fe, even hy acid
leaehing, from the earbonaceous produets.

5. The formation of graphite fibers by
the decomposition of ecarbide whiskers is
also in neeord with the relatively large,
considering the low formation temperature,
e andd Iy values for the graphite erystal-
Hees (31, In all probability the graphite
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platelers, found along with the fibers in the
reaction products, grew  from  earbide
platelets such as appear in Fig 14, 1t 1s

not  possible to  deeide whether these
pureicular carbide platelets wore a product
of the decomposition of Fe.C or rather

the direet result of the interaetion of enrbon
with the oxide.

Tinalty, Walker ef ol (3, 4) have shown
conelusively that the build up of Fe, 0 in
the rescelion produets eventually stops the
disproportionation reaction, unless suflicient
e iz intreduced to the pas stream. The
breakdown of Fe, 0 by H. presumably
results in the formation of certain hydro-
arbons, lhowever, 1t appears that these
must be nnstable wnder the experimental
conditions sinee the stolehiometry of the
overall reaction is given by Eq. (1)

CoNCLUSIONS

TFor Te and Si-Fe it was found that the
nebive eatalyltic speeies for the dispropor-
tionation of CO is a p-type oxide. In most
instanees  this oxide waz y-Fe,0, which
was  presumably  stabilized ab tempera-
tures up Lo 600°C by an underiying Fe, 0,
Inttice. It was postulated that the cation
vaeanejes present in the y-TFe), lattice
provide suitable pathways for the diffusion
ol Te* ions {o the gas-solld inteviaee
where they can facilitate the ehemisorption
and eventnal rupture of the CO melecule.

Az a prerequisite for the formation of
,: -Fe, Oy it was necessary for water vapor
to be present in the reactants, In the ab-
sense of water vapor éhe outer oxide seale
wus a-Ie,0y, The rate of disproportion-
ation over this lutter oxide was consider-
ably lower than that observed over y-
Feo)y whieh is conmmensurite with the faet
that the «-Fe.Oy Initice containg a very
much lower equilibrium concentration of
point deleets. }lvm‘lt}lv wis also the pre-
dominant ouier oxide seale when the re-
aetion was performed at temperatures in
exeess of (1DD°C‘ This observaiion is in
vood agreement with the known reduetion

in the disproportionation reaction rate
ahove this temperature.
At 550°C the reaction rate was ap-

parently controlled by the breakdown of

RENSHAW, ROSCOLR,

AND WALKER, IR,

Fe.C. This was evident from the increased
reaction rates obtained when (i) Si-Ie
rather than Te crystals were cinployed,
{11} the waler vapor content of the gas was
ineressed, and (i) a CO-H, mixture was
substituted for CO. Evidenee was presented
wlich strongly suggests that Fe,C {orms
principatly as whiskers and that the sub-
sequent breakdown of these whiskers leads

the Tormation of the graphite fibers so
charactenistic of this reaction. Tle latier
are characterized by a radial distribution
of tiny eryvstallites about a hollow core.

Tinglhy, llwptte the upparent simplieity
of Eq. (1}, it has been shown that the
disproportionation of CO is a complex re-
action. Although the various stages in-
vobved i the reaction have been identified,
in muany cases, because of the number of
possibilities for reaction, the precize path-
way for each stage still remains o mabter
for conjecture.
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