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The dynamics of elementary processes involved in
Fischer—Tropsch synthesis of hydrocarbons over Ru/TiO, have
been determined from the analysis of data from both steady-state
and transient-response experiments. Both types of experiments
were carried out with different feed catalyst bed residence times
to assess the effects of olefin readsorption on the dynamics of chain
initiation, propagation, and termination. Strong evidence was
found for the rapid reentry of ethylene into the chain growth
process. The reentry of C,, olefins, though, is negligible for the
conditions studied. The holdup of hydrocarbons in a weakly phys-
isorbed state was found to be significant for C,, products and must
be accounted for in the simulation of transient-response
experiments. When the effects of ethylene readsorption and Cq,
holdup are properly taken into account, the rate coefficients for
chain initiation, propagation, and termination, determined from
simulations of the transient-response experiments, are independent
of carbon number and catalyst-bed residence time. Rate coefficients
for the readsorption of ethylene, the depolymerization of adsorbed
ethyl groups, and the dehydrogenation of methyl to methylene
groups were also determined from simulations of the transient-

response experiments. © 1994 Academic Press. Inc.

INTRODUCTION

Linear olefins and paraffins are the primary products
formed during Fischer-Tropsch synthesis (FTS) over Ru
catalysts. Mechanistic studies (1-9) indicate that the ini-
tial step in the formation of these products is the dissocia-
tion of adsorbed CO. Hydrogenation of the nascent car-
bon results in the formation of CH, and CH; species that
can serve as monomer and chain initiator, respectively,
for the growth of hydrocarbon chains. Chain propagation
occurs by the addition of CH, species to adsorbed alkyl
groups. Linear « olefins are formed via  elimination of
hydrogen from the alkyl species and normal paraffins are
formed by « addition of hydrogen to alkyl species. Isoto-
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pic tracer studies have revealed that olefins, and in partic-
ular ethylene, can readsorb resulting in the formation of
alkyl species some of which depolymerize to form CH,
species (2, 10-19). The former process leads to the initia-
tion of new chains, whereas the latter provides monomer
units for additional chain growth. Readsorbed olefins can
also undergo hydrogenation to form paraffins, but recent
work shows that this process is strongly inhibited by CO
and H,O (18, 19).

Transient response isotopic tracer experiments have
been used recently to determine the rate coefficients for
chain initiation, propagation and termination (17, 20-24).
Interpretation of these experiments was carried out, how-
ever, without accounting for the effects of olefin readsorp-
tion. Recent studies (17) suggest that the neglect of olefin
readsorption, and in particular that of ethylene, may not
be justified. For example, when '*C-labeled ethylene is
added to synthesis gas containing *C-labeled CO such
that 24% of the carbon fed to the reactor is C,H, and the
balance is CO, 100% of the C;_g hydrocarbon products
are initiated by adsorbed C,H, and 45% of the carbon
atoms added by chain growth derive from C,H,. This
paper reports the results of isotopic tracer studies aimed
at establishing the effects of olefin readsorption on the
dynamics of chain initiation, propagation, and termina-
tion. Also examined are the effects of the holdup of phys-
isorbed hydrocarbons on the interpretation of transient re-
sponse, isotopic tracer experiments.

EXPERIMENTAL

Catalyst Preparation and Characterization

A 1.4% Ru/TiO, catalyst was prepared by impregnation
of TiO, (Degussa P-25) with an excess solution of Ru
(NO)(NO;); Johnson—Matthey) followed by filtration and
a water wash. The impregnated support was dried in air
at 383 K overnight, and then sieved to 30-60 mesh. The
dried catalyst was reduced at 543 K in a flow of H, to
minimize encapsulation of the Ru crystallites by TiO,.
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The weight loading of Ru was determined by X-ray fluo-
rescence. The chloride and sodium contents after reduc-
tion were below the detection limit (<0.02%) and 0.04%,
respectively. The dispersion of Ru was determined by H,
chemisorption to be 43.2%. The BET surface area and
the average pore size, determined from a N, isotherm at
77 K, were 52 m*/g and 20 nm respectively.

Apparatus

All reactions were carried out in a low dead volume
quartz microreactor supplied with D,, '*CO, "*CO, and
He from a gas manifold (24). UHP H, (Matheson Gas) or
D, (Union Carbide) was further purified by passage
through a Deoxo unit (Engelhard Industries) and water
was removed by a molecular sieve 13X trap. UHP CO
(99.999% pure, Matheson Gas) was passed through a glass
bead trap maintained at 573 K to remove iron carbonyls,
an Ascarite 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% '*C) was used as supplied.

Product Analysis

The steady-state distribution of reaction products was
determined by gas chromatography and the temporal vari-
ation in the distribution of "*C and '*C in each product
was determined by isotopic-ratio gas chromatography/
mass spectroscopy (13, 24-26). A 10-port GC sampling
valve (Valco E410UWP) and a multiposition 16-sample-
loop vaive (Valco E6STI16T) 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, lines to the GC inlet, and
lines from the GC outlet to a capillary combuster inlet
were all maintained at 423 K, to minimize product conden-
sation.

Product separation is performed by a fused silica capil-
lary column (0.25 mm i.d. X 50 m) coated with a 1-um
film of SE-54. Products heavier than C,; hydrocarbons
are not detected. The column effluent is split into two
streams using a glass-lined capillary union (SGE); one
line (0.15 mm i.d.) is sent to a FID detector for quantifica-
tion, while the other transfer line (0.20 mm i.d.) is routed
to a capillary combuster (13, 24). This latter stream is
mixed with O, and combusted in CO, in a 2-m-long capil-
lary (0.2 mm i.d.) containing Pt wire (0.13 mm o0.d.) main-
tained at 873 K.

The effluent from the capillary combuster is leaked into
a vacuum chamber containing the probe of a UTI 100C
quadruple mass spectrometer. Complete combustion of
all hydrocarbon products except methane was confirmed
by the absence of peaks at masses corresponding to frag-
ments derived from the hydrocarbons. The masses moni-
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tored by the mass spectrometer were amu 4 (He), amu
44 ("*CO,), and amu 45 ('*CO,). The distribution of *C
and "*C in C,, hydrocarbons was obtained from the rela-
tive signal intensities at amu 44 and amu 45. The optimiza-
tion for the temporal resolution of these products recorded
by the mass spectrometer was performed by adjusting the
flow rates of the two products streams and the O,-flow
for combuster by changing the length and diameter of the
capillary transfer line. The resolution of C,—C, hydrocar-
bons recorded by the mass spectrometer was comparable
to that recorded by the FID.

Procedure

Experiments were carried out typically with 0.6 g of
catalyst at the following conditions: T = 523 K; CO/D,/
He = 1/3/6; total gas flow rate = 50 to 200 cm’/min.
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 startup (27).
After each experiment, the catalyst was reduced in D,/
He at 543 K for 2 h, to ensure that steady-state activity
levels were maintained.

Isotopic-tracer, transient-response experiments were
initiated by switching the feed from a stream containing
CO to one containing an equivalent concentration of
BCO, after steady-state conditions had first been achieved
in '*CO. In this fashion, the steady-state activity of the
catalyst was not perturbed by the switch in isotopic label
on the CO. To obtain good temporal resolution of the
isotopic composition of the products, the following sam-
pling sequence was used. Samples were taken just prior
to and 15 s after the switch in CO isotopic composition,
followed by four samples taken at 10 s intervals, followed
by five samples taken after intervals of 15, 20, 30, 120,
and 240 s, respectively. In this way, 11 samples were
acquired in 8 min. After the first series of samples, the
feed was switched from a mixture of *CO and D, in He
to one containing '*CO and D, in He and the reaction
allowed to proceed in this later mixture for 15 min. The
feed composition was then changed back again from '*CO/
D,/He to '*CO/D,/He and three samples were taken at
10-s intervals after the last of which one more sample was
taken following an interval of 30 s. Because the fill-time
of the sample loops is 6 s, data were not collected at
intervals shorter than 10 s.

Figure 1 illustrates the sampling procedure described
above. In this figure, F,(¢) represents the fraction of BC-
labeled products containing n carbon numbers. Since the
transients for olefinic and paraffinic products of a given
carbon number were identical, the data for all products
with a given carbon number were combined. It was also
observed that the transients during each sampling period
were highly reproducible for a given set of reaction condi-
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FIG. 1. Data sampling sequence for isotopic transients.

tions and, consequently, the data for the first and second
sampling periods were combined into one transient con-
sisting of 15 data points.

RESULTS

Figure 2 shows the effects of catalyst bed residence time
7, (the ratio of the catalyst bed volume to the volumetric
flowrate of the feed mixture) on the turnover frequencies
for total CO consumption and the formation of methane.
For the conditions indicated, the conversion of CO varies
from 7-35% as m, increases from 0.12 to 0.76 s. With
increasing catalyst-bed residence time, the turnover fre-
quency for CO consumption decreases by about a factor
of 1.5, but that for the formation of methane decreases
by afactor of 2.5. The observed decrease in the selectivity
to methane with increasing catalyst-bed residence time is
accompanied by an increase in the probability for chain
growth, «, as can be seen in Fig. 3.

The influence of catalyst-bed residence time on the turn-
over frequency for the formation of a-olefins and normal
paraffins of a given carbon number are presented in Figs.
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FIG. 2. Turnover frequencies for CO consumption and methane

formation as a function of catalyst bed residence time.
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Chain growth probability as a function of catalyst bed resi-

4 and 5. Figure 4 shows a nearly fourfold decrease in the
turnover frequency for ethylene formation with increasing
catalyst-bed residence time, whereas the turnover fre-
quency for ethane formation is not strongly affected. The
effects of catalyst-bed residence time on C;, hydrocar-
bons are illustrated by the data shown in Fig. 5 for
n = 4. Here again, increasing catalyst-bed residence time
causes a decrease in the turnover frequency for the
formation of the olefin, but now an increase is observed
in the turnover frequency for the formation of the paraffin.

Isotope-ratio GC-MS was used to monitor the incorpo-
ration of *C in C._y products, following a switch in the
feed from '*CO/D, to *CO/D,. Figures 6 and 7 show
representative curves of F {¢) for the cases of r, = 0.23
and 0.46 s. The data presented in these figures are based
on the measured isotopic fractions in alf olefins and paraf-
fins of a given carbon number, since it was observed that
the dynamics for products with a given number of carbon
atoms could not be differentiated on the basis of structure
(e.g., olefin vs paraffin). It is evident from these figures
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FIG. 4. Turnover frequencies for ethylene and ethane formation as
a function of catalyst bed residence time.
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FIG. 5. Turnover frequencies for butene and butane formation as a
function of catalyst bed residence time.

that for a given catalyst-bed residence time, the curves
of F,(¢) rise progressively more slowly the larger the value
of n. This trend is suggestive of a stepwise polymerization
process. More surprising is the observation that for a
given carbon number, F,(f) rises more slowly the longer
the catalyst-bed residence time.

For the purposes of data interpretation (see below) it
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FIG. 7. Fractional content of '*C in C;_s and C, 3 products as a
function of time for 7, = 0.76 s.

was important to establish whether or not condensation
of any part of the hydrocarbon products occurred in the
pores of the catalyst and the extent to which intraparticle
mass transfer might influence both the steady-state and
transient-response rates. From an analysis of the BET
isotherm of the catalysts it was established that the mean
pore diameter is 20 nm and that there is no significant
pore volume for pores with diameters less than 2 nm.
From the Kelvin equation it was determined that for the
reaction conditions used, the partial pressures of C,,
products over the catalyst are three orders of magnitude
or more smaller than the partial pressure required for
condensation in even the smallest pores. The time con-
stant for intraparticle diffusion was estimated from the
average particle diameter 0.2 mm and the magnitude of
the Knudsen diffusion coefficient for each product. From
these calculations it was concluded that the time constant
for diffusion is a minimum of one to two orders of magni-
tude smaller than the time constant for the formation of
hydrocarbon products. As a consequence, it is safe to
conclude that neither capillary condensation nor intrapar-
ticle mass transfer affects the results presented in Figs.
2-17.
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DISCUSSION

Steady-State Results

It is evident from Figs. 2-5 that the catalyst-bed resi-
dence time affects not only the steady-state turnover fre-
quency for CO consumption but also the probability of
chain growth, the turnover frequency for methane forma-
tion, and the turnover frequencies for the formation of
olefins and paraffins of a given carbon number. Each of
these effects can be attributed to readsorption of olefins
(13, 14, 17-19). As noted in the Introduction, previous
studies have shown that the readsorption of ethylene is
much more rapid than that of other olefins. This process
leads to an enhanced concentration of adsorbed ethyl
groups which can act as C, chain initiators and provide
CH, and CH; species via depolymerization. The decrease
in N¢, and the increase in « with increasing 7, are both
attributable to the enhanced rate of chain initiation caused
by the readsorption of ethylene (13, 17-19). The observed
decrease in the turnover frequency of ethylene formation
and the near independence of the turnover frequency for
ethane formation, seen in Fig. 4, show that very httle of
the readsorbed ethylene undergoes hydrogenation to form
ethane, in good agreement with what has been reported
previously. By contrast, C,, olefin readsorption leads
largely to the formation of the corresponding paraffin.
This behavior is evident from the data presented in Fig.
5, which show that the turnover frequency for butane
formation nearly completely compensates for the de-
crease in turnover frequency for butene formation as 7, in-
creases.

Chain Growth Model

The chain growth scheme shown in Fig. 8 is used as
the basis for simulating the experimentally observed tran-
sients. This model is based on extensive physical evidence
(cf., Refs. (1-19)) and is similar to that described pre-
viously by Krishna and Bell (24) but takes into account
the effects of olefin readsorption and ethylene depolymeri-
zation. Steps leading to the progressive deactivation of
Ru by C, carbon are not included in the scheme because
the dynamics of deactivation via this mechanism are much
slower than those of the reactions leading to products
(27). For example, for the reaction conditions studied
the longest time constant associated with the transient
response curves is of the order 1 min, whereas the time
constant for the accumulation of Cg carbon is of the order
of 100 min.

In Fig. 8, 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. The conversion of
adsorbed CO to C,, , appears as a single elementary step,
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but in fact it occurs via a sequence of steps, consisting
of the dissociation of CO,, followed by stepwise hydroge-
nation of the nascent carbon to CH, , and CH,  species
(1-3, 5). Chain growth is initiated by the hydrogenation
of CH,  species to form CH, , species. Chain propagation
proceeds via the stepwise addition of CH,, groups to
adsorbed alkyl groups. For the chain termination step no
distinction is made between chain termination to olefins
and paraffins. In contrast to the model proposed Krishna
and Bell (24), desorption of C, products into the gas phase
is assumed to be mediated by a physisorbed precursor
(28). Reentry of the olefins from the physisorbed state is
also allowed to occur, as is depolymerization of C, , spe-
cies and the conversion of C, species to C,,, species.
The rate coefficient for conversion of C, to C, is the
apparent first-order rate coefficient for chain initiation,
k;, and the rate coefficient for the reverse of this process
is k;.. The rate coefficients k, and &, are first-order rate
coefficients for chain propagation and termination. The
rate coefficients ky, and &', characterize the rate of depo-
lymerization of ethyl groups and the rate of their formation
by reentry of ethylene from the physisorbed state. The
rate of reentry of C,, olefins from the physisorbed state
is characterized by A.. The dependence of any process
on adsorbed hydrogen is not shown explicitly, since, for
a given set of reaction conditions, the surface coverage
of hydrogen is time independent.

Steady-State and Label Balances

Expressions can readily be derived for F_(t), F,(1), and
FP(1), the fraction of labeled carbon in the monomer pool,
the pool of alkyl chain containing n carbon atoms, and
the pool of physisorbed products containing n carbon
atoms, respectively. No account is taken of the possible
variations in the concentrations of species along the reac-
tor axis, which is equivalent to assuming that the reactor
behaves as a CSTR. This assumption is reasonably valid
for 0.12 = 7, = 0.43 s.

A mass balance on labeled carbon entering and leaving
the monomer pool gives

dF,, d
om =k BCOFCO am(ki + kp 2 on)Fm
d n=1\ [l]

+ kirglFl + kdpeze.

In Eq. [1], 6co, 6, and 6, are the surface coverages for
CO, monomeric building units, C, ; and alkyl chain, C, ,
respectively. At steady state,

= kyBco = Onlki + k, 2 8,) = kiB, — ko>, (2]
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Combining Egs. [1] and [2], one obtains

dF,

m

= 0
el ki + k, "Z:I 0 )Fco — Fr) — kir< é)(Fco - F) 3

6
—_ kdp<0_2> (FCO - Fz)

On the assumption that F, and F, are nearly equal to F,,
Eq. {3] can be rewritten as

dsz(Fco_Fm)

T (4]

Tm

where I/Tm = (kl + kp 2" 0,,) - kir(Gl/Bm) - kdp(02/0m).
The appearance and disappearance of labeled carbon
in the methane precursor pool C, is governed by

T

- kirelFl + kdp02F2‘

1 K ohL
. = (k¢ + kpBm) - 'E(Fn—)

) Koo

n egi
(kpem + kt - kre(_'e
’ n

[0

)

Chain growth model.

Since at steady state
ki()m = 61(1([ + kpgm) + kir0| - kdpez,
Eq. [5] can be rewritten as

ar (ky + kb + ki) (Fr, — F)— kyp <%> Fo—Fy. [7
i

If F, is nearty equal to F,, Eq. [7] can be simplified to

dF, _Fw = F)

dt (81

7y

where l/r; = (k, + k,0;) + ki — kgp(6,/6)).
In a similar manner, a balance on the precursors to C,
products gives

dF
202d—t2 = k0n0,(F, + Fp) — 2(k, + k,8,,)8,F,

+ Zk;eeging - 2kdp92F2’ [9]
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where 63 is the coverage of physisorbed ethylene. At
steady state

k0,0 = (ki + k0,00, — k65 + kg 0,. [10]
Substituting Eq. [10] into Eq. [9] and introducing the as-
sumption that F}’ = F, results in

dF2_<F,+Fm F)
dar —\ 2 )/

where 1/7, = (k, + ky0,) — k[ (05:/6,) + ky,.
The balance on labeled carbon in the pool of alkyl spe-
cies containing n carbon atoms is given by

(11]

dF,
nl,——

= koBnbu-il(n — DF,_; + Fq)] [12]
— nlk, + ky0,)8,F,+ nk BFFRE.
In Eq. [12], 6% is the coverage of physisorbed olefins.

The material balance at steady state is

kyBmBum1 = (k, + ky8,)8, — ko B2 [13]

Substituting Eq. [13] into Eq. [12], one obtains

dF, <(n - 1)F,_, + Fm) / F, F®
= T, —— + ,
dt n " T Tre.n

where 1/7, = (k, + k,0,,) — k. (052/6,) = l/m — l/7,,. The
balance on labeled carbon in the pool of physisorbed prod-
ucts is given by

dF}?S_
a k8,(nF,) —

(14]

ngb—— k0% (nF*)

Qll

ps
~ Wn RuRT(nF" )-

[15]
In Eq. [15], % is the coverage of physisorbed products
containing n carbon atoms, P,/RT is the gas-phase con-
centration of products containing n carbon atoms, @ is
the volumetric flow rate of gas, W is the weight of catalyst,
and ng, is the concentration of exposed Ru atoms per
weight of catalyst. The partial pressure P, can be related
to 6" by a Henry’s law expression, so that

P, = 0%ng,/K,, [16]
where K|, is the Henry’s law constant. A material balance
on the physisorbed material gives

op, )
— ps —_—
k6, = ki 6% + <WnRuRT . [17]
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Substitution of Egs. [16] and [17] into Eq. (15) gives

dFy  (F,— F}) 18]

dt TP

where [/79° = k. (6%2/6%° + Q/WK, ,RT) = 1/78, + 1/75;.
The initial conditions on F, and F,(n = 1-8) are F, =
F,=0att=0. Since CO is assumed to equilibrate rapidly
with the catalyst surface, F-g = 1 for t = 0. With these

initial conditions, the solution to Eq. [4] is
Fm(t) =

1 —exp(—t/r,) (19]

and the solution to Eq. [11] is

F2(1)=1.0+1exp<—i>[< Tm )—( Tm )]
2 Tm Ty = To Ty — Tp
2 P T Ty — T
_< 72 >_< : >_lj|‘
Tz—Tm TZ_Tm

in solving Eq. [11] it is assumed that F, is approximately
equal to F.

Two different approaches are used to solve for
F (1) and F?(r). For n = 3-5, it is assumed that F}® =
F, (which is equivalent to assuming that 7., > 7 and,
hence, that 7, = 7) so that the last two terms of Eq.
[14] can be combined. Under these circumstances Eq.
[14] can be solved by the method of Laplace transforms
to obtain

F,,(t)=1.0+<exP( e )>[§‘,( " '( - >

.

+ (_l)n—l ( Tm

=allco

(20]

)
o+ ()

X E (=1 A, Tr+l< T Z)H—l
=0 i—r—n! T—T

a7



rlll

(i—r—=1 T T— T
r~l ( TZ )"-I}
T— 7
exp(—t/'rz> [7 _,( T )"3< T )
— —_— = 2 + — H—a
< n ( 1) T~ Th Ty~ Ty
s ()
T~ Tm Ty = Tm
+ <L){1 + (—1)"‘3< o ) ( o )}
T T Th Ty~ Ty
I ! n—-2 ( Tm )ui*l )
+|—+— - -1
<T: (73)'> ,=2| < T Tm ;

i—1
x{ ;)(— ) [21]

_ E (—1)i '

r=0 (l - I)'

(e

For n = 6-8 the assumption that F}* — F, is no longer
valid (see below), and, hence, it becomes necessary to
solve Eq. [18] in order to compare the simulated transients
with those observed experimentally. Since the form of Eq.
[21]is too complex for this purpose, further simplifications
must be made. The first step is to assume that an adequate
approximation for F can be obtained by solving Eq. [14]
under the assumption that 7, = 7, = 7. This leads to the
following expression for F,(r), which is identical to that
presented previously by Krishna and Bell (24):

(=)

’irl

—oli—r _1)'

F () =10+ (exP( e )>2(

+ (exp(—t/v-)) ()

1
l=lT

(=)

Substitution of Eq. [22] into Eq. [18] and solution of the
latter equation results in

_ exp(—t/1m>< T ) U s
ps, — _ i
F®(t) 1.0+< - p— 21( )
™m Y . [exp(— t/r)) i nl
8 <T - Tm) i ( n Tn i=1 1;)
T q+1 i-1 , ’l r—1
((_r—fm) ),20(‘ Yi=r=n

r*l [22]

KOMAYA AND BELL

y ( e vl (cxp(—l/r,‘;‘
T—T1h n ,

(23]
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Th ‘m
7 T/ q=0 7 Tm

Determination of Rate Coefficients and Surfuce
Coverages

Values of the parameters 7. 7,. 7,. and 70° were ob-
tained by fitting the analytical expressions for F, (n =
2-5) or F®* (n = 6-8) given by Eqs. [21] and [23]. respec-
tively, to the experimental data obtained for a given cata-
lyst bed residence time. This was done by using a quasi-
Newton method (29) to minimize the objective functions
ST 72, 7Y and S, (1. 7, 77) defined as

M

Su(Tm' TZ) = z lF;\P(’/) -

i=1

F )P, forn=2, [24]

S Tq T2 T for n = 3-5,[25]

M

Z LFEP(1) = F ()1,
AI
and

ST 7 TR = 2 [FEP(1) — FRMu)), forn =6-8. [26]
In Eqgs. [24]-[26], FXo(1) is the experimental value of the
fractional degree of labeling at time /;and M is the number
of experimental points.

The curves in Figs. 6 and 7 show the best fit of the
transient response model to the data. The F-test was used
to assess the statistical adequacy or lack of fit of the model
[30]. For each value of n, the F-test indicated that the
model fit the data at a 95% confidence interval.

Since different functional forms of F, (1) were used to
represent the data for n = 2-5 and n = 6-8, a check was
carried out to determine the consistency of Eqgs. [21] and
[22). For a fixed set of rate coefficients (see Table 1 below),
the values of F,(t) for n = 6-8 obtained from Eqgs. [21]
and [22] never deviate by more than 5% over the interval
0 <1< 140s, for 7, = 0.12 and 0.23 s, and for 7, > 0.23
s, the deviation between the two solutions is less than 5%
on average.

The values of individual rate coefficients and the cover-
ages of the catalyst surface by monomeric species and
growing alkyl chains were determined from the values of
Tm» T2, 7, and 0% obtained through the fitting procedure
described above, and the values of N¢g, N¢,, and « ob-
tained from steady-state rate data. The approach used to
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FIG. 9. Values of k, versus carbon number for different catalyst-
bed residence times.

calculate rate coefficients and surface coverages is de-
tailed in the Appendix.

Figures 9 and 10 show plots of k, and k, versus carbon
number determined using the procedure described above.
It is evident that both rate coefficients are virtually inde-
pendent of n, particularly for low values of 7,, for which
the assumptions used to develop the expressions for F,
and F}* are most valid. The slight decrease in k and &,
with decreasing carbon number, particularly for high val-
ues of 7,, might be caused by the modest effect of the
reincorporation of propylene. Figure 11 shows that &;, and
the average values of k, and &, are independent of the
catalyst-bed residence time. The independence of k, and
k on n, and the independence of &, and the average values
of k, and k, on 7, represent stringent tests of the validity
of the scheme shown in Fig. 8 for describing the dynamics
of chain initiation, propagation, and termination. It should
be noted that attempts to simulate the transient-response
curves shown in Figs. 6 and 7 using a scheme which
neglected olefin readsorption and the depolymerization
of ethylene resulted in values of k, and &, which passed

1 0 ° F T T T L T T
Ru/TiO, ; T=523 K, D,/CO=3

~10'L e
= ]
Tb 4
]
--8--046 s | ]

-l 023 s

—0—0.12 s

10-2 1 1 1 1. I

Carbon Number

FIG. 10. Values of &, versus carbon number for different catalyst
bed residence times.
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FIG. 11. Values of &;, k,, and 4, as a function of catalyst-bed resi-
dence time.

through a maximum with increasing n and decreased with
increasing 7.

In view of the relatively small separation between the
curves of F,(¢) for n = 2-5, the accuracy of the estimates
of K, and k, were carefully examined. As shown in the
Appendix, k, and k, are given by

k, = al(Ncoty7) and k= (1-a)/T. 27
Since the values of N¢g and « can be determined to a
high degree of accuracy from the steady-state data and
the value of 7, is constant for all values of n, the accuracy
of k, and k, is dictated by the accuracy with which 7 can
be determined. An investigation of the sensitivity of the
fits to the experimentally observed transients in F,(z) for
n = 3-5 showed that 7 can be determined with an accuracy
of £50%. This means that the values of k, and k, shown in
Figs. 9 and 10 are accurate to within a factor of about two.

The values of k;, kg, ke, and ki, are listed in Table 1.
Also shown for comparison are the values of k;, and the
average values of k, and k,. Of particular note is the fact
that the value of k|, is approximately four orders of magni-
tude larger than the value of &, suggesting that ethylene
should reenter the chain growth process much more rap-
idly than higher molecular weight olefins. This point is
discussed in more detail below. The values of k, and &,
listed in Table 1 agree very closely with the values re-
ported recently by Krishna and Bell (24), when their data

TABLE 1
Summary of Rate Coefficients

k = 0.05s"! ki = 0.20s™!
ky = 1.40 5™ kep = 031 57!
k = 0.18 57! k. = 0.015 s~

ki, = 150 s~
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FIG. 12. Values of 6,,. 6,. 8>, and 26, as a function of catalyst-bed
residence lime.

are extrapolated to 523 K. The value of &; in Table | is a
factor of 2.5 larger than that reported by Krishna and
Bell. The difference between the values of &; are not fully
understood but are thought to be attributable to differ-
ences in manner of catalyst preparation, Ru dispersion,
and the method of data analysis in the two studies.

The values of 6,,, 8,, 8, and =6, are shown in Fig. 12
as a function of 7,. The modest rise in the coverages by
intermediates in the chain growth process can be attrib-
uted to an increasing in the degree of ethylene readsorp-
tion with increasing catalyst bed residence time, as
a consequence in the rise of in the partial pressure of eth-
ylene.

The results presented in Table [ and Fig. 12 can be
used to draw a number of deductions concerning the rela-
tive rates of various processes involved in the formation
of products during FTS. Figure 13 shows that the rate of
C,_g olefin reincorporation is significantly smaller than the
rate of chain termination, particularly at low catalyst-bed

Ru/TiO, ; T=523 K, D,/CO=3
102
T T T T T T

103
104

1051

1
foTel(s)

10°6L

10-7 1 I 1 1 1 1

Carbon Number

FIG. 13. Comparison of the r, and r, for different carbon numbers.
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TABLE 2

Rates of Reaction for Elementary Processes
Involving Ethylene

CH,, + H, = CH,, rp=1.0x10"%s"! re=49x107's7!
CH;, + CH,, = CyHs, rp=6.4x 107! rgp =S8 % 107 s~
C,Hs, = H, + CyH, r=34x10"s"" Fe=2.4% 107157

residence time, consistent with the assumptions used in
deriving the expressions for £, and F?*. In strong contrast
to the case for C,, products, Fig. 13 and Table 2 show
that the rate of C, reincorporation is comparable to the
rate of C, product formation. The rate of C, , depolymeri-
zation is nearly the same as the rate of C,, formation
chain propagation. Interestingly, Table 2 reveals that the
rate of methyl group dehydrogenation to form a methylene
group is approximately 50% of the rate of chain initiation.
Two other deductions that can be drawn from Table 2 are
that the rate of C, chain termination is roughly half as
fast as the rates of C,, depolymerization, and that the
rate of chain initiation is approximately four times higher
than the rate of chain initiation resulting from the read-
sorption of ethylene to form C,H;, species. The much
higher rate of ethylene reentry into the chain growth pro-
cess compared to higher molecular weight olefins is com-
pletely consistent with experimental observation (13, 14,
18, 19). '

The increase in response time of the experimental data
for F (1) with increasing catalyst-bed residence time seen
in Figs. 6 and 7 can be attributed to several causes. For
n = 2-5, feedback of unlabeled carbon due to rapid ethyl-
ene readsorption and depolymerization causes the value
of 7,,, 7, and 7, to increase with 7,. The increase in 7,
in turn, causes an increase in the time it takes the experi-
mental values of F,(r) to approach unity. For n = 6-8,
the delay in the approach of the transient response curves
to unity is attributable primarily to the increase in the
values of 77° with 7,,. It is recalled that the value of 75 is
comprised of two parts (see Eq. [18], one due to readsorp-
tion of C,, olefins from the physisorbed layer and the other
due to removal of physisorbed hydrocarbons as a conse-
quence of convection. Figure 14 shows that for small and
large values of 7, the convective term is the dominant
contributor to 78 for values of n = 8. For values of n
greater than 8, the readsorption of olefins from the phys-
isorbed layer becomes progressively more important. It
is also evident from Fig. 14 that for n < 6, k > 1/7F,
whereas for n = 7, k, < 1/79%. These results are consistent
with the assumption that for n = 6-8, the dynamics of
exchanging '*C-labeled hydrocarbons from the phys-
isorbed layer on the catalyst surface must be taken into
account in simulating the experimentally observed curves
of F, (1).
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FIG. 14. The effect of carbon number on (1/75*) and (1/75).

CONCLUSIONS

The results of this study demonstrate that proper analy-
sis of transient-response experiments for Fischer—
Tropsch synthesis must account for the effects of product
physisorption on the catalyst and for the reentry of olefins
into the chain growth process. Olefin reentry into the
chain growth process is particularly rapid for ethylene,
resulting in both initiation of new chains and the formation
of monomeric building units, the latter formed as a result
of depolymerization of ethyl groups. For the conditions
studied, reentry of C;, olefins is negligible for low catalyst
bed residence times but can become important for olefins
containing more than eight carbon atoms when the cata-
lyst bed residence time is large. From simulations of the
transient-response data, using theoretical expressions
based on the reaction scheme shown in Fig. 8, rate coeffi-
cients are calculated for each of the elementary processes
involved in Fischer-Tropsch synthesis.

The surface coverages by monomeric building units and
alkyl species have also been determined from an analysis
of the fitted transient response curves. Monomeric build-
ing units are found to occupy about 0.2 ML, whereas,
growing alkyl species occupy less than 0.1 ML. These
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coverages are found to be in reasonable agreement with
recent experimental estimates of these species.

APPENDIX

The procedure for determining the rate parameters and
coverages by each of these species illustrated in Fig. 8
was as follows. The analytical expressions for F,, F,
(n = 3-5), and F¥* (n = 6-8) were fitted to the experimen-
tally observed transient response curves using the non-
linear regression method described in the text. The value
of 7, obtained by fitting the data for F, was used to fit the
data for all of the other transients. As a consequence the
transient-response data for n = 3-5 was fit with only two
adjustable parameters, T, and 7. The values of 7, obtained
from the fitting exercise were found to be independent of
the value of n for n = 2-5 and, consequently, an average
value of 7, could be used.

To carry out the above procedure for n = 6-8 requires
that the values of 78 be known. These values were ob-
tained by estimating the value of &, and then calculating
the value of 72* from the expression

] ops_) < Q )
— n + | —=—].
Th kr°<655 WK,RT

The value of K, appearing in Eq. [Al] is calculated by
the method of Zweitering and van Krevlin (31). Figure
Al shows a plot of K, versus n for 523 K.

For n = 3-8, is it assumed that 7, = 7 = (k,0,, + k)~'
and @, = a = k,0,/(k,0,, + k). Values of k, and £, can
be determined from

(Al]

(A2]
[A3]

kobp = /T
k=0-a)lr.

If the values of &, and k, obtained for each value of » and
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FIG. Al. K, versus carbon number.
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T, are not constant, the value of &, is adjusted until the
desired constraints on k, and &, are achieved.
Values of 8, and 6, (n = 3-8) are determined from

(A4]
(AS]

gm = NCOTm

6, = Nc /k,.

The value of 6, is determined by a somewhat different
procedure. A value of &/, is chosen and the magnitude of
9, estimated from

Ne, + k.68

k [A6)

92=

This value of 6, is then substituted into Eq. [A7], to calcu-
late 5:

(A7)

The values of k/. and k4, are not adjusted to obtain a fit
to the curve of 7, versus 7,. The value of 6, was assumed
to be proportional to the value of 6,,.

Values of k; and k;. are found by fitting the values of
T, obtained for different values of 7, to the expression
given by

1 _ S o) r (BY_, (62
Tm—<ki+kpn2=l en> kir< 6m> kep <0m). [A8]

As a check of the assumption that 7, = r,, the value of
7, is determined from

)
— = (k+ kyB) + kip — kg <—2>

1
Ty 0| [A9]

The values of 7, calculated using Eq. [A9] are similar to
those determined from the fit of Eq. [20] to the experimen-
tally observed curves of F,(¢), demonstrating the internal
consistency of the approach used for analysis of the tran-
sient response experiments.
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