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The interaction of 3H,/CO at | atm and 573 to 673°K with unsupported Ru, Fe, and RuFe alloy
powders was investigated using X-ray photoelectron spectroscopy, secondary ion mass spectrome-
try, and differential chemical kinetics. Direct surface analysis of fresh, reacted, and regenerated
surfaces, without exposure to air, shows a strong dependence of carbon deposition on catalyst
composition. Pure Ru and Ru doped with 3 atom% Fe show no carbon buildup, and therefore
exhibit steady specific activity and selectivity in Fischer-Tropsch synthesis as a function of time on
stream. Increasing the iron content of the alloys results in a thick carbon overlayer being deposited
during the first few hours of reaction. The carbon overlayer reduces specific activity by a factor of 2
to 3 and shifts selectivity toward lower-molecular-weight products. Regeneration of these catalysts
requires heating in H, at 683°K. Both XPS and SIMS confirm that pure iron first incorporates
carbon iato the bulk with a resulting temporary increase in activity and selectivity to saturated
products. Selectivity then shifts to lighter products as carbon gradually builds up on the iron

carbide surface.
INTRODUCTION

In a previous paper, it was shown that
the surface of unsupported FeRu alloy
powders is significantly enriched in Fe and
that introduction of small amounts of Fe
into an Ru surface alters the electronic
nature of the catalyst (/). The surface com-
position and electronic state are reflected in
the initial total hydrocarbon selectivity and
the selectivity to unsaturated products in
the hydrogenation of CO at | atm and
573°K. Using methodology similar to that
of the previous paper, we focus here on the
alteration of the various alloy surfaces as
Fischer-Tropsch synthesis proceeds.

The interaction of CO with metal sur-
faces has been the subject of much re-
search. Fuggle et al. (2) have shown that
adsorption of CO on Ru(0001) is nondisso-
ciative at 295°K. They also report that an
adsorbed layer of CO may dissociate due to
electron beam interactions (3). Singh and
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Grenga (4) have shown that CO dissociates
at the low-index poles of a ruthenium single
crystal at temperatures above 823°K. Such
behavior has been observed for nickel also
where rough surfaces have proven more
effective for CO dissociation than close-
packed planes (5).

Low and Bell (6) and McCarty and Wise
(7) have shown that dissociative adsorption
of CO occurs at temperatures above 350°K
on alumina-supported Ru. Rabo et al. (8)
show dissociation of CO on silica-sup-
ported Ru at 673°K. Supported catalysts
also show evidence of carbon deposition
during Fischer-Tropsch synthesis in the
500°K temperature region (9, /0).

Iron has been shown to dissociate CO at
lower temperatures. Studies of the Fe(110)
surface show that CO adsorbs molecularly
at room temperature but dissociates in
about 1 hr. At 385°K, the dissociation is
immediate (//). Other results confirm dis-
sociative adsorption of CO on iron crystals
at ca. 300°K (/2, 13). On polycrystalline
Fe, the adsorption is reported as dissocia-
tive at room temperature but molecular at
110°K (74, I15). Investigations of CO ad-

253

0021-9517/80/100253-10%02.00,/0
Copyright © 1980 by Academic Press, Inc.
All rights of reproduction it auy form reserved,



254

sorption on polycrystalline Fe using sec-
ondary ion mass spectrometry have shown
dissociative adsorption at room tempera-
ture (/6, 17). Thus, the tendency to dissoci-
ate CO is greater for Fe than Ru, but at
Fischer-Tropsch reaction temperature
both metals adsorb CO dissociatively.

In addition to the variations in adsorptive
behavior of Fe and Ru for CO, the interac-
tion of carbon with these materials in the
bulk is also different. There are no stable
bulk carbides of Ru or FeRu alloys reported
in the literature. Therefore, one would ex-
pect the carbon formed on the surface of an
Ru or RuFe catalyst to either remain at the
surface or be incorporated into the prod-
ucts. Fe, on the other hand, can form
several bulk carbide phases upon heating in
CO (/8). While the particular carbide phase
formed can depend on the nature of the
catalyst (/9-27), one would expect unsup-
ported Fe powder to be able to accept
surface carbon into the bulk to form the
stable ¥ or Hagg carbide.

Thus, we can anticipate increasing pro-
pensity toward carbon formation as the iron
content of RuFe alloys increases, and iron
carbide formation for pure iron. We report
here direct observation of these effects
using X-ray photoelectron spectroscopy
(XPS) and secondary ion mass spectrome-
try (SIMS) of high-surface-area alloy pow-
ders used as catalysts at 573°K and an
H,/CO ratio of 3.3.

EXPERIMENTAL

Surface analysis of the reacted samples
was done by first parking the sample and
holder in a glass chamber which allows
pretreatment in 1 atm of gas at tempera-
tures up to 773°K (/). After the reduction
and reaction periods, the chamber was
pumped to less than 10~ Pa and the sample
transferred in vacuum to the XPS or SIMS
chamber via magnetic drive rods. XPS
measurements were made with a Hewlett—
Packard 5950A spectrometer, calibrated by
assigning Au 4f;, = 84.0 eV. The SIMS
instrument is comprised of a Danfysik ion
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delivery system, a Perkin—-Elmer Ultek
TNB-X bell jar, and a Riber Q156 quadru-
pole mass analyzer. The samples were
pressed disks 7 mm in diameter and | mm
thick. The system and procedures are de-
scribed in further detail in (22-24).

Kinetic analysis of the catalyst powders
was done at 1 atm in a fixed-bed, flow
reactor (25) operated differentially at con-
versions below 3%. The product analysis
was accomplished with a Hewlett—Packard
Model 5834A reporting gas chromatograph
with He carrier gas, a Chromosorb 102
column, and thermal conductivity detec-
tion. Calibration and operating details are
given in (25).

Fe, Ru, and FeRu powders were pre-
pared from RuCl; - H,O (Englehard) and
Fe(NO,); - 9H,0O (Mallinckrodt) by hydra-
zine reduction (26) as described previously
{27). Both kinetic and surface analysis sam-
ples were reduced overnight in flowing
UHP H, at 673°K before reactions were
started.

RESULTS AND DISCUSSION

This section is divided into three parts
commensurate with the behavior of the
catalysts with respect to carbon deposition
during Fischer-Tropsch synthesis. The first
category, comprised of pure Ru and
97Ru3Fe, shows no detectable carbon
buildup on the surface during reaction. The
second group includes the 75Ru25Fe and
33Ru67Fe catalysts which show a very
rapid buildup of surface carbon. The third
category is the pure-iron catalyst which
exhibits both formation of a bulk carbide
phase and surface carbon buildup.

!. Pure Ru and 97Ru3Fe

XPS spectra of the Ru 3d and Fe 2p
regions of reduced Ru and 97Ru3Fe cata-
lysts are unchanged after reaction at 573°K
for 24 hr in 3.3H,/CO. Both the Fe and the
Ru in the samples remain zero valent and
no buildup of carbon on the surface is
observed. The analysis for carbon requires
special care because of the overlap of the C



CARBON DEPOSITION OVER FeRu ALLOYS

Is and Ru 3d;, peaks. Our procedure is to
measure the intensity of the Ru 3d;,, peak at
280 eV and subtract 0.67 of this value,
attributable to Ru 3d,,, from the peak at
284 eV. The difference is then the C Is
intensity at 284 eV. Because the cross-
section ratio for Ru 3d,, vs C 1sis 5.1 (28),
XPS is less sensitive to carbon than Ru and
the practical lower limit of detectability for
our procedure is about 0.25 monolayer of
carbon. We claim, therefore, that there is
less than 0.25 monolayer of carbon on the
surface of the Ru and 97Ru3Fe catalysts
after 24 hr of Fischer-Tropsch synthesis at
573°K.

The lack of significant carbon buildup on
these samples is reflected in their Kinetic
performance. The overall rate of CO con-
version on pure-ruthenium powder de-
creased by 40% in the first 3 hr of reaction,
that on 97Ru3Fe decreased 20% in 2} hr. X-
Ray diffraction analysis of the Ru catalyst
before and after reaction showed, however,
an increase in average particle size corre-
sponding to a 30% loss of surface area.
Thus, the absolute rate per surface metal
atom remains essentially unchanged and
deactivation due to carbon coverage of the
surface is minimal. The lack of significant
carbon incorporation onto the surface is
also evidenced in Table 1 by the small
standard deviations in the selectivity values
for the Ru and 97Ru3Fe catalysts during the
first 4 hr of reaction. The higher standard
deviations for higher hydrocarbon selectivi-
ties reflect approach to the lower detect-
ability limit of the gc analysis.

The behavior of the Ru powder is con-
sistent with the relatively high capacity of
Ru for H, adsorption in the presence of CO
at lower temperatures (29), but offers an
interesting contrast to Ru/SiO, which
maintains a carbon reservoir equivalent to
several monolayers during reaction (/0).
As has been noted earlier (/), the change in
selectivity with addition of 3% Fe to the
bulk suggests a lowering of the hydrogen
coverage and an increase in the coverage
and residence time of carbon intermediates
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TABLE 1

Selectivity of 100Ru and 97Ru3Fe in the First 4 hr of
Reaction at 573°K in 3.3H,/CO*®

Product 100Ru 97Ru3Fe
S('n [e (%) S(‘" o (%)
CO, 0.04 4.1 0.06 18
C, 0.85 0.8 0.55 4.1
C, 0.08 6.2 0.25 5.3
Cs 0.05 14 0.10 16.5
C, —_ — 0.03 18.7
Ethylene/C, 0.31 4.5 0.87 2.7
Propylene/C, 0.79 5.2 0.99 —

* 8¢, = fraction of CO converted which goes to the
product indicated. o = standard deviation of measure-
ments made over the reaction period.

just large enough to enhance C, production.
The composition of the surface producing
this unique product distribution is 10 to
40% iron (/) and is unchanged after reac-
tion.

2. 75Ru25Fe and 33Ru67Fe

Recalling that no stable bulk carbides of
FeRu have been reported in the literature
and that the tendency for production of
carbon from CO will increase with increas-
ing Fe content, one might expect the
75Ru25Fe and 33Ru67Fe catalysts to ex-
hibit carbon buildup on the surface.

Figure 1 shows the Ru 3d-C 1s region of
the XPS spectrum of the 75Ru25Fe alloy
after H, reduction, | hr of reaction at
573°K, and 4 hr of reaction at 613°K. As can
be seen from the increasing relative inten-
sity of the 284-eV peak the buildup of
carbon on the surface with increasing expo-
sure to reaction is tremendous. This rapid
accumulation of carbon is also reflected in
the secondary ion yields from the surfaces
as presented in Fig. 2. The ions correspond-
ing to Fe and Ru are almost completely
absent after only 1 hr of reaction. SIMS, a
first-monolayer technique (30, 3/), does
not see underlying metal atoms while XPS,
with its greater sampling depth, does.

A semiquantitative description of the
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Fi1G. 1. Carbon buildup on 75Ru25Fe during Fis-
cher-Tropsch synthesis as measured by XPS: (a)
reduced; (b) 3H,/CO, 1 hr, 573°K: (¢) 3H,/CO, 4 hr,
613°K (inset intensity x 10). Ru 3d;,, has E), = 280 eV
while both C Is and Ru 3d;,, occur at E, = 284 eV.

amount of carbon on the surface can be
gained from a model for the relative inten-
sity of the Ru 3d;, and C ls XPS lines.
Using the intensity equations from (32),
assuming that the carbon is a uniform layer
of thickness / over an infinitely thick slab of
FeRu, and using mean free paths (33) of
15.8 A for C Is electrons in carbon and 13.6
A for both Fe 2p;» and Ru 3d;,, electrons in
carbon and 11.6 A for those electrons in the
alloy, one can relate (Io/0¢)/(Lpo/0pe +
Iy, /og,) to I. For the Hewlett—Packard
spectrometer with a 38° electron takeoff
angle the equation is

(IC/G'C)/(IFe/O'Fe + IRu/G'Ru)
= 1.83 (1 — exp(—0.1030))/exp(—0.119).

The cross sections are taken from Scofield
(28). By fitting the observed relative inten-

OTT, FLEISCH, AND DELGASS

sities to the equation, one can estimate the
equivalent thickness of the carbon layer.
The results of the calculations are pre-
sented in Table 2. If the different mean free
paths for Fe 2p;,, and Ru 3d;,, electrons are
also accounted for in the model, the aver-
age metal surface layer composition can be
estimated from the Fe 2p;, and Ru 3d;,
relative intensities. This analysis shows
that after reaction the surface composition
of 75Ru25Fe is unchanged while that of
33Ru67Fe is slightly more iron rich.

Comparison of runs | and 6 for 75Ru25Fe
shows that less carbon is deposited on the
surface after 5 hr at 548°K than in 1 hr at
573°K, indicating a strong temperature de-
pendence on the rate of carbon deposition.
Run 8, for 24 hr at 613°K, indicates that the
buildup of carbon on the surface does not
continue forever but stops when the equiv-
alent layer thickness is about 40 A. The
behavior of the 33Ru67Fe catalyst is similar
to that of 7SRu25Fe.

The removal of the carbon overlayer is
depicted in Fig. 3. As can be seen, once the
overlayer is generated, the removal rate in
flowing H, is negligible at temperatures up
to 593°K. Low reactivity of overlayer car-
bon on iron has also been reported by
Matsumoto and Bennett (34). By heating
the catalyst to 683°K in flowing H,, how-
ever, the fresh metal surface is regenerated.

The rapid buildup of carbon to very high
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FiG. 2. Carbon buildup on 75Ru25Fe during Fis-
cher-Tropsch synthesis as measured by SIMS: (a)
reduced: (b) 3H,/CO, 1 hr, 573°K: (¢) 3H,/CO, 4 hr,
613°K.
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TABLE 2

Carbon Buildup as Measured with XPS on 75Ru25Fe and 33Ru67Fe as a Function of Pretreatment

Run No. Time (hr) Pretreatment After /o) 1(A)
run No. _—
Gas T (°K) (/P + /e
75Ru25Fe
I 1.0 3H,/CO 573 — 3.99 10
2 4.0 3H,/CO 593 — 73.0 31
3 4.0 H, 593 2 70.4 31
4 12.0 H, 603 3 59.9 30
5 12.0 H, 683 4 0 0
6 5.0 3H,/CO 548 5 2.4 7
7 12.0 H, 548 6 1.3 5
8 24.0 3H,/CO 613 7 219 40
9 4.0 3.3H,/CO 573 (from kinetics
+ 2.5 H, 573 experiment—
+ 1.5 3.3H,/CO 573 exposed to air) 6.3 13
33Ru67Fe
1 1.0 3H,/CO 573 2.2 7
4.0 3H,/CO 613 201 40
5.5 3.3H,/CO 573 (after kinetics 7.8 14
experiment)

levels and the slow regeneration rate at
reaction temperature are reflected in the
kinetic behavior of the materials. The lower
curve in Fig. 4 shows the total hydrocarbon
synthesis activity of a 75SRu25Fe catalyst as
a function of time on stream in a 3.3H,/CO
mixture at 573°K. The catalyst was acti-
vated by H, reduction at 603°K overnight.
In the first 4 hr of reaction time, the total
rate declined by a factor of 4. Some of the
activity loss may be attributable to metal
sintering, but based on particle size from X-
ray diffraction line broadening, at least half
of the loss of activity is due to carbon
deposition. After 4 hr of reaction an at-
tempt was made to regenerate the surface
in hydrogen at reaction temperature. The
XPS results in Table 2, runs 2, 3, 4, show
that only minimal carbon is removed during
such a treatment. Figure 4 shows, commen-
surate with the XPS findings, that synthesis
activity recovered only slightly after rein-
troduction of the syngas.

The upper curve in Fig. 4 shows the total
hydrocarbon synthesis activity as a func-
tion of time on stream in 3.3H,/CO at

617°K with attendant regeneration at
683°K. Prior to the run, the catalyst was
reduced in H, at 673°K in order to ‘*presin-
ter’” it. By presintering, we hoped to mini-
mize the surface area loss of the catalyst in
the higher-temperature regeneration at-
tempt. Because of the surface area loss in
pretreatment, the initial rate at 617°K is
approximately half the initial rate at 573°K
instead of the expected factor of 2—4 higher.
The rate of deactivation is faster at 617°K
than at 573°K, in keeping with the observed
temperature dependence on the rate of car-
bon deposition.

Comparison of the curve in Fig. 4 and
runs 4 and 5 of Table 2 shows that the
carbon can be removed by heating in hy-
drogen at 683°K, and that upon removal the
synthesis activity is restored.

In contrast to the pure-Ru and 97Ru3Fe
catalysts, the 7SRu25Fe and 33Ru67Fe cat-
alysts exhibit drastic changes in selectivity
due to the deposition of carbon on the
surface. Figure 5 shows the dependence of
selectivity for the 75Ru25Fe catalyst with
time on stream in 3.3H,/CO at 617°K be-
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Fi1G. 3. Removal of carbon from 75Ru25Fe as mea-
sured by XPS: (a) 3H,/CO, 4 hr, 613°K: (b) H,, 4 hr,
593°K: (c¢) H,, 12 hr, 683°K (insets in (a) and (b) are
intensity x 10). Ru 3d;,, has E;, = 280 eV while both C
Is and Ru 3d,,, occur at E;, = 284 eV.

fore and after regeneration. These selectivi-
ties correspond to the total activity curves
presented in the upper curve in Fig. 4. The
selectivity of the catalyst shifts sharply
toward C, products as the buildup of car-
bon proceeds. There is also a slight in-
crease in the selectivity of CO, and a
decrease in the selectivity to higher
hydrocarbons. Upon regeneration of the
catalyst surface by the high-temperature
treatment in hydrogen, the original selectiv-
ities are restored and the deactivation
process begins all over. A slight decrease in
ethylene selectivity from 0.93 to 0.8 is also
observed as the carbon overlayer builds up.
This change is significant because lower
conversion usually increases olefin to
paraffin ratios (23, 35).

The rapid decline in synthesis activity
can be attributed to a decrease in the num-
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F1G. 4. Hydrocarbon synthesis activity of 7SRu25Fe
versus time on stream. Lower curve: Reaction and
regeneration at 573°K: upper curve: reaction at 617°K
and regeneration at 683°K.

ber of active sites on the surface due to
coverage with carbon. The overall decrease
in activity is only a factor of 5 when the
carbon overlayer measured with XPS is
equivalent to more than 10 monolayers and
the visibility of metal atoms in the SIMS
measurement is low. This suggests that the
buildup of carbon is nonuniform on the
surface and that a fraction of the metal sites
remain essentially uncontaminated. This
would explain the approach to a steady-
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F1G. 5. Hydrocarbon selectivity of 7SRu25Fe versus
time on stream during reaction at 617°K.
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state overlayer thickness. Apparently, on
the pure-Ru and 97Ru3Fe catalysts, the
rate of carbon removal is sufficient to main-
tain a low coverage of carbon on the sur-
face. For 75Ru25Fe, the following model
explains the results. On the fresh 75Ru25Fe
catalysts, the rate of removal is insufficient
to keep carbon from depositing. As the
carbon deposits, the rate of removal de-
clines and the carbon buildup proceeds.
Finally, the rate of deposition slows to the
point where removal by a small very active
portion of the surface compensates for the
deposition and a steady state is achieved.
Regeneration attempts at reaction condi-
tions only clean the active centers but do
not attack the carbon deposited on the
balance of the surface. At high tempera-
tures, the rate of attack on the balance of
carbon is sufficiently enhanced to create
more active centers for dissociative adsorp-
tion of hydrogen which in turn can serve to
further regenerate the catalyst. Thus, there
appears to be a critical Fe content in the
surface (between 3 and 25 mole%%) above
which carbon overlayers are formed, and a
critical temperature (between 603 and
683°K) of regeneration in hydrogen above
which the carbon layers are removed.

The change in selectivity with carbon
layer buildup is consistent with the assump-
tion that sites for higher-hydrocarbon pro-
duction require the largest metal-atom
ensembles. Thus, as carbon deposition
poisons large ensembles, the product distri-
bution shifts toward methane.

In closing this discussion we note that the
uniform-layer model used to estimate car-
bon layer thickness is not consistent with
the patchy-surface model required by the
kinetic behavior. While the values of the
carbon layer thickness are not accurate, the
relative values serve as a qualitative indica-
tor of carbon buildup. Furthermore, the
results on the alloys and on pure Fe show
clearly that significant amounts of relatively
unreactive carbon coexist with the true
reaction intermediates. Thus, detailed anal-
ysis of rates of carbon deposition and re-
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moval should deal individually with the
various types of carbon present.

3. Pure Iron

Carbon deposited on the surface can en-
ter the product stream, build up on the
surface, or, as is the case for iron at un-
steady state, penetrate into the bulk. Fis-
cher and Dilthey (36) originally proposed
the possibility of incorporation of carbon
into the fused iron catalyst during Fischer-
Tropsch synthesis. Carbiding of iron during
synthesis is now well known (/8, /9). Re-
cent studies of supported iron using the
Mossbauer effect show effects of particle
size and support on the iron carbide phase
formed (20, 2/) and also demonstrate an
increase in activity corresponding to very
fast carbon uptake in the bulk followed by a
loss in activity after the bulk is saturated
with carbon (37).

Figure 6 shows a similar trend for iron
powder. The upper curve in Fig. 6 gives the
relative intensity, normalized for photo-
electric cross section and kinetic energy
dependence of escape depth (28, 33), for

100 Fe
'+
v e
'Fe/IFe
0‘ ! 1 ) | l /1/_1~
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F1G. 6. Upper curve: Carbon incorporation on Fe
during Fischer-Tropsch synthesis at 573°K as mea-
sured by XPS: lower curve: total hydrocarbon syn-
thesis activity of Fe versus reaction time during Fis-
cher-Tropsch synthesis at 573°K.
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the C 1s and Fe 2p;, lines in the XPS
spectra’ of Fe powders which have been
pretreated in 3H,/CO at 1 atm and 573°K
for different times. As can be seen, there
are two rate periods of carbon incorpora-
tion into the pure-Fe catalyst. The first rate
period corresponds to formation of bulk
iron carbide. The stoichiometry of the car-
bide calculated from the XPS data is Fe, ;C
which is approaching agreement with the
stoichiometry of x carbide at Fe,;C. The
slower rate period corresponds to the for-
mation of a carbon overlayer on top of the
carbide phase. The rate of carbon overlayer
formation is much slower on the pure-Fe
samples than on the 75Ru25Fe and
33Ru67Fe alloys. Recall that the carbon to
metal ratio for the 75Ru25Fe catalyst
treated for only 1 hr at 573°K was 3.9 as
compared to a ratio of 1.8 on Fe after 24 hr
at the same temperature. Examination of
the SIMS yields from the reduced Fe cata-
lyst and the same catalyst after 4 hr of
Fischer-Tropsch synthesis at 573°K further
supports this interpretation. For the
75Ru25Fe alloy, the metal ions nearly dis-
appeared from the spectra after 1 hr of
reaction because of the thick carbon over-
layer formed. The growth of bulk iron car-
bide is evidenced in Fig. 7 by the slow
decay of the Fe* yield. It is lower than for
pure Fe because of dilution with carbon in
the bulk, but is clearly visible because of
minimal carbon overlayer formation.

06
-g {00 Fe
*x
EOA— D (a)
£ o
r
2
<
E 021
«
o Fet + + +
03 [« CHpy Fep

FiG. 7. Carbon incorporation on Fe during Fischer~
Tropsch synthesis at 573°K as measured by SIMS: (a)
reduced; (b) 3H,/CO, 4 hr, 573°K.
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TABLE 3

Selectivity Data for Fischer-Tropsch
Synthesis over Fe Powder at 573°K”

Product S, o (%)
C 0.283 4.0
C. 0.300 3.6
Cs 0.206 5.8
C, 0.090 10
* 8¢, = fraction of CO converted

which goes to the product indicated. o =
standard deviation over the first 200 min.

The formation of the carbide followed by
the carbon overlayer on supported Fe is
accompanied by the expected maximum in
the rate of hydrocarbon production shown
in the lower curve of Fig. 6. Remarkably,
the hydrocarbon selectivities of the Fe cat-
alyst remain essentially unchanged during
the entire carburization process, as shown
by the small standard deviations in Table 3.
On the other hand, the selectivity of the
catalyst to unsaturated products, Fig. 8,
varies significantly during carbide forma-
tion. Interpretation of Fig. 8 is complicated
by the fact that higher olefin production is
accompanied by lower conversion. At this
time we cannot accurately separate the
roles of conversion and carbon deposition
in determining olefin production. We note,
however, that even after thick carbon over-
layer formation at 573°K, the iron catalyst

1.0
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Ren*Rey
08l 100 Fe
A Ethylene

® Propylene

04
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[¢] 100

300
TIME (min)

—1
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F1G. 8. Selectivity of the Fe catalyst to unsaturated
hydrocarbons as a function of time on stream during
Fischer-Tropsch synthesis at 573°K.
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gave an ethylene to ethane ratio of 14 at
0.8% conversion. The overlayer growth
was also accompanied by a shift in product

distribution to lower-molecular-weight
products as in the 75Ru25Fe and 33Ru67Fe

LuLis as i SNULOT0 QIO 2O R UL

cases.

CONCLUSIONS

The interactions of carbon from 1 atm of
3H,/CO syngas with unsupported Ru, Fe,
and RuFe alloys can be classified in three
groups. Pure Ru and 97Ru3Fe exhibit less
than 0.25 monolayer of carbon buildup dur-
ing 24 hr of Fischer-Tropsch synthesis at

573°K. 75Ru25Fe and 33Ru67Fe alloys

show rapid buildup of carbon during Fis-

synthesis approaching a

cher—Tropsch

(328 5 o4

steady-state, equivalent thickness of
around 40 A. The carbon overlayer is unaf:
fected by H, treatment at 603°K but is
completely removed by H, at 683°K. Pure
iron accepts carbon into the bulk and then
carbon builds up slowly on the carbided
iron.

Alteration in activity and selectivity of
the catalyst for Fischer-Tropsch synthesis
depends on the nature of the carbon inter-
action. Pure-Ru and 97Ru3Fe alloys cata-
lyze the Fischer-Tropsch synthesis reaction
at a uniform rate per surface atom. The
hydrocarbon selectivity is also unchanged
during the first 24 hr of reaction. The uni-
form kinetic behavior of this group is the
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surface.

Carbon buildup on the 75Ru25Fe and
33Ru67Fe catalysts occurs on the time
scale of hours. The multilayer deposition of
carbon shifts selectivity of the catalyst to-
ward lower-molecular-weight products. In
addition, the specific activity of the catalyst
declines by a factor of 2 to 3. Removal of
the carbon overlayer by high-temperature
H, treatment restores initial activity and
selectivity patterns.

The nncnppnrfpd iron
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carbon into the bulk during the initial 24 hr
on stream, along with a slow buildup of
carbon on the surface. Carbide formation

catalyst accepts

Lalal aLlLopis
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results in a temporary increase in hydrocar-
bon synthesis activity as well as changes in
the olefin to paraffin selectivity. The hydro-
carbon length selectivity, however, re-
mains unchanged until carbon buildup on

alll utitliallipecul

the surface is large.
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