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CATALYSIS OF THE CARBON-CARBON DIOXIDE REACTION BY IRON*t
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Iron in the form of carbonyl iren, ferric oxide, or ferric oxalate solution was added to o spectro-
seopieally pure graphite powder. The graphite wos meolded in rod-form ot 100,000 psi and room
iemperature. ‘The rate of the resction of the graphite rods with I atm of €O was measured from 800°
to 1200°C. Bome of the ruds were reacted without provious hieat trentment above reaction tomperature;
others were rencted foliowing heal trestment nd temperatures bebween LYY and 2000°C. For the
samples without previous heat trenitment, the presence of iron is found to produce a very marked
inerease in graphite reaetivity over that of the pure graphite. Bven theugh heat trentinend at tem-
perabures of LK and 1635°C does not result in o loss of Fe, it does sharply decerease the eatalvtic
efficiency of the Fe. This eatulytie efficioney, in whole orin part, can he restored by a secondary pre-
trentment in Hg or Op prior to resction. Heat freatment between 1910° and 2000°¢C produces an addi-
tional decrease in reactivity of the graphite below thot which it hes following heat trestment at 16357°C.
It appears that this additional reduetion in renctivity is causcd, primarily, by s loss of Fe upon iy
volatilization from the sample.

1. INTRODUCTION oecurring impurities™® have failed beeause
different compounds have varying effects on

The oxidation characteristics of graphite :
oxidation behavierd—1,

are becoming more important as new high
temperature uses ave found for this material,
Impurities can greatly affeet the reactivity
of graphite!?. When they are removed, the  the C-COsreaction.
puritied product reacts usually at a lower
rated=,  Attempts to correlate graphite
renctivity with concentration of naturally A, Deseviption of Materials

The graphite used was National Speeinl
Spectroscopic Graphite Powder, Grade SP-1,
produced by the National Carbon Company.
Its size specification was 65-709%, minus 74u.

In this work, a start has been made at
investigating the catalytic effect of Fe on
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The base material from which it was made
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natural graphite.  This material was
reported to have been heat treated to a
temperature of 3000°CH,. The surface aren
of the powdered graphite, as measured by
adsorption of No at —106°C, was 1.8 m¥/u,
Four Te powders, produced by the de-
composition o Fe(CO); and obtained from
Antara Chemicals, were used as one source
of Fe. These powders ealled 1, C, SIF, and
flocks had average particle dimmeters on o
weight basis of 20, 10, 3, and 6.5p, respeetive-
Ly, "Fhe 20, 10, and 3u powders were spheriead,
whereas the (0.5 powder was twiee as long
Another source of Fe was

Wiks

as 16 was wide,
chenieally pure, minus 4dp ferrle oxide,
Solutions of ferrie oxalate nlso were used as
source of Fe. The ferric oxalate (purified
pearls) was obtained from Fisher Secientifie
Company.

B. Sample Prepuration

Two technigues wore used to add Fe to the
graphite.  In the dry method, the proper
amounts of geaphite and Fe were placed in o
plaskic container of o Patterson-Kelly “T'win-
Shell” blender and mixed for eq 200 hr. When
using the wet method, a suitable gquantity
of graphite was outgassed overnight  at
105°C and less than 2 Hy pressure. After
eooling to room temperature, an agieous
solution of [errie oxalate admitted
while the graphite was still muder vacuun,
The graphite was allowed to souk in the
ferrie oxalate overnight and then the excess
soition was filtered off. The impregnated
graphite was dried overnight at ce 180°C
and a pressure of about 2 em of Hyg. After

Wwis

drying, the sample was mixed in the *Twin-
Shell” blender for e 6 hr to insure uniformity.

C. Swanple Pelletizallon

The mold  deserthed by
Walkert was used to contain the graphite
during compression into eylinders §in, in
dizmeter and 1} in. long,  Approximately

Rusinko  and

AL danes, Peivate eommuniention, 1959,
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9 g of graphite were placed in the hardened
steel mold and pressed at 100,000 psi, and
roomn temperature. The apparent density
of the suples was e 2.13 g/em?; the surface
area was e 23 m%g. The increase in arcn
after compaction was probably eaused by
some breakage of the graphite particles
during pelletization. In any ease, it indicates
that the particle aren was accessible to COa
during reaction.

D. Bwmple Heal Treating

Some samples were heat treated in a 6 in,
id, graphite tube furnace to 1635°C, The
samples, contained in holders made from
R processed graphite, were pushed through
the furnaee at a speed of 1in/min. The
samples renched 1635°C in 30 min and then
were brought back to room temperature in
e 2 hir. All eat treatments were made in an
atmosphere of Ar. Eleven samples, to which
no Fe had been added, were placed at random
in the various sample holders. They later
were reacted and compared to other samptles
of pure graphite which had not been heat
treated, No effect on reactivity due to head
treatment of the pure samples was found.

Some swmples were heat teeated to higher
tenperatures in an induction furnace, with
an Ar atmosphere maingained throughout
the heating and couling eyele. The samples
reached maximum temperature in co 13 min
and then cooled to room temperature in
vre 2 b

After heat treating, the samples were
fuced off on o Iathe to a length of 1in.
A Lin. hole was drilted through the long
axis to permit insertion of a mullite support
rod used during reaction. The cuttings were
saved for spectrographie examination. Al
samples weighed approximately 6.2g.

B, Spectrographic Tron dnalysis
A Jarrell-Ash 21 foot speetrograph was
used for Fe analysis!®. Nickel was used as

157, F. Raksewwski, Ph.D). Thesis, The PPenn-
sylvanin Stute University (1860}
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an internal standard. The two lines meastured
with a densitometer were Fe {3047.6 A)
and Ni (3050.0 A). Both intensities were
eorrected for background radintion,

F. Reaction Rate Apparains

The veaction rate apparatus has been des-
eribed previously® 1% The sample was sus-
pended from an automatie, recording balance
in o tubular renctor. The gases could be
passed through fwo furnaees containing CuQ
ad about 450°C and Cu wool at about 650°C
to remove Hy and Og, vespeetively. Aetivated
used  to
stated,

alumina  columns remove
moisture,  Unless
samples were preheated at reaction tempera-
ture in flowing He for © hr before (02 was
admitted. Upon the admission of (0., the
Aow rate was maintained at a value of about
006 envimin for 1.5 min in ovder to flush
out the e as quickly as practical. The flow
rabe then was lowered to 2500 em®min and
the nitinl weight reading was taken 0.5 min
ater.  For some rmns, the samples were
preheated in e for only en 3 min, which
was sufficient time to allow the furnace to
vefurn b0 reaction  femperature. Carbon
dioxide was then introduced and the initial
weight reading was taken just 5min after
the introduetion of the sample. The cumula-
tive weight loss  was  plotted  vs. time.
Arbitrarily, the reaction rate was taken as
the slope of the plot at 200 burnef?t divided
by the starting sample weight.

were

otherwise the

I, HESUTITS

A Reuetivity of Pure Graphite

Reaction rate eurves for the pure graphite
are shown in ¥Fig. 1. These are typical of the
kind normally found for the C~COs reaction,
when no eadadyst is mixed artificially with
the carbon.
reactivity during an induetion period, follow-
ed by o region over which the reaction rate

There s an initiad inerease in

“emains constant. At some higher burnoft,
ae reaction rate will begin to deerease. The
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IFra. 1. Reaction rate curves for pure geaphite
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length of the preheat period In helium has
no effeet on these reaction rates,

B. Effect of Iron Addition from Ferrie Oxalate
an (raphile Rewclivity

1. Nopre-treatment prior fo reaetion. Samples

containing 51 ppm of Fe were veacted with

COe at 959° and 10007C, as shown in Fig. 2,

: i 4 1 i

L !
¢ 4 [ 2 & @0 24 28 &2 3 a0
REACTION TiME, Mmuies

Frs. 20 Renction mate earves for graphite con-

taining 510 ppmy of Fe from ferric oxalate

(sumples  given no  pre-lreatmend  prior to
reaction),

Weight loss readings were talen 5 min after
the sample was introduced into the reactor, as
previously deseribed.  Despite  the
catalytic effeet ohserved, normal reasction
rate curves are obtained; e, there is an
induetion period, followed by a region over
which the reaction rate remains constant.
The addition of 510 ppm of Fe results in a
170 fold increase in reactivity at 1000°C over
the reactivity of the pure graphite.

large
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2. Pre-treatwient at 1635°C prior to reaction.
Samples containing 510 ppm of Fe were
pre-treated at 1635°C prior to reaction.
Speetrographic analyses showed that no e
was lost as n result of the pre-treatment.
As seen in Tig, 3, a normal reactivity eurve
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o [P 3]

Fre. 3, Roesction rate cueves for graphile eon-

taining 510 ppm of Fe from fervie oxalate

pre-treated  at H35°C prior to
redction),

{snmples

is ohtained for reaction at 1050°C. The rate
is approximafely 100-fold greater than that
for the pure graphite. At 1000°C, an extended
induction period oceurs which lasts, in this
case, for about 380 min. During this period
the reactivity increases continuously. At
the end of the induction period, a sudden
hrealk in the reactivity curve ocours, after
which a period of constant and high reactivity
is founl. This type of reaction rate curve
was obtained only with samples containing
Tre from ferric oxalate, when they were pre-
heated to 1635°C prior to reaction at 1000°C.
When the reaction temperature is decreased
to 950°C, the reactivity increases continuously
and  graduaily over an extended period.
The reaction rate at $50°C for this smmple,
0.0188 g/hr/g, can be compared to the
ate for the sample eontaining an egual
amount of Te but not heat treated to 1635°C,
0.598 g/hr/e. A 30-fold deerease in rate is
brought about by heat treating at 1635°C,
3. Pre-freatment at 1635°C followed by
pre-treatment in Hy or Og prior lo reaction. It
was of interest to see whether the length of
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the induction period produced by pre-
treatment at 1635°C could be changed by a
secondary pre-treatment in Ha andfor O..
The reaction rate runs following pre-treat-
ment are shown in Fig. 4. A sample was

50 T T 3 T T T T i
Pratreaiment Hoxhon Fale Fe Corc ppm
4 nong 108 Gl

Eapl © Mz of 000°C for 3hrs, Qe 510 -
4 o Op ot A50°C for Jhrs, O&Be 520
e @ Op ol 450°C for 3. .74l iBG0
;3o
(=3
]
Lzo
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]
!

REACTION TIME, Winules

Fia. . BEffeet of pre-trentment in Iy and Ou

on length of induction period for renction ab

1000°C for praphite containing 510 ppin of Te

from ferrie oxalate (samples previously pre-
trented ot 1635°C).

pre-treated for 8 iy in flowing Ha at 1000°C.
During this period there was o weight loss
of 0.033 g. At the end of this pre-treatment
a2 was flushed out of the system with He
for 3 min, followed by the introduction of
COs. This pre-treatment results in the
removal of the induction period. The
ssmple reacts rapidly as soon as the COs
enters the reaction zone. This suggests
that I'e need not be in the oxidized state for
effective eatalysis and possibly that Fe
oxide is not a cabalyst,

If the latter were true, pre-treatment of
a sample in Oy should not reduce the in-
duction period. A sample was pre-treated
in flowing Os for 3 hr at 450°C. This tempera-
ture was chesen to minimize the reaction of
free carbon with Q.. During the pre-treat-
ment, 1 weight loss of 0.003 g was measured.
After this pre-freatment, the sample was
removed from the reactor, the reactor temp-
erature raised to 1000°C, and the system
adequately flushed with He. The suniple was
then placed in the reactor and heated for
3min in He, followed by the introduction
of €0». This sample has an induction perio
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of only c¢a I min duration. A similar
runn was made with a sample containing
1860 ppm of Te; it was found to yield an
induetion period of e« 35 min. This induetion
period was less than that {or a comparable
sample which was not pre.treated in Og
{induction period of e 100 min).

C. Effect of Ferric Oxide Addition on Graphite
Reactivity
Figure 5 shows reactivity plots for two

samples of graphite, to which 100 ppm
33 Y T T 7 1 T T d ¥
elreaime Reaghsn At
Y ol o Fvu;vggém nt vzoteﬁ;m
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Fra, 5. Effeet of pre-treatment on renctivily
st 1000°C of graphite containing 100 ppm of
Fe from ferrie oxide.

of Fey O3 were added. One of the samples
was pre-treated at 1400°C in He for 25 hr
and then cooled o room temperature in
e 5 min, For the reactivity runs, on both
samples, the initial weight readings were
talken 5 min after the sampie was placed in
the reactor. As is seen, the reaction rate at
1000°C is decreased very markedly by pre-
treatment, falling from 6.814 to 0.0228 g/hr/g
—u 35-fold deerease. The sample with no
pretreatment veacted 130-fold wmore rapidly
than the pure graphite,

D. Effect of Carbonyl Tron on  Giraphile
Teactivity  Following  Pre-Treatment  at
1635°C
1. VFariation with fron  concentration,

Samples containing varying amounts of 3p

carhbonyl Fe were heated to 1635°C prior

to reacting at 1000°C. The reacbion rates
icreased  with  burnofl eontinuously for
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TABLE E

Effeet of Conventration of 3 Carbonyl Iron on
Reactivity of Graphite at 1000°¢C

Iron eoncentration Renetion rate

ppin gibrig
37 06173
7 401049
500 0316
1830 0147
300 0.0565

each concentration of Fe, Reaetivities, at
209, burnoff, arc summarized in Table L
Reaetivity increases continuously with in-
creasing concentration of e, but the re-
activity per unit weight of catalyst present
progressively deereases,

2. Varialion with perticle size. Figure 6 iy
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Fra. 8. Arrhenius plets for the (003 reaction
{for both the pure graphite and the samples
containing ahont 500 ppm of o).

an Arrhenius plot of log reactivity versus the
reciproen] of reaction temperature for samples
containing about 500 ppm of Fe. Generally
the eatalytic effect is inereased as the particle
gize of Fe is decreased. For completeness,
the results for samples containing Fe from
the oxalate are included. The particle size
of this ¥e is unknown, hut it is suspeeted
to be in the sub.-micron range. An acéivation

energy of zero is oeveasionally obtained
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especially between 1050° andd 1100°C, Similar
results were found by Oknda and Ikegawals
and Puddenham and HilY in their studies
of the of gasification.
No satisfactory explanation ean be given for
this phenomenon at the present time.

Also shown in Fig. 6§ ave duta for pure
graphite. An activation energy of 60 keal/mole
is calentated indieating that the reaction is
oceurring midway between reaction Zones I
and II17,

eatalysis carbon

L. Effect of Curbonyl Iron {raphite
Reactivity  Following  Pre-Treatinent  al
Toanperatures Between 19107 and 2080°C

Samples containing 4.5 p Fe powder were
heat treated in an induetion furnace to a
series of temperatures between 19107 and
2006°C. After heat treafment, the samples
were reacted with €02 at 1030°C, Carbon
dioxide was admitted 3 min after the sample
was placed into a He atmosphere in the

K

furnaee, The rate curves are shown in Fig. 7.
5GE T T T i T T T T .
Ternp *C Reocken flale  Fo Conc ppm

o —  00D2 —
L1635 104 430
W a0r o 1910 0.469 200 1
£ o 22O 00 10
5 v 2515 0.004 10
30r J 2750 G.0I69 io ]
i L 2990 0.0i32
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Fra, 7. Beaetion rate earves ab 1050°C for
grophite  containing 0.5 p earbonyl  Fe

{Sampies pre-treated el temperatures betwoeen
16357°C and 2849PC prior to reaction).

The drop in reactivity with inereasing heat
treatiment  temperature up 3500°C is
parallelled by o decrease in Fe content.
Following heat treabment to 2500°C, the

Lo

16 F. Okada unel T, Thegawa, J. Appl. Phys. 24,
1249 (1053,

P, L, Walker, Jr., T Ruasinke, Jr., and 1., G
Austin, Advances in Cuatalysis, Acodemie Press,
New York (18549}, p. 165,
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reactivity is the same as thoat for the original
graphite. Beyond this temperature, the rate
gaes through a slight maxinmum even though
the Te concentration essentially
constant. Minima and maxima in reactivities
for the C-C0s reaction have been observed
previousty in this temperagure range!S.14,

remuins

IV, DISCUSSION

The extent to whicl e eatalyzes the C-CO0y
venetion is dependent strongly upon the
previous heat treatment given the sample.
This might be expected since the treatnvent
will determine in which  chemieal and
pliysical form the Fe remains,

In this study, some of the samples were
pre-treated by heating to 16835°C. Prior to
this heat treatment, the Fe was either in the
form of metallic Fe or Fe oxide, Any Fe
exide present undoubtedly was redueed to
metallic Fe by the jarge excess of graphite
present during  the hent  treatment. At
1635°C, e 54wt 9%, of graphite will be
dissolved in Fe at equilibrium®?, Beanse of
the type of system being studied (Fe particles
dispersed  throughout o graphite makrix),
it is believed that the Fe was saturated with
carbon during the heat treatinent to 1635°C.

Tpon cooling from 1635°C to room temp-
erature, most of the ewrbon which was
dissolved in the Te probably precipitated
out of solution, the carbon atoms diffusing
to cither grain boundaries or to distoentions
within the Fe particles. X-ray diffraction
measurements  indieate  that  very liktle
cementite, if any, was present®!,

181, Gelier, P, Thesis, The
State University (1938).

19 13 0. Boumbaeh, M8, Thesis,
vania State University (HIS8)

], 8, Darken and R. W, CGurry, Physical
Chemistry of Metals, MeGraw-Hil, New York (1953),
P

*t Phe mnount of esnontite was probably very
small beeause none eould be fuund in sanples theb
contained 109 Fe  when examined by Xeray
diffraction ufter leat treating to 1635°C, This is
not surprising since ea. 5%, of o constituent must
Le present before it enn be identilicd by Xern;
diffraction.

Pennuylvania

The Pennsyl-
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For reactivity studies, the samples were
heated to temperatures varving from 950°
te HIOOC. At these the
solubility ol earbon in Fe increases con-

temperatiures,

sidlerably above that at room temperature,
Whereas at room femperature the solubility
of earbon in Fe is e 6 x 107 wi, 920, it
inereases to ce 1.3%, af 95000 and to e 1459
at TH00"CHE The which diftused
back into the Fe at reaction temperafure
wis most likely a fraction of that earbon
whicly preeipitated out of solution during

enrhon

cooling from 1635°C to room temperature,
It is believed that duving the determination
of the reaction rates, COs reacted with the
carbon in the ¥e to remove it With regard
to the deearburizing action of €CQa, 16 s
known®3 that pure €Oy is o poor deearburizer
of e, On ithe other hand, a mixtre of
0: and CO s a good deearburizer, The
renson for this is that COs rencts with Fe
to form an oxide {ilm which acts as a harrier
against free decarburization. When CO s
present, the surface is reduced to the metallic
state and, ns a result, the COa is able to
react with the carbon on the surfuce of the
¥Fe,

With the ahove points in mind, the results
obtained in this research with samples that
were initinlly heat treated to 1635°C can
be  discussed.  Three diffevent  fapes of
reactivity curves were obtained depending
on the type of Fe used as o catalyst and the
conditions under which the reactivity was
measured. In some cases, the reaction rate
quickly reached a eonstant value which was
maintained {or o considerable length of
time. In other the ate
eontinuously inereased with time, The third,
and most remarkable type of reactivity carve,
prolonged  induetion  period

CASES, reaction

confained o
followed by a sudden inerease in rafe to a
constant rate period.

22 Metal Progress Data Sheet No. 32 (1HG),

WAL Penninglon, Trans. Amer, Soe, dletals,
Preprint No. 80, 1043, 44 pp.
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These observations appear to be explained
by two eounter-balaneing reactions, The first
is the removal of earbon from the Fe hy
reaction with COa. This resulls in the Fe
becoming activated and therehy eatadyzing
the C-C0s reaction. The sccond is the
prevention of the removal of carhon from the
Fe by the reaction of €Oz with the e
surfuce to form an Fe oxide bareier to the
ountward diffusion of ecarbon. In many eases,
normal reaction rate cwrves with constant
rate portions were obtained. This indicates
that the removal of earbon by COy was rapid.
This type of reaction rate enrve was obtained
under af least three conditions:

(1) Samples which were not heat treated
gave normal curves sinee the Fe was not
poisoned by the carbon,

(2) Head treated samples gave normal
curves when reacted at the higher tempera-
fures because a substantiad partial pressure
of 0 was produced, whieh kept the surface
of the Fe in a redueed state. As a resull,
carbon diffused quiekly to the surfuee of the
e and reacted with CO.,

(8) Smnples pre-treated with Hy or O
following heat treatment of 1635°C gave
normal curves, sinee the earbon was removed
from the Fe doving this pre-treatment.

Beaction rate enrves in which the reactivity
inereased continuously were only obtained
at low reaction temperatures with samples
previously heat treated to 1635°C. Under
these conditions, sufficient CO notb
initially generated to maintain the Fe surface
in a reduced stnfe, As the CO purtial pressure
built up in the sample, (as 2 result of in-
) of the
eatalyst slowly progressed, thereby increasing
the reaction rate still further.

Long and Sykes*® have postulated o
mechanism  for  eatalysis of the C-COq
reaction hy TPe. Fhey postulated that the
gasifieation of carbon (hy desorption of
CO from the surface of graphite) would be
enhanced il electrons were transferred from
the graphite to a calalyst. They suggested

Welss

creasing  reaction activation
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that transition elements (of which Fe is one)
accept electrons beenuse of the non-stoichio-
Another
factor that may be of pgreat importance in
catalysis by transition metals is their unfilled
d-orbitals, As a result of these unfilled
orbitals, the transition metals are believed
to be able to accept electrons. They, there-
fore, would be able to eatalyze the oxidation
of graphite by nceepting its elestrons and,
thereby, enhaneing the desorption of CO
in a manner similar to that proposed by
Long and Sykes. Seith and Kubaschewski®!
showed that dissolved carbon  migrates
electrofytically in austenite and, therefore,
must be in the ionic state. This cun be
interpreted on the basis of the assumption
that the dissolved earbon has contributed
its valence clectrons to the d-hand of the To
and thus has changed into the metallic state,
The presence of carbon could inhibit the
catalytic activity of Fe Dby filling up its
vaennt d-orbitals. Upon removal of the
carbon by reaection with Ow, Ha, or €Oy, the
eatalytic activity could be regenerated.

Another possible mechanism for
catadysis of the C-COs reaction by Fe is

metrie character of their oxides.

the

W, Seith and O. Kubaschewski, Z. lekirochem.
41, 551 (1935).
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suggested from the work of Wagner, ef «l.25
They conclude that COs dissocintes over
Fe to give CO and adsorbed oxygen atoms.
These atoms are probably highly mobile
on the Fe surface and could difluse to a free
carbon interface where they would react to
produce gaseous CO. It is suggested that the
rate of dissociation of COz would depend
not only on the composition of the gns phase
but also on the ecomposition of the solid
phase, in particular the concentration of
excess electrons and holes. Perhaps the
presence of earbon within the Fe particles
decreases the rate of COz decomposition,
and thereby decreases the catalytic efliciency
of the Fe.

The Fe-carbon system is being studied
further. In particular, effects of heat treat-
ment  conditions on graphite reactivity
are being correlated with the effects of heat
treatment on the magnetic suscepibility
and thermoelectric power of identical samples.

We appreciete the use of the graphite tube
furnace at the Speer Carbon Research Luborntories
for heat treating some of our samples. The National
Carbon Company kindly donated the speetroscopic
graphite powder used in this research.

n5 g, Pettit, R, Yinger, and J. B. Wagner, Jr,,
Aela fletallurgica 8, 617 (160},



