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NOTES 

CO Hydrogenation over Well-Dispersed Carbon-Supported Iron 
Catalysts 

Iron has long been the predominant Fi- 
scher-Tropsch catalyst for commercial use; 
however, significant improvements can still 
be made in the areas of selectivity and ac- 
tivity maintenance (1). Unsupported, pro- 
moted iron is the catalyst presently used, 
but few studies pertaining to supported iron 
have been reported, presumably because 
iron is so inexpensive. However, earlier 
studies indicated that using carbon as a sup- 
port could alter catalytic behavior of metals 
like iron and ruthenium (2, 3). In addition, 
studies utilizing glassy carbons (carbon mo- 
lecular sieves) showed that the ultramicro- 
porosity in these carbons could affect selec- 
tivity in certain catalytic reactions (4). This 
led to an initial study focused on the prepa- 
ration and catalytic behavior of iron/glassy 
carbon catalysts which has been described 
elsewhere (5-7). However, it rapidly be- 
came apparent that these carbon-supported 
iron systems were quite interesting and a 
broader base was required for comparison, 
so catalysts composed of iron dispersed on 
graphitized carbon, carbon blacks, and acti- 
vated carbons were also prepared. In con- 
tradiction to earlier studies of Fe/carbon 
CO hydrogenation catalysts, these carbon- 
supported iron samples were very active, 
and they typically had higher activities and 
olefin/paraflin ratios than unpromoted Fe/ 
AlsO catalysts (5, 6). 

In addition, an aqueous impregnation 
technique was developed which allowed 
the preparation of very highly dispersed 
iron on certain carbons. These iron/carbon 
catalysts could be placed in two general 
groups: one with high dispersion (HD) and 
one with low dispersion (LD). These re- 
duced catalysts exhibited extremely inter- 
esting chemisorption behavior at 300 K- 
hydrogen chemisorption either did not 

occur or was very low while CO chemisorp- 
tion always occurred, with very large CO 
uptakes existing in some cases indicating 
the presence of very small iron particles 
(i.e., high dispersions) (5, 6). In addition to 
these chemisorption properties, significant 
differences existed in catalytic behavior 
which could be correlated with the crystal- 
lite size of the iron. This note describes 
these variations in catalytic properties. 

The preparation of catalysts used in this 
work has been described previously (5, 6). 
For example, the two catalysts most thor- 
oughly studied, 5% Fe/C-l and 4.5% Fe/ 
V3G, were prepared by wetting Carbolac- 1 
(C-l) and Vulcan 3 Graphite (V3G), respec- 
tively, with an aqueous solution of iron ni- 
trate [Fe(NO&, . 9Hz0 from Baker Chemi- 
cal Co.]. The Carbolac-1 from Cabot 
Corporation has a total specific surface area 
of 950 m2 g-l and the Vulcan 3 Graphite, ob- 
tained after graphitizing nonporous Vulcan 
3 carbon black (from Cabot) at 3073 K, has 
a surface area of 56 m2 g-l. For the C- 1 cata- 
lyst, 2.5 cm3 solution g-l was used while 1.0 
cm3 solution g-l was used for the V3G sup- 
port. The solution was added dropwise and 
the catalyst was thoroughly stirred after 
each addition. One additional catalyst, 5% 
Fe/V3R, was prepared by heating the Vul- 
can 3 black in flowing Hz for 12 hr at 1223 K 
to remove residual sulfur, then this carbon 
was impregnated in a similar manner. With- 
out this S-removal step, the catalyst is inac- 
tive (6). Active iron/glassy carbon catalysts 
were also prepared by heating the glassy 
carbon (GC) prepared from paratoluene sul- 
fonic acid in Hz at 1223 K for 12 hr to re- 
move sulfur prior to impregnation (6, 7). 
Saran (Dow Chemical Co.) was first car- 
bonized in Nz at 1223 K, then one sample 
was activated to 30% burnoff in CO, and 
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another was oxidized by treatment with 
HN03 (6). The gases used, He (Mathe- 
son-99.9999% purity, Hz (Matheson- 
99.999% purity), and CO (Matheson- 
99.99% purity), were further purified (6). 

CO and hydrogen uptakes were mea- 
sured in a mercury-free, glass volumetric 
adsorption system which has been de- 
scribed elsewhere (8). All samples were re- 
duced 16 hr in flowing Hz at 673 K followed 
by a 1 hr evacuation at 648 K before cooling 
under dynamic vacuum to the desired tem- 
perature. Isotherms were measured after a 
1 hr exposure to the adsorbate. 

Kinetic studies were conducted in a small 
glass reactor suspended in a fluidized sand- 
bath, which has been described elsewhere 
(6). Catalyst charges to the reactor were 1 g 
or less and conversions near 5% or lower 
were maintained to achieve operation of a 
differential, plug-flow reactor. Except for 
the activity maintenance studies, kinetic 
data were obtained after a 20-min period 
on-stream following a 20-min exposure to 
pure Hz (9). All samples, unless otherwise 
noted, were reduced 16 hr at 673 K in 50 
cm3 min-’ H2 before cooling in Hz to the de- 
sired temperature. Rates of CO hydrogena- 

tion are based only on CO converted to hy- 
drocarbons utilizing carbon balances on GC 
analyses (9). 

After careful passivation in air, X-ray line 
broadening experiments were conducted 
using a Rigaku Geigerflex 4036-Al diffrac- 
tometer, and average iron particle sizes 
were calculated using the Sherrer equation 
with Warren’s correction for instrumental 
broadening. 

Few studies have been reported which 
have examined the adsorption of CO and H2 
on pure iron or on supported, unpromoted 
iron catalysts. The pioneering work of Em- 
mett and co-workers was directed predomi- 
nantly toward unsupported, singly, and 
doubly promoted iron catalysts (IO). Re- 
cent UHV studies by Wedler et ul. on iron 
films have clearly shown that both H2 and 
CO adsorb rapidly at 273 K and coverages 
which became essentially pressure-inde- 
pendent were attained by lo+ Pa (II, 12). 
Thorough studies on MgO-supported iron 
have also shown that CO adsorbs readily on 
reduced iron surfaces, but activated Hz ad- 
sorption occurred on small iron crystallites 
(< 15 nm) (13). Some uncertainty exists re- 
garding characterization of iron by selective 

TABLE 1 

Iron Crystallite Sizes Determined by Chemisorption and X-Ray Diffraction Measurements 

Catalyst Uptake at 300 K Fe crystallite size 
@mole g catalyst-i) (nm) 

H2 co CO/Fe, = 4 XRDb 

Group “HD” 
4.8% Fe/Act. Saran 
2.5% Fe/C-l 
5 .O% Fe/C- 1 
5.9% Fe/Ox. Saran 

Group “LD” 
5.0% FelV3R 
2.5% FelGC 
4.5% FelV3G 
5.0% Fe/Red. GC 
10% Fe/n-A&O, 

2.1 >436” co.7 NV” (~4) 
0.7 190 0.6 - 
3.1 375 1.0 NV 
7.1 >241° cl.6 NV 

0.2 38 9 12 
0 3.9 43 26 
1.3 5.6 54 33 
0.7 4.0 83 21 
0 10.5 64 26 

o Adsorption equilibrium had not been completely attained after 1 hr. 
b Based on the (110) a-Fe peak. 
c Not visible. 
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TABLE 2 

Influence of Particle Size on Specific Activitya 

Catalyst 

4.8% Fe/Act. Saran 
2.5% Fe/C-l 
5.0% Fe/C-l 
5.9% Fe/Ox. Saran 

5 .O% FelV3R 

2.5% Fe/GC 
4.5% Fe/V3G 
5.0% Fe/Red. GC 
10% Fe/A&O9 

Diameter 
(nm) 

CO.7 
0.6 
1.0 

cl.6 

9.0 

43 
54 
83 
64 

Activity Turnover frequency 
(pm01 s-l g Fe-l) (s-l x 103) 

CH, co N -4 NC0 

11 51 1.2 5.1 
12 58 1.5 7.9 
18 69 2.5 9.3 
20 72 5.0 18 

9.4 37 12 50 

6.0 26 38 167 
13 69 107 554 
2.6 11 33 138 
6.1 16 58 152 

‘P = 101 kPa, T = 548 K, Hz/CO = 3. 

gas chemisorption (14), and the adsorption 
stoichiometry of CO (Fe, : CO) might be ex- 
pected to vary between 1 and 2 (15); how- 
ever, good agreement among different tech- 
niques to measure particle size has been 
obtained assuming a ratio of 2 : 1 (1.5). Re- 
gardless, CO chemisorption at 300 K should 
be a good relative measure of iron surface 
area and provide absolute surface areas ac- 
curate to within a factor of two. Turnover 
frequencies were calculated here based on 
these values for fresh catalysts and assum- 
ing an adsorption stoichiometry of Fe,/CO 
= 1. Adsorption blanks were run on the 
pure carbon supports and no irreversible 
adsorption occurred at any temperature 
(16). A slow CO uptake continued after 1 hr 
on the two Saran-supported catalysts, and 
it is not known at this time whether adsorp- 
tion on the carbon support or on the iron 
surface was occurring. All uptakes in Table 
1 are those measured after a 1-hr exposure 
to CO. The CO chemisorption results in Ta- 
ble 1 clearly show that small iron particles 
are present in the high dispersion (HD) fam- 
ily of catalysts, and large iron particles exist 
in the low dispersion (LD) group, regard- 
less of choice of adsorption stoichiometry. 

Average particle sizes, d, were calculated 
using CO uptakes and the equation d(nm) = 

CID with C = 0.75 nm and D = Fe,/Fe, 
where Fe, represents surface Fe atoms and 
Fe, is the total number of Fe atoms. The 
value of C is obtained using an average area 
per Fe, atom of 9.4 AZ (10). Table 1 shows 
that CO uptakes on the HD catalysts are 
very large compared to uptake on the LD 
samples. The hydrogen chemisorption val- 
ues at 300 K are consistently low, and al- 
though such behavior has been reported 
previously (9, 17), it is not well understood 
at this time. Activated hydrogen chemi- 
sorption over this temperature range has re- 
cently been reported on small iron particles 
(U), but this does not explain the low H,,,/ 
CO(,, ratios on the large, carbon-supported 
iron crystallites. 

X-Ray diffraction results were generally 
in qualitative agreement with the chemi- 
sorption results, assuming bridged bonding, 
as shown in Table 1. The HD catalysts 
showed no visible Fe peaks because they 
were so broad, whereas all the LD catalysts 
exhibited well-defined diffraction peaks. 
Characterization in much greater detail us- 
ing CO chemisorption at 195 K, magnetic 
susceptibility measurements, and Moss- 
bauer spectroscopy has clearly shown that 
small iron crystallites were present in the 
5 .O% Fe/C- 1 catalyst while large iron crys- 
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TABLE 3 

KINETIC PARAMETEIW FOR Fe/CAReON CATALYSTS” 

Catalyst A 
molecules 

site . s . ATM 

E-4 
(kJ/mole) 

X Y ECOb 
(kJ/mole) 

4.8% Fe/Act. Saran 2.35 x 10’ 76 1.15 -0.17 67 

2.5% Fe/C-l - 82 - - 84 

5.0% Fe/C-l 1.81 x 10s 93 1.04 -0.14 87 

5.9% Fe/Ox. Saran 2.09 x 106 90 1.08 -0.07 75 

5.0% Fe/V3R 4.07 x 106 88 0.98 -0.01 95 

2.5% Fe/GC 5.48 x lo6 107 0.96 -0.26 133 

4.5% FelV3G 1.06 x 10” 93 1.49 -0.13 105 

5.0% Fe/Red. GC - 105 - 122 
10% Fe/A&OS - 72 - - 64 

15% Fe/Al,Osc 2.28 x 10’ 89 1.14 -0.05 109 

a NC% = Ae-EiRTPH2XPc,Y. 
b CO conversion to hydrocarbons. 
c From Ref. (9). 

tallites existed in the 4.5% Fe/V3G sample, 
and these results are reported elsewhere 
(16, 18). 

An important consequence of this study 
is the capability of preparing very small 
supported iron crystallites because iron is a 
metal difficult to prepare in such a state. 
MgO-supported iron is the only other highly 

dispersed iron system that has been re- 
ported (13, f5), but two additional advan- 
tages are obtained by the use of carbon sup- 
ports-they are very inert and essentially 
all of the iron can be reduced to metallic 
iron ( 18). 

These carbon-supported iron catalysts 
are very active as shown in Table 2. These 

TABLE 4 

Product Distributions from Carbon-Supported Iron” 

Catalyst T CO conv. Mole fraction Olefiniparaffin 

(“K) (%I ratio* 

c1 cZ c3 c, c, c,, 

4.8% Fe/Act. Saran 503 3.1 
2.5% Fe/C-l 523 3.2 
5.0% Fe/C-l 503 3.0 
5.9% Fe/Ox. Saran 499 3.6 
5.0% FelV3R 528 2.8 
2.5% Fe/GC 528 3.2 
4.5% FelV3G 518 3.9 
5.0% Fe/Red. GC 528 3.0 
10% Fe/ A&O3 499 3.4 
10% Fe/A&O, 504 4.7 

40 30 20 7 3 2 1.8 
43 23 16 11 5 3 1.5 
49 19 18 9 3 2 1.2 
46 18 15 9 7 5 1.7 
54 18 16 7 3 2 1.3 
55 19 18 6 3 TI 0.35 
48 16 18 9 6 4 0.53 
52 21 18 7 2 Tr 0.23 
58 14 17 8 2 1 0.65 
59 14 16 8 2 1 0.20 

aP = 101 kPa, Hz/CO = 3. 
* cz + ca. 
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activities are orders of magnitude higher 
than those calculated for other iron/carbon 
systems (19, 20), and all are comparable to 
or higher than those for Fe/A&O3 catalysts 
on a gram Fe basis. On a turnover fre- 
quency (TOF) basis, only the low disper- 
sion (LD) Fe/carbon catalysts had values 
similar to the Fe/A&O3 catalyst, as shown in 
Table 2. An obvious conclusion from Table 
2 is that TOF values (NcH4 or N,,) are 
lower on small iron crystallites than on 
large crystallites. A clear trend exists and 
the TOF increases smoothly more than 20- 
fold as iron crystallite size increases from 
about 10 to over 400 A. The HD catalysts, 
with average particle sizes below 30 A, 
have N,, values at 548 K usually below 
0.01 s-l and N,, values near 0.001 s-l 
whereas N,, values are higher than 0.03 
s-l and N,, values increase to 0.14 or 
higher on large iron crystallites. This trend 
is in agreement with that reported by Storm 
and Boudart for methanation over MgO- 
supported iron (21). As indicated in Table 
2, on a gram iron or gram catalyst basis, ac- 
tivities of all carbon-supported iron cata- 
lysts are similar because the lower TOFs on 
HD catalysts are compensated for by the 
higher iron surface areas. It is important to 
point out that the lower TOF values on 
small Fe particles eliminates the possibility 
that particle heating due to the exothermic- 
ity of the reaction is causing this effect. Ki- 
netic parameters for methanation are 
shown in Table 3. Partial pressure depen- 
dencies were typically near first order in H2 
and zero order in CO. The lower TOFs on 
small Fe crystallites cannot be attributed to 
higher activation energies. Over the car- 
bon-supported iron catalysts a marked in- 
crease occurred in the olefiniparaffin ratio, 
which was especially pronounced for the 
HD group and was nearly lo-fold greater 
than the ratio for the Fe/Al,O, catalysts 
(5, 16). Table 4 shows these results which 
were obtained at nearly identical CO con- 
versions because this parameter can have a 
much greater effect on this ratio than a 

small variation in temperature (22). The 
two values for the 10% Fe/A1203 substanti- 
ate the sensitivity to conversion. Some of 
the HD catalysts exhibited ratios that were 
surprisingly insensitive to conversion, and 
values near two persisted at conversions 
over 5% (16). In addition to a greater capa- 
bility to produce olefins, the HD catalysts 
showed a lower methane make, as also indi- 
cated in Table 4. 

Excellent activity maintenance repre- 
sented another improvement in catalytic 
behavior exhibited by the HD iron/carbon 
catalysts. Methanation activity was con- 
stant over the 5% Fe/C- 1 catalyst during 45 
hr of continuous operation on-stream at 101 
kPa as shown in Fig. 1. Overall CO conver- 
sion decreased slightly during the first hour 
or two on-stream then it too remained sta- 
ble within experimental error. Such behav- 
ior is unusual for iron catalysts, as slow de- 
activation processes normally set in after a 
certain period on-stream (17, 23), and this 
expected behavior was exhibited by the 
10% Fe/A&O, and 4.5% FelV3G catalysts, 
both of which contained large iron crystal- 
lites. These HD catalysts do not sinter read- 
ily and CO uptakes are still very large on 
used samples taken from the reactor 
(6, 16). Product distributions were constant 
during this 45-hr period. 

The lower turnover frequencies, de- 
creased selectivities to methane, and the 
higher olefiniparaffin ratios exhibited by the 
HD iron/carbon catalysts are consistent 
with the proposal that surface coverage of 
hydrogen under reaction conditions is much 
lower on small iron crystallites. The 
marked inhibition of hydrogen chemisorp- 
tion at temperatures up to 473 K found by 
Topsoe et al. for small iron crystallites 
strongly supports this conclusion (13). The 
first order pressure dependence of CO hy- 
drogenation on hydrogen predicts that a de- 
crease in the surface concentration of hy- 
drogen would proportionally decrease 
specific activity. This model does not read- 
ily explain the superior activity mainte- 
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FIG. 1. Rate of CH, formation as a function of time on-stream. P = 101 kPa, T = 508 K, Hz/CO = 3; 
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0, 5.0 % Fe/C-l; A, 4.5% FelV3G; 0, 10% Fe/Al,03. 

nance of these HD catalysts, however, and 
this property may be a consequence of the 
rapid formation and stabilization of active 6. 

iron carbide phases (17, 18, 24). The pres- 
ence of very small iron crystallites facili- 
tates rapid carbide formation, and future 7. 

work is required to determine if the carbon 
support plays a role in stabilizing these car- 
bide phases after their formation. 

8. 

9. 
IO. 
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