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The hydrogenation of CO and CO, over polycryalalline iron foils has been investigated 
under highly controlled condit,ions (6 atm, 3: 1 Hz:CO, 3OO’C). The surface composition of the 
foil before and after high-pressure react.ion was determined by Auger electron spectroscopy. 
The Hz/CO reaction produced C,-Cb hydrocarbons in detectable quantities. In this react,ion the 
initially clean iron surface was rapidly covered by a monolayer of carbonaceous material that 
appeared to be the active surface. The specific methanation rate on this surface was 1.9 mole- 
cules site-’ set-1 with an activation energy of 27 f 2 kcal mole@. The H&02 reaction pro- 
duced almost exclusively methane (97 moles) and at, a higher rate (10.9 molecules site-l set-I) 
than did the HJCO reaction. In both the Hz/CO and the Hz/C02 reactions the active surfaces 
were eventually poisoned by excessive deposition of carbon. The carbon-poisoned surfaces 
produced only methane but at much slower rates than did the active surfaces. Iron, without 
promoters, appears t,o be predominantly a methanation catalyst that poisons rapidly by 
the deposit,ion of mnltilayers of carbon. 

I. 1NTHOI)C’CTION 

In the synthesis of hydrocarbons from 
CO, COZ, and Hz, iron plays an important 
role 3s a catalyst (1-d). In the SASOL 
process, potassium-promoted iron is utilized 
commercially to catalyze the Fischer- 
Tropsch reaction (5). In spite of the long 
history of application of this material many 
fundamental questions that may provide 
the key to its catalytic activity arc un- 
answered. These questions concern the 
surface composition of the active catalyst 
and the atomic surface structure that pro- 
vides dcsircd activity, reactivity, and long- 
term stabilit’y. WC should also know the 
oxidat,ion states of atoms on the surface 
and should attempt to identify the role of 
the promotc>rs that effect activity and 
product di&ibution. 

The surfaw rcuctions of CO and Hz may 
be viewed as composed of two parts : (i) t.hc 
hydrogenation of dissociated or molecular 
carbon monoxide and (ii) the subsequent 
inwrt~ion of CO that results in the produc- 
tion of hydrocarbon chains. Only the 
first part of this process takes placa 
during mcthanation or during the produc- 
t’ion mc+hanol. Th(w are wvcral transition 
mctxls that carry out this reaction but do 
not clxhibit insertion activity. Others, like 
iron, can catalyze both reactions to yield a 
broad distribution of products with a wide 
range of molecular weights. 

To understand the mechanism of this 
important catalyt’ic rtaaction, WC have 
dcvelopcd an apparat,us that permits dc- 
termination of the surface composition of 
the working catalyst’ by ilugcr electron 
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FIG. 1. Schematic of UHV surface analysis system equipped with sample isolation cell for high- 
pressure (l-20 atm) catalytic studies. 

spectroscopy in situ, before and after 
carrying out the Fischer-Tropsch and 
methanation reactions at high pressures 
(l-20 atm). The apparatus consists of an 
isolat.ion ccl1 in an ultrahigh vacuum 
system, that’ can be pressurized or cvacu- 
atcd. The catalyst is of small surface area 
(-1 cm2) but the sensitivity of the gas 
chromatograph detector is sufficient to 
determine rates and product distribution 
under industrially suitable conditions. This 
apparatus (shown in Fig. 1) has already 
been employed to study the methanation 
reaction on rhodium polycrystallinc foils (6). 

It was found that the initially clean iron 
surface was rapidly covered by a monolayer 
of carbonaceous material which appeared 
to be an active surface for the Fischcr- 
Tropsch reaction, yielding Cl to Cj hydro- 
carbons. This surface prowd to be unstable 
under our reaction condit’ions and, after 
several hours, was covered by a multilayer 
carbon deposit. This deposit produces only 
methane and at a slower rat)e than the 
carbon monolayer. 

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

mined for both HJCO end H2/C02 reac- 
tions. The Hz/CO2 reactant mixture pro- 
duces mostly nwthannc~ but at a higher rate 
than dots H,/CO and the composition of 
the active surface appears to be different 
(oxide) than the surface composition during 
the Hz/CO reaction. 

Previous studies (S-4) of the iron-cata- 
lyzed Fischrr-Tropsch reaction have shown 
that the working iron catalysts are com- 
posed of carbides, oxides, as well as a-iron. 
The exact composition depends strongly 
on reaction time, conversion rates, loca- 
tion in reactor bed, and various catalyst 
pretreatments. In this paper we report 
studies of the H2/C0 and H2/C02 reactions 
on initially clean polycrystalline iron foils 
that were carried out at 6 atm, in the tem- 
perature range of X0-400°C using a 3 :l 
reactant ratio. Due to the low conversions 
(<<I%) and the short reaction times 
(<5.0 hr) of the present study, the iron 
foil did not undergo bulk phase transforma- 
tions as observed in the previous studies. 
Thus, WC investigate only that part of the 
Fischer-Tropsch reaction t.hat occurs on 
iron. 
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II. E:XPl<RIMENTAJ, 

The apparatus used in the present study 
has been described in detail elsewhere (6). 
It consists basically of a diffusion-pumped 
ultrahigh-vacuum (UHV) bell jar (1 X 10-g 
Torr) c>quippCd with :L r&arding grid Auger 
clcctron spectroscopy (AM) system, :L 
quadrupol(l gas analyz~~r, and :I 2-keV ion 
sputter gun. The unique feature of the 
apparatus is an internal isolation cc>11 which 
opclratcBs as a micro-batch rclactor (100 ~‘111” 
intc~rnal volumcl) in the l- to 20-atm prchs- 
sure range while maint,aining an UHV in 
the bell jar around the isolation chambcbr. 
An ctxtcrnal gas rtGrculation loop is at- 
tached to the ccl1 through which the 
reactant gas mixturcl is admittcxd. The loop 
also contains a high-prclssure bellows pump 
for gas circulation and a sampling valve 
which diverts a O.l-ml sample to :L gas 
chromatograph. 

The iron spccimcn MXS a l-cm* 1)01x- 
crystalline foil (99.99% pure) which was 
pretreated in :i hydrogen furnace (1 utm 
of Hz) at SOO”C for 4 days prior to mount- 
ing in WICUUI~ system. This hydrogen 
treatment was nf1cc’ssary to remove bulk 
carbon and sulfur which oth(~rwisc diffuse 
to the surface during the UHV clt~aning 
procedures. The iron foil was mountc~d such 
t,hat it could bc rclsist,ivcly hcatcd and the 
temperature was 1nonitorc.d \vith a chromcll- 
alumel thcrmocouplc spot ~vc~lcl~d to the 
foil edgo. 

The hydrogen and carbon IiiOliOXid~~ used 
to prepare the synthesis gas mixturcbs were 
of high-purity research grade. The mixtures 
were prepared in the CirCUhtiOIl loop and 
t)hcn expanded into the isolation ~11. 
Analysis of the synt,hcsis gas by gas chro- 
matography and mass Spc!Ctr(Jlm!try indi- 
cated that HZ0 in very small amounts \Y:IS 
the only rc~nctant~ impurity. 

A clean iron surface was prepared in 
ultrahigh vacuum by ion sputtering the 
foil (Ar+, 2 kcV, lOOPA) at SOO”C for 

This procedure generally produces a sur- 
face which is free from sulfur and oxygen. 
The only dctectablc surface impurity nft,or 
this treatment was carbon (lo-la% of a 
~nonolayc~). Once a clr~ari surface was prc- 
parcld t.hc isolation cc>11 ~-as closed and the 
synth& gas (3 : 1, HZ : CO) was expanded 
into the ccl11 at ;L total pressure Of 6 stm. 

The sample tcbmpclraturcb \vas then raised to 
300°C and gas chromatographic sampling 
of th(L reaction products was comm(~nc(~d. 
At any point in the rcbaction the sample 
could be cool(hd, thr cc>11 and circulation 
lines could bc evacuated, and the ccl1 
could bc opWcd to UHV to :tlkJ\\- AI% 
analysis of the surfaccl. The pump-down 
procedure from G ntm to 5 X lOMa Torr 
took :tpproximaMy 1 min. 

III. I~ISSULTS 

Iroll Surface 

The HZ/CO reaction \vas investigatad at 
a tot’al reactsant pressure of 6 atm and a 3 : 1, 
H2!‘C0 ratio. Prior to the reaction, the iron 
surface was cleaned by ion sputtering and 
t’he surface puri t,y was verified by AES. The 
foil was then isolated in the high-pressure 
cell, the reactant, gas mixture was admitted, 
and the foil was heated to 300°C. The ac- 

]“I(;. 2. Accumulation of methane in the isolation 
cell as a function of time. All rewtions we carried 

15 min, then annealing at, 700°C for 2 min. out at (i aim, 3 : 1 H,:CO, 300°C. 
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FIG. 3. The influence of temperature on the methanation rate and the corresponding Arrhenius 
plot. 

cumulation of hydrocarbons in the batch 
reactor was then measured as a function of 
time. Under these reaction conditions the 
dominant product was methane (85 mole%) 
but hydrocarbons up to C5 were produced in 
detectable quantities. The chain products 
were predominantly primary olefins : ethyl- 
ene, propylene, 1-butene, and 1-pentene. 
The corresponding saturated straight-chain 
hydrocarbons were also detected but no 
branched products wcr(: observed. The 
olefin : paraffin ratio was approximately 4 : 1. 
A very small amount of methanol (less 
t’han 0.1 mole’%) was also detected. 

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

The specific reaction rate or turnover 
number for mcthanation was determined 
in the following manner. Since a short in- 
duction period (approximately 5 min) of 
low reactivity was generally observed, the 
first 10 min of methane accumulation were 
ignored. The accumulation of methane was 
assumed to be approximately a linear func- 
tion of time over the next 1.5min interval 

(lo-25 min). The slope of the accumulated 
methane versus time curve, which is the 
reaction rate, was then evaluat’ed over this 
time period by linear regression. The slope 
of the curve was then divided by the con- 
centration of iron atoms in the metal 
surface (1 X 1O1” cm-%) to determine the 
specific reaction rate. The turnover number 
for t,he foil at 300°C thus detcrmintd was 
1.9. This procedure probably results in a 
conservative estimate of the turnover 
number since it assumes that all of the iron 
atoms in the surface are active. It will be 
seen from later discussion that the iron 
surface undergoes chemical changes during 
the reaction which result in a much lower 
concentration of iron sites prcscnt on the 
surface. 

Figure 3 displays the influence of foil 
temperature on the initial methanation 
rate over the temperature range 250-390°C. 
The methane reaction rate increases rapidly 
with temperature from a turnover number 
of 0.33 at 250°C to 32.8 at 390°C. However, 
at the higher temperature the formation 
of chain products is sevcrcly curtailed, and 
above 400°C only methane is produced. 
An Arrhenius plot of the temperature de- 
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pcndence of the reaction rate is shown in 
Fig. 3. This plot yit*lds an act(ivation cwrgy 
of 23 f 2 kcal mole-’ which agrws fa.vor- 
ably with t,hc 21.3 kcal mole-’ activation 
cnwgy dctcwninc~d for :tluminM-supported 
iron by Vanniw (7). 

A scriw of clxpwimclnts \vas pcrformcd in 
I\-hich the reaction \vus intrrruptcd :\t 
various times to pwmit surface analysis b> 
AES. The rwults Of thwc cxprrimcwts 3ro 
summarizcld in Fig. 4. It is swn that the 
&an iron surface is unstable under the 
rcttction conditions and is rapidly covcwd 
nith carbon. Carbon deposition continuw 
during the rwction with the eventual for- 
mation of a multilaycar carbon deposit. 
This carbonaceous lager is sufficictntly 
thick to obscure complctcbly the iron Xugc~ 
signal (703 eV) Lvhich has an escape depth 
of at least 20 A. The formation of this 
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FIG. 4. Auger spectra of the iron foil before, after 
30 min, and after 4 hr of reaction (6 atm, 3 : 1Hz: CO, 
3OO”C), 
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FIG. 3. Methane produced by direct, hydrogena- 
tion of the carbon multilayer deposit. 

multilayer carbon mass occurs within the 
same: t’imc regime in which chain growth 
is tcrminat’cd and the mcthanation rate at 
300°C falls to a turnover number of 0.3s 
from its initial value of 1.9. Repeated ex- 
pcrimcant,s vcrificbd that, the presence of iron 
in t,hc surface is a ncwssary condition for 
chain growth and for a high methanat,ion 
ratt. It should be noted that under no 
circumstance was any oxygen-containing 
spocios obscrvrd on t’hr surface while using 
rcnctant mixt8urw in the range of 1 : 1 t,o 
ll:l, Hz:CO. 

To invcstigatc further the mcthanation 
waction which occurs n-hen only carbon is 
prcwnt) on the surfaw, the activation rnergy 
for t,hc wwction was rvaluatrd after 4 hr of 
rwction. The results of thwc measurements 
indicatckd that the activation energy was 
12 f 2 kcal molt-‘. This loww activation 
energy that ncvrrthelcss accompanies a 
markedly lower rate of mrthanat,ion on the 
carbonaceous layer suggests that t’he mecha- 
nism of mc+hanation on the carbon layw 
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FIG. 6. Auger spectra of iron foil after 1 hr at 6 atm, 3: 1 Hz: COz, 300°C. (A) Low-energy iron 
Auger peak showing characteristic oxide doublet. (B) Standard Auger scan showing carbon and 
oxygen present on the surface. 

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

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

B. Hz/C02 Reaction on the Initially Clean 
Iron Surface 

The H2/C02 reaction was studied employ- 
ing conditions identical to t’hose used for 
the Hz/CO rcuctions: 6 at.m, 3: I Hz:C02, 
300°C. The results, however, were dramat- 
ically different from those for the Hz/CO 
reaction. The H,/C02 reaction produces 
almost exclusively methane (97ye by mole). 
The only other detectable product was 
ethane with little or no cthylcnc. In addi- 
tion to the change in product distribution 
there is a marked increase in the methana- 
tion rate when compared to the rate ob- 
tained for the CO/H2 reaction as shown in 
Fig. 2. The initial specific rate was 10.9 
which is about fivefold greater than the 
rate for the Hz/CO reaction. 

The activity of the foil dccreascs as a 
function of time in the Hz/C02 reaction 
and the methanation rate drops to r\ level 
comparable to that in the Hz/CO react’ion 
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FIG. 7. The influence of temperature on the 
corresponding Arrhenius plot is also shown. 

after approximately 4 hr. It, is interesting 
to note t’hat the deactivation of the iron 
foil occurs at about the same rate in thr CO, 
reaction as in the CO reaction. 

AES mcasurcmcnt,s as a funct,ion of reac- 
tion time reveal that both carbon and 
oxygen accumulate on the surface initially 
during the HZ/C& reaction. A typical 
Auger spectra taken after a I-hr reaction 
period is shown in Fig. 6. The appcarancc 
of a split M2,3&14,bMJ,j iron Augc>r lint in 
Fig. 6 is of particular importanw. The 
M2,3M4,5M4,j iron Augclr transition in- 
volves the iron d orbitals and is oftc>n scnsi- 
tive to the chemical environment of the 
iron atom. A splitting of the t’ype shown in 
Fig. 6 is characteristic of iron oxide (8). 
This split iron peak and the intense oxygen 
Auger signal are therefore taken as widcnca 
for the presence of surfacr oxide. 

Auger spectra taken after 2 hr of reaction 
indicate that carbon deposition occurs on 
t’he oxide surface. Eventually a carbon- 
aceous multilayer deposit similar to that 
encountered in the Hz/CO waction is built 
upon the surface. Once again it appears that 
the loss of catalytic activity can be asso- 
ciatcd aith d(>position of (~SCPSS surfaw 
carbon. 

The variation of the H2,iCO2 mrthana- 
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methanation rat,e for the H$XL reaction. The 

tion rat% with tcmpcrature is shown in 
Fig. 7. The corresponding Arrhcnius plot 
yirlds an activation energy of 17 f 2 
kcal mol(>-‘. 

C. H21C0 Reactiott 011 the Preosidized 
surface 

Iron Fischer-Tropsch catalyst’s arc known 
to contain both iron carbides and oxides 
in addition to a-iron (I-4). To invest,igate 
the inflwncc of oxide surfaces on the HZ/CO 
waction, a srrics of ctxpcrimf>nts was per- 
formed on prcoxidizrd iron foils. The oxida- 
tion was carried out by heating t’he foil 
to 300°C in 4 atm of dry oxygen for 20 min. 
This treatment wsulted in a relatively 
homogeneous surface oxide as judged by 
AES and uniform discoloration of the foil. 
Reactions wrc performed on this oxide 
under the usual conditions: 6 atm 3: 1 
Hz : CO, 300°C. 

The major product of the iron oxide- 
catalyzed reaction was again methano 
(76y0), with a slight shift in the product 
distribution toward the higher molecular 
weight product’s as shown in Table 1. The 
accumulation of methane as a function of 
time is compared to that, of the Hz/CO and 
Hz,‘C02 reactions starting with the clean 
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Reartion Foil condition Product (57 ) Methanation rat,e 
-- __- ___-- (molecules 
c ‘L cz c, c, c, site0 set-I) 

6 atm, 300°C 
Hz/C02 3 : 1 

Initially clean 

6 atm, 300°C 
H&O 3: 1 

initially clean !I7 ;j - - - 1c.s 

6 atm, 300°C 
Hz/CO 3: 1 

Thick carbonaceolw layer 100 - - - - 0.38 

6 atm, 300°C Init ially oxidized 76 17 4..i 1.7.’ 0.73 IX.7 
__-__ 

surface in Fig. 2. The most striking fcxaturo fore, directly analogous t’o that of the clean 
of the mcthanation kinet.ics on the prc- foil except for the enhanced methanation 
oxidized foil is a tenfold incrcasc in the activity over the first 25 min. This cn- 
initial rate. In forming at’hcr products, t,he hanced activity is apparently linkrd to the 
preoxidized foil behaves in a mannw similar reduction of t,hc surface oxidr. It is possible 
to the clean iron foil. The activit’y of the that the wduction process produws rnp- 
surfaw oxidr dccwaws wit,h time and chain tallic iron clustws which arc: initially very 
growth waws after approximatc4-y 2 hr. actiw. Furt’hnr wduction produrcs a carbon- 
The mc+hanation rat,ct after 2 hr bwomw w)wrcd surface which displays activit,!; 
comparablr to t,hc ratw obt’ainc>d from the similar to that ohswwd in th(> c*lcxn foil 
unt,rrated foil after a similar waction time. c~xpwimwts. 

Auger spectra recorded at various stagw 
of the reaction supply important insight’s 
into the reaction on the prcwxidizc>d foil. 
Thcsc Augw mcasurcmcnts show that, tho 
surface oxide is unst)ablc under th(a rcact,ion 
conditions and is rapidly wduccd. This fact 
is rvidrnt from t,hc spwtm displayctd in 
Fig. 5. The oxygcln Augw signal is attcn- 
uated during the reaction until it is no 
longer dctcctabltr after 25 min. Simul- 
taneously, carbon is dcposit’rd on the sur- 
face such t’hat the Auger spectra generat)ed 
after 25 min are identical to those obtained 
from the initially clean surface aft,cr short 
reaction times. Depth profiling by ion 
sputtering indicated that the oxide is truly 
reduced and not simply covcrcd by a multi- 
layer deposit of carbon. 

I 

I d w2 eV1 

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

Energy - 

FIG. 8. Auger spectra demonstrating the reduc- 
tion of the preoxidiaed surface under high-pressure 
reaction conditions (6 a.tm. 3 : 1 Ht :CO. 300°C~. ~ , 
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The hydrogenation of CO and Wa ovw 
iron foils has bwn investigat,od under 
highly controlled conditions (3 : 1 Hz : CO, 
3OO”C, 6 atm). The product distribution, 
rates, activation cncrgirs for nwthanation, 
as well as the surface composition at 
various stages of the reaction have been 
measured. These data have reveallrd swcral 
important fcaturcs of these surfacr rw,c- 
tions. It appears that the metallic iron 
surface is not stable under our reaction 
conditions. In the HZ/CO and H2/C02 
reactions the iron surface is covered uit,h a 
carbonaceous monolayer or an oxidc- 
carbon layer, rcspcctivcly. Thcsc surfawx 
which display considcrablc catalytic act’ivity 
are also unstablr under the present rcxaction 
conditions and are eventually poisoned 
by the deposition of multilaycrs of carbon. 

The CO/Hz mcthanat’ion rraction pro- 
ceeds through at least two mechanisms. 
One mechanism predominates at short 
reaction times and occurs concurrent lvith 
chain growth. This reaction is churactcrizcd 
by high activity (turnover number 1.9) 
and an activation cwrgy of 23 =t 2 kcal 
molt-‘. 

Auger spectra show that’ this reaction 
occurs on a carbonaceous deposit of approxi- 
mately monolayer covcragc. The second 
mechanism which procrcds at a slowcr rntc 
(turnover number 0.38) and lower activa- 
tion enrrgy (12 kcal mole-‘) dominatw 
after 2 hr of reaction. This second nwcha- 
nism is appawntly the direct’ hydrogcnst,ion 
of t)hc multilayer carbon deposit. The 
cvidcncc for the hydrogmation mechanism 
is fairly conclusive. Augrr sprctra rcvral 
that only carbon is present on the surface 
at this stagr of thr reaction and that surface 
carbon can bc rcwovcd as mcth:rnc by a 
HJAr mixture, at, th(l same rate as in the 
H2/CO mixture after 4 hr of reaction. An 

important obswvat,ion concerning the hy- 
drogcwat,ion of this carbon dtposit is that 

IIO c*hain products RYXY: obwrvcbd (100 
m01e~~ CH,), i.c., thcrc is no CO inwrtion 
activity. This fact suggc&s t,hat thr direct 
hydrogenation of surface carbon dots not 
contribut8c to the formation of chain pro- 
ducts in t’hc Hz/CO reaction. 

CO is known to dissociate on iron as 
indicated by rhomisorption studies using 
single crystal surfaces (9). Thus, we arc 
justified to \vritc the rwction 

CO + Fc<s, -+ Fe,s,-C + FP(s,-0, (1) 

which must take place initially on the clean 
iron foil. This reaction, of course, dots not 
exclude the simultuncous prcsrnce of mo- 
lecular CO on the iron surface as widencrd 
by chemisorption studies. Since no surface 
oxygen is dctcctcd in the Ha’CO rwction 
oxygen must be removed by one or both of 
the following rcactionx : 

Fc(s,-0 + CO ---t cI0.L + Fil’sl, (2) 

FP (s)--0 + H2 + H,O + Fc(s,. c<> 

Rapid mcthanation and chain growth 
occur n-hen both Fe(s) and Fc(s,-C sites 
are prcwnt on the surface. If only the 
Fe(s) site participates in the insertion of 
CO and the subsequent’ hydrogenation, it 
must bc an exceedingly active site since 
the surface is covcrcd with carbon in near 
monolayer quantity. If the Fr(s,-C sitr: is 
active for inscrt,ion and hydrogenation t#his 
act,ivity compctrs with the catalyzed wduc- 
tion of CO on thwc sitw which eventually 
positions the reaction by the formation of a 
multilaycr carbon deposit. The poisoning 
rcuction may be n-rittcn as 

C,s,+CO+Hz --$ C(s)-C,s,+H,O (4) 

or 

c(s)+2co --f c(s)-c(s)+co2 (A) 

In thcsc circumstances increased partial 
pressures of CO2 or Hz0 in the reactant 
stream should slow down or inhibit the 
poisoning rcixtion. 



The H2/W2 reaction results init,ially in 
the formation of a surface oxide on the 
catalyst. This oxide is unstable with rrspctct 
to the format,ion on an active carbon 
monolayer which is unstable, and finally 
a multilaycr carbon drposit. forms. It should 
bc notcad that within our rxpctrimcntal 
sensitivity no chxngr in tho product dis- 
tribution can be obsrrvc>d as the surface 
composition changes from an oxide to an 
active carbon monolayer. The oxidation of 
thr iron surface is not surprising since CO2 
is expcctcd to bc a mild oxidant and rcac- 
tions of the type’, 

3Fc + 4co:! -+ I+&, + 2c0, ((9 

arc th<~rmodynamically fcasiblr at 300°C. 
The H2/W2 reaction was very sclcctivc 

toward mt%hanc (97% by mole) \vith t,hc 
only other d(ltrctablc product’ being (%hwnr. 
This product distribution is \vhat one 
would cxprct from a hydrogcln-rich HJCO 
reaction. A high hydrogen partial prt’ssurc 
in t,hc H,/CO rcactkm shifts t,h(a product, 
distribution t,oward mrthancl xnd results in 
saturakd chain products. Thr similarit~y 
between t.hc H2/CO2 and a hydrogen-rkh 
HJCO rcbaction suggests the following 
mechanism for thr H2/C02 rcartion. First 
t.he water-gas shift reaction is c:lt:Llyz(‘d 
by the surfncc osidc: 

COz + H, Fs H,O + CO. (7) 

The carbon monoxide is thml hydrogonatcd 
to mcthanc in a very hydrogc>n-rich 
cnvironmc>nt : 

3H, + CO --f CH, + HzO. (S) 

Vannice (‘;‘) found that the rate> of m&hana- 
t’ion from HJCO mixturc>s varks directly 
with the hydrogen partial pressure, whtrcas 
it has an inverse relationship to the CO 
partial pressure. The rapid initial rat{> 
of methanation observed in the present 
Hz/CO* reaction is, thereforr, consistent 
with the water/gas shift mechanism which 

popos”s :I large: hydr0gc.n to carbon mon- 
oxide ratio. 

Experiments t’hat utilized preoxidizcd 
iron surfaces as a catalyst for HZ/CO rcac- 
tion have dcmonskatcd that, under the 
prctscnt reaction condit,ions, the oxide sur- 
face is unstable and is rapidly rcduccd. 
During t’hc caarly stage in the reaction, 
while the oxide is being reduced, high 
mc~thanat8ion and Fischrr-Tropsch activi- 
ticIs wcrc observed. This cnhancrmc~nt of 
the surface reaction ratcks may bc due to 
the formation of highly active iron atoms 
or clusters on the surface during thr rcduc- 
t.ion process. If this explanation is correct 
then it suggests that the iron sites arc t’he 
active ccnkrs for the Fischrr-Tropsch rc- 
action. The carbonaccrtus layer obsrrvcd 
during the HZ/CO reaction on tho initially 
clean surface, may in fact be inactive with 
rcspcct. to thr: Fisrhcr-Tropsch rc,:lction. 
A small cuonctlntrattion of highly active 
clean iron sites could b(l rcq)onsiblc for the 
obstlrvc>d chain gro\\-t)h on th(x C:W~O~RCN~~S 
monolayt~r. 

The productJ dist.ribution obsc*rvcbd in our 
study is vt’ry diffrrc>nt from t,hosc obtained 
using promot(>d iron rakalysts. Also, the 
initially clean iron foil poisons rapidly as 
comparcld to the iron Fischer-Tropsch 
cat,alyst.s. It. appears that clean iron is 
crrtainlg t/of t.hc cntnlytic surface th:tt 
products alcohols and higher molecular 
lvcight hydrocarbolts, by more eEicient 
insertion react,ions and that resists poison- 
ing by carbon buildup. Thft influence of 
addit.ivcs that incrcasc the surface concen- 
tration of oxygen (potassium, for cxamplc) 
and the prcscncc of iron compounds (car- 
bides or oxycarbidcs) on tho product dis- 
t’ribution, reaction rates, and catalyst stx- 
bility is prtbsclntly baling invcstigatc>d. 

This work wab performed urlder t,he auspices of 
the U. S. Energy Research and Development 
Administration. 
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