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The mechanism of methane and hydrocarbon formation from CO/H2 mixtures on an unpromoted 
IO wt% Fe/y-Alz03 catalyst was studied by labeling the feed mixture with “C or D. A reactive CH 
species was detected by CO/Dz and “CO/H2 and found to deactivate slowly with time on stream. 
Only about 20% of the CH remained active after 1.5 h on stream at 285°C. producing about 86% of 
the synthesis products. Also present on the Fe surface were several monolayers of hydrogen-free 
carbon, but this species was not a poison. Bulk carburiration took place, but exchange with “C on 
the surface was observed to be very slow. only about 3% of the overall synthesis rate, so that the 
bulk carbide did not participate appreciably in the synthesis. The transient incorporation of “C into 
methane and higher hydrocarbons suggested that the same large portion of the hydrocarbons was 
produced from the small active portion of the CH species. ‘t. I!# Academic Prcu. Inc 

INTRODUCTION 

Forty years ago, Kummer cf rrl. (I) re- 
ported on results of experiments with “CO/ 
H2 on iron and cobalt catalysts precarhided 
with 14C0. Hydrocarbon products were ox- 
idized to CO? over a hot wire filament, 
stabilized as a carbonate, and analyzed for 
‘“C content. Finding very little ‘“C in the 
products, the authors concluded that “the 
greater part of the product of synthesis is 
formed by some process other than the 
reduction of [hulk or surSace] carbide as an 
intermediate.” Only about IO% of the prod- 
ucts were formed via carbide reduction at 
26O”C, and 16% at 300°C (I). Before draw- 
ing this conclusion, however. the authors 
discussed at length the possible effects of 
surface heterogeneity. They noted that if 
only a small portion of the surface was 
active during the synthesis. the ‘“C content 
of the products would he expected to drop 
suddenly to the isotopic content of the gas 
phase, even though they may have been 
fol-med hy the reduction of surface carbon. 
Tests conducted by these workers to ex- 

pose such a mechanism failed to do so. 
however. so that the results helped to gen- 
er-ate interest in and support for chain 
growth by the enolic mechanism (2). I,ater 
experiments (j-6) with radioactive addi- 
tives showed that primary alcohols could 
function as chain initiators and that to a 
slight extent, methanol could he incorpo- 
rated repeatedly in chain growth as a mono- 
mer (5). Addition of methylene-labeled ke- 
tene (7) suggested that CH2 functioned 
mainly as ;I chain initiator. and not appre- 
ciably 21s a monomer-. 

More recent evidence indicates that oxy- 
gen-free species are important in methana- 
tion and chain growth, however. Brady and 
Pettit (8) found that mixtures of CH2N2 and 
Hz gave hydrocarbons in a distribution sim- 
ilar to that of the Fischer-Tropsch synthe- 
sis. When the “CH!N? was added to “CO/ 
H? mixtures, these authors reported (Y) that 
the degree of chain growth increased and 
that the distribution of ‘“C agreed best with 
the one predicted by the CH, insertion 
mechanism. Results obtained on various 
metals by isotopic tracing with “CO have 
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also demonstrated the importance of CH., 
species in chain growth (10-16). Mims and 
McCandlish (14) have reported results for a 
triply promoted iron catalyst. In the present 
work, we made use of the steady-state 
tracing (17) and other transient tracing 
techniques (18, 12) to study the behavior of 
various species on a 10% Fe/A1201 catalyst 
during the CO/H? reaction. 

Among the Fischer-Tropsch metals, iron 
is probably the most complicated, and sev- 
eral factors contribute to this. Iron oxides 
are very stable so that completely reduced 
supported iron catalysts are rarely ob- 
tained, and the reduced portion of the iron 
often becomes more oxidized under reac- 
tion conditions (2, 19). Initially reduced 
iron catalysts also normally become car- 
burized under reaction conditions. Al- 
though Ni and Co both form bulk carbides, 
these do not form under reaction conditions 
because the diffusion of carbon through 
these metals is some five orders of magni- 
tude slower than that for iron (20). There is 
also a pronounced tendency for carbon de- 
position on the surface, owing to the ease of 
CO dissociation. Dissociative CO che- 
misorption has been observed at tempera- 
tures as low as 290 K (21). Other factors 
contributing to the complex behavior of 
iron catalysts include the variety of surface 
species present during reaction. Three 
forms of surface carbonaceous species 
have been detected after reaction on 
Fe(ll0) (22): a CH, species probably con- 
sisting mostly of CH, a carbidic carbon spe- 
cies, and graphitic carbon. Only the first 
two of these species could readily be hydro- 
genated at reaction temperature (22). The 
same results were obtained in earlier work 
(23, 24) on our 10% Fe/A1203 catalyst, 
where a reduction in the working catalyst 
with H2 gave methane in two distinct peaks. 
Titrations with oxygen (24) established the 
species as CH and C. Graphite was also 
detected by reduction at higher tempera- 
tures. 

The early work of Emmett and co-work- 
ers (I) established that carbon in the bulk 

does not participate significantly in the hy- 
drocarbon synthesis, but carburization and 
surface carbon deposition can have a dra- 
matic effect on the initial synthesis rates. 
As was summarized by Niemantsverdriet 
and van der Kraan (20), reduced iron cata- 
lysts initially withdraw large amounts of 
carbon from the surface for carburization 
so that the synthesis rates are initially low. 
Iron-based catalysts initially present as ox- 
ides do not carburize though, so that the 
induction period is absent. For the reduced 
Fe/Al203 catalyst used here, the iron parti- 
cles are of an intermediate size (20 nm) and 
moderate rates of carburization are ob- 
served (23, 25). The amount of carbon on 
the surface of the catalyst can be as much 
as one-half the amount in the bulk after car- 
burization, so that in this case, the synthe- 
sis competes mostly with the mechanism 
for unreactive surface carbon deposition 
(23, 24). On a fused magnetite catalyst, 
competition with the bulk carbide forma- 
tion was important (26). 

Finally, it is important to note that good 
Fischer-Tropsch catalysts are normally 
promoted with Na, K, and other additives 
(2, 19, 27). K enhances the rate of carbon 
deposition (28) and selectivity toward 
higher molecular weight olefins and oxy- 
genates (2, 19, 27, 28). Increased operating 
pressure has a similar effect (2, 19, 27). Be- 
cause our experiments were conducted 
without these enhancements, our products 
were of a typically low molecular weight. 
This work has benefited however by the ex- 
tensive results reported previously for this 
catalyst under the operating conditions 
used here (23-2.5). 

METHODS 

The 10 wt% Fe/A1203 catalyst was made 
by precipitation and was the same as that 
used earlier (23-25). Some of the physical 
properties obtained before are summarized 
in Table 1. Fresh samples of about 50 mg of 
the substrate were charged in a once- 
through microreactor, heated in flowing He 
to 275”C, held for 1 h, and then reduced in 
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TABLE 1 

Characterization of 10% Fe/A1203 Catalyst Reduced 
I5 h at 460°C 

Property Method Value Reference 

Area BET 105 m’/g (2.1) 

cod, Static. -78’C 63 pm01 CO/g (23) 

Kid\ Flow. Ref. (29) 6X wrnol H/g (23) 

Fe diametef’ toad, 17.3 “In (23) 
Fe dinmet& H,1\ 24.8 nm (2-U 
Fe diameter x-ray 16 nm (23) 
Fe diameter TEM 16~20 “In (23 ) 
Fraction exposed’ co&l,. -78°C 0.08 

Percentage Md\sbauer 76% (‘51 
reduction 

Bed density 0.5 g/cc 

Particle size Screened 0.59-1.18 mm 

o Corrected for percentage reduction, ICO/?Fe,,,ti. 
’ IH/lFe,,+ 
’ Reduced surface iron atoms only. 

Hz at 450°C for 15 h or more as before 
(23-25). After cooling in H2 to reaction 
temperature, a switch was made directly to 
CO/H*. Following reaction, the catalyst 
was again reduced in HZ at 450°C until no 
further CH4 could be detected. The flow 
rates of all gases were always 30 mlimin 
under ambient conditions. 

Product distributions and various tran- 
sients were determined by combinations of 
gas chromatography (GC) and continuous 
inlet, high-resolution mass spectrometry 
(MS). To determine the 13C content of hy- 
drocarbons, the products were first sepa- 
rated by GC and individually cracked to 
CH4 by hydrogenolysis in HZ, and then this 
labeled CH4 was analyzed (16). By using a 
sample valve with 16 loops (VALCO), all of 
the required samples could be obtained dur- 
ing a single run. Somewhere during the 
course of these experiments NH3 was inad- 
vertently produced and adsorbed in our 
vacuum chamber, giving a small but signif- 
icant background signal close to 13CHi. Ef- 
forts to remove it failed and so we in- 
creased the instrument resolution to about 
2100 during the chain growth experiments. 
This adjustment decreased the apparent 
sensitivity and gave a 13CH: peak which 
was not particularly flat on top. Statistical 

fluctuations are therefore more important in 
the present case than in the previous work 
(16). Experimental error would also result if 
the center of the 13CHz beam were to drift 
away from the narrow collector slit. 

The reactors used here had nominal in- 
ternal volumes of 0.5 or 0.75 ml, and so 
could produce rapid transients that did not 
obscure most of the kinetic processes on 
the iron surface. We used a shallow, wide 
bed to promote backmixing by diffusion 
(30) and narrow gas inlet and outlet tubing 
for rapid response. Simulation of the mix- 
ing curve obtained under reaction condi- 
tions showed that the reactor was gradi- 
entless, in accord with theory (30). The 
details of the simulation procedure are de- 
scribed elsewhere (31), and the experimen- 
tal mixing curves may be found in a more 
detailed account of this research (32). 

Transients reported here were recorded 
with a MINC-11 microcomputer (DEC) and 
instruments were calibrated against dilute 
mixtures of known composition. All reac- 
tion mixtures contained 10% CO and the 
quantities of H1 and He required to give the 
stated Hz/CO ratio. Experiments were con- 
ducted at I atm total pressure. 

It is well known that a practical process 
based on synthesis gas from coal gasifi- 
cation would involve a feed of HI/CO on 
the order of 1 rather than 9. Our model cat- 
alyst suffers from exceedingly high carbon 
buildup for low HZ/CO ratios, and much of 
this carbon is in an inactive filamental form. 
By using 9/l for H,/CO, we minimize car- 
bon buildup and maximize its average reac- 
tivity. Thus the detection of heterogeneous 
reactivity for a 911 feed is more significant 
than that for a l/l HJCO feed. 

RESULTS 

Preliminary measurements. A series of 
experiments was conducted to determine 
the effect of reaction conditions on the tran- 
sient production of CH4 after the switch Hz 
--$ CO/H?, and on the selectivity to various 
products. 

As was reported previously (23, 24), 
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FIG. 1. Fraction of product carbon present as meth- 
ane, CO2 free, as a function of reaction conditions. 

after a switch from H2 to CO/H2 there was 
initially a spike in methane production, fol- 
lowed by a minimum caused by the con- 
sumption of carbon for carburization and 
inactive surface C deposition. If a higher 
temperature was used, the spike was 
greater and the minimum more pro- 
nounced, owing to increased rates of hy- 
drogenation and carbon accumulation 
(23-2.5). As carburization neared com- 
pletion and graphitic carbon accumulated, 
the synthesis rate leveled off and then be- 
gan to decline. The time scale of course de- 
pended on the temperature and HZ/CO ra- 
tio, and under the conditions used here, 20 
min to 1.5 h on stream was required to 
reach this stage. At this point in the synthe- 
sis, chromatographic samples were taken 
and the product distribution was analyzed. 

Figure 1 reports the efficiency of carbon 
conversion to methane on a COz-free basis. 
All experiments were conducted under 0.1 
atm CO, varying pressures of HZ, and 1 atm 
total pressure. Because of the low CO pres- 
sure and the absence of promoters, the 
products were mostly methane. The chain 
growth parameter (Y was correspondingly 
small; we found values between 0.3 and 0.4 
whereas values between 0.5 and 0.7 are fre- 
quently observed under more favorable 
conditions. The selectivity to olefins im- 
proved with decreased Hz/CO and in- 

creased temperature. The C3 fraction con- 
tained between 35 and 95% propylene and 
the CZ fraction was between 10 and 68% 
ethylene under the conditions of Fig. 1. 
Traces of acetaldehyde were also detected 
at the lower temperatures, but GUMS with 
m/e = 31 showed that no alcohols were 
produced. Figure 2 indicates the nature of 
the oxygen-containing byproduct. For sim- 
plicity, the CO2 rate was divided by the rate 
of conversion to organic carbon. When this 
ratio is unity at steady state, all of the by- 
product oxygen is present as COZ. Ratios in 
excess of unity indicate a continuing de- 
position of carbon. These measurements 
were made by methanating CO* in the 
GUMS system and measuring the resulting 
methane with a flame ionization detector 
(FID). Hz0 was not analyzed, but repre- 
sents the balance in Fig. 2 at steady state. 

During the stage of the synthesis at which 
these measurements were made, the reac- 
tion rates were in decay. If an empirical 
exponential poisoning law applies, time 
constants for the decay can be evaluated. 
The results are reported in Fig. 3, which 
shows that the most rapid decay (smallest 
time constant) was found at high tempera- 
tures and low HZ/CO ratios. No attempt 
was made to determine if any of the previ- 
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FIG. 2. Rate of COz production divided by the total 
rate of organic carbon production (TOC). Ratios in 
excess of unity indicate continuing carbon deposition. 
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FIG. 3. Empirical deactivation times (h) observed 

during the experiments summarized in Figs. I and 2. 

ous results depended substantially on the 
time on stream. 

All of the above results are consistent 
with general knowledge (2, 19, 27) and are 
presented as part of the necessary charac- 
terization of this catalyst. 

Titration of surface species using ‘3COi 
HZ rr~d HI. In the following experiments, 
we made use of the sequences “CO/He/H2 
* 13CO/Ar/H2 (I/-18,31), and 12CO/H2 -+ 
‘3CO/Hz 4 He + H2 (12, 17, 18, 31). Tran- 2 
sient concentrations were followed by con- 
tinuous inlet mass spectrometry. 

The transient responses of 13C0 and Ar 
due to the switch ‘*CO/He/H2 --, 13CO/Ar/ 

H2 were measured at 285°C with H2/C0 = 9 
and 7% conversion to organic products, 
and found to be slightly different. The extra 
12C0 which appeared in the reactor effluent 
is attributed to CO adsorbed on the iron 
during reaction (ZZ, 17,3/). Considering the 
results of Kishi and Roberts (21), no molec- 
ular CO is expected to survive on the Fe 
surface, and the amount we detected was 
very small. Only 8 pmol CO,&g, equiva- 
lent to about 0.1 monolayer CO, was found 
after 1.5 h on stream. 

Figure 4 shows the results obtained by 
the sequence HZ + 30 s “CO/H2 * 30 s 
i3CO/H2 -+ 30 s He + HZ. The H2/C0 ratio 
in the two reaction mixtures was 9. The 
transients were rapid so that we recorded 
the results one m/e peak at a time, repeat- 
ing the experiment as required (23, 24, 31). 
m/e = 16 and 17 were used with high reso- 
lution so that the background due to Hz0 
was eliminated. The intensities due to hy- 
drocarbons were negligible. The contribu- 
tion of 13CH4 to m/e = 16 was subtracted by 
the computer to give the “CH4 concentra- 
tion, and corrections were made for the “C 
in the 13C0. Also shown in the figure is 
.&I~, which is the dimensionless, normal- 
ized atom fraction ‘jC in the CH4. This 
quantity was calculated as a function of 
time using the transient concentrations of 
12CH4 and 13CH4 shown in the figure. The 

TIME (min) 

FIG. 4. ‘TH,, “CH4, and fraction ‘% in CHI resulting from the sequence H2 + 30 s ‘*CO/H2 + 30 s 
‘-‘CO/H2 --) He + H2. Also shown is the CHd-s transient resulting from the standard experiment using 
only TO. 
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FIG. 5. Titration of the ‘3CO/HZ-exchanged surface with H2 after varying times in 13CO/H2; 1.5 h on 
stream at 285°C in 10% ‘*CO/H2. Times in ‘VO/H* were 25 s, 1 min, 5 min, and 30 min. 

CHd-s curve resulted when the experiment will show that the less reactive C does not 
was repeated using 12C0 throughout. exchange or react under 13CO/H2, so that 

The spike in CH4 production after the the 13C content of the tail in Fig. 4 was de- 
switch HZ + 10% CO/H2 appears in the first termined primarily by the amounts of C de- 
few seconds of Fig. 4. In the midst of the posited under 12CO/H2 and 13CO/H2. 
minimum in CH4 production, the switch to Figure 5 reports the results of the same 
10% 13CO/H2 was made 13CH4 began to 
form, and the 12CH4 concentration decayed. 

experiment except that now we have used 
1.5 h on stream in “CO/H2 and varied the 

A switch to He and then to H2 allowed the time of reaction in 13CO/H2. The shape of 
titration of the carbonaceous species, and the CH4-s produced in Hz by the standard 
we see that most of these species were con- nonisotopic experiment has been reported 
verted to 13C during the short exchange pe- for varying times on stream (23, 24). The 
riod. By the results obtained earlier (23, initial peak is due to CH, the second peak 
24), we know that the CH species was fully due to less reactive C, and the subsequent 
established and that a small amount of the tail due to the reduction of bulk carbide 
less reactive carbon had accumulated. (23-25). In order to avoid long isothermal 
Since only about 30 s is required to titrate reduction times in H2 for the carbide, the 
the CH with Hz at 285°C (23), the tail which temperature was ramped at about 40 K/min 
appears after about the 2-min mark in Fig. 4 to 450°C resulting in a third peak. 
is due to the reduction of less reactive C. As the time of exposure to 13CO/H2 was 

At the conclusion of the 13CO/H2 treat- increased, the height of the initial 13CH4 
ment, the methane was about 85% 13CH4, peak increased monotonically. The less re- 
and the titration of the CH with H2 showed active C apparently did not exchange or ac- 
that the CH reduced initially was of about cumulate further in 13CO/H2. The latter re- 
the same composition. Further along in the sult confirms the deconvolutions reported 
titration, however, the less reactive C is previously (23), which indicate that the 
seen to have contained less 13C. The lower quantity of inactive carbon begins to de- 
rate of replacement with 13C during reaction crease after about 10 min on stream at 
agrees with the longer time required to ti- 285°C. Since the reaction rates continued to 
trate the species in HZ, but C was being decline between 1.5 and 2 h on stream, this 
deposited under both “CO/Hz and 13CO/ species could not have been responsible for 
HZ, however, so that these results must be the deactivation (23, 24). After 30 min in 
interpreted carefully. The next experiment 13CO/H2 the bulk carbide was still only 
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A. 1.5h 12CO/H2 + ‘%O/H2 - 

B. 30s 12CO/H2 - ‘3CO/H2 _ 

FIG. 6. Relaxation of methane to “CH, after 30 s and 1.5 h on stream at 285°C and Hz/CO = 9. The 
rates of synthesis were approximately 135 and 186 pmol organic carbon/g-min after 30 s and I .5 h on 
stream. respectively. 

about 18% 13C so that the exchange rate of 
bulk carbon with the surface was small. 
Based on homogeneous carbon pool struc- 
tures (17, 3/), we could estimate that the 
rate of carbon exchange with the surface 
was only about 3% of the synthesis rate, or 
about 5 pmol C/g-min. A low rate of ex- 
change of bulk carbon is consistent with the 
early work of Kummer et al. (I). Although 
the rate of exchange of carbon with the sur- 
face was low, the rate of diffusion of carbon 
within the bulk is expected to be very large 
(20, 25). 

It is interesting to compare the replace- 
ment of “CH with “CH in Figs. 4 and 5. 
After 30 s on stream (Fig. 4), 30 s in “CO/ 
HZ gave CH containing 85% “C. After 1 .S h 
on stream (Fig. .5), 2.5 s in ‘%0/H: gave CH 
containing only about 23% ‘%. After 30 
min exchange, the CH was still only about 
86% “C, indicating that most of the CH 
species reacted very slowly. 

In Fig. 6 we compare the “CH4 transients 
produced under ‘3CO/H2 during the previ- 
ous experiments. Again, the results are re- 
ported in a normalized, dimensionless for- 
mat. The definition of Z,-H, is 

-&I, 
\’ - 4’0 

EL 
(1) 

yz - 4’0’ 

where y. is the fraction 13C in the “CO/HZ, 
yz is the fraction ‘% in the “CO/HZ, and ,y 

is the fraction 13C in the CH4. The initial 
value of Zcu, is therefore zero and the ulti- 
mate value is 1 .O. 

Even though the experiments were con- 
ducted under the same conditions, the re- 
laxation of “CHJ was faster after 1.5 h on 
stream than after 30 s on stream. In fact, 
the response after 1.5 h on stream appears 
to be made up of two parts: the rapid relax- 
ation of a small portion of the CH in Fig. 5, 
and a slower relaxation due to the less ac- 
tive CH and bulk carbide. It is significant 
that the small active portion of the CH seen 
to exchange rapidly in Fig. 5 produced most 
of the methane product, as shown by Fig. 6. 
The amount of the 13CH4 ex “CH, the frac- 
tion ‘“C in the CH, and the fraction “C in 
the CH4 produced at the conclusion of the 
“CO/H2 treatment for the experiments of 
Figs. 4-6 are summarized in Table 2. Since 
the fraction ‘jC in the CH and the CH? pro- 
duced from it under ‘“CO/HI were about 
the same in the experiment of Fig. 4. the 
CH species were initially uniform in reac- 
tivity. After I .5 h on stream in “CO/H?. the 
fraction “C in the CH during the transient 
under “CO/H? was always less than the 
methane produced from it, indicating that 
the intermediates were nonuniform in reac- 
tivity. This is in accord with earlier results 
(23, 24) which showed that the reactivity of 
CH declined with time on stream. Presum- 
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TABLE 2 

Titration of CH with “CO/H2 and H, at 285°C with 
Hz/CO = 9 

Time in Time in Amount ZCH4 at hi4 In xco, to 
‘*CO/H2 “CO/H2 of “CH4 peak ‘%O/HI at organic 

in H? maximum maximum products 

(pmolid in n1 OdY 

60 s 0 9lO.b 0 0 4.7% 

30 s 30 s 640 0.83 0.85 

1.5 h 0 866h 0 0 6.9% 

1.5 h 25 s 5 0.2 0.86 

1.5 h I min 12 0.4 0.92 

1.5 h 5 min I9 0.6 >0.95 

I.5 h 30 nun 31 0.9 >0.95 

’ Includes some less active C (23). 
’ No reaction in “CO/H?; amount of ‘?CH4 under the C&s CUWC. 

ably, the deactivation of the CH is the rea- 
son for the overall loss of catalytic activity. 

The results of Biloen et ai. (11) for hydro- 
carbon synthesis over Ni, Ru, and Co cata- 
lysts at 3 atm are similar to the results re- 
ported here. In both cases, large amounts 
of carbon were deposited on the catalysts, 
with only a small fraction remaining active. 
Following these authors (II), we can es- 
timate the quantity of the most active CH 
species present during the series of chain 
growth experiments to be discussed below. 
The lifetime (11, 31) of the active CH spe- 
cies is rcn. The amount of the most active 
portion can be obtained from the relation 

r 

N act = WH&H = ~CH c nr,,, (2) 
n=l 

where RCH is the rate of consumption of 
CH, which we assume was the total synthe- 
sis rate. 7cn was estimated from the initial 
slope (31) of ZcH4, with the mixing time sub- 
tracted to compensate for the response of 
the instrumentation. The results collected 
in Table 3 indicate that the amount of active 
CH present during reaction is usually less 
than about 10 pmol/g after a significant 
time on stream. The total amount of CH 
present at 285°C with Hz/CO = 9 is about 
50 pmollg, and this quantity is apparently 
independent of time on stream (23). CO 
chemisorption at -78°C suggests that about 

126 pmol/g of exposed iron atoms is pres- 
ent on the clean catalyst (23). 

Titration of surface species using COIDZ. 
With Hz/CO and DJCO = 9 at 28X, we 
made a switch from r2CO/H2 to r2CO/D2 
and observed the HZ, HD, Dz, and CD4 
transients. Experiments were conducted 
after 30 s and 1.5 h on stream. Owing to the 
complexity of the cracking patterns of the 
partially deuterated methanes, we did not 
attempt to measure the other products. 
High resolution allowed us to exclude any 
D20 formed. 

The mixing time of the reactor was 0.63 
s. During the mixing transient between 
CO/H2 and CO/D2, a spike in HD was ob- 
served and attributed to scrambling of HZ 
and D2. Following the spike was a tail of 
HD, which we attribute to a slower ex- 
change with the support and possibly also 
to the scrambling of CH, hydrogen. The re- 
laxation of the methane products toward 
pure CD4 was similar to the relaxation to- 
ward r3CH4 in Fig. 6. This indicates the ex- 
istence of some CH, (X = 1-3) species. Pre- 
vious titrations of this species with oxygen 
(24) established the species as CH, and for 
simplicity, we have used this notation 
throughout. 

Figure 7 makes a comparison between 
these results using the dimensionless for- 
mat. The original concentration transients 
may be found elsewhere (32). Zn is the 
atom fraction deuterium in the H2 + HD + 
D2 mixture. We did not have a calibration 

TABLE 3 

Amounts of the Most Active CH by the Initial Slope 
of &ii, 

Run No.: I 2 3 4 5 6 

Temp. E) 285 260 310 310 260 310 

H#ZO 9 9 9 2.5 2.5 2.5 

Time on stream (h) 2.0 2.0 I .25 1.0 1.17 0.33 

I 
C nr., (~molig-min) I61 IS6 153 7.3 33 21 

n=, 

xc0 WC) 5.6 5.4 5.3 1.0 4.5 29 

TH (5) 3.2 4.4 3.8 8.5 9.4 11.4 

N,t (wmlig) 9 II IO 1 5 4 
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0 10 20 30 40 50 60 
TIME (5) 

FIG. 7. Dimensionless deuterium and CD, transients after 30 s and I .5 h on stream. The amounts of 

CH titrated by the areas between (Zo)4 and & ,), were approximately ?8 and Ii pmol CHig for 30 s and 

I .5 h on stream, respectively. 

mixture for HD and the sensitivity of our 
instrument differed considerably between 
H2 and D?. Zn was therefore determined 
from H2 and DZ, with HD by difference. 
The approach of Zn to I .O was rapid, except 
for the tail due to support exchange. If no 
CH, (X = 1-3) were present, the probability 
of forming CD4 from protium of composi- 
tion Zn and C would be (Zn)4, excluding 
isotope effects. Curves 3 and 4 are the val- 
ues for (Zn)4 that we calculated from the 
experimental results. Zen, is the fraction of 
all methanes which were CD4. Since the in- 
tensities of the CD,’ signals were about con- 
stant after 1 min in CO/D? (32), an approxi- 
mation to Zct), could be obtained by 
normalizing the CD,’ signal. In making this 
approximation, we neglected any changes 
in reaction rate, any isotope effects, and 
any tailing effect due to slowly reacting 
CH,. The assumptions combined to cause 
the approximation to relax more rapidly to- 
ward 1 .O than the true value of Zen,. Curves 
5 and 6 show the results obtained. Since the 
estimates of Zen, relaxed more slowly than 
(Zn)4, there must have been some CH, pres- 
ent. The areas between (Zu)” and Zen, rep- 
resent this CH., and the amounts found 
were about 28 and I1 pmol CH/g after 30 s 
and I.5 h on stream. Note that the CO/D2 
experiment detects only the most active 
portion of the CH since the slowly reacting 

CH was neglected and that some of the CH 
hydrogen may have been scrambled away. 
In any event, these results are consistent in 
that the amount of active CH declined with 
time on stream. 

Another important conclusion to be 
drawn from this experiment is that the step- 
wise hydrogenations CH -+ CH: + CH7 -+ 
CH4 are all irreversible. Any one reversible 
step should have enabled the scrambling of 
CH, hydrogen, in contrast to the results. 

It is also interesting to note that no CH, 
was detected on Ni/A1203 by the CO/D? 
(31) or oxygen (33) titrations, but that CH 
was detected on Ni/SiO: (34). Apparently 
there was little CH, (x = l-3) on the CC1 
fused magnetite catalyst (26). CH was the 
major CH,r species on FeiTiO? (35). 

Chain growth. In the remaining experi- 
ments, a switch was made from “CO/H7 to 
“CO/H2 and the transient incorporation of 
13C into methane and higher hydrocarbons 
was measured by (X/MS. Only the frac- 
tion 13C was determined. Olefins and paraf- 
fins were lumped together. The conditions 
of these experiments are listed in Table 3. 
For runs I, 3, and 4, the bulk iron was prob- 
ably fully carburized. In the other cases, 
the short times on stream or the low tem- 
perature probably did not allow complete 
carburization (25). The synthesis had 
reached the stage where the reaction rates 
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X C2= 495ppm T = 260-C 
AC3= 363ppm H2/C0=2.5 

oC4= 114ppm x,,: 1.5% 

0 C5= 33 ppm SC, : 4 0 ‘1. 

a = .31 
0 - I I I I I 

C02/TOC z.62 
I I I 1 1 

0 10 20 30 40 50 60 
TIME(s) 

FIG. 8. Fraction 13C in the synthesis products after a switch from ‘*CO/H2 to ‘TO/H2 at 260°C and 
H2/C0 = 2.5; 70 min on stream. 

had begun to decline in each experiment, 
however. 

The results of the chain growth experi- 
ments were similar in all of the runs. Figure 
8 shows the results obtained at 260°C with 
HJCO = 2.5 after 70 min on stream, a run 
which approached useful Fischer-Tropsch 
conditions. The results of the other experi- 
ments appear elsewhere (32). The contin- 
uous curve in Fig. 8 is the methane tran- 
sient determined by mass spectrometry, 
just as in Fig. 6. The descrete points repre- 
sent the fraction 13C in methane and other 
hydrocarbons, as determined later by 
GUMS. As discussed above, the Zen, tran- 
sient was composed of two parts: the fast 
response due to the active CH and the 
slower part due to the less active CH and 
exchange with bulk C. Although the divi- 
sion is less clear at 260°C than at the higher 
temperatures, only a small amount of active 
CH was present (Table 3). The results show 
that the 13C content of the hydrocarbon re- 
laxed in the same way, so that most of the 
hydrocarbons were probably being pro- 
duced from the same small portion of the 
CH. 

Considering the variation of any one of 
the Z, from sample to sample, statistical 
fluctuations in the ‘%Hi beam current 
seem to have been tolerably low in this ex- 
periment. Similar fluctuations were ob- 
served in the other runs, but the relative 

fluctuations in run No. 4 were larger, owing 
to the low concentrations analyzed. The 
relative degree of enrichment of the various 
hydrocarbons also fluctuated, but the ma- 
jority of the points in Fig. 8 and in the other 
experiments contained information on 
chain growth via the less active CH species 
and other forms of carbon. These small dif- 
ferences are therefore of minor signifi- 
cance. The best time to observe differences 
between the Z, is when Zen, is small or of 
intermediate value (16). Since this part of 
the Zcu, transient was so fast, none of the 
GUMS samples taken corresponded to this 
period of time. The statistical fluctuations 
contained no discernible pattern and are at- 
tributed to the less satisfactory perfor- 
mance of the mass spectrometer at in- 
creased resolution. We believe that the 
basic result that the Z,, follows Zi is reli- 
able, however. In summary then, the re- 
sults did not depend qualitatively on the 
temperature or HJCO ratio. Apparently 
the most active CH species is the dominant 
reservoir for methanation and chain growth 
under all conditions in the neighborhood of 
285°C and HJCO = 9. 

DISCUSSION 

Summarizing the results, we can say that 
great reservoirs of carbon are associated 
with the iron catalyst: bulk carbide, surface 
inactive carbon, and CH, but only a small 
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fraction of the CH is active for the synthe- 
sis of hydrocarbons after significant times 
on stream. These results are in accord with 
the work of Biloen et al. (If) for Ni, Co, 
and Ru catalysts covered with large 
amounts of carbon. Considering the small 
amounts of active species in the presence of 
multilayers of carbon (Ref. II, Tables 2 
and 3, Fig. 7) it is not surprising that Kum- 
mer et al. (I) did not detect substantial in- 
corporation of ‘V. Once more, previous 
work (24) on this Fe/A1203 catalyst has 
shown that the C deposited by X0 --$ C + 
CO2 is much different from the CH species 
and is probably the same as the C in the 
second peak of Fig. 5. As much as 309 
pmollg of this carbon can accumulate dur- 
ing reaction with HJCO = 9 at 285°C (23). 

The deactivation of CH demonstrated in 
Fig, 5 is remarkable. It is often assumed 
(22, 36) that the cause of the deactivation is 
the accumulation of graphitic carbon. How- 
ever, our experimental results do not indi- 
cate that the total amount of CH decreases 
with time on stream (23, 24, Fig. .5), as 
would be expected if portions of the surface 
became blocked with graphite. Instead, 
only the turnover frequency for many of the 
CH species is decreased. Our results seem 
to be inconsistent with the usual graphite 
blocking mechanism (22, 36). 

Finally, with respect to chain growth, 
the Schulz-Flory-Anderson distribution 
model suggests that the k, and k, for the 
chain growth steps are independent of 
chain length. Under these circumstances 
the lifetimes of the growing chains, Q-~, must 
also be independent of rz. If the T,~ were all 
3- 10 s like 7cu (Table 3), we would have 
detected substantial differences between 
the 2, (16). Since the 7, must all be about 
the same, we conclude that they were all 
very small, and by analogy to the growing 
chains, that the coverage of the initiator 
(CH3 for example) was also very small. 
Mims and McCandlish (14) have drawn the 
same conclusions from their chain growth 
experiments on a promoted iron catalyst 
and suggested that the coverages of the 

growing chains are 0.01 monolayer or less. 
Since the majority of the surface of our cat- 
alyst was covered by less active forms of 
carbon, the present results imply that chain 
growth takes place on a very localized 
scale. Whether or not several active CH 
species must be present at an active center 
in order for chain growth to occur is not 
known, but the chain growth experiments 
suggest that this is true. Presumably the ac- 
tive centers were dispersed over the sur- 
face of the catalyst and only a few active 
CH species were present at each one. Since 
the product distribution implies that chain 
length can increase without bound, the 
number of CH species at a center appar- 
ently does not restrict the chain length of 
products it produces. This implies of course 
that several of the carbon atoms in a prod- 
uct molecule could have come from the 
same site in an active center. Chain growth 
may even have occurred by repeated alkyl 
migrations between just two neighboring 
active CH sites. It is interesting to note that 
this sort of mechanism can account for the 
results obtained using Ni/A1203 (16) under 
conditions where the CH, species were 
comparatively homogeneous and the sur- 
face relatively free of inactive carbon de- 
posits (31). The agreement is encouraging 
and suggests that chain growth during the 
Fischer-Tropsch synthesis normally does 
occur on a very localized scale. 

CONCLUSIONS 

The reaction of CO and Hz on an initially 
reduced Fe/A1203 catalyst leads to carburi- 
zation of the bulk Fe and deposition of sev- 
eral monolayers of C on the surface. Nei- 
ther of these species is an intermediate in 
the hydrocarbon synthesis. A CH species is 
also present and hydrocarbon synthesis 
takes place using carbon taken from this 
pool of intermediates. For short reaction 
times the CH species is uniform in reactiv- 
ity to form hydrocarbons, but as the time 
on stream is increased, most of these spe- 
cies become deactivated. After I .5 to 2 h on 
stream at 285°C with Hz/CO = 9, 20% of 
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the CH produces about 86% of the hydro- 
carbon products. The kinetic processes 
leading to CH4 and hydrocarbon production 
from CH are all rapid once initiated and the 

:i: 

coverages are therefore small. 17. 
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