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Transient response isotopic tracer experiments have been used to study chain growth during
Fischer-Tropsch synthesis over an Ru/TiO, catalyst. This involves observation of the incorporation
of "*C into reaction products after an abrupt switch from “CO/D, to “CO/D; in the feed. Values for
the rate coefficients for initiation, propagation, and termination are determined by fitting theoreti-
cally generated model curves to the observed transient responses. The rate coefficient for chain
initiation is independent of temperature and D./CO ratio. The rate coefficients for propagation and
termination increase with temperature. The rate constant for propagation is not affected by the D,/
CO ratio. The rate coefficient for termination increases linearly with increasing D,/CO ratio. The
activation energy for chain propagation is 8 kcal/mol. whereas the activation energy for chain
termination is 20 kcal/mol. The relative values of these two activation energies explains the observed
decrease in chain growth probability, «, with increasing temperature. Coverages by reaction inter-
mediates are also estimated. The dominant species are monomeric building units which occupy
0.3-0.6 ML.. Alkyl species that are the direct hydrocarbon product precursors occupy < 0.2 ML

and adsorbed CO covers 0.7 ML..

INTRODUCTION

Fischer-Tropsch synthesis (FTS) pro-
duces a spectrum of products consisting pri-
marily of linear olefins and alkanes (/). The
carbon number distribution of the products
containing four or more carbon atoms
is often well described by an Ander-
son~Schulz-Flory (ASF) distribution,
which assumes that products containing n
carbon atoms are produced by a stepwise
polymerization of C, species (2). If the prob-
ability of chain growth, «, defined as the
ratio of the rate of chain propagation to the
sum of the rates of chain propagation and
termination, is taken to be independent of
n, then [Ng, , J/IN¢,] = a, where N, and
N, _, are the turnover frequencies for prod-
ucts containing » and n + 1 carbon atoms,
respectively. Steady-state investigations of
FTS have shown that « is a complex func-
tion of both temperature and the partial
pressures of H, and CO (2-5).

Mechanistic studies of hydrocarbon pro-
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duction by FTS over Fe, Co, and Ru suggest
that the mechanism of FTS might be de-
scribed by the following reaction sequence
(6):

CO, = CO,
H,, = 2H,
CO,—C, + O,
0, + H,— OH,
H, + H,— H,0,
C, + H,==CH,
CH, + H,= CH,,
CH,, + H == CH,,
CH,, + H,—~ CH,,
CH,, + CH,,~— CH,CH,,
I1. CH,CH,, + H,—~ CH,CH,,
12. CH,CH,,— CH,CH,, + H,
3. CH,CH,, + CH,,— CH,CH,CH,,

XX R —

}; CnHan"l,s + CH2.5_> C'1+]H2(n+]) +1.s
) CnH2n+1.s + Hs—>CnH2n+2‘g
16. CnH2n+l,s—> CnHZn.g + Hs'
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Adsorbed CO covers most of the catalyst
surface and is in equilibrium with gas-phase
CO (6-8). Likewise, dissociatively ad-
sorbed H, is found to be in equilibrium with
gas-phase H, (8). Some of the adsorbed CO
dissociates irreversibly (7, 9) to form C, and
O.. The atomic oxygen produced in this
manner reacts rapidly with H, to form water,
whereas the atomic carbon reacts with hy-
drogen to form CH, (x = 1-3) species (9,
10). The CH, species can react with addi-
tional hydrogen to form CH, or react with a
CH, , species, thereby initiating the process
of chain growth. Chain propagation is sus-
tained by CH,, addition to adsorbed alkyl
species. Chain termination can occur by hy-
drogen addition to a surface alkyl species to
give a paraffin or by hydrogen abstraction
to give an olefin.

A number of investigators have used 150-
topic-tracer techniques to identify the spe-
cies involved in the chain growth process
and to estimate the rate coefficients for
chain propagation and termination (7,
11-20). In studies conducted with a Ru/
SiO, catalyst, Kobori et al. (11) concluded
that hydrocarbons are formed by the poly-
merization of CH, intermediates and that
CO insertion plays no part in the chain
growth process leading to hydrocarbons.
Work by Biloen et al. ({12) on unsupported
Co, Ni/Si0,, and Ru/y-Al,O; has shown
that carbidic intermediates are involved in
the reaction and that methane and higher
hydrocarbons have a common precursor.
Stockwell and Bennett (/7) were unable to
conclude whether chain growth occurred
via a CO insertion or a CH, insertion mecha-
nism. Studies on an Fe/Al,O, catalyst by
Stockwell et al. (18) implicated a CH species
as responsible for chain growth. The authors
concluded that once chain growth is initi-
ated, the production of methane and C,,
hydrocarbon becomes rapid and the cover-
age by growing chains becomes small.

Several attempts to determine the rate co-
efficients for chain propagation and termina-
tion have been reported. Zhang and Biloen
(14) have looked at the successive incorpo-
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ration of *C into C,_; hydrocarbon products
over Co and Ru catalysts. For Co, it was
estimated that at 483 K, the value of the
apparent rate constant for propagation de-
creased from 0.045 to 0.025 s~ ! and the cor-
responding value of the apparent rate con-
stant for chain termination increased from
0.02 to 0.04 s~ ', as the D,/CO ratio in-
creased from 1 to 6.55. For the same reac-
tion conditions, the coverage by alkyl chains
was estimated to be between 0.19 and 0.25
ML, whereas the coverage by monomeric
species was much smaller. For Ru, the ap-
parent rate coefficient for chain propagation
was estimated to be =1 s~ '. Based on simi-
lar experiments, Mims and McCandlish (/5)
have estimated the apparent rate coefficient
for chain propagation to be 2-4 s~' for a
promoted Fe catalyst at 510 K and an H./
COratio of 1 (/5),and 2s' on Coat 475 K
and an H,/CO ratio of 2 (/6). Over both
Fe and Co, the coverage by the monomeric
species exceeded the coverage by hydrocar-
bon chains. In a recent study using a Ru/
TiO, catalyst, Yokomizo and Bell (27) ob-
served that 809 of the carbidic species on
the Ru surface served as a monomer build-
ing block and 20% acted as the precursor
to methane. The rate coefficient for chain
termination was estimated to be 0.044 s ' at
T = 463 K, pco = 50 Torr and D,/CO = 3.
The total coverage by C, species was re-
ported to be 0.25 ML, and the coverage by
C.. species leading to hydrocarbon product
was estimated at 0.1 ML,

The objective of the present investigation
is to estimate the rate coefficients for chain
initiation, propagation, and termination,
and to study their dependence on tempera-
ture and D,/CO ratio. A further aim of this
effort is to determine the surface coverages
by the various reactive carbonaceous spe-
cies present on the catalyst. A Ru/TiO, cata-
lyst was used for these investigations be-
cause of the high specific activity of Ru for
FTS and its characteristically high value of
a (22). The absence of alcohols from the
products of FTS over Ru was a further rea-
son for choosing this metal. Titania was
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used to support and disperse the ruthenium,
since titania-supported Group VII metals
are known to be more active than silica- or
alumina-supported Group VIII metals
(23-26).

EXPERIMENTAL

Catalyst Preparation and
Characterization

A 3.3% Ru/TiO, catalyst was prepared by
incipient wetness impregnation of Degussa
P-25 titania with an aqueous solution of
RuCl, - H,O (Strem). Details of the prepara-
tion are given in Ref. (27). The dried catalyst
was reduced at 503 K to minimize encapsu-
lation of the Ru crystallites by titania. The
metal content of the catalyst was deter-
mined by X-ray fluorescence. The chloride
level after reduction was below the detec-
tion limit (0.02%). The dispersion of Ru was
determined by H, chemisorption to be
15.5%, while the CO uptake on the freshly
reduced catalyst was 1.3 ML. The BET sur-
face area, determined from an N, isotherm
at 77 K was 47.5 m*/gm.

Apparatus

D,, 2CO, "*CO, and He were supplied
from a gas manifold to a low dead-volume
quartz microreactor. UHP H, (Matheson
Gas) or D, (Union Carbide) were further
purified by passage through a Deoxo unit
(Engelhard Industries) and water was re-
moved by a molecular sieve 13X trap. UHP
CO (99.999% pure, Matheson Gas) was
passed through a glass bead trap maintained
at 573 Ktoremove iron carbonyls, an Ascar-
ite trap to remove CO,, and a molecular
sieve trap to remove water. UHP He was
passed through a molecular sieve trap to
remove water. *CO (Isotec Inc, 99% 1*C)
was used as supplied.

Tylan mass-flow controllers were used to
regulate the flow of all four gases. The '*CO
and *CO streams flow from the flow control-
lers into two separate low dead-volume, 2-
position, 4-port valves. One stream from
each of these valves flows through a bub-
blemeter to a vent line, while the other
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stream flows to a 4-way tee. He and D, are
mixed and introduced into the third inlet of
the 4-way tee, and the outlet from the tee
goes to the microreactor. This flow scheme
enables establishment of steady-state flow
to the vent line in both CO streams and
allows switching the reactor feed from one
isotopically labeled form of CO to the other
without significant flow perturbation. By si-
multaneous switching of the two 4-port
valves, one avoids the elution of a small slug
of the first isotope of CO held up in the valve
and flow line.

Product Analysis

The steady-state distribution of reaction
products was determined by gas chromatog-
raphy and the temporal variation in the dis-
tribution of '?C and *C in each product was
determined by isotopic ratio gas chromatog-
raphy—mass spectroscopy (28-30). Figure |
shows a schematic of the analytical system.
A 10-port GC sampling valve (Valco
E410UWP) and a multiposition 16 sample-
loop valve (Valco E6ST16T) were used to
acquire and store samples. Both valves are
housed in valve ovens and can be actuated
electrically. Flow lines downstream of the
reactor, the valve ovens, and lines to the
GC inlet were all maintained at 393 K, to
minimize product condensation.

Product analysis is initiated by injecting
the contents of one of the sample loops into
a Perkin—-Elmer Sigma 3B chromatograph
containing a fused silica capillary column
(0.25 mm i.d. x 50 m) coated with a 1-
um film of SE-54. To achieve good product
resolution, the column is maintained at 233
K for 4 min, then ramped at 20 K/min to 523
K. and finally held at 523 K for 10 min. This
sequence results in a total sample analysis
time of 28.5 min. C,_, products elute at the
initial temperature, C;_; products elute dur-
ing the temperature ramp, and C,_,; prod-
ucts elute at the final temperature. Products
heavier than C,, hydrocarbons are not de-
tected. The column effluent is split into two
streams using a glass-lined capillary union
(SGE); one line (0.11 mm i.d.) is sent to an
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Fi1G. I. Schematic of GC~MS analytical system.

FID detector for quantification, while the
other transfer line (0.20 mm [.D.) is routed
to a capillary combuster. This latter stream
is mixed with O, and combusted to CO, in
a 2-m-long capillary (0.2 mmi.d.) containing
Pt wire (0.13 mm o.d.) maintained at 873 K.
Details of the capillary combuster are given
in Ref. (30).

The effluent from the combuster is leaked
into a vacuum chamber containing the probe
of a UTI 100C quadrupole mass spectrome-
ter. The leak is accomplished by coupling
the exit of the combuster directly to the inlet
capillary restrictor of the mass spectrome-
ter. The flow rate through the combuster is
sufficient to preclude the back diffusion of
air into the mass spectrometer. Complete
combustion of all hydrocarbon products ex-
cept methane was confirmed by the absence
of peaks at masses corresponding to frag-
ments derived from the hydrocarbons. The
combustion of methane was found to be in-
hibited by the presence of a large amount
of CO, which elutes at the same time as
methane. The masses monitored by the
mass spectrometer were amu 4 (He), amu
20 (D>0 and '*CD,), amu 21 (*CD,), amu 44
("*CO,), and amu 45 (1*CO,). The distribu-
tion of '*C and '*C in methane was deter-

mined from the relative intensities of the
signals for amu 20 and amu 21. The presence
of D,0 in the products, which also produces
a signal at amu 20, did not interfere with the
detection of °CD,, since CD, and D,0 elute
at sufficiently different times. The distribu-
tion of '>)C and "*C in C,, hydrocarbons was
obtained from the relative signal intensities
at amu 44 and amu 45. The temporal resolu-
tion of these products recorded by the mass
spectrometer was comparable to that re-
corded by the FID.

Operation of the sampling valves was con-
trolled by an IBM PC/XT computer pro-
grammed to acquire samples at preset times.
The computer was also used to record the
output from the FID detector and the mass
spectrometer at the rate of two data points
a second.

Pl'()('(‘dll"(‘

Experiments were carried out at tempera-
tures between 453 K and 483 K. The ratio
of D,/CO was varied between 2 and 5, by
holding the CO partial pressure at 0.1 atm
and varying the D, partial pressure between
0.2 and 0.5 atm. The total flow rate to the
reactor was 100 cm*/min. CO conversions
were maintained as low as possible and, in
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most cases, were below 10%. For each set
of conditions, the reaction was allowed to
proceed in a mixture of CO, D,, and He
for 20 min, to avoid the rapid initial loss
in activity after start-up (27). Deactivation
after the initial start-up proceeds with a first
order decay time constant of 5 h. After each
experiment, the catalyst was reduced in D/
He at 523 K for 2 h to ensure that steady-
state activity levels were maintained.

Isotopic-tracer, transient response exper-
iments were initiated by switching the feed
from a stream containing '>CO to one con-
taining an equivalent concentration of *CO,
after steady-state conditions had first been
achieved in >CO. In this fashion, the steady-
state activity of the catalyst was not per-
turbed by the switch in isotopic label on the
CO. To obtain good temporal resolution of
the isotopic composition of the products,
the following sampling sequence was used.
A sample was taken 15 s after the switch in
CO isotopic composition, followed by four
samples taken at 10-s intervals, followed by
a sample taken after an interval of 15 s, one
taken after an interval of 20 s, one taken
after an interval of 30 s, and two taken after
intervals of 240 s. In this way, 11 samples
are acquired in 10 min. Because the fill-time
of the sample loops is 6 s, data were not
collected at intervals shorter than 10 s. Since
most changes in product isotopic composi-
tion occur in the first 2 min after the switch
in feed isotopic composition, it is desirable
to acquire data at intervals shorter than 10 s.
To do so, the feed composition was changed
from *CO/D-/He to '“CO/D,/He and five
samples were acquired at 10-s intervals for
up to 60 s.

Figure 2 is a schematic of the data ac-
quired during a typical experiment. The
curves labeled F('?)C) and F(**C) represent
the fractions of the carbon atoms that are
12C-labeled and "C-labeled, respectively.
F("C) is calculated by dividing the '2C con-
centration observed at a given time by the
initial steady-state '*C concentration mea-
sured in *CO/D,; F(*C) is obtained by di-
viding the observed '*C concentration by the
BC concentration measured after 10 min in
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F1G. 2. (a) Data sampling sequence for isotopic tran-
sients and (b) composite average rise curve.

BCO/D,. (It had previously been deter-
mined that the transients are complete in 10
min.) The sum of F(*C) and F(*C) for a
given product always equals 1.0. For the
first portion of the experiment, the rise
curve points for each product were calcu-
lated as the average of the values of F('*C)
and [[-F(1?C)], and in the latter section, as
the average of the values of F('*C) and
[1-F("*C)]. All the points could then be com-
bined to give a rise curve with 16 points.
Sampling times were chosen such that data
could effectively be collected at 5-s intervals
for the first minute after the switch. Data
acquired during the initial part of the experi-
ment, as the '*C content in the product rises,
was found to be in agreement with data from
the latter part of the transient experiment,
when the C content in the products de-
clines.
THEORETICAL MODELLING

Chain Growth Model

Simulation of the experimentally ob-
served transients was carried out on the ba-
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Fi1G. 3. Chain growth model.
sis of the scheme shown in Fig. 3. This dF,, X F
scheme is identical to that used by Zhang O dt a8co Feo

and Biloen (/4) and by Mims and McCand-
lish (16). In Fig. 3, CO, and CO, refer to
gas-phase and adsorbed CO, C, ; refers to
adsorbed monomeric building units, and C,,
and C,, refer to adsorbed alkyl chains and
gaseous products containing n carbon
atoms. Reference to reactions 1-16 in the
Introduction shows that the scheme in Fig.
3 represents a simplification of the more de-
tailed reaction sequence. First, the species
C,, CH,, and CH,  are treated as a common
species, C,, on the assumption that the indi-
vidual species are in equilibrium with each
other. Second, no distinction is made be-
tween chain termination to olefins and paraf-
fins. The rate coefficient for conversion of
C.. to C, is the apparent first-order rate
coefficient for chain initiation, k;. The rate
coefficients k, and &, are first-order rate coef-
ficients for chain propagation and termina-
tion, respectively. The dependence of any
process on adsorbed hydrogen is not shown
explicitly, since, for a given set of reaction
conditions, the surface coverage of hydro-
gen is time independent.

Steady-State Rate and Label Balances

The scheme presented in Fig. 3 can be
used to derive expressions for £ and F,,
the fraction of labeled carbon in the mono-
mer pool and in the pool of chains of length
n, respectively. Equations for £ and F, are
obtained in the following manner. A balance
on labeled carbon entering and leaving the
monomer pool gives

— O Fn ki + ky 2> 0,). (1)
n=1

(In Eq. (1), 6.0, 0, and 6, are the surface
coverages for CO, monomeric building
units, C,,, and alkyl chains, C,, respec-
tively.)

At steady state,

n.s

Nco = Kifco = ki + k, 01, > 6, (2

n=1
Combining Egs. (1) and (2), one obtains
dFy  Feo = Fy
dr o
where 7, = U/(k + k,(%6,)).
The appearance and disappearance of la-

beled carbon in the methane precursor pool
C, is governed by

3)

dF, .
0]”("1;" = kiBmFm - k,ﬁif‘r - kmeBIF]‘
4
Since at steady state

kb, = k0, + k,0,6,, (5

Eq. (4) can be rewritten as
.cg_:l = ___F‘“ __F_‘. 6
dt T ©)

where 7 = 1/(k,0,, + k). The appropriate
balance on labeled carbon in the pool of
alkyl species containing n carbon atoms is
given by
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dF
110n—d—t" = k08, [(n — DF, | + F,]

- kamOn(HFn) - kten(nFn)' (7)
Once again, at steady state,

kB _1 = kBB, + KB, (8)

n-1

so that Eq. (7) can be rewritten as

e - F,I)/T. (9)

an_ ((ll B l)Fvn-l +[:m
n

The initial conditions for £, F,, and F, are
F, = F, = F, =0att = 0. Since CO
is assumed to equilibrate rapidly with the
catalyst surface, Fe = [ for t = 0. With
these initial conditions, the solution to Eq.
(6) is

F() = l-exp(—t/7,). (10)

An analytical solution for F,(¢) can be ob-
tained using Laplace transforms and the
convolution theorem (3/). The resulting ex-
pression is

Fn(t) = IO + ("e‘p‘—‘(; t/Tm_)>

S (- 1)"'(———-1"‘ )

i=1 T Tm

N (exp( — r/7)> i 1‘2'

1
n i=1T r=0

rtol
,'+|<(~jl_) _])_ (1)
T Tm

RESULTS AND DISCUSSION

ti r-|
(i—r—1)!

Cuatalyst Activity and Selectivity

Gas chromatographic analyses of the
products taken during the isotopic transient
experiments shows that the catalyst activity
and selectivity are unchanged over the 11-
min duration of the experiment. The main
products observed are «-olefins, c¢is- and
trans-B-olefins, and n-paraffins. A few
branched products are also detected, but
these constitute less than 10% of the total
product. Alcohols and other oxygenates are
not detected. Mass spectrometric analysis
of the products indicates that no CO, is
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formed and that D,O is the only oxygenated
product.

Figure 4 shows an  Anderson-
Schulz-Flory (ASF) plot of the turn-
over frequencies for C,-C,, at 463 K and
D,/CO = 3. As is characteristic of Ru cata-
lysts (3, 30), the points for C, and C, prod-
ucts fall below the line passing through the
points for the C,~C,, products. The point
for C,, products also lies below the ASF
line. This deviation is due to the loss of C,,
and heavier products in the transfer line to
the gas chromatograph, which is maintained
at 393 K. A value of a = 0.82 is determined
from the slope of the line passed through the
points for the C,—C, products.

Figures 5a and 5b show the dependence of
the turnover frequency for CO consumption
and « on temperature, respectively. N¢g is
calculated as 2nN, for values of n between
| and 13, and « is taken as the slope of the
linear portion of the ASF plot. It is seen
from Fig. Sa that N exhibits an Arrhenius
behavior for temperatures below 473 K and
then becomes nearly constant at higher tem-
peratures. Calculations of the Weisz param-
eter indicate the absence of intraparticle
mass-transfer limitations, leading to the
conclusion that the observed dependence on
temperature is a reflection of the intrinsic
kinetics. Figure 5b shows that o decreases
monotonically from 0.88 to 0.73 as tempera-
ture increases from 453 to 498 K.

The effects of D, partial pressure on N
and «, fora fixed temperature and CO partial



FISCHER-TROPSCH SYNTHESIS OVER Ru/TiO,

0.10 T T
0.08[ (a) ]
0.06 1
7, 0-04F -
[o3 !._~_____§__4\\4\ 4
[&]
~ o0sl
0.02 1
001 YRS T D U T U WO JUN U TR U TS A VS Y B TN M S ¥
2 2.05 2.1 2.15 2.2 2.25
1000/T (K'Y
0.90 T T T
£ (b} )
0.85 |- B
] [ ]
0.80 - _j
0.75 | .
i ]
0.70 L—: 1 . L N ]
450 460 470 480 430 500
T (K)

FIG. 5. (a) Neg versus T 'and (b) e vs T: D/CO = 3.

pressure, are shown in Figs. 6a and 6b. The
value of N is seen to increase linearly with
increasing D, partial pressure, whereas the
value of « decreases monotonically. The
trends reported in Figs. Sb and 6b are similar
to those observed previously for Ru/Al,O,
(3) and for supported Fe catalysts (4, 3).

Figure 7 shows plots of the olefin to paraf-
fin ratios of the C,, hydrocarbons. The ole-
fins to paraffin ratio is essentially indepen-
dent of temperature, and decreases with
increasing D,/CO ratio.

Isotopic Transients

The incorporation of *C and the con-
current decline in '°C in the C, and C;-Cy
products was monitored by isotope-ratio
GC-MS, following a switch in the feed from
2CO/D, to CO/D,. The concentration of
the C, product was too low for mass spectro-
metric detection. Figures 8and 9 show repre-
sentative plots of F (1) and F, (1) (n = 3-8),
respectively. The data points in Fig. 9 are
based on the measured isotopic fractions in
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all olefins and paraffins of a given carbon
number, since it was observed that the dy-
namics for products with a given number of
carbon atoms could not be differentiated on
the basis of structure (i.e., olefin vs paraffin,
a-olefin vs B-olefin, n-paraffin vs branched
paraffin). Figure 8 shows that the methane
transient rises rapidly and approaches 1.0
after 120 s. The transients for C;_, shown in
Fig. 9 occur on a similar timescale. While
there is considerable scatter in the data, it is
observed that the appearance of *C-labeled
carbon in the products is progressively
slower as the value of n increases from 3 to
8. This trend is particularly evident for the
C,. products. The transient for Cy must be
viewed with caution because a part of the
C, products condense in the transfer line
upstream of the capillary combuster. This
chromatographic effect introduces an extra
delay in the response.

Values of the two parameters = and 7,
were obtained by fitting the analytical ex-
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F1G. 6. (a) N versus D,/CO and (b) a vs D./CO:
T = 463 K.
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pressions for F, given by Eq. (11) to the
experimental data. This was done by using
a quasi-Newton method (3/) to minimize the
objective function S, (1, 7,,) defined as

M

S, (7. 1n) = SR (1) — F, (1),

Jj=1

12)
1.0 T TS i
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.
.
-06F _{
w
|
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Fic. 8. Fy(1) for CD,: T = 463 K, D,/CO = 3.
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In Eq. (12), F;* (1) and F (t;) are the experi-
mental and theoretical values at time ¢; and
M is the number of experimental points.
Figures 8 and 9 show data and model fits
at a temperature of 463 K and a D,/CO ratio
of 3. The F-test was used to assess the statis-
tical adequacy or lack of fit of the model (32,
33). For each value of n, the F-test indicated
that the model fit the data at a 95% confi-
dence interval. The parameters 7 and 7
were determined independently for each of
the transients from C,-C,. Table 1 shows
values obtained for the data set at 463 K and
D./CO = 3. Itis evident that the values of 7
and 7,,, determined from different transients
exhibit a modest spread in values. The large
value of =, for n = 1 is ascribed to the
presence of a 2-3% '*CO impurity in the
BCO feed. This impurity causes an artificial
extension of F, for long times, as a conse-
quence of the way in which the transient
data are acquired (see Fig. 2 and the related
text). For these reasons, it was decided that
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TABLE 1

Values of 7 and 7, Obtained from Fitting the Chain
Growth Model to the Data: D.,/CO = 3;: T = 463 K

Carbon number 7(s) Tm(8)
1 4.7 19.6
3 5.2 7.8
4 3.7 10.3
S 2.8 12.3
6 3.2 12.7
7 3.5 16.7
Average 3.9 = 0.9 11.9 = 4.0"

* Average of values for C,, Cs_;. See text for details.
b Average of values for C;_-. See text for details.

average values of 7 should be based on the
individual values obtained for C, and C;_,
and average values of 7, should be based on
individual values obtained for C;_;. It was
found that the F, predictions based on the
average values of 7 and 7, were nearly indis-
tinguishable from those based on the best-
fit model values for each n from 3-7.

The values of k;, k,, and &, and 6,, and
3.6,, can be determined from the values of 7
and 7., obtained through the fitting proce-
dure described above, and the values of
Nco. N¢,. and a obtained from steady-state
rate data. The approach used to calculate
the rate coefficients and the surface cover-
ages is described in the Appendix.

Figure 10 shows the variation of rate coef-
ficients ;, k,, and k, with T-!'. The value of
the initiation rate coefficient k; appears to be
independent of temperature. This trend can
be rationalized if the initiation of chain
growth is assumed to proceed via the pro-
cess CH,, + H,— CH, . In such a case, &;
is an apparent rate coefficient, representing
the product of the true rate coefficient, &';,
and the coverage of adsorbed hydrogen, 8y,.
Since k', is expected to increase with in-
creasing temperature but 8y is expected to
decrease, the product of k'; and 8y should
be less sensitive to temperature than either
of the two factors making up the product.
The plots of k, and k, vs T~ ! both have nega-
tive slopes, from which it is determined that
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the activation energy for chain propagation,
E,, is 8 kcal/mol and the activation energy
for chain termination E,, is 20 kcal/mol.
The present evaluation of &, can be com-
pared to the estimated apparent rate of prop-
agation reported by Zhang and Biloen (/4).
To do so, k, is multiplied by 6, (see below)
to obtain k" = k. 6,. For the data pre-
sented in Fig. 10, £ lies between 0.25
and 0.5 s ', This range lies somewhat below
Zhang and Biloen’s estimate of >1 s~ !,
There is close agreement between the values
of k, reported here and in the work of Yo-
komizo and Bell (21). Using an Ru/TiO, cat-
alyst similar to that described here, Yokom-
izo and Bell determined a value of &, =
0.044s ' at T = 463 K, from modelling of
temperature programmed surface reaction
(TPSR) data. For the same reaction condi-
tions, we obtain a value of k, = 0.047 s~ .
The activation energy for chain termina-
tion (20 kcal/mol) is significantly higher than
that for chain propagation (8 kcal/mol). This
explains why the value of a decreases with
increasing temperature (see Fig. 5b). While
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experimental values of E, and £, have not
been reported in the literature previously,
Shustorovich and Bell (34) have shown us-
ing the Bond-Order-Conservation-Morse-
Potential (BOC-MP)} approach, that E|
should be larger than £, for Niand Fe. Thus,
for Ni(111), E, for the chain growth step to
form a C, species is estimated to be 6 kcal/
mol, whereas F, is estimated to be 11 kcal/
mol for chain termination to ethylene and 19
kcal/mol for chain termination to ethane.
For Fe(110), E,, for the formation of C, spe-
cies is estimated to be 20 kcal/mol, whereas
E, is estimated to be 16 kcal/mol for chain
termination to ethylene and 32 kcal/mol for
chain termination to ethane.

The effects of temperature on the calcu-
lated values of surface coverage by carbona-
ceous species is given in Fig. 11 and Table
2. The values of 6, lie between 0.3 and 0.6
ML, while the value of 26, lies between
0.12 and 0.05 ML. It is observed that with
increasing temperature, @, increases, but 6,
and 26, decrease. These trends are consis-
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tent with the observed temperature depen-
dences for chain initiation, propagation, and
termination. As seen in Fig. 10, increasing
temperature has virtually no effect on £;, but
increases both &, and k. Since E, is larger
than E, the rate of chain termination in-
creases more rapidly than the rate of chain
propagation, with the result that the surface
coverage by growing alkyl chains decreases,
whereas the coverage by monomeric build-
ing units increases. The total coverage by
reaction intermediates is seen to be between
0.5 and 0.7 of a monolayer.

To determine whether or not the surface
coverages estimated from the model are rep-
resentative of actual coverages by carbona-
ceous species, a series of temperature-pro-
grammed surface reactions were carried
out. Using the techniques described in Ref.
(27), measurements were made of the CO
uptake capacity of the freshly reduced cata-
lyst, the CO uptake of the catalyst after 20
min under reaction conditions, and the total
carbon inventory on the catalyst surface,
exclusive of CO, after 20 min under reaction
conditions. The room-temperature uptake
of CO on the freshly reduced catalyst is 1.3
ML. After 20 min of reaction at 463 K and
a D,/CO ratio of 3, the CO coverage de-
creases to 0.67 ML and the total amount of
carbon exclusive of CO is 1.08 ML. The last
of these figures compares very favorably
with the value of 2n8, = 1.03 obtained from
the simulation of the transient response ex-
periments. Moreover, the sum of ., plus
26, for n = 1-13 is equal to 1.19-1.31 ML
(see Table 2), in good agreement with the
initial CO uptake capacity of the catalyst,
1.3 ML. A similar level of agreement is ob-
served when the reaction is carried out at
483 K.

The close correspondence between the
predicted and experimentally observed cov-
erages by carbon indicates that the dynam-
ics of the transient response experiments
are governed primarily by the « (carbidic)
and 8’ (growing alkyl chains) forms of sur-
face carbon (21). As noted by Krishna and
Bell (27), these forms of carbon exhibit time
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TABLE 2

The Effect of Temperature on the Coverage by Reaction Intermediates: D,/CO = 3

- 12

T(K) #,(ML) Ej 6 ML) 8, (ML) Total 6,,, m{ML) Bco(ML)
453 0.03 0.12 0.35 0.5 —
463 0.03 0.11 0.38 0.52 0.67
463 0.04 0.12 0.48 0.64 0.67
473 0.02 0.05 0.62 0.69 —
483 0.03 0.05 0.61 0.69 0.65
483 0.03 0.61 0.60 0.68 0.65

constants that are much shorter than that
associated with the build up and consump-
tion of 8" carbon, which contributes to the
slow deactivation of Ru.

The observation of a higher surface cover-
age by monomeric units than by growing
chains is qualitatively consistent with the
findings of Yokomizo and Bell (27) for Ru/
TiO, and Mims and McCandlish (/6) for Co/
AlLO,. Yokomizo and Bell (27) estimate the
surface coverage by all C, species to be 0.25
ML and the coverage by C,, chains to be
about 0.10 ML. This compares favorably
with the present results which indicate a
surface coverage of 0.12 ML by C,, species
and a coverage of 0.4 by all C, species. Since
the estimates of surface coverages reported
here and by Yokomizo and Bell (2/) are
based on completely different methods, the
degree of agreement is all the more re-
markable.

Figure 12 indicates the effects of D, partial
pressure on k;, k,, and k. The value of &, is
essentially independent of the partial pres-
sure of D,, consistent with what would be
expected, since chain growth does not in-
volve adsorbed D atoms. By contrast, the
value of k, rises linearly with increasing D,
partial pressure. This trend can be explained
in the following manner. As defined 4, is an
apparent rate coefficient representing termi-
nation to olefinic and paraffinic products.
Expressing &, in terms of its component
parts gives

k = kZB, + ki Bp. (13)

where k” and &, are the rate coefficients for
termination to olefins and paraffins, respec-
tively, and 8, and 6, are the vacancy and D
atoms surface coverages, respectively. The
increase in &, with D, partial pressure can,
therefore, be attributed to the increase in
;. In agreement with this, the product dis-
tribution shifts to more paraffinic products
as the D, partial pressure rises (see Fig. 7).
Equation (13) also helps explain the weak
dependence of the olefin to paraffin ratio

1.0 rl T T LU L

- ‘ 3 .
~ L T T
a.
£ o.4f ¢ i
0.2 |
0.0 1 L 1 L L L
1.6 2 2.5 3 3.8 4 4.5 5 58
020 T T T T T T T
~ 0.16 | (b) ]
) ! ]
~ o012 h
‘»
— o.08 [ K, R
0.04 -
k
o o g ©
000 1 1 1 L J L 1
1.5 2 25 3 35 4 4.5 5 586
D,/CO

Fi1G. 12. (a) &, and (b) &, vs D,/CO: T = 463 K.



116
0.20 T T T T T T T
0.16 | (a) 12 1
| Z on
0.12 | n=2 1
oy
=
< 0.08 | 3 -
0.04 | J 1
L ] k
0.00 1 I 1 ] L ! 1
1. 2 25 3 35 4 45 5 655
1.0 T T T T T T T
I 0 {
0.8 (b) ™ -
_. 06 } B
)
= |
L£04 B
0.2 | .
Q0.0 : I 1 1 1 I L
1.6 2 25 3 3.5 4 45 5 5.5
D, / CO

F1G. 13. {a) 2nB, and (b) 8, vs D,/CO: T = 463 K.

on temperature, seen in Fig. 7. Since 6
decreases and k; increases with tempera-
ture, the product of 8y and k- should show
a weaker temperature dependence.

The independence of &; on D, partial pres-
sure is puzzling, since as discussed above,
this rate coefficient is, in fact, the product
of an intrinsic rate coefficient and 8,. No
explanation can be given for why k; does not
behave in the same manner as &,.

The dependence of the surface coverages
of carbonaceous species calculated from the
model is given in Fig. 13 and Table 3. The
coverage by monomeric building units and
C, chain initiators increases with D, partial
pressure and approaches a constant value,
whereas the surface coverage by C, ),
chains appears to pass through a maximum.
The trends in 6, and 6, indicate that with
decreasing D, partial pressure, the rate of
conversion of nascent carbon atoms to CH,
species is somewhat faster than the con-
sumption of these species to form reaction
products. The total coverage by reactive

KRISHNA AND BELL

species is seen to increase from 0.4 to 0.8
ML as the D,/CO ratio changes.

CONCLUSIONS

Isotopic tracer methods have beenused to
determine the dynamics of chain initiation,
propagation and termination for Fi-
scher-Tropsch synthesis over Ru/TiO,.
Values for the rate coefficients k;, k,, and
k, were determined by fitting theoretically
generated transient response curves to
those obtained experimentally. The rate co-
efficient for chain initiation, k;, is indepen-
dent of both temperature and D,/CO ratio.
The rate coefficient for chain propagation,
k,. has an activation energy of 8 kcal/mol,
but is independent of the D,/CO ratio. The
rate coefficient for chain termination, 4, has
an activation energy of 20 kcal/mol and in-
creases linearly with D,/CO ratio. The
higher activation energy for chain termina-
tion than that for chain propagation explains
the observed decrease in probability of
chain growth, «, with increasing temper-
ature.

The surface coverages by various car-
bonaceous species have also been deter-
mined from an analysis of the fitted transient
response curves. It is concluded that the
dominant species are monomeric building
units, which occupy 0.2 to 0.6 ML. Growing
alkyl chains, the direct precursors to hydro-
carbon products occupy = 0.2 ML. Ad-
sorbed CO occupies an additional =0.7 ML.
These estimates are found to be in good
agreement with independent measurements
made by temperature-programmed reaction
spectroscopy.

APPENDIX

The apparent rate constant for propaga-
tion, k,0,,, and the rate constant for termina-
tion, k,, are calculated from « and 7 using
the following equations:

ky O

kb v

44

and
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TABLE 3

The Effect of D,/CO Ratio on the Coverage by Reaction Intermediate: T = 463 K

D,/CO 8,(ML) ‘2 6.(ML) 8,(ML) Total 8, (ML)
2 0.03 0.12 0.28 0.43
3 0.03 0.11 0.38 0,52
3 0.04 0.12 0.48 0.64
4 0.02 0.07 0.72 0.81
4 0.04 0.10 0.59 0.73
s 0.04 0.10 0.65 0.79
_ 1 (A2) calculated from the hydrocarbon turnover
T= kp 0, + k' frequencies and the value of &,. Since

The value of 7 is determined from a fit of
Eq. (12) to the observed curves of F ().

The monomer coverage, ,,, is calculated
as follows. At steady state, the rate of CO
consumption must equal the rate at which
monomeric species are consumed. This
equality can be written as

6
Neo = 2.
Cco T

m

(A3)

Since N¢g is known from steady-state rate
measurements and 7, is known from the fit
of Eq. (12) to the observed curves F (1), 0,,
can be evaluated. The value of &, can be
determined from Eq. (A2).

The value of £; can be calculated by recog-
nizing that the rate at which carbon atoms
are consumed from the C, pool is equal to
the rate at which carbon atoms enter this
pool. This leads to Eq. (A4),

ﬁ:k%. (Ad)
u
Since
_6_' = CJ_C_‘ ! = Ne, , (AS)
T ki) kbnt+k |-«

k;can be calculated from Eqgs. (A4) and (A5),

using the measured values of N¢ and @, and

the previously determined value of 6,,.
The coverages by alkyl species can be

Nc, = k@,, (A6)
then
!1] l Ill
@=ZENC (A7)
n=1 th=1
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