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Methanation studies have been carried out at 290°C in a microreactor with a Hz/CO ratio of 9/l. The 
catalysts studied were iron(II1) oxide, iron(H) diiron(II1) tetroxide, and metallic iron. These were all 
prepared reproducibly from iron(II1) nitrate. The catalysts were characterized by X-ray diffraction and 
magnetic analysis both at maximum activity and after deactivation. All catalysts at maximum activity 
contained Fe&. Deactivation of the catalysts was found to be due to excess graphitic carbon. Sus- 
tained catalytic activity was found to require the presence of iron(H) diiron(II1) tetroxide, probably to 
serve as a source for continual renewal of the active catalyst SUrfaCe. 0 1985 Academic Press, Inc. 

Introduction 

The behavior of iron catalysts during the 
reduction of carbon monoxide by hydrogen 
has been investigated by numerous lab- 
oratories (1-8). It was shown (7, 8) that 
iron(II1) oxide prereduced with hydrogen at 
250°C reaches a maximum activity almost 
immediately when tested in a differential 
dynamic microreactor; however, the cata- 
lyst becomes deactivated in a relatively 
short period of time. Many investigators 
have attributed the loss of activity to the 
deposition of graphitic carbon on the sur- 
face of the catalyst. 

There appears to be some controversy 
concerning the nature of the active catalyst. 
Raupp and Delgass (2), Amelse et al. (I), 

t To whom all correspondence should be addressed. 

and Niemantsverdriet (3, 4) have claimed 
that iron carbide is a better catalyst than 
metallic iron. The increase in catalytic ac- 
tivity was related to the extent of carbide 
formation, and carbon incorporation into 
bulk iron particles controlled the concen- 
tration of the active surface sites. These re- 
search groups indicated that a positive cor- 
relation existed between the extent of 
carbide formation and the activity of the 
catalyst. However, Teichner and co-work- 
ers (7, 8) suggested that iron carbide is rap- 
idly deactivated under synthesis conditions 
and that the active catalyst consists of iron 
in an oxide form. Their studies also indi- 
cated that the formation of graphitic carbon 
is decreased when the iron is in an oxidized 
state. 

In spite of extensive literature dealing 
with iron catalysts, it is still not certain as 
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to the exact nature of the working catalyst. 
There have been relatively few studies in 
which the catalyst was related to the com- 
position of the phases present. There are a 
number of problems associated with at- 
tempts to identify the active catalyst. 
Among these is the dependency of the ac- 
tivity on small changes in preparation of the 
working catalyst. Furthermore, a variety of 
phases have been associated with iron cata- 
lysts, including a mixture of iron oxides, 
iron carbides, a-iron and graphitic carbon. 
The relative ratio of these phases varies 
from one catalyst to another depending 
upon catalyst pretreatment, temperature 
and pressure of the reaction, conversion 
levels, and the hydrogen to carbon monox- 
ide ratio. 

Methanation studies, carried out by the 
reduction of carbon monoxide by hydrogen 
at ambient pressure, are useful in correlat- 
ing catalyst activity with the nature of the 
active catalyst. Such studies yield mole- 
cules which are mainly small alkanes and 
alkenes (CH4, C2H4, C*Hh, CxH6, GHs). 
The rather small number of products allows 
for ease of analysis and a good mass bal- 
ance can be readily attained. The methana- 
tion reactions reported in this paper have 
utilized reproducible procedures for the 
preparation of FezOj, Fe304, and Fe. Reac- 
tion activity was related to the phase com- 
position which was determined both by X- 
ray analysis and Curie point determinations 
of the magnetic phases present. It was ex- 
pected that such correlations might provide 
further insight into the nature of the active 
catalyst. 

Experimental 

Iron(II1) oxide (a-FezOj) was prepared 
by the decomposition of iron(II1) nitrate 
(Fe(NO& . 9H20, Fisher Certified). This 
was carried out in air by two successive 
heatings: 12 hr at 150°C followed by 24 hr at 
400°C with intermittent grinding. 

Iron(I1) diiron(II1) tetroxide (Fe304) was 
prepared in a glass reactor by the reduction 
of Fe203 at 400°C in an atmosphere of 
98.8%/1.2% At-/Hz for 1.8 hr; the product 
was quenched under argon by removing the 
reactor from the furnace. This procedure 
has been described previously (9). X-Ray 
diffraction analysis indicated the presence 
of a single phase product. 

Iron metal was obtained by the reduction 
of iron(II1) oxide at 400°C for 24 hr under 
flowing hydrogen gas. The resulting prod- 
uct was allowed to cool to room tempera- 
ture in the furnace under a hydrogen atmo- 
sphere. Thermogravimetric analysis of the 
iron oxides was performed by reduction 
with hydrogen at 800°C employing a Cahn 
electrobalance (Model 2000). 

The catalysts were prepared for evalua- 
tion by cold pressing 200-mg portions at a 
pressure of 90,000 psi for the oxides and 
30,000 psi for the metal. The resulting pel- 
lets were sieved to a size of 20-60 mesh. 
Surface area was measured by the BET 
method using a Quantasorb Surface Area 
Analyzer (Quantachrome Corporation). 
Powder diffraction patterns of the samples 
were obtained with a Philips diffractometer 
using monochromated high intensity CuKal 
radiation (X = 1.5405 A). For qualitative 
identification of the phases present, the pat- 
terns were taken from 30” < 28 < 50” with a 
scan rate of 1” 28/min and a chart speed of 
30 in./hr. Scherrer’s equation was used to 
determine the crystallite size. The integral 
half-widths of the diffraction peaks were 
obtained from X-ray patterns taken from 
20” < 28 < 70” with a scan rate of 0.25” 201 
min and a chart speed of 30 in./hr. 

Curie point determinations of FeG and 
Fe& were made using a Faraday balance 
(10) equipped with a high-temperature 
heater. Samples were sealed in evacuated 
glass bubbles in order to prevent any de- 
composition upon heating. The sealed sam- 
ple was heated in an atmosphere of 40 Torr 
helium from room temperature to 500°C at a 



IRON CATALYSTS FOR METHANATION 213 

Frit- 

drip 
funnel 

- gas outlet 

gloss 
-liquid trap 

FIG. 1. Fischer-Tropsch microreactor used for 
methanation. 

rate of 3OWmin. The relative magnetiza- 
tion (at a constant field strength of 100 Oe) 
was recorded as a function of temperature 
using a Bascom-Turner Acquisition Cen- 
ter, Model 4110. 

The reactor system consisted of a gas 
feed section, a reactor (shown in detail in 
Fig. l), and a gas chromatograph. The com- 
plete system, including all tubing, fittings 
and valves, was made of stainless steel. 
The reactor was a fixed-bed microreactor 
made of t-in. o.d. stainless steel tubing. The 
catalyst was supported on a Q-in. 40-pm 
stainless-steel porous frit contained in a 
holder which pressed into the reactor tube 
so that the gas flowed through the catalyst 

bed. The reactor was heated by a furnace 
and the temperature was controlled by a 
Research Incorporated Type MPRY con- 
troller. The temperature of the catalyst bed 
was monitored by an Omega 316 S.S. 
sheathed Type K thermocouple positioned 
directly above the catalyst bed. All experi- 
ments were carried out at ambient pres- 
sure, a reactor temperature of 290°C and a 
HZ/CO ratio of 9/l. The total flow rate of the 
feed gas was 60 cm3/min. The gases hydro- 
gen (Matheson, ultrahigh purity), an 81%/ 
19% carbon monoxide/helium mixture 
(Matheson >99.99%), and argon (Mathe- 
son, ultrahigh purity) were used as sup- 
plied. The helium in the carbon monoxide 
was used as an internal standard to monitor 
any pressure drop resulting from the chemi- 
cal reaction of the synthesis gas over the 
catalyst. 

In a typical experiment 0.5 g of catalyst 
(20-60 mesh) was loaded into the reactor. 
For most reactions studied, the system was 
initially purged with argon at room temper- 
ature and the catalyst was then heated to 
290°C over a 45min period under a flow of 
argon (60 cm3/min). Methanation studies 
were then carried out with the rates of flow 
of both H2 and CO/He gases regulated by 
mass flow controllers (Brooks 5850). 

The exit gases were analyzed by means 
of a Varian Vista 6000 gas chromatograph 
fitted with a Poropak Q (SO-100 mesh) 6 ft 
x i in. stainless-steel column and a Molecu- 
lar Sieve 5A (45-60 mesh) 6 ft X Q in. stain- 
less-steel column. Liquids produced in the 
reaction were condensed out in a cold trap 
and analyzed by a second Poropak Q (SO- 
100 mesh) 6 ft x Q in. stainless-steel 
column. For the reaction conditions used, 
only water was found. A mass balance 
computer program was used to calculate 
the mass balance of the reactants and prod- 
ucts obtained from each sampling. 

Results and Discussion 

Iron(II1) oxide samples were prepared by 
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FIG. 2. Catalytic activity (percentage of CO converted) as a function of time for 500-mg samples of 
FezO, catalyst prepared at 400 and 200°C and of prereduced iron catalyst. The conditions of methana- 
tion were: ambient pressure, reactor temperature of 290°C Hz to CO ratio of 9/l, and gas flow of 60 
cm’lmin. 

preheating Fe(NO& * 9H20 at 150°C fol- 
lowed by a final heating at temperatures be- 
tween 200 and 600°C. The crystallite sizes 
of the resulting iron oxide particles varied 
between 100 and 440 A. The samples cho- 
sen for the methanation studies were pre- 
pared at 200°C (100 A) and 400°C (200 A). 
Methanation studies were carried out at 
290°C and the percent of CO conversion as 
a function of time is given in Fig. 2 for these 
iron(II1) oxide samples. At temperatures 
lower than 290°C methane production was 
low and the reactions proceeded slowly. 
Reymond et al. (8) have shown that at 
250°C with a HZ/CO ratio of 9/l, at 1 atm 
pressure and a flow rate of 60 cm3 min-I, 
the total conversion of CO was less than 
5%. However, the weight of catalyst was 50 
mg which is one-tenth of the quantity used 
in this study. When carbon monoxide was 
reduced at 25O”C, but under all other reac- 
tor conditions described in this study, the 

total maximum conversion of CO was 20%, 
compared to 70% achieved at 290°C. At 
higher temperatures than 290°C the reac- 
tion rates were too fast and deactivation of 
the catalyst occurred very rapidly. At HZ/ 
CO ratios less than 9/l, conversions were 
low and deactivation also took place too 
rapidly. At higher H&O ratios, deactiva- 
tion proceeded too slowly to be adequately 
characterized within a 24-hr period. 

It can be seen from Fig. 2 that the percent 
of CO conversion reaches a value of over 
70% in 4 hr and decays to only 10% in 24 hr. 
The methane production shows a behavior 
similar to that observed for CO consump- 
tion. Whereas the absolute value of CH4 
produced decreases rapidly with time, it 
can be seen from Fig. 3 that the percentage 
of methane in the converted CO does in- 
crease. Figure 3 also shows that the con- 
centrations of the olefins C2H4 and CjH6 
also increase with time. These changes may 
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FIG. 3. Product concentrations expressed as atomic percentage of the converted carbon for CH4 and 
the olefins C2H4 and CjH6 as functions of time for FeZOX catalyst. 

be related to secondary hydrogenation re- 
actions at high conversions, as well as to 
changes in the catalyst as deactivation pro- 
ceeds. The value of (Y which is obtained 
from Schulz-Flory plots (Fig. 4) decreases 
from a value of 0.33 at maximum activity to 
0.25 for the spent catalyst. Such low values 
of (Y are expected (II) because small chain 
lengths are produced when the reduction of 
CO is carried out at ambient pressure with 
bulk unpromoted iron oxide. 

It was anticipated that the crystallite size 
of the working catalyst should be related to 
the size of the Fe20J crystallites. Hence, 
Fe203 prepared with the final decomposi- 
tion temperature of the nitrate at 20°C (100 
A) should result in smaller catalyst particles 
than from Fe203 prepared at a final temper- 
ature of 400°C (200 A). As is shown in Table 
I, the differences in crystallite sizes of the 
actual phases present in the reactor at max- 
imum activity are far less than expected. 
There is, in fact, little difference in either 
the crystallite sizes or the surface areas of 
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the Fe304, Fe5C2 catalysts prepared from 
iron oxide particles with large differences in 
crystallite size. There should, therefore, be 
little difference in the measured catalytic 
activity and this is what was observed (Fig. 
2). 

The working catalyst was examined by 
X-ray diffraction analysis and Curie point 
determinations were made with a Faraday 
balance. These results are given in Figs. 5 
and 6. It can be seen that the composition 
of the catalyst at maximum activity (3-4 hr) 

TABLE I 

CATALYST AT MAXIMUM ACTIVITY 
(COMPOSITION: Fe104, Fe&,) 

Crystallite size Surface 
Temperature (“C) of by X ray (A) area 
preparation of Fez09 by BET 

(starting material) Fe304 Fe& b2k) 

200 215 150 14.6 
400 230 190 12.5 
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FIG. 4. Schulz-Flory plot of the methanation prod- 
uct concentrations as functions of carbon number for 
500 mg of Fe203 catalyst at maximum activity and after 
deactivation. 

consisted of approximately 75% Fe304 and 
25% Fe5C2, whereas the spent catalyst (af- 
ter 4 hr) showed only the presence of 
Fe&. Total carbon could be determined 
by heating the spent catalyst in a stream of 
pure hydrogen at 800°C. This procedure 
stripped the carbon and gave a product 
which analyzed as a-Fe. Results of such 
analyses indicated that the spent catalyst 
contained 10 wt% of free carbon in excess 
of the carbon associated with the FeG 
phase. Although it was not possible to ana- 
lyze the percent of free carbon associated 
with the catalyst at maximum activity be- 
cause of the presence of oxide, it does ap- 
pear that a considerable quantity of carbon 
is present in the spent catalyst. These 
results are in agreement with those of Bon- 
zel and Krebs (12, 13), who have shown 

that metallic iron is catalytically active but 
is rapidly deactivated by carbon deposition. 

Magnetite, Fe304, is formed almost im- 
mediately when Fe203 is placed in the 
methanation reactor. Hence Fe304 should 
give the same results as to activity and 
phase composition. The results obtained in 
this study were substantially the same as 
those obtained for Fe203, which is consis- 
tent with the observation that Fez03 is im- 
mediately reduced to Fe304 under methana- 
tion conditions. 

Pure iron was prepared by the reduction 
of Fez03 in a hydrogen atmosphere at 400°C 
for 24 hr. The product was transferred to 
the reactor, heated in a hydrogen atmo- 
sphere to 290°C at 6”C/min, and then the 
methanation process was started. It can be 
seen from Fig. 2 that the maximum activity 
for CO conversion was reached at the first 
sampling, which took place 10 min into the 
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FIG. 5. X-Ray diffraction patterns for FezOx catalyst 
when fresh, at maximum activity (4 hr), and after deac- 
tivation (24 hr). 
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FIG. 6. Variation of magnetization with temperature in a field of 100 Oe for FerO, catalyst at 
maximum activity and after deactivation. Corresponding data for pure Fe70, and for SO/SO mixture of 
FeJ04/FeSC2 is shown for quantitative comparison. 
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FIG. 7. Variation with time of the product concentrations (expressed as atomic percentage of the 
converted carbon) of saturated hydrocarbons for 500 mg of FezOX and of prereduced iron catalysts 
under the conditions of methanation. 
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FIG. 8. X-Ray diffraction patterns for prereduced 
iron catalyst when fresh, near maximum activity (1 
hr), and after deactivation (24 hr). 

run; the conversion then declined rapidly. 
This also occurred for methane production. 
The methane and olefin product percentage 
increased with time in a manner similar to 
the increase shown in Fig. 3 for iron(II1) 
oxide. However, as seen in Fig. 7, the satu- 
rated hydrocarbons C2H6 and CjHs de- 
creased more markedly with time than oc- 
curred when iron oxide catalysts were 
used. Hence it appears that iron oxides are 
necessary components for sustaining cata- 
lytic activity. When prereduced iron was 
used as the catalyst, the (Y value obtained at 
maximum activity was 0.39 and this de- 
creased to a value of 0.17 for the spent cata- 
lyst. This lower value for (Y after 20 hr of 
CO reduction is consistent with the higher 
methane and more marked decrease in the 
C2H6 and C3Hs production. 

The phases Fe& and Fe were detectable 
both on X-ray diffraction patterns and from 

thermomagnetic curves taken from prod- 
ucts which were quenched after 10 min of 
reaction time (at maximum activity). After 
24 hr a considerable quantity of Fe,C was 
observed to be present in the X-ray diffrac- 
tion spectra (Fig. 8). Magnetic measure- 
ments of the spent catalyst clearly show in 
Fig. 9 the two Curie points for Fe& and 
Fe,C. It has thus been shown that the active 
catalysts formed from both Fe203 and me- 
tallic iron contain Fe&. Catalyst deactiva- 
tion is most probably associated with the 
unreactive graphitic carbon which is 
formed during the methanation process. A 
more sustained activity was observed when 
iron oxide was still present in the working 
catalyst. It is evident that fresh catalyst is 
being continually produced as long as a 
source of reducible iron oxide is present 
and the absence of oxide results in rapid 
catalytic deactivation. 

Methane appears to form via a surface 
carbide mechanism first proposed by Fi- 
scher and Tropsch (24) in 1926. This mech- 
anism has been reviewed by Biloen and 
Sachtler (15) as welI as Dwyer and Harden- 
bergh (16). In this mechanism, iron carbide 
is formed as a result of diffusion of carbon 
into the bulk iron particles. In this study 
when Fez03 is used as the starting material, 
at maximum activity approximately 25% of 
the catalyst was identified as FeG. Even 
for pure iron as the starting catalyst, Fe5C2 
was observed to form immediately under 
reaction conditions. However, it is still not 
clear whether the active catalyst is metallic 
iron and/or iron carbide FeG. The carbon 
atoms which are formed from CO can also 
react with each other to form unreactive 
graphitic carbon. From reduction studies of 
the spent catalyst, it was observed that ex- 
cess graphitic carbon was present which is 
consistent with the model proposed by Fi- 
scher and Tropsch. 

The molecules produced over the iron 
powders are mainly methane and other 
small alkanes. Although some chain build- 
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FIG. 9. Variation of magnetization with temperature in a field of 100 Oe for prereduced iron catalyst 
after deactivation. The presence of two phases having Curie temperatures which correspond to FelC 
and FeSC, is indicated. 

ing occurs (a = 0.39 at maximum activity) 
the product distribution in these studies is 
not typical of true Fischer-Tropsch chem- 
istry (a > 0.65) where the majority of prod- 
ucts are liquid and solid hydrocarbons. 

It should be noted that these studies were 
carried out on bulk iron catalysts but never- 
theless are consistent with the carbide 
model. 

Summary and Conclusions 

Methanation studies were carried out 
starting with iron(II1) oxide, iron(I1) diiron 
(III) tetroxide, or metallic iron as the ini- 
tial catalysts. Under the conditions used in 
this study, there was little difference in the 
crystallite size, surface area or activity of 
the working catalysts (Fe304, Fe&z) pre- 
pared from iron oxide particles with large 
differences in crystallite size. Characteriza- 
tion of the catalysts at maximum activity 
and when deactivated was achieved by X- 

ray diffraction analysis and thermal magne- 
tization studies. In addition, the deacti- 
vated catalyst contained a large excess of 
unreactive graphitic carbon. 

Magnetite gave the same results as Fe203 
with respect to both catalytic activity and 
phase composition. This is consistent with 
the observation that magnetite (Fe303 is 
formed as an intermediate when FeZ03 is 
placed in the methanation reactor. Prere- 
duced Fe deactivates much more rapidly 
than either of the oxides. It appears that 
magnetite is necessary for sustained cata- 
lytic activity-probably because it is a 
source for continual renewal of the working 
catalyst surface. However, the results re- 
ported in this paper do not establish 
whether this active catalyst is active sur- 
face iron or Fe&*. 

It should be noted that these observa- 
tions are based on bulk sample studies car- 
ried out at 290°C where the rate of con- 
version of CO is relatively high. The 
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phenomenon will be altered at other tem- 
peratures. However, it is important to dis- 
tinguish between those phenomena which 
occur in bulk samples and those which may 
be influenced by unique surface chemistry. 
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