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Transient response and isotopic tracer techniques were used to investigate the surface coverages
of the reactants and the selectivity of ruthenium/alumina catalysts in CO hydrogenation. Two forms
of carbon—active carbidic carbon, C,, and hydrogen-containing alkylic carbon, Cs—are found to
be present on the catalyst surface. Approximately 0.1 monolayer of C, is deposited on the catalyst
through the dissociative chemisorption of CO. C, is formed only in the presence of hydrogen.
Unlike C,, the amount of C; on the catalyst surface is found to increase continuously. Under
varying partial pressures of CO and H, the surface coverage of C, changes much less than the
overall rate of reaction. In addition to C, and Cg, the catalyst surface also contained approximately
0.7 monolayer of CO and 0.1 to 0.2 monolayer of inactive carbon. Measurements of product
distributions of C, and C, during the hydrogen titration transients show that for C, the Schultz—
Flory distribution is obeyed. In contrast, Cp products do not follow the same distribution. The
relative selectivities of the two species of carbon during hydrogen titration transients were very
different. Cg titration produced normal and branched alkanes in comparable amounts. No alkene is
produced from C,. C, titration produced primarily normal alkenes and alkanes. Our results also
show that the chain propagation step is much faster than the other steps in hydrocarbon synthesis

(Fischer-Tropsch synthesis} and that CO dissociation is not the rate-limiting step.

Press, Inc.

INTRODUCTION

Surface carbon has been identified as an
important intermediate in hydrocarbon syn-
thesis (Fischer-Tropsch synthesis) from
CO and H, over group VIII metals (/-11).
Using transient response isotopic tracing
and NMR, Bell and co-workers (3-7) have
identified as many as three forms of surface
carbon on unsupported Ru powder and Ru/
SiO,: very active carbidic carbon, C,,
formed by the dissociation of CO in the
presence or absence of Hj; less active hy-
drogenated carbon, Cg, formed from C, in
the presence of H,; and inactive graphitic
carbon. Surface coverage of C, was found
to reach steady state very quickly, whereas
Cg coverage increased continuously with
time (3). Winslow and Bell (4) and Duncan
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et al. (5, 7) also showed that Cz was alkylic
in nature with a hydrogen-to-carbon ratio of
1.8 to0 2.4 (4) and an average chain length of
four to six carbons (7). On unsupported Ru
powder C, and Cz were found to produce
mainly higher hydrocarbons and methane
“4).

In terms of its steady-state product distri-
bution Ru/Al;O; is intermediate between
unsupported Ru powder (producing mostly
higher hydrocarbons) and SiO,-supported
Ru (producing mostly methane). Our goals
in this research project were (1) to see if Ru/
AlLO; behaved differently than Ru powder
and Ru/SiO; in terms of the surface cover-
age and activity of the various forms of sur-
face carbon; (2) to follow the transients in
the higher hydrocarbons, as well as meth-
ane, to see if there is any difference be-
tween the products of different surface car-
bon species; and (3) to obtain mechanistic
information on CO hydrogenation.
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Fi6. 1. CO, transient from CO disproportionation on
a “‘clean’ catalyst. The catalyst was pretreated as fol-
lows: H, (1500 s, 563 K) — He (1000 s, 563 K) — cool
to 451 K in flowing He. The transient was obtained
when a step-up of CO was sent into the reactor at 451
K and atmospheric pressure.

EXPERIMENTAL

The experimental setup is composed of a
gas flow control system, a Balzers quadru-
pole mass spectrometer, and an HP 5890A
gas chromatograph. The system control
and data acquisition were accomplished
with an HP 9836 computer.

Two reactors, one containing a mono-
lithically supported catalyst and one glass
reactor containing approximately 400 mg of
catalyst, were used to obtain all the tran-
sient response data. The operation of the
reactor system with the monolithically sup-
ported catalyst is described in detail else-
where (/2). Catalyst preparation and pre-
treatment procedure involved impregnation
with a solution of ruthenium chloride (from
Alfa Products) and reduction in flowing hy-
drogen for 4 h at 473 K. Dispersions of the
catalysts used in this study were between
17% (monolithically supported) and 40%
(powder).

Before the transient response experi-
ments the catalyst was broken in with a
mixture of CO and H, for 5 h at steady
state. A typical transient response experi-
ment involved the following feed program-
ming: (1) reduction in flowing hydrogen for
2000 s; (2) pretreatment with either pure
CO or a mixture of CO and H, for the de-
sired amount of time; (3) a short-time purge
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with helium or argon to clean out the gas
phase; (4) feeding in a CO with different
isotope of carbon, if an isotope-exchange
experiment was being carried out; (5) feed-
ing in a step of hydrogen (or deuterium) and
recording the transients.

The gases used were H, (99.99%), He
(99.995%), Ar (99.9%), all from Air Prod-
ucts, and CO (99.99%) from Matheson Gas
Products. Isotopes were D, (99.5%) and
BCO (90%), both from MSD Isotopes. All
gases were used without further purifica-
tion.

RESULTS

A. Transient Response Experiments with
CO Pretreatment Only

Figure 1 shows a typical CO, transient
when CO disproportionation occurs on a
reduced and helium-purged catalyst sur-
face. The initial rise and decay of the CO,
signal are very sharp, evidence for a high
rate of CO dissociation, even at a fairly low
temperature. A smaller second peak is also
clearly visible after the first peak has de-
cayed. The amount of carbidic carbon de-
posited on the catalyst surface, calculated
from the area of the CO, transient, reached
a maximum value of 0.10-0.12 monolayer
after 200 s.

The next set of experiments was carried
out after pretreating a clean catalyst with
pure CO at atmospheric pressure. In this
investigation ‘‘clean’ catalyst means that
the catalyst was reduced under pure H, and
then purged by Ar or He at ~563 K to de-
sorb the chemisorbed hydrogen. Figure 2
shows the typical mass 15 (CH7, primarily
due to methane but having some, less than
10%, contribution from the cracking of the
higher hydrocarbons) and mass 27 (C,H7,
primarily due to ethane and ethylene but
having some, less then 20%, contribution
also from propane and butane under our ex-
perimental conditions) transients obtained
by titrating the CO-pretreated catalyst with
hydrogen. The mass 27 transient is a single
sharp peak, but the mass 15 transient is sig-
nificantly broader.
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FiG. 2. CH, and C,H, transients for H, titration of a
CO-pretreated catalyst. The transients were obtained
by using the mass spectrometer signals for mass frag-
ments 15, CHj, and 27, C,H; . The mass spectrometer
signals were calibrated with the methane and ethane
GC peaks. Reaction conditions: 7 = 451 K, atmo-
spheric pressure. Gas delivery program: CO (500 s) —
Ar (80 s) — H, (500 s).

Through isotope-exchange experiments,
Winslow and Bell (3) have found that hy-
drogenation of adsorbed CO makes no con-
tribution to mass 27 and higher mass tran-
sients. Taking advantage of this fact we
studied the behavior of carbidic carbon,
formed by dissociative chemisorption of
CO in the absence of H;, through the higher
hydrocarbon transients. By a series of ex-
periments with different CO exposure
times, the total area under the mass 27 and
higher mass transient peaks was found to
level off in 200 s. This means that at this
temperature, 451 K, the surface coverage
of carbidic carbon reaches its maximum
value within 200 s, in agreement with the
CO, disproportionation results. Integration
of only the mass 27 and higher transients
yielded a 4-5% surface coverage for carbi-
dic carbon.

To separate the reservoirs of carbon con-
tributing to the methane transient, molecu-
larly adsorbed *CO was exchanged with
12CO before the introduction of deuterium
into the reactor. This process resuits in the
exchange of molecularly adsorbed CO
without changing the composition of sur-
face carbon significantly (3). The transients
of mass 21 (¥*CD,) formed by hydrogena-
tion of deposited ¥C,) and mass 20 (*CD,
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formed by hydrogenation of chemisorbed
12CO) given in Fig. 3 show the relative ac-
tivity and quantitative contributions. The
shape of the mass 21 transient is very simi-
lar to that of the mass 27 transient of Fig. 2
and suggests that there may be two charac-
teristic times governing the decay, a sharp
initial decay followed by a much slower de-
cay, but the evidence is not conclusive. The
total area of the mass 21 transient is about
one-twentieth of the mass 20 transient, or
0.04-0.05 monolayer. Summing the mass
21 and higher mass transients gives a carbi-
dic carbon surface coverage of ~0.10
monolayer, in good agreement with the CO
disproportionation result. Figure 3 together
with Fig. 2 shows that the contribution of
surface carbon to the mass 15 transient is
small compared with the contribution com-
ing from the hydrogenation of molecularly
adsorbed CO and that the transients of
mass 15 and higher arising from hydrogen
titration of carbidic carbon all have the
same shape and time dependence.

By monitoring the transients of mass
fragments 31, 33, and 35 (resulting from
fragmentation of "2C'*CDg), we found out
that even though the surface already had an
equilibrium coverage of *C under the con-
ditions of our experiment [lower tempera-
ture than those of Winslow and Bell (3)]
some 2C did form on the surface.
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F1G. 3. 2CD, (mass 20) and "*CD, (mass 21) forma-
tion transients for D, titration after isotope exchange
of the molecularly adsorbed 2CO by 2CO. Reaction
conditions: T = 433 K, P = 550 Torr. Gas delivery
sequence: 3CO (600 s) — He (200 s) —» 2CO (300 s) —»
He (200 s) — D, (500 s).
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FiG. 4. CH, transients obtained after hydrogen titra-
tion of the catalyst exposed to a reactive mixture of
CO + H, for different times. Reaction conditions: T =
451 K, atmospheric pressure. Gas delivery sequence:
CO + H, (CO/H, = $) varied times — He (80 s) — H,
(500 s).

We also observed that if the residual hy-
drogen left on the catalyst, from the reduc-
tion cycle, was not completely removed by
Ar or He purging the initial slopes of all the
transients due to hydrocarbons were much
steeper.

B. Transient Response Experiments with
CO/H, Pretreatment

Figure 4 shows the methane transient as
a function of pretreatment time after pre-
treating with CO + H,. If we compare Fig.
4 to Figs. 2 and 3 we see a distinct differ-
ence. As the pretreatment time increases
we have a sharp second peak not present in
Figs. 2 and 3. Following the notation of Bell
and co-workers the first peak is labeled the
C, peak and the second peak is labeled the
Cs peak. The C, peak is believed to be due
to the hydrogenation of carbidic carbon
formed by the dissociation of CO. The Cg
peak is assigned to the products resulting
from hydrogenation of already-hydrogen-
containing surface carbon formed only in
the presence of CO and hydrogen together.
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Cg is apparently less active than the carbi-
dic carbon, C, (I, 3). The second, Cg, peak
of Fig. 4 is much larger than the first one
and keeps increasing in size even after 500Q
s of pretreatment time.

Figure 5 shows the C; (ethane and higher
hydrocarbons) transient as a function of
pretreatment time. Again we have two dis-
tinct peaks. The small C, peak appears at
the same time as in Fig. 2 and the second
peak, due to Cg, increases in size with pre-
treatment time. The Cg peak position shifts
to longer times with increasing pretreat-
ment time. Unlike the mass 15 transients
shown in Fig. 4 the C, and Cg peaks of mass
27 transients are clearly separated.

To quantitate the relative amounts con-
tributed by the C, and Cgz peaks we inte-
grated the areas under each peak as a func-
tion of pretreatment time. The results are
shown in Fig. 6. The amount of C4 carbon
on the catalyst surface increases with pre-
treatment time. The amount of C, carbon,
on the other hand, reaches its maximum
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FiG. 5. C; (ethane and higher-molecular-weight hy-
drocarbons) transients obtained after hydrogen titra-
tion of the catalyst exposed to a reactive mixture of
CO + H, for different pretreatment times. Reaction
conditions: T = 451 K, atmospheric pressure. Gas de-
livery sequence: CO + H; (CO/H, = }) varied times —
He (80 s) — H, (500 s).
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FiG. 6. Surface coverage as a function of reaction
time. The amount of C, was obtained by integrating
the C, peaks of Figs. 4 and 5. The amount of Cz was
obtained by integrating the second peaks of Fig. 5
only. Reaction conditions: T = 451 K, atmospheric
pressure. Gas delivery sequence: CO + H, (CO/H, =
1) varied times — He (80 s) — H, (500 s).

value very rapidly and then decreases
slowly. This decrease in C, could be due to
occupation of some of the surface sites by
C; or to inactive graphitic carbon forma-
tion.

We also tried to separate the contribu-
tions of molecularly adsorbed CO to the
mass 15 peak from that of the C;. How-
ever, only in the 383 K transient was the
mass 15 peak due to adsorbed CO barely
distinguishable from the mass 15 peak due
to Cg carbon (CH3 formed from adsorbed
CO came out earlier).

Figure 7 shows the effect of inert gas
purging on the C; transient. As the purge
time increases, the Cz peak moves to
shorter times and overlaps with the C,
peak. Within error we did not detect any
increase in the area of the C, peak, but this
conglusion is based on the difficult separa-
tion of overlapping peaks and is for the tem-
perature we were using, 433 K. Integration
of the CH, and C, transients showed that
the total amount of higher hydrocarbons
did not change, but the amount of methane
decreased by approximately 25% upon pro-
longed purging. This is to be expected since
adsorbed CQO, which is slowly desorbed
during the purge, contributes significantly
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to the methane transient but not to the
higher hydrocarbon transient. The ob-
served decrease corresponds to a loss of
approximately 0.5 monolayer of CO.

C. 2CO-3CO Isotope Exchange
Transients

To determine the nature of growth and
breakdown of Cg carbon on the catalyst sur-
face we carried out an isotope-exchange
transient with the feed program ?CO + D,
(3000 s) —» He (50 s) — vacuum (50 s) —
BCO (600 s) — He (100 s) — D, (400 s). In
comparing the transients for masses 32 and
33, corresponding to '2C,D; and '2CBCDy
fragments, we observed that mass 33 had
no contribution from the Cg peak, whereas
the mass 32 transient had contributions
from both C, and Cg peaks. In general, all
the odd-number mass fragments, which
represent the molecules with both '*C and
BC in the skeleton, exhibited only the C,
peak. Clearly, when there is no gas-phase
hydrogen, no carbon exchange takes place
between the C, and C, reservoirs.

+
2

]
=]
72}

o} (Arbitrary units)
wm
&
Q

Yo

) ) X
4] 1Bh 2P 300 400

TIME (S)

Fi1G. 7. Inert gas purging effect on C3, mass 27, due
to ethane and higher-molecular-weight hydrocarbons,
transient. Reaction conditions: 7 = 433 K, atmo-
spheric pressure. Gas delivery sequence: CO + H,
(CO/H, = %, 1500 s) — He (¢ varying) — H, (500 s).
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FiG. 8. Ethane transient obtained by repetitive sam-
pling with the GC. Reaction conditions: T = 433 K,
atmospheric pressure. Gas delivery sequence: CO +
H, (3, 2500 s) — He (80 s) — H, (500 s).

D. Selectivity during Hydrogen Titration
Transients

While the mass spectrometer transients
are informative with respect to the time de-
pendence, it is difficult if not impossible to
obtain quantitative individual transients for
the C, and higher hydrocarbons from the
mass spectrum results. To investigate the
selectivity question, hydrogen titration
transients were obtained with a GC. Very
reproducible repetitive GC sampling was
accomplished by triggering the GC by the
computer, which was also monitoring the
mass spectrometer signal. Figure 8 shows
the ethane transient after CO + H, pretreat-
ment. The overall shape of Fig. 8 is very
similar to that of Fig. 5; however, the
higher quality of the data shows a distinct
shoulder in the rate of ethane production
around 300 s. A similar shoulder was ob-
served for the higher hydrocarbons.

Selectivity measurements with the GC
also provided us with a means of determin-
ing the product distribution at any time dur-
ing the hydrogen titration transient. Figure
9 shows the Schultz—Flory (SF) plots for
the C, and Cg peaks. Due to the large con-
tribution of the chemisorbed CO to meth-
ane, it is not included in the curve fitting;
thus the intercept may not be meaningful.
C, products fit the Schultz—Flory distribu-
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F1G. 9. Schultz—Flory plots for the products of C,
and Cjg as determined by GC analysis of samples taken
at the respective peak positions. Reaction conditions:
T = 433 K, atmospheric pressure. Gas delivery se-
quence: CO + H, (3, 2500 s) — He (80 s) — H, (500 s).

tion quite well. In contrast, Cz products do
not appear to follow the Schultz—Flory dis-
tribution.

Figure 10 shows the n-butane and isobu-
tane transients. It is of interest that the rela-
tive ratios for the C, and Cg peaks are quite
different. The relative amount of branched
product from Cg is much higher than that
from C,. Similar behavior was seen for the
Cs and higher hydrocarbon products. Ole-
fins were detectable only in the C, peak.
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FI1G. 10. Linear and branched butane transients ob-
tained by GC. Reaction conditions: T = 433 K, atmo-
spheric pressure. Gas delivery sequence: CO + H; (3,
2500 s) — He (80 s) — H, (500 s).



CO HYDROGENATION ON Ru/Al,0;

0.8 |-

06 |-

Chain Growth Probability

0.2 1 i N 1 1
1] 10 20 30 40 50
Time (S)

FiG. 11. The change in the chain propagation proba-
bility of C, during a hydrogen titration transient of CO
+ Hy-pretreated catalyst surface. Reaction conditions:

= 433 K, atmospheric pressure. Gas delivery se-
quence: CO + H, (3, 2500 s) —> He (80 s) = H, (500 s).

One important piece of information we
obtained from the GC transients was the
rate of the chain propagation step versus
the other steps. By making S-F plots at
several time points along the C, transient
we observed that the product distribution
obeyed the S—F distribution quite well for
all the points (correlation coefficients of
0.98 or better). Figure 11 shows the varia-
tion of the chain growth probability as a
function of time. At the beginning of the
transient the probability of chain growth is
almost one but decreases very quickly to a
low value of 0.36. At the peak of the tran-
sient the chain growth probability was ap-
proximately 0.45-0.5. The C, products, ob-
tained after pretreating the catalyst surface
with CO only, also obeyed the S—F distri-
bution and the chain growth probabilities
were comparable to the probabilities for C,
deposited in the presence of H;.

Since the surface coverage of C; in-
creases continuously with time, it is of in-
terest to determine if the increase in Cg is
due to an increase in surface coverage or to
an increase in the average chain length. As-
suming that the carbon number distribution
of the titration products is related to the
chain length of the Cz on the catalyst sur-
face, measuring the product distribution of
Cs as a function of pretreatment time with
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CO and H, should tell us if the average
chain length increases with time or not. The
results scanning the pretreatment time
range of 100 to 5000 s showed a moderate
increase (C,/C, ratio increasing by more
than 30%) toward higher carbon numbers.
Unfortunately, the chain growth probability
for the C, products also increases slightly
during the same time period, making any
conclusions about the changing Cg product
distribution qualitative at best. A second
reason for only a moderate increase may be
the hydrogenolysis of the long chains.

E. Hy~D, Isotope Exchange Results

Figure 12 shows typical H,, DH, CDHj;,
and mass 30 (from C,H¢, C,DH,, C,D;H,,
C,D; fragments) transients after D, titration
of a CO + Hj-pretreated catalyst. Two
peaks are present in each transient. In anal-
ogy with hydrocarbons, the first and the
second peaks of H, and DH were labeled as
H, and Hg by Winslow and Bell (/3). H, is
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Fi1G. 12. D, titration transients of a CO + Hj-pre-
treated catalyst. The C, peak heights were converted
into absolute concentrations by calibrating with the
GC transients (mass 17 by methane and mass 30 by the
sum of C; peak areas of the GC transients). Reaction
conditions: temperature, 443 K. Gas delivery se-
quence: H; + CO (py, = 380 Torr, pco = 127 Torr, pa,
= 253 Torr, 2.5 h) — Ar (100 s) — D, (600 s).
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F1G. 13. Carbidic carbon, C,, and the total steady-
state reaction rate as functions of CO partial pressure.
Raction conditions: temperature, 443 K. Gas delivery
sequence: H, + CO + Ar (2.5 h) —» Ar (100 s) —» D,
(600 s). H, partial pressure was kept constant at 380
Torr while the CO partial pressure changed from 0 to
380 Torr. Argon was used to make up the total pres-
sure to 760 Torr. The total amount of carbidic carbon
was determined by integration of all the C,, transients.

due to chemisorbed hydrogen on the cata-
lyst surface and Hy is due to exchanging of
some of the hydrogen associated with Cg.
In contrast to the results of Winslow and
Bell (4), who only detected completely ex-
changed CD,, we were able to detect all the
masses from 13 to 50 corresponding to al-
most every possible combination of H and
D in the hydrocarbons originating from
both C, and C; reservoirs.

To our knowledge there has not been any
direct experimental studies that reveal how
surface hydrogen coverage changes as a
function of gas-phase composition and how
this change affects the reaction rate. In an
attempt to answer these questions we stud-
ied the changes in hydrogen surface cover-
age, with varying gas-phase composition,
but the results were difficult to interpret
due to interference from the surface hy-
droxyls of the support. A series of experi-
ments similar to that in Fig. 12 was carried
out. The total reaction rate measured as a
function of CO partial pressure is plotted in
Fig. 13. To measure the C, coverage
change, the a peaks of mass numbers 17 (C,
segment from CH;D* and CHD5) and 30
(fI'OHl C2H6, CzDH4, C2D2H2, C2D3 frag-
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ments) were integrated and calibrated with
the GC measurements of methane and C5
concentrations. We found that mass 17 had
almost no contribution from the hydrogena-
tion of surface CO, which produced mainly
CD, during the D, titration. The area under
the mass 17 transient decreased, and the
area under the mass 30 transient increased,
with increasing CO partial pressure. The to-
tal C,, estimated by adding one C; area and
two C, areas, remained approximately con-
stant over a wide range of CO partial pres-
sures, as shown in Fig. 13. At very low CO
partial pressures, a negative correlation be-
tween the rate of reaction and C, coverage
is observed.

In an effort to determine whether gra-
phitic, inactive carbon was being formed on
the catalyst surface, we ran the reaction at
473 K for a day and then hydrogen titrated
the catalyst. Under isothermal conditions
we could not detect any hydrocarbon peaks
after the Cz peak; however, after allowing
hydrogen to flow through the reactor at 473
K for 24 h, and then increasing the tempera-
ture a methane peak was detected in the
effluent between 523 and 553 K. The total
amount of methane corresponded to 10% of
a monolayer carbon coverage.

DISCUSSION
A. Carbidic Carbon, C,

The CO, transient in Fig. 1 shows that
CO dissociation on a clean catalyst surface
is a very fast process and CO dissociation
almost ceases after 200 s when ~12% of the
surface is covered by deposited carbon. In
agreement with the findings of Winslow and
Bell (3) our hydrogen titration experiments
given in Fig. 2 also show that the carbidic
carbon is very active in hydrogenation. In-
tegration of the hydrocarbon transients also
yield a surface coverage of approximately
10 to 12% of a monolayer, proving that in
the temperature range 413-453 K most of
the deposited carbon is in carbidic form,
though at higher temperatures some graph-
ite may form on the surface (14). Since CO
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dissociation by the Boudouard reaction is
almost completely irreversible (8) the limi-
tation must be due to the number of sites
available on the surface. In their experi-
ments with single crystal surfaces, Tamaru
et al. (15) found that carbidic carbon equiv-
alent to ~4% of the surface atoms was
formed on a Ru(1,1,10) stepped plane,
whereas no carbidic carbon was formed on
a Ru(001) flat plane. Based on these results,
they proposed that CO dissociation occurs
only at the low coordination sites. If disso-
ciative chemisorption is site limited, it
should be possible to measure a change in
the C, coverage with crystallite size.

C, hydrogenation products obey the
Schultz—Flory distribution during the tran-
sients (Fig. 9). This can happen only if the
chain propagation step is in quasi-steady
state or much faster than the rate-determin-
ing step: either initiation or termination. If
the termination step is slower than the car-
bon decomposition, or initiation, step,
some of the carbon monoxide isotope used
to exchange the molecularly adsorbed CO
should dissociate (as sites become avail-
able) and participate in the chain propaga-
tion step, resulting in mixed carbon isotope
products. This hypothesis is nicely verified
by the detection of the odd-numbered mass
fragments 31, 33, and 35, all due to C, or
higher carbon species containing both '2C
and C, in the C, peak.

When we pretreat the surface with both
CO and H, (Figs. 4 and 5) the coverage of
C, is again ~12%. If we compare the
shapes of the C, peaks in Fig. 2 with that in
Fig. 5 carefully, we find that the C, peak of
Fig. 5 is sharper, even though the amount
of C, deposited on the catalyst is roughly
the same, in the presence or the absence of
hydrogen. One possible explanation of this
difference is that carbon deposition on a
clean surface proceeds by island formation
(16); therefore the carbidic carbon atoms
are closely packed (but not close enough to
form graphite). When H; is present on the
surface, carbidic carbon may deposit in a
segregated pattern with hydrogen atoms
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filling in between, resulting in a higher ini-
tial rate of reaction. The third obvious ex-
planation of course is that some of the hy-
drogen is already on the catalyst surface,
and thus there is no lag time due to hydro-
gen adsorption from the gas phase. With
the available evidence it is not possible to
choose between the three possibilities.

Our H, titration transients provide very
useful information on the reaction Kinetics.
The dependences of the steady-state reac-
tion rate and the C, coverage of the catalyst
on gas-phase composition shown in Fig. 13
demonstrate that the reaction rate has a
very strong dependence on the gas-phase
composition. As CO partial pressure in-
creases from 12.5 to 380 Torr, the surface
coverage of carbidic carbon, C,, stays al-
most constant, whereas the total reaction
rate decreases from 6.7 x 107% to 0.8 X
10~* mol/Ms-S (moles of surface sites). Ob-
viously, in this range of CO partial pres-
sures the reaction rate is not controlled by
CO dissociation. Below 12.5 Torr of CO,
both the rate of reaction and the amount of
surface C, increase with CO partial pres-
sure. Thus, the overall reaction rate
changes from being CO, or surface C,, lim-
ited to surface hydrogen limited.

We find that the C, products obey the
Schultz~Flory distribution with a changing
chain growth probability all along the hy-
drogen titration transient. The fact that the
chain growth probability starts at close to
one and decreases smoothly as the surface
C, is consumed, as shown in Fig. 11, im-
plies that the propagation step is very fast
compared to the termination step. A corol-
lary is that the distribution is established
during the hydrogenation reaction and not
during the carbon deposition. Otherwise,
the products would not obey the Schultz-
Flory distribution and we would have re-
producibility problems in measuring the
product distributions during the transients.
Obeying the Schultz—Flory distribution
even when there is very little C, on the sur-
face implies very high surface mobilities for
the intermediates or localized regions of C,
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on the catalyst surface. Based on the data it
is not possible to choose between the two.

Figure 11 provides further insight into
understanding the selectivity question in
Fischer-Tropsch synthesis. It shows that
the chain propagation probability on Ru is
determined solely by the availability of C,
versus surface hydrogen. One can increase
the average molecular weight of the prod-
ucts either by increasing the surface cover-
age of C, or by decreasing the hydrogen
availability. The surface coverage of C, can
be increased by either increasing the rate of
production of C,, increasing the CO disso-
ciation rate, or by slowing down the con-
sumption of C,, decreasing the surface con-
centration of hydrogen. The last option,
however, results in a lower overall rate of
reaction by slowing down the termination
step. Since many promoters, such as alkali
metals, are found to slow down the overall
rate of reaction significantly they must be
increasing the average molecular weight by
decreasing the surface hydrogen concentra-
tion.

On almost all common Fischer-Tropsch
synthesis catalysts the product distribution
is found to obey the Schultz—Flory distribu-
tion. Our observation that only the C, hy-
drogenation products follow Schultz—Flory
distribution implies that at steady state the
majority of the hydrocarbons are formed by
C..

B. Alkylic Surface Carbon Cg

Agreeing with the previous studies (3, 4,
17) our results also show that when the cat-
alyst is pretreated with CO and H, together,
a new and apparently less active form
of hydrogenated surface carbon, Cg, is
formed. The accumulation of Cg is probably
due to a part of C, reacting with hydrogen
and staying on the surface. From Fig. 8 it
can be seen that under steady-state reaction
conditions the initial rate of C; formation
increases with the CO partial pressure.
Thus, the existence of adsorbed CO is es-
sential to the formation of Cg.

Using a ruthenium carbonyl solution,
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Pichler et al. (18) observed that the rate of
growth of polymethylene chains attached to
ruthenium increased dramatically with CO
pressure. Under Pichler’s reaction condi-
tions, ‘‘living polymers’ (i.e., polymers
that can continue to grow any time as long
as the monomer, CH,, is available) were
present. Based on IR evidence, the growth
site was deduced to be an alkylruthenium
carbonyl {CH3(CH,),CH,~Ru(CO),], where
x varies from 3 to 5 and # is a large number.
Our own in situ IR results (to be published
separately) indicate that the -CH,- to —CH;
ratio of Cg increases with time and CO par-
tial pressure. Parenthetically, we note that
Pichler’s observations were unique to ru-
thenium and could not be repeated with
other catalysts. One explanation for the ne-
cessity of CO chemisorbed on the same ru-
thenium atom may be electronic: the car-
bonyl ligands reduce the electron density at
the ruthenium atom and, as a result,
strengthen the carbon-to-ruthenium bond.
This model would also explain (1) why Cg
hydrogenation does not start until a certain
amount of the chemisorbed CO is hydro-
genated and (2) why the reactivity of Cg4
increases after prolonged purging (and thus
desorbing some of the adsorbed CO) with
an inert gas. We must, however, point out
that most of the evidence is indirect and it is
possible to have many other models yield-
ing similar results.

According to our isotope-exchange tran-
sients, in the absence of hydrogen, chang-
ing the gas-phase CO changes the isotopic
composition of C, but not of Cz as evi-
denced by the lack of Cg peaks for the odd-
numbered mass fragments containing both
2C and 3C. This observation can be ex-
plained if, when there is significant surface
coverage of CO, insertion into a Cg chain
occurs only via a methylene group (3, 4).
Observation of mixed isotope containing
species is also unlikely if, instead of going
through the chain propagation step, Cp de-
sorption proceeds through a hydrogenoly-
sis step during which chain breakage rather
than growth occurs.
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The inert gas purging experiment (Fig. 7)
shows that at 433 K there is no dynamic
equilibrium between C, and Cg. Unlike the
previous report by Winslow and Bell (4),
we did not see Cg converting back to C,.
What we observed was an increase in the
activity of Cg. These results do not neces-
sarily contradict Winslow and Bell’s finding
(3); at the higher temperatures, part of Cg
could be dehydrogenated and converted
back into carbidic carbon. Alternately,
since the hydrogen-to-carbon ratio of Cg is
found to decrease (4) with increasing tem-
perature, hydrogenolysis of C;z could lead
to the formation of olefinic fragments which
participate in the chain growth.

If Cz is converted back to C,, before
leaving the catalyst surface, then the prod-
uct distribution patterns of o and 8 peaks
should be the same. If we assume that Cg
consists of C, hydrogenation products
strongly attached to the surface but in dy-
namic equilibrium with C,, a simple de-
sorption by hydrogenation should lead to
product distributions similar to the C, prod-
uct distribution. On the contrary, dramatic
differences exist between the two distribu-
tions. Unlike the « peak, the 8 peak con-
tains no detectable olefin and has a high
branched-to-linear product ratio. Most im-
portantly, the product distribution of Cg
does not follow the Schultz—Flory distribu-
tion. We have modified the reaction mecha-
nism proposed by Winslow and Bell (4)
slightly to account for these possibilities:

+H, Propagation +H, Termination
C0O-»>C,—/——CH, ——
+H || -n Product

Cﬁ Hydrogenolysis PrOdUCt

This model can explain the experimental
results quite well. If at low temperatures Cg
is nothing but terminally bound alkyl hydro-
carbon (/8, 19), significant amounts of ole-
fins should not be expected. Olefins are
only produced during hydrogenation of C,
as primary products. The residence time of
Cp on the surface is also much longer than
that of the C, products and there is a higher
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chance of branching (2¢) through rear-
rangement reactions. During the hydrogen-
olysis reaction the branched structure will
be retained because the tertiary carbon
atom is relatively stable on Ru (27) result-
ing in the higher ratio of branched-to-linear
products.

We found that during the inert gas purg-
ing, desorption of surface CO resulted in a
considerable increase in the activity of Cg.
It is obvious that surface CO inhibits the
hydrogenolysis of Cz. A second explana-
tion (in addition to the one given above for
CO stabilization of ruthenium alkyls) is that
two sites are needed to rupture a C—C bond
in a hydrocarbon chain, a necessary step in
desorption, and removal of surface CO
opens up new sites for the reaction to take
place.

CONCLUSIONS

The mechanism of the Fischer-Tropsch
reaction on Ru/Al,Os is very complicated.
The reaction starts with CO dissociation on
the metal which, probably, can occur only
on low coordination sites. These sites make
up about 10-12% of the total surface sites
of our catalyst. According to our results CO
dissociation proceeds at a much faster rate
than the termination step on the catalyst
surface. Under steady-state reaction condi-
tions and a wide range of CO partial pres-
sures the C, coverage appears to be con-
stant within experimental error.

The chain propagation step is also found
to be very fast compared with the termina-
tion step and the products of C, hydrogena-
tion follow Schultz-Flory distribution even
under transient conditions. Therefore the
reaction rate on an Ru catalyst under
steady-state conditions is limited by the ter-
mination step.

In addition to carbidic carbon, alkylic
carbon, Cg, is deposited on the surface. In
the presence of CO, Cg appears to be much
less reactive than C, toward hydrogena-
tion. It accumulates under reaction condi-
tions and can reach more than a monolayer
of equivalent surface coverage. The reac-
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tion path of Cg to the products is strongly
inhibited by the molecularly adsorbed CO.
The products of Cg do not follow the
Schultz—Flory distribution and we specu-
late that hydrogenolysis may be the pri-
mary means of desorbing Cg.
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