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An abrupt change of the reaction environment from CO/H; to “CO/H; leads to a gradual
ingrowth of *C in hydrocarbons. This rate of ingrowth can be modeled in a manner which is
essentially independent of the details of the reaction mechanism. It is calculated that the rate of C~
C bond formation varies from =1 s-! (ruthenium) to <0.1 s~! (cobalt). Further findings include the
experimental observation of surface heterogeneity and the relatively short residence times for the

C, monomers involved in chain growth.

INTRODUCTION

There have been numerous studies in re-
cent years addressing mechanistic aspects
of the Fischer—Tropsch (F-T) synthesis (/-
5):

nCO + 2’1(+1)H2—> C,,Hz,,(+2) + nHzO

One of the issues which, despite all the re-
search, is still unsettled is the time scale on
which the C-C bonds are being formed.
This matter has some practical implica-
tions. It might, for example, be possible to
influence the product distribution by either
external cycling of the reaction conditions
(6) or by the addition of a chain-transfer
reagent (7), provided that the rate of C-C
bond formation is sufficiently slow.

The lack of data on absolute rate (units =
s~1) of C-C bond formation essentially de-
rives from the fact that most reaction-rate
studies utilize steady-state kinetics tech-
niques. For a single elementary step, in-
volving intermediates present at coverage 6
and exhibiting a lifetime k-1, the reaction
rate (TOF) can be expressed by (8—10)

TOF =k - 0,

where k is reactivity of the intermediates
(s7!). It is apparent that a (steady state)
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measurement of TOF does not allow for the
separate assessment of k£ and 0.

The foregoing statement can be made
somewhat more specific. Whereas the full
details of the elementary reaction steps are
not known, an ‘‘overall’”’ sequence of
events leading to chain growth has been
well established (/7). The experimentally
observed Schulz-Flory distribution of
chain lengths:

% mole C, 0
% mole C,,_, <

is indicative of a sequence of independently
repeated additions of C; groups to the
growing chain, C,, competing with the ter-
mination step

) kp

Cn—l* G lcrll: + G Cn+1*
C.(®
The steady-state condition for 6c, yields
ac;
dt =0= kpecnil - (kp + kt)OCn.

Hence:

Oc, ke

OC’H - kp + kt - (2)
Equation (2) vields (1) via:

TOFc, = k¢ * b, - 3
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It can be seen that steady-state rates (3)
give only the product, k - 6, and that the
steady-state product distribution (2) gives
only the ratio, k,/k,. Neither of them is ca-
pable of giving values for the ‘‘absolute’™
(i.e., formally first order, units = s7!) rate
constants k, and k. This limitation of
steady-state kinetics has been well docu-
mented (12-15). Accordingly it is a non-
steady-state kinetic method (9, /6) that
has been utilized in the presently reported
research to measure ‘‘absolute’ values for
k and 6 of surface intermediates in the F-T
reaction.

Dautzenberg et al. (17) and Kieffer (18),
both using step-concentration transients,
have addressed rates of C—C bond forma-
tion. Dautzenberg found C-C bond forma-
tion over Ru to be slow (of the order of
0.017 s71), whereas Kieffer concluded that
the C-C bond formation over Fe is quite
fast. The problem with step-concentration
transients in F-T, and particularly those
which involve a variation in the ratio H,/
CO, is that they might lead to nontypical
surface chemistry, such as hydrogenolysis
and/or conversion of accumulated by-prod-
ucts (2, 5, 22).

More recently two preliminary studies
appeared (9, 20) of the nonsteady-state
type, utilized in this report. They employ
an abrupt switch in the isotopic composi-
tion of the reaction atmosphere from 2CO/
H, to ®*CO/H,. As a result, a transient ki-
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FiG. 1. Transients of Ar, CO, and CH, correspond-
ing to a switch from >CO to *CO. Catalyst: cobalt. T
= 210°C, P = 1 bar, D,/CO = 3.
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FiG. 2. The transients of C; and C, species. In addi-
tion to the separate data points, the full curves give the
results of the model calculations (cf. Fig. 7 and Data
Analysis under Results). The conditions are shown in
the caption for Fig. 1. Catalyst: cobalt.

netic phenomenon is being observed: the
gradual ingrowth of 1*C in the hydrocarbon
chains (cf. this paper, Figs. 1-5). This non-
steady-state phenomenon allows for the ob-
servation of rates of chain growth at condi-
tions which are representative of the steady
state. Biloen et al. performed a preliminary
study (9) which did not yet allow the detec-
tion of ‘‘mixed’ transients such as
12C,_3C;H,,, and also suffered to some ex-
tent from chromatographic effects (cf.
Results). Accordingly, only lower limits for
the rates of C-C bond formation could be
given. At the prevailing conditions the rate
of C-C bond formation ranged from =0.014
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FiG. 3. The transients of C; and C; species. In addi-
tion to the separate data points, the full curves give the
results of the model calculations (cf. Fig. 7 and Data
Analysis under Results). Catalyst: cobalt. The condi-
tions are shown in the caption for Fig. 1.
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Fi1G. 4. The transients of *C in C,;, C;, and C; over
cobalt. The conditions are shown in the caption for
Fig. 1.

s (Ni) via = 0.05 s~! (Co) to =0.5 s~!
(Ru). Mims and McCandlish (20) used the
same method in conjunction with an inci-
sive analytical technique: 3C NMR. Focus-
ing on Fe, they inferred from the lack of
anisotropy in the position of *C in the prod-
uct BC; 2C,_; Hg that C-C bond formation
takes place at a rate exceeding 1 s~

We presently report on the isotopic tran-
sients obtained with ruthenium and cobalt
catalysts. On-line mass spectrometry com-
bined with adequate data acquisition allows
the resolution of all transients in the C,—C;
products. These transients have been ana-
lyzed in detail, which leads to the lifetimes
and coverage of several of the key surface
intermediates.

EXPERIMENTAL

Preparation of the catalysts. (1) Unsup-
ported Co was prepared by precipitation
from a 10% solution of Co(NO;), by
Na,COs;. The suspension was heated to
110°C. The precipitate was filtered off and
washed with boiling deionized water until a
brown ring test showed that no nitrate was
left in the filtrate. The precipitate was dried
at 110°C for 12 hr, crushed, and sieved to
—200 mesh. Then it was physically mixed
with SiO, beads (mesh size ~100 + 120)ina
ratio of 1:3. Finally, the preparation was
reduced at 350°C for 12 hr in flowing hydro-
gen (8 nl/h) over 0.5 g catalyst. It has an
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exposed cobalt surface area equivalent to 1
ml(STP) CO/g catalyst, as determined from
2CO/MCO exchange at 100°C.

(2) Ru/Al,O; was prepared by dry impreg-
nation of y-AL,O; with RuCl;. Reduction
was carried out in flowing hydrogen at
300°C for 2 h. The catalyst has an exposed
ruthenium surface area equivalent to §
ml(STP) CO/g catalyst, as determined from
2CO/MCO exchange at 100°C. An amount
of 0.5 g catalyst was used in the experi-
ment.

The experiments were carried out in a
plug-flow reactor with internal diameter of
3.2 mm. An upstream four-way valve al-
lowed abrupt switching from 2CO to *CO,
or vice versa. Brooks mass flow controllers
and Tescom backpressure regulators en-
sured that partial pressures were essentially
unaffected by the isotopic switch. The max-
imum CO conversion was 15%.

On-line mass spectrometry was per-
formed by sampling continuously the reac-
tor outlet. A small part of the outlet stream
was routed via a 100-um-i.d. heated capil-
lary and a Varian flow-by valve into an Ex-
tra Nuclear Model 2750-50 quadrupole
mass spectrometer, which was housed in a
permanently baked (100°C) UHV-compati-
ble vacuum chamber. This chamber was
pumped by a 90 liters/s L.eybold—Heraeus
turbomolecular pump.

The intensities of selected masses were
collected continuously with an Apple lle

1.0

0.51

0.0

T

0 50 100 150 200
TIME, sec.

F16. 5. The transients of Ar, CO, and the ingrowth
of BC in C, and C; over ruthenium. 7 = 210°C, P = 1
bar, D,/CO = 3.
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TABLE 1

Selected Masses

Species Mass
BCD, 21
2C,D, 32
2C,13C,D, 33
BC,D; 36
12C;Ds 46

12C,13C,Ds 47
12C,13C,D; 52
13C,D, 53

microcomputer, utilizing a Cyborg-Isaac in-
terface. In order to minimize the interfer-
ence from fragments of hydrocarbons such
as C4, the open electron-impact ionizer was
operated at an impact energy of only 22 eV.
The residual fragmentation, however, is
still significant. Table 1 lists the selected
masses for the species under investigation.
For the convenience of detecting the tran-
sients of 2C,_13C;, D, is used instead of H,
(10).

In conjunction with MS analysis, gas
chromatography was used to analyze the
steady-state reactor effluent stream. The
product was separated by a Poropak Q
column in series with a 80/100 Carbopak C/
0.2% Carbowax 1500 using a He carrier
flow of 20 cm?/min. The steady-state prod-
uct distribution is close to an Anderson-
Schulz—Flory one, with an approximately
15% excess in CH4 and an approximately
20% undershoot in C;H,.

RESULTS

In response to the abrupt change in reac-
tion environment from '2CO/D; to *CO/D,
the isotopic composition (i.e., i in
12C,_BC;) of the hydrocarbon products
changes gradually. These responses were
measured with on-line MS (cf. Experimen-
tal) and plotted in two different representa-
tions:

[*C,-"Cil
2 [?C,-°Ci]
i=0

F(lzcn—il3ci) =
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and
F*[¥CinC,] = % > i+ F(2C,C)
i=0

with [12C,_;"*C;] being a measure for the
concentration of species i. The inspection
of the experimental data reveals that the
transients closely obey

2 F(?C,-C) = 1
i=0
which is a reflection of

> [2C,-#C;] = constant.
i=0

Figures 1-4 show the transients mea-
sured over the Co catalyst at D,/CO =3, T
= 210°C, and P = 1 bar. Separated data
points have been displayed together with
full curves which correspond to model pre-
dictions (cf. below). Figure 5 represents the
transients over Ru at D,/CO = 3, T =
210°C, and P = 1 bar.

When switching off 2CO and Ar (as a
tracer) simultaneously at the reactor inlet,
there is a time delay between the disappear-
ance of 2CO and Ar at the reactor outlet
(Figs. 1 and 5). This front-elution, chro-
matographic separation is due to desorption
in BCO/D, atmosphere of an inventory of
12C0,q, which is not paralleled by desorp-
tion of a reservoir of Ar,g (9, 21). This effect
was utilized routinely to determine in situ
the number of surface-exposed cobalt and
ruthenium atoms. All coverages, 0, quoted
in this paper have been calculated from the
amount of CO (ml(STP)) observed upon
12CO/1BCO exchange over the fresh catalyst
at 100°C and a ratio H,/CO = 3, assuming
CO/Co = 0.8.

Cig Ca(g)

Cs(@)

Fi1G. 6. Network of interconnected poeols of surface
intermediates, underlying the modeling.
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The chromatographic effect should be
kept sufficiently small, in order to avoid in-
terference with the intrinsic kinetics (9). In
practice the chromatographic effect is con-
sidered to be negligible when the area be-
tween the Ar and 2CO curve is less than
20% of that between Ar and *CH,. By
working at sufficiently high space velocity
(around 1000 liters/liter/h) this condition
could be met with cobalt (Fig. 2). With ru-
thenium, however, the reactions are faster,
and the reservoir of adsorbed CO is larger.
Accordingly, the shape of the transients is
dominated by the chromatographic effect
(cf. Fig. 5 of this paper with Fig. 12 of (9)),
and only upper limits for lifetimes of inter-
mediates could be abstracted (Table 3).
Steady-state kinetic data for cobalt i.e.,
TOF’s and values for the chain-length dis-
tribution parameter «, have been listed in
Table 2.

Data Analysis

As discussed in the Introduction, the
steady-state product distribution indicates
chains to grow in independent, unidirec-
tional steps:

Cn + Ctl) - Cn+l (4)

The model utilized in this paper and
shown in Fig. 7 is compatible with Eq. (4).
Adsorbed CO has a lifetime 7¢o before it
converts to a surface intermediate C? or de-
sorbs to CO in the gas phase. Surface inter-
mediates C} will either convert to C; or they
wiladdtoC, (n=1,2,. . ).

TABLE 2
TOF’s and a's at Different D,/CO Ratios

Catalyst: Co, T = 210°C, P = 1 bar

D,/CO 1 1.64 3.27 6.55
TOF, x 1073, 57! 2.23 3.11 4.83 8.64
TOF; x 1073, 5! 1.76 1.68 1.58 1.33
TOF; x 1073, s7! 1.43 1.33 1.04 0.72
TOF, x 1073, s™! 5.42 6.12 7.45 9.97
o 0.65 0.61 0.52 0.41

4 [Olefin)/[paraffin] = 3.2 (C;), 1.4 (C;), and 1.2 (Cy).
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TABLE 3

Transient over Ru/Al,Os:
Upper Limits for the Lifetime
of Surface Intermediates

Catalyst: Ru/AlLO;

D,/CO 3

T 210°C
P 1 bar
TOF 4 x 10°2s7!
o 0.65
Data Fig. 5
T =1.5s
T =0.5s
T2 =03s
T3 =03s
k, = alr, =] s7!

Additional assumptions are:

(a) Except CO,q, Hag, Chag, and C,_,q NO
other intermediates exhibit significant § and
7 values.

(b) Each pool of intermediates is inter-
nally homogeneous, i.e., characterized by
only two parameters: an abundance () and
lifetime (7).

Mass balance for the pool of surface in-
termediates C,, leads to

dN; dF;

o N_Jt— = R(F;, — F)

in which N equals the number of intermedi-
ates C,; R the rate of production and con-
sumption of intermediates C,; N; the num-
ber of intermediates with constitution 2C,,_;
BC;; F;, the value of N;/N in the inlet to the
pool C,; and F; the value of N;/N of the
pool C, (and of the outlet of the pool).

Thus,

& L, - F)
with
N
R
Upon substitution:
Fi=F - e,
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where F’ is an unknown function of ¢ to be
determined, it is obtained that
dar’ 1

- - et/T .

@ 7 e

©)

The expression for Fj, is, when n = 2,

Fin = F(?C,_1-BCy) + F(’Cy)
+ F(C,-BCiny) + F(BCy)

whereas
NIZCb
12 -
F(*Cy) N,
NBC,
13 —
F(°Cy) N

For pool C,,
F;, = F(2CO)for '?C-containing species,
F;, = F(CO) for BC-containing species.
For pool C,,
Fi, = F(12Cy)for 2C-containing species,
Fi, = F("*Cp)for *C-containing species.

At this point we mention that isotopes are
unique in that they allow for the observa-
tion of transient-Kinetic phenomena with
the system, essentially, at steady state (9,
15, 16). In the prevailing context it is 2C
and C which exhibit essentially the same
chemical reactivity. Therefore neither N nor
R or 7 depend on the isotopic constitution,
F;. Consequently, Eq. (5) can be integrated
analytically. For the 7 values listed in Table
4 we present the calculated F;(¢) curves in
Figs. 2 and 3.

TABLE 4

Lifetime, 7, of Intermediates, as Obtained from
Isotopic Transients for Cobalt

Data: Figs. 1-3

Criterium (s}  T(s) m(s) T(s)

Computer matching the
leading edge of the
Fi(t) curves simulations 1.5 1 152 15+4 154

Matching the total area

under the Fi(r) curves 1+4 184 156 15=8
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DISCUSSION

Whereas with cobalt there is a delay be-
tween the ingrowth of *C in CH,, C,H, and
C;Hg such a delay is virtually absent in case
of ruthenium (cf. Fig. 4 with Fig. 5). In or-
der to quantify this observation we con-
sider in Figs. 4 and 5, the area, A, bounded
by the 3C-in-CH; and the 3C-in-C;Hg
curves. This area is of the order 30 s (Co)
versus =2 s (Ru). The analytical solutions
of Eq. (5) allow us to predict this area for
any chosen set of parameter values y, 7,
72, and 73. In order to obtain upper limits for
the ruthenium case we set in turn all the
parameters but one at 7 = 0, and we ad-
justed the remaining one in order to obtain
A = 2 s. The results (Table 3) are consid-
ered to be upper limits for the lifetimes of
the surface intermediates involved in F-T
synthesis over ruthenium, which suggests
that at the prevailing conditions C~C bond
formation over ruthenium is very fast, oc-
curring at a rate exceeding 1 s~!, Whereas
compared to our preliminary study (rate ex-
ceeding 0.067 s™! (9)) we improved signifi-
cantly on the overall response time of the
equipment, the rates over ruthenium are still
too fast to be observed, and only lower lim-
its can be quoted. Rates exceeding 1 s7' is
also what is being quoted by Mims and
McCandlish in their recent transient-kinetic
study of F-T over iron (20).

The concurrent ingrowth of BC in CH,
and C;Hg demonstrates that in case of ru-
thenium mass-transfer effects are negligi-
ble. As the cobalt preparation has a lower
porosity this conclusion carries over to co-
balt: the delays observed in Fig. 5 derive
from intrinsic rather than extraneous ef-
fects.

We utilized in the analysis of the cobalt
data two different methods to infer from the
transient-kinetic data values for the param-
eter set 7,, 71, 72, and 73. In the ‘“‘leading
edge”’ method we matched the model pre-
dictions (Eq. (5)) for the various F;, =
F(?C,_;,3C,) versus-time-curves against the
leading edges (¢ < 7,) of the experimentally
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observed transients. The following results
emerge:

(1) The leading edge of the transient
13C;H, cannot be described satisfactorily by
any set 1, 71, 72, and 73 which is compatible
with the other transients (Fig. 3).

(2) The leading edges for all the other
transients are reasonably well reproduced
(Figs.2and 3)forry =7 =7;=15sand 7,
~1.5s.

(3) Compared to the model predictions
the actual transients exhibit significant tail-
ing for t = 7, (Figs. 3 and 4).

(4) We are unable to reproduce both the
“leading edge”’ (t = 7)) and ‘‘tail” (¢t = 1))
features with a single set 7, 7, 72, and 7.

As the 7 values quoted above are ques-
tionable in the sense that only the leading
edges of the transients are being repro-
duced we derived a second criterion to infer
7 values. The alternate criterion consists of
a match of the total area (units: s) bounded
by the transients, rather than a match of the
leading edges. This method leads to essen-
tially the same set of 7 values (Table 4). The
“leading edge’’ criterion essentially fulfills
the ‘‘area’’ criterion, as an overshoot for ¢
< 71 is being compensated by an under-
shoot for ¢ > 1, (Figs. 2 and 3). It is there-
fore concluded that inferred = values are
rather insensitive toward the fitting crite-
rion. In what follows all values for 7 (Fig. 7)
and related parameters (Figs. 8 and 9) have
been obtained by matching areas rather
than leading edges.

Neither the transients (Figs. 1-5) nor the
data in Table 4 have been corrected for the
(significant) fragmentation accompanying
the mass analysis. A further analysis (29)
indicates that correcting this effect does not
remove the ‘‘tails’’ in the transients, and
that it does not change the estimates for 7
and 7,. However, the ‘‘best fit’’ values for
T, and 7; decrease by some 20%.

We conclude that at the prevailing condi-
tions C—C bond formation over cobalt takes
place at a rate varying around 0.067 s~!
(Fig. 7). With the help of the appropriate
relations (Fig. 6):

ZHANG AND BILOEN

=k + 6)
o= o ™
k, + ki
and
0, = 7 - TOF/(1 — a) ®)

we obtain the data summarized in Figs. 8
and 9. That we obtain actual numbers for
absolute rate constants (k, s™!) and cover-
ages (6) is, of course, uniquely related to
the transient-kinetic nature of the experi-
ments.

When varying the ratio D,/CO we ob-
serve variations in « (Table 2), TOF; (Table
2), k (Fig. 9), and 6 (Fig. 8). However, the
lifetime of the surface intermediates:

= (ky + k!

turns out to be highly D,/CO independent
(Fig. 7). Whereas the reaction pathway
(i.e., k, versus k and therefore the chain-
length parameter «) varies, as expected,
with the ratio D,/CO (Table 2), the overall

257

20
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10

4

5 - T
1 2 3 4 5 6 7
D»/CO

Fic. 7. The 1 values at different D,/CO ratios. T =
210°C, P = 1 bar, catalyst: cobalt.
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FiG. 8. The 0 values at different D,/CO ratios. T =
210°C, P = 1 bar, catalyst: cobalt.

reactivity, 7, of the growing chains remains
virtually constant. This is one of several
surprises which, in our appraisal, needs
much more transient-kinetic work in order
to understand its implications. We merely
suggest that this finding could indicate
propagation and termination to proceed
through a common transition state, with the
reaction coordinate leading to this transi-
tion state having predominantly the charac-
ter of a carbon-to-cobalt rather than that of
a carbon-to-hydrogen distance.

The transients exhibit ‘‘tails’> which can-
not be accommodated in the simple scheme
depicted in Fig. 6. We consider the tails to
be indicative of heterogeneity in the pool of
intermediates, with the real situation corre-
sponding to a (skewed) distribution of 7 val-
ues rather than a single 7 value per pool. A
similar behavior is being reported by Mims
and McCandlish (20), and in our recent
transient-kinetic study of Raney nickel the
same phenomena (28) was observed. De-
tails in the latter study indicate that hetero-
geneity of the catalyst itself, as opposed to
heterogeneous deterioration of carbona-
ceous adlayer, underlies the observations.

We finally consider the very short life-
times of the C; building blocks involved in
chain growth:

Cn + Cb_—9 Cn+l
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In the spirit of our own findings (2) and
those of others (3-5) we tend to identify the
Cy, species with CH,, and we would expect
rapid equilibria such as

+H
Cb=CH2 ? CH3=C1

to cause the pools C, and C, (Fig. 6) to act
as a single reservoir, with therefore:

™ = T1

However, the modeling leads to the surpris-
ing result (Table 4):

Tb << T]]zy‘_:,.

How reliable is this modeling result, and
what could it convey regarding the nature
of the C, building blocks?

With respect to the veracity of the model-
ing we mention that our results rest on the
following features:

(1) The experimentally observed tran-
sients of BC!ZCH, and BC2C,H; exhibit
leading edges which rise simultaneously
with that of BCH, (Figs. 2 and 3).

(2) Modeling has been performed accord-
ing to Fig. 6, i.e., with all of the CH, as-
signed to reservoir C; and without accom-
modation of surface heterogeneity.

Within these constraints the choice 7, =

0.05+
Ky ,871
0.04
0.034
0,0ZJ
0.051
-1
kp.s
0.041

0.031

0.02

D»/CO

F1G. 9. The &, and &, for C;H, at different D,/CO
ratios. T = 210°C, P = 1 bar, catalyst = cobalt.
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7 results in a clearcut separation of the
leading edges of *C"2CH, and '3C"C,Hs, in-
compatible with observation (1), which is
the basis for the quoting 7, ~ 2 s (Table 4).
This leads us to question the validity of
the following assumptions made in the
modeling:

(a) Assuming growing chains to be
started by the same pool of C, intermedi-
ates which furnish the (excessively pro-
duced) CH,.

(b) Neglecting surface heterogeneity
when interpreting the leading-edge features
of the transients.

Point (b) is reinforced by the observation
that the leading edge of *C;Hj rises too fast
(cf. Fig. 3) to be described by the parameter
choice of Table 4. There is every reason to
seriously consider too fast a rise, from the
experimental point of view, as artifacts are
expected to cause spureous delays.

Accommodating a very short lifetime of
the C, building blocks in a chain-growth
mechanism would require either unidirec-
tional hydrogenation, as quoted by Happel
et al. (16):

—— CH,; (1) ERLN CH; (r) —

or identification of the C, building blocks
with a CO-like species: due to rapid adsorp-
tion/desorption the residence time of CO-ad
indeed is of the order of 2 s (9, 21).
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