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The synthesis of high molecular weight hydrocarbons on Ru catalysts requires the readsorption
of primary «-olefin products. Such a readsorption step initiates a surface chain by reversing the 8-
hydrogen abstraction reactions: the chain termination step that forms an a-olefin. On Ru catalysts.
60 to 90% of Cy + products require at least one readsorption event. These readsorption steps
become increasingly important as chain size increases. This occurs because the diffusive removal
of a-olefins from catalyst particles slows down significantly with increasing molecular size leading
to long intraparticle residence times that favor secondary readsorption reactions. Chain growth
probability and paraffin content therefore increase with molecular size. As a result. carbon number
distributions do not obey simple Flory kinetics, an observation previously attributed to multiple
chain growth sites and to the higher solubility of larger hydrocarbons in Fischer—Tropsch liquids.
Atlow H,/CO reactunt ratios, where termination to olefins should be favored. large chains terminate
only as paraffins. This again reflects the importance of diffusion-enhanced olefin readsorption which
not only dominates bed residence time effects for large hydrocarbons but also weakens the effects
of changes in reactant concentration. High H,/CO reactant ratios lead to higher concentrations of
hydrogen adatoms on Ru surfaces and thus favor chain termination to paraffins by hydrogen addition
steps. Consequently. the contribution of olefin readsorption to chain growth and product molecular

weight decreases markedly with increasing H,/CO ratio.

INTRODUCTION

An important route to high value syn-
thetic fuels requires the conversion of natu-
ral gas or coal to synthesis gas (CO and
H.), followed by the Fischer-Tropsch (FT)
synthesis to high molecular weight aliphatic
hydrocarbons and their ultimate upgrading
to required products (/, 2). Therefore the
synthesis of high molecular weight hydro-
carbons is commercially important. In Refs.
(3-7), we described the critical role played
by the readsorption of «-olefin products in
hydrocarbon chain growth. Since Herington
first suggested that this reaction occurs dur-
ing FT synthesis (8), others, such as Pichler
etal. (9, 10), have discussed several second-
ary reactions, such as hydrogenation, hy-
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drocracking, isomerization, and chain initia-
tion that occur after a-olefins readsorb. Our
recent work has identified catalyst proper-
ties and reaction conditions that favor a-
olefin readsorption and chain initiation, and
shown this reaction to be critical in the se-
lective synthesis of heavy aliphatic hydro-
carbons from CO and H..

The contribution of a-olefin readsorption
reactions to chain growth increases as the
residence time and the concentration (or
more rigorously, the fugacity) of these reac-
tive products increases within catalyst parti-
cles and reactors (3-7). Bed residence time
and interparticle olefin concentrations in-
crease with decreasing space velocity. In-
creased intraparticle (pore) residence time
and olefin concentration gradients reflect
diffusional restrictions that lower the rate
of removal of reactive olefins from catalyst
pores. Catalyst pores are filled with high
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molecular weight liquid hydrocarbon prod-
ucts during FT synthesis; therefore, intra-
particle olefin diffusivity decreases mark-
edly with increasing molecular size,
consistent with reptation models of diffu-
sion in polymer melts (/7). Larger olefins
remain longer within catalyst particles and
are more likely to readsorb and initiate
chains on FT synthesis sites (3-7).

Diffusion-enhanced readsorption of «-
olefins leads to an increase in chain growth
probability (a) with carbon number on Ru
(3-7). Co (5-7), and Fe (7), until a constant
asymptotic a value (e,) is reached for large
hydrocarbons. This accounts for the ob-
served deviations of experimental carbon
number distributions from Flory polymer-
ization kinetics, where « is assumed to be
independent of chain size. Such deviations
lead to heavy hydrocarbon selectivities
much greater than those predicted by Flory
kinetics. High selectivity to heavy hydro-
carbons is a feature of FT synthesis that
strongly influences gas conversion process
economics. In this study, we quantify the
effectiveness of diffusion-enhanced olefin
readsorption for hydrocarbon chain growth
on Ru crystallites supported on TiO- and
Si0,. We also discuss how H./CO reactant
ratios affect chain growth pathways and
how molecular weight distributions are in-
fluenced by reactant composition and by
olefin readsorption. Finally, we offer argu-
ments to refute alternate explanations for
the observed non-Flory distributions of FT
products: the presence of two or more
growth sites with different kinetics (/2) and
the longer reactor residence time of large
hydrocarbons caused by their higher solu-
bility in FT synthesis liquids (/3).

EXPERIMENTAL

The experimental equipment and proce-
dures have been described previously (4).
Catalytic experiments were performed in a
1.22-m long, 0.77-cm internal diameter,
stainless-steel fixed-bed reactor embedded
in a copper block with a three-zone heater
(/4). Carbon monoxide, dihydrogen, carbon
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dioxide, and C;— hydrocarbons were ana-
lyzed by on-line gas chromatography. Con-
densed C;+ products, collected for about
24-h periods after reaching steady-state un-
der each reaction condition, were analyzed
using gas and high temperature gel-perme-
ation chromatography.

Residence time experiments were per-
formed by varying the H./CO flow rate at
constant temperature, pressure, and re-
actant ratio (2.00 = 0.03). The preparation,
pretreatment, and characterization of 1.1%
Ru/TiO, and 10.8% Ru/SiO, catalysts were
reported elsewhere (4). Catalysts were pre-
pared by contacting TiO, (Degussa P25) and
Si0, (Davison, Grade 62) supports with a
Ru(NQ,), solution (Engelhard). The cata-
lysts were reduced in flowing H, for 4 h
at 723 K before catalytic experiments.
Ru/TiO, was studied at 483 K, 550 kPa,
and space velocities between 300 and 1500
V/IV:-h (86 to 17% CO conversion).
Ru/8i0, was studied at 477 K, 550 kPa, and
space velocities between 530 and 3000
V/V-h (81 to 14% CO conversion}. Space
velocity (GHSV) is defined here as the gas
hourly reactant flow rate at STP per total
bed volume. Reaction rates are almost inde-
pendent of reactant conversion; they are re-
ported as site-time yields, defined as the
moles of CO converted per unit time per
g-atom of surface Ru (4). For Ru/TiO, and
Ru/Si0,, the site-time yields are 2.2 x 10~*
and 1.8 x 107° s ! respectively.

Reactant H./CO ratio effects on chain
growth kinetics were studied on a 1.04%
Ru/TiO, catalyst and on the 10.8% Ru/SiO,
described above. This Ru/TiO, catalyst was
prepared using the same procedure as the
1.1% Ru/Ti0O, sample used in residence time
studies. This catalyst was studied at 488 K,
520 kPa, and H,/CO reactant ratios of 1.02,
1.52, 2.0, and 2.8. The SiO,-supported
sample was studied at 490 K, 1515 kPa,
and H,/CO ratios of 2.0 and 3.23. When
stoichiometric H,/CO ratios (~2.0-2.1) are
used, reactant ratios remain constant along
the reactor bed and do not vary with CO
conversion level or axial reactor position.
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Reactant ratios above stoichiometric values
lead to H,/CO ratios that increase along the
reactor as CO conversion increases. Con-
versely, values lower than the consumption
stoichiometry lead to reactant ratios that de-
crease with increasing CO conversion. Ex-
cept at very low CO conversions (<15%),
reported rates, selectivities, and H,/CO re-
actant ratios reflect average values along the
catalyst bed.

Experimental results were not masked by
catalyst deactivation, reactor temperature
gradients, or intrapellet diffusional limita-
tions of CO and H, (4).

RESULTS
Residence Time Effects

In previous reports, we have used carbon
number-dependent chain termination (g8,)
and growth («,) parameters to describe the
FT product distributions on Ru (3, 4) and
Co (5, 6) catalysts. The chain termination
parameter compares the rate at which a
growing chain terminates and desorbs as a
C, hydrocarbon (r, ) to the rate at which it
continues to grow in the chain propagation
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step (r,,) (8). For a chain with n carbons
(C),

B, = : = ———j’" : (1
p.n
A':n2+l (bi

This expression is related to the chain
growth or Flory parameter (a,) by

x

1 2 ld’i
a, = ==t (2)
l + B" E (b’

i=n

In Egs. (1) and (2), ¢, is the molar rate of
formation of C, species during chain growth.
When «, is independent of chain size, Eq.
(2) becomes
d)n+ 1
a=—. 3)
b,
This chain growth parameter is defined by
the well-known Flory equation (/5), written
in its logarithmic form

> = 1n [La“)—] +nlna, (@)

n
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FIG. 1. Space velocity effects on FT synthesis carbon number distribution (1.1% Ru/Ti0-, 483 K. 350
kPa, Hy/CO = 2.00 = 0.03, |7 and 86% CO conversion).
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Fi1G. 2. Space velocity effects on FT synthesis carbon number distribution (10.8% Ru/SiO,, 477 K, 550
kPa, H,/CO = 2.00 = 0.03, 14 and 81% CO conversion).

where §,, is the carbon selectivity to C, prod-
ucts. If the chain growth probability is inde-
pendent of chain size, aplot of In S, /n versus
n becomes a straight line, and the resulting
distribution is fully described by a single
value of « or 8.

Product distributions on Ru/TiO, and Ru/
Si0O, catalysts are plotted in Figs. 1 and 2,
respectively, using the form suggested by
Eq. (4). Data at the highest and lowest space
velocities are shown. In all cases, product
distribution plots are initially curved but be-
come linear for C;s+ hydrocarbons. In Fig.
1. the two space velocity plots intersect at
about C,, and ultimately become parallel for
C;< + products. These data show that chain
growth parameters initially increase with
carbon number but become constant for
C:s+ hydrocarbons. For smaller chains. «
increases with decreasing space velocity
and increasing conversion. This conversion
dependence disappears above C,;, where
the same a value of 0.932 describes the ex-
perimental data at both space velocities.
The corresponding chain termination pa-
rameters (3,) decrease with increasing car-

bon number and decreasing space velocity
for chains smaller than Cs;: 8, approaches
a constant value of 0.0725, independent of
space velocity or carbon number for larger
chains (4). Chain termination to CH, (83,) is
also independent of space velocity (3, 4),
but B, increases as space velocity increases
and approaches a value of 0.31 as bed
residence time approaches zero (4). There-
fore a, at very short bed residence time
approaches 0.763 and is much lower than
the 0.932 value of a, for C;s+ hydrocar-
bons.

The same trends are observed on Ru/SiO,
at slightly lower reaction temperatures (Fig.
2). Here. product distributions at high and
low space velocities differ less than on Ru/
TiO,. Carbon number distributions do not
follow conventional Flory kinetics and
reach an asymptotic «, value of 0.948 for
C;s+ hydrocarbons that is independent of
space velocity and CO conversion.

The paraffin content in C.—C,, products
increases with increasing carbon number
and bed residence time (inverse space veloc-
ity) on Ru/TiO, (Fig. 3). Olefins are not ob-
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version).

served in C;s+ products because their long
pore residence time ensures that olefins will
readsorb many times and initiate chains;
only chains that terminate as unreactive par-
affins exit the catalyst. Thus the higher par-
affinic content of larger hydrocarbons is not
the result of direct secondary hydrogenation
of a-olefins to the corresponding paraffin
of equal size (3-7), but reflects instead the
enhanced readsorption of a-olefins and sur-
face chain initiation steps that lead to the
ultimate desorption of these ca-olefins as
larger products.

Individual termination parameters for ole-
fins (83, ,) and paraffins (8, ,) versus carbon
number at 300 and 1500 V/V-h (Fig. 4) con-
firm this proposal. In both cases, chain ter-
mination to olefins (8, ,) decreases rapidly
to zero, but termination to paraffins (8,,)
increases only slightly and then remains
constant. The large variation in 8, , with bed
residence time is not caused by changes in
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the corresponding 3, , values, which are un-
affected by conversion. This confirms our
conclusion that the observed decrease in
olefin selectivity is not caused by their sec-
ondary hydrogenation to the corresponding
paraffin.

Reactant Composition Effects

The effects of H,/CO ratio on FT synthe-
sis rate and selectivity using Ru supported
on TiO, and SiO, are shown in Tables |
and 2, respectively. On Ru/TiO,, data were
obtained at the same space velocity except
at the highest reactant ratio where, for selec-
tivity comparisons, it was increased to 900
V/V-h in order to maintain H, + CO con-
version levels close to those obtained for
H,/CO ratios of 1.02. High CO conversions
magnify the effect of changes in H,/CO ra-
tios in nonstoichiometric feeds by causing a
net increase or decrease in reactant ratio as
conversion increases along the catalyst bed.
Low CO conversion levels maintain H,/CO
ratios near inlet values; higher conversions
(>20%) require that we use average bed ra-
tios in sclectivity comparisons. Selectivity

TABLE !

Fischer Tropsch Synthesis on Ru/TiO,: Effect of
H,/CO Ratio on Rate and Selectivity “

Inlet H./CO 1.02 1.52 2.03 2.8
GHSV, V/V-h 500 S00 500 900
Exit H,/CO 0.68 0.98 1.9 39
H, + CO conv. % 44 60 77 51
Site-time yields” 1.8 2.3 3.0 3.5
[10%-mot CO/g-atom

surface Ru-s|

Selectivity ¢
CH, 2.5 31 4.4 7.2
C.-C, 5.9 S.9 7.1 8.9
C—Cy 41 44 48 51
Cy=~Cq 29 32 29 26
Cqy+ 20 13 9 S

“ 1.04% Ru/Ti0,. 488 K, 520 kPa. TiOy: 40 m'g !
BET surface area, 13.5-nm average pore radius.

® Average Ru particle diameter, 2.2 nm: 0.5 disper-
sion assuming hemispherical crystallites.

“ Remaining products, C(), and water soluble al-
cohols.
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FiG. 4. Carbon number and space velocity effects on chain termination to «-olefins and n-paraffins
(1.1% Ru/Ti0O, 483 K, 550 kPa. H,/CO = 2.00 = 0.03) (1500 V/V-h. 17% conversion, olefins ().
paraffins ((3): 300 V/V-h, 86% conversion, olefins (&), paraffins (~)].

trends can be obtained even at the interme-
diate but similar conversion range of the
datain Table . On Ru/TiO,, site-time yields
increase by a factor of 2 as inlet H,/CO
ratios increase from 1.02 to 2.8, consistent
with the negative order CO kinetics pre-
viously reported on these Ru catalysts (5, 6).
The products become lighter as reactant ra-
tios increase. Methane selectivity increases
by about a factor of three and Cs, + yields
decrease by a factor of five in this range of
reactant composition.

Carbon number distribution plots are
curved at all reactant concentrations on Ru/
TiO, catalysts. Fig. 5 shows carbon number
distributions at inlet H,/CO ratios of 1.02
and 2.8: product molecular weight increases
with decreasing H./CO ratios. This arises
from the lower chain termination parameter
(8,) observed for all carbon numbers at
lower reactant ratios (Fig. 6). Asymptotic
values of the chain termination parameter
are much lower at reactant ratios of 1.02 (8,
= 0.044) than at 2.8 (8, = 0.08). Values of
B, increase monotonically with increasing
H./COratio (Fig. 7a). The chain termination

TABLE 2

Fischer-Tropsch Synthesis on Ru/SiO.: Effect of

H,/CO Ratio oa Rate and Selectivity “

Intet Hy/CO 2.02
GHSV.V/V:h 5150
Exit H,/CO 2.02
H, + CO conv. % 20
Site-time yields” 4.3

(10°- mol COfg-atom
surface Ru-s]

Selectivity*
CH, s3
C,-C, 7.1
C;—C:u 43
Cy~Cqy 30
Cs+ 9.5
B, 0.62
8, 0.067

3.2
7500
3.5
15
5.7

8.1
7.7
47

27
5.2
0.88
0.081

¢ 10.8% Ru/Si0,, 490 K, 1510 kPa. SiO,: 280 m°g !

BET surface area, 6.5-nm average pore radius.
#0.20 Dispersion by H, chemisorption.

“ Remaining products. CO, and water soluble al-

cahols.
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parameter for methane (8,), previously re-
lated to the rate of hydrogen addition to
surface methyl species (4-6), also increases
from 0.30 to 0.72 as reactant ratios increase
from 1.02 to 2.8 on Ru/TiO, (Fig. 7b). Both
B, and B, reflect the availability of surface
hydrogen for hydrogen addition termination
steps. which increases with increasing H,
concentration in the gas phase.

a-Olefin to n-paraffin ratios decrease with
increasing carbon number at all reactant
concentrations (Fig. 8). a-Olefins are not
detected among C,;+ hydrocarbons, even
at the lowest exit ratios (H,/CO = 0.68),
conditions that normally favor olefins and
which selectively inhibit chain termination
to paraffins; indeed, products are predomi-
nantly paraffinic in the C,c+ range at both
low (0.68) and high exit ratios (3.9).

Chain termination parameters for «-ole-
fins (B, ,) and n-paraffins (3, ) show similar
trends at 1.02 and 2.8 H./CO ratios (Fig.
9). Chain termination to a-olefins decreases
with increasing chain size; 3, decreases
from 0.11 for I-butene to 0 for Cy+ hydro-
carbons at low H-/CO ratios (1.02) and from

0.096 to 0 at higher ratios (2.8). Apparently
a higher selectivity for chain termination to
olefins at low H,/CO ratios is balanced by a
similarly higher readsorption rate, consis-
tent with the first-order dependence of olefin
readsorption rates. In contrast, chain termi-
nation to paraffins increases with increasing
H./CO ratio; B8, increases from 0.025 for »-
butane to an asymptotic value of 0.044 at
1.02 H./CO ratio. and similarly from 0.051
to 0.0818 at the higher ratio of 2.8. Chain
termination to paraffins is clearly favored
at high H,/CO ratios. Paraffins and internal
olefins account for all termination products
of C,;+ chains because termination path-
ways to a-olefins are totally reversed by re-
adsorption. Lighter products are obtained
at higher H,/CO reactant ratios that favor
intrinsic termination of surface chains as
paraffins; this termination step cannot be
reversed in subsequent secondary reactions
because of thermodynamic constraints on
the rate of the reverse reaction.

Similar trends are observed on Ru/SiO,
catalysts (Table 2). These data were ob-
tained at lower CO conversion levels than
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on TiO,-supported catalysts. Therefore re-
actant concentration gradients along the cat-
alyst bed are much weaker. Changes in
product selectivity with increasing reactant
ratio are very similar to those reported in

MADON AND IGLESIA

Table 1 for Ru/TiO, catalysts even though
experimental conditions differ. Methane
(B3,) and asymptotic (8,) chain termination
parameters also follow trends similar to
those on Ru/TiO,. Chain termination pa-
rameters for all carbon numbers are smaller
at the lower H./CO ratio. Consequently
chain growth parameters and product mo-
lecular weight increase with decreasing re-
actant ratio, primarily because of the selec-
tive inhibition of hydrogen addition
termination steps.

DISCUSSION
Residence Time Effects

The diffusion-enhanced olefin readsorp-
tion model, mentioned briefly in the Intro-
duction and previously discussed in detail
(3-7). provides a simple explanation for the
trends in Figs. [-4. Selectivity and g values
for light hydrocarbons increase with in-
creasing space velocity because a-olefing
are removed more rapidly from the catalyst
bed:; thus their interparticle concentration
and bed residence time decrease, leading to
lower rates of secondary readsorption reac-
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FiG. 9. Reactant composition and carbon number effects on chain termination to a-olefins and n-
paraffins (1.04% Ru/TiO,. 488 K. 520 kPa) (Hy/CO = 2.80. 519 conversion. olefins (W), paraffins (Z1):
H./CO = 1.02, 44% conversion, olefins (&), paraffins (L)].
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tions. This bed residence time effect resem-
bles the intraparticle residence time effect
that leads to the observed effects of carbon
number on olefin content and chain termi-
nation probability (Figs. 1-4). Increasing
the residence time of reactive «-olefins
within the catalyst bed (by siow convec-
tion) and within catalyst particles (by slow
diffusion) leads to the selective inhibition
of chain termination to olefins as bed resi-
dence time and carbon number increase
(Figs. 3 and 4).

As carbon number increases, reactive
a-olefins become increasingly difficult to re-
move from liquid-filled catalyst pores. and
intraparticle diffusion becomes the domi-
nant transport mechanism controlling resi-
dence time and readsorption probability.
Chain termination probabilities become in-
dependent of space velocity and carbon
number when intraparticle residence times
become so large that no olefins exit the cata-
lyst particles and only paraffins remain as
stable termination products. This occurs on
Ru catalysts, under our experimental condi-
tions, for C;s+ hydrocarbons.

Without diffusion-enhanced olefin read-
sorption, FT synthesis on Ru would lead to
much highter products. In order to estimate
what fraction of the heavy hydrocarbons re-
quires a-olefin readsorption and chain initia-
tion, we compare observed product distri-
butions with those predicted from
conventional Flory kinetics, i.e., without
a-olefin readsorption. On Ru/TiO,, 3, data
extrapolated to infinite space velocity gives
an intrinsic chain termination value of 0.31
(4). which corresponds to an «, value of
0.763. If the intraparticle residence time of
a small molecule, such as I-butene, is suffi-
ciently short to prevent readsorption, its in-
trinsic chain growth parameter also de-
scribes the entire distribution (¢ = 0.763,
smaller if 1-butene readsorption actually oc-
curred). The Flory plot generated by this
chain growth parameter is shown as a
dashed line in Fig. 1. Below we compare
the product selectivities predicted by these
readsorption-free chain growth processes
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with those obtained experimentally on Ru
catalysts.

Flory kinetics on Ru/TiO, (o« = 0.763)
would lead to 2.6 wt% C,, + selectivity and
only 0.02 wt% C,, + selectivity. Experimen-
tal values at 300 V/V-h on Ru/TiO, are 39.6
and 14.5 wt% for C,;+ and C,, + respec-
tively. Thus, 93% of C,, + chains and 99.8%
of C,; + chains require at least one a-olefin
readsorption event. These desirable read-
sorption events require that «-olefins be re-
active and that their pore and bed residence
time be increased significantly by transport
restrictions.

The relative importance of pore (intrapar-
ticle) and bed residence time effects can be
compared by noting that the data at 1500 V/
V-h predominantly reflect pore residence
time effects, because olefins leave the cata-
lyst bed sufficiently fast to prevent read-
sorption within particles below. Therefore
the difference between the curves at 300 and
1500 V/V-h in Fig. | reflects bed residence
time effects on secondary readsorption re-
actions. In contrast, the difference between
the curve at 1500 V/V-h and the dashed
Flory line reflects the true effect of intrapar-
ticle diffusion on «-olefin readsorption. At
1500 V/V-h,C,, + selectivityis 28.4 wt% and
C,, + selectivity is 10.3 wt%, compared with
values of 39.6 and 14.5 wt% at 300 V/V-h.
Even at high space velocity, 91% of C,, +
chains and 99.8% of C,, + require atleastone
readsorption event; these chains form only
because diffusion-limited readsorption of
olefins within catalyst particles effectively
reverses the predominant B-hydrogen ab-
straction chain termination pathway. At 300
V/V-h, of the C,, + products resulting from
a-olefin readsorption, 30% arise from bed
residence time effects and 70% from intra-
particle diffusion effects. For Cy;+ prod-
ucts, the corresponding values are 29 and
71%.

FT synthesis products are heavier on Ru/
Si0, than on Ru/TiO,, predominantly be-
cause of the lower reaction temperature.
Space-velocity effects on product distribu-
tion are weaker than on Ru/TiO, (Fig. 2).
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The marked curvature in carbon number
distribution plots and the small selectivity
differences between high and low bed resi-
dence times suggest that readsorption oc-
curs predominantly within diffusion-limited
particles on this Ru/SiO, catalyst. Even
light products are affected by diffusion-en-
hanced readsorption on Ru/SiO, particles;
therefore, the B, value obtained at high
space velocity is already lower than the in-
trinsic (readsorption-free) value. Yet we will
use it as a lower limit to the intrinsic value
of the Flory chain termination parameter.
This value of B, is 0.149 and leads to an «,
value of 0.87.

This value of «,, applied to the entire car-
bon number distribution (i.e., Flory kinet-
ics), predicts C,, + and C,, + carbon selec-
tivities of 22.0 and 2.4 wt%, respectively;
the corresponding experimental values at
530 V/V-h are 53.6 and 26.4 wt%. Even
though we have overestimated the intrinsic
a value, 60% of the C,;+ and 919 of the
C,,+ products require olefin readsorption
events; they would not form in a single sur-
face sojourn using intrinsic chain growth
pathways. For C,, + products requiring at
least one a-olefin readsorption event, 16%
arise from bed residence time effects and
84% from pore residence time effects at 530
v/v-h. For C,, + products, the correspond-
ing values are 15 and 85%. The greater con-
tribution of intraparticle readsorption on
Ru/Si0, reflects both a higher intrinsic read-
sorption probability at lower reaction tem-
peratures and the more severe intraparticle
diffusional resistances caused by the higher
volumetric density of chain growth (and re-
adsorption) sites on the SiO,-supported cat-
alyst.

The relative importance of pore and bed
residence times at a given conversion is in-
dependent of chain size for C,, + products.
This is consistent with our proposal that bed
residence time effects arise from the read-
sorption of smaller a-olefins; these effects
become negligibly small for large C,,+ a-
olefins that react predominantly within the
catalyst particle and seldom leave these par-
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ticles unreacted. As they move along the
catalyst bed by forced convection, small
olefins diffuse into catalyst particles and ini-
tiate surface chains that continue to grow
and ultimately desorb as higher hydrocar-
bons. The effectiveness of convective re-
moval increases with increasing space ve-
locity. Therefore space velocity affects
C,, + selectivity only indirectly by reintro-
ducing lighter chains into chain growth path-
ways and thus changing the surface density
of C,; + growing chains. This gives rise to
the space velocity effects on selectivity
shown in Figs. | and 2, even for chain
lengths for which chain growth parameters
become independent of chain size. As ole-
fins become larger, they are less likely to
leave a pellet unreacted, and when they do,
they are also less likely to diffuse into other
catalyst particles because of intraparticle
diffusion limitations.

Our selectivity estimates assume that dif-
fusional restrictions do not affect 1-butene
readsorption because short hydrocarbon
chains diffuse rapidly within intrapellet lig-
uids. If 1-butene readsorbs, then estimated
a values on Ru/SiO, (0.87) and on Ru/TiO,
(0.763) become upper limits. Consequently
the actual contribution of diffusion-en-
hanced olefin readsorption to heavy hydro-
carbon synthesis would be even greater than
our estimates suggest. Our results show that
diffusion-enhanced olefin readsorption ac-
counts not only for the non-Flory carbon
number distributions but also for the high
paraffin wax selectivity obtained by FT syn-
thesis on Ru catalysts. Intrinsic chain
growth (Flory) kinetics are unable to pro-
vide such high yields of heavy hydrocarbons
without significant olefin readsorption and
strong enhancements of these reactions by
intraparticle diffusional restrictions.

Reactant Composition Effects

Chain termination parameters (3,) in-
crease with increasing H./CO reactant ratio
for all carbon numbers (Fig. 5). The overall
chain termination parameter can be ex-
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pressed as a linear combination of values for
individual termination steps (3),

B, = rt.,,/rp =(r, +r, +r

= Bh + Bo + Bi - ﬁr,n- (5)

where the subscripts h, o, and 1 refer to
chain termination as paraffins, a-olefins,
and isomers. The latter, predominantly 2-
olefins and branched paraffins, are minor
components in the products; they are also
much less reactive than «-olefins (4). The
subscript r refers to a readsorption step, the
reverse of the H-abstraction step that leads
to termination as a-olefins and the only reac-
tion step in our model with kinetics that
depend on chain size. For large n, r. ap-
proaches the value of r,; then, 8, equals 3,,
and the net rate of olefin formation ap-
proaches zero (3, 4). Consequently chain
termination as paraffins becomes the pre-
dominant termination step, and B, ap-
proaches the asymptotic chain termination
parameter (3,),

nBa.z' = Bh.v = (kh/l\p) Ny P (6)

where the subscript v denotes the reactant
ratio (H,/CQO). The parameter p is the ratio
of the concentration of adsorbed hydrogen
(H*)and chain growth surface intermediates
(*CH,):

- rr_,,)/rp

p = (H*)/(*CH,). (7)

Equations (6) and (7) reflect law of mass
action kinetics for the rates of chain termi-
nation,

>k(jnl-lln*l + H*ZCIIH;’H*: + 2*~ (8)
and propagation,

*CIIH2H+| + XCHQZ *C H:,,*; + *. (9)

n-1

If we assume that intrinsic propagation
and termination rate constants are indepen-
dent of reactant composition, the ratio of
asymptotic termination parameters at two
reactant ratios becomes

ﬁu.v'/ﬁa.u" = pl"/pu” .
On Ru/TiO,, this ratio equals 1.8 for re-

(10)
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actant ratios of 2.8 and 1.02. Therefore,
{(H*)/(*CH,) ratios are 1.8 times greater at
the higher H,/CO ratio.

From the law of mass action kinetics for
chain termination to paraffins [Eq. (8)] and
olefins,

*C11H2n+ 1 = CMHZII + H* v (] l)

we obtain the ratio of these two termination
parameters:

Bh/Bo = ph/po = (/"h/kn) (H*)

Thus the concentration of surface hydrogen
(H*) determines chain termination probabil-
ities and olefin content on Ru. This value of
Bu/B, increases with increasing H,/CO ratio
on all Ru catalysts studied. Fewer olefins
are formed at higher reactant ratios, the con-
tribution of olefin readsorption to chain
growth decreases, and B, increases with in-
creasing hydrogen content in the feed.
Therefore 8, is greater than B, ¢s for all
values on n. However, the curved Flory
plots (Fig. 5) and the decreasing 83, values
with increasing chain size (Fig. 6) show that
olefin readsorption remains an important
chain initiation process, and strongly influ-
ences carbon number distribution and ole-
fin/paraffin selectivity at all reactant compo-
sitions used in our study.

Low hydrogen concentrations in the feed
favor low surface hydrogen concentrations
and termination of surface chains as olefins
instead of paraffins. Low H,/CO ratios lead
to higher olefin to paraffin ratios for smail
hydrocarbons (Fig. 8). Larger hydrocar-
bons. however, terminate only as paratfins,
regardless of reactant ratio because of diffu-
sional restrictions. Olefin fugacity gradients
within catalyst pores are undoubtedly af-
fected by changes in reactant composition,
but in all cases, olefin fugacities at the outer
particle surfaces become negligible for large
olefins. Thus diffusion-enhanced olefin re-
adsorption not only reverses olefin termina-
tion steps and removes bed residence time
effects for large molecules. but also weak-
ens the effects of changes in reactant con-
centration, which in the absence of diffu-

(12)
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sional effects, control termination probabil-
ities to olefins and paraffins.

Non-Flory Distributions in
Fischer—Tropsch Synthesis

Pichler and co-workers (/0) first reported
that chain growth probabilities on Co cata-
lysts increased with chain size in the C,-C,,
range: they suggested that a higher rate of
readsorption for larger olefins accounts for
this behavior. Schulz ¢t «l. (16) noted that
the phase in which products leave the reac-
tor shifted from the gas to the liquid phase in
this hydrocarbon size range. They proposed
that the predominant removal of large hy-
drocarbons in the liquid phase leads to much
longer residence times. Later, Schulz and
co-workers (/3) suggested that this higher
residence time reflects the greater solubility
of larger hydrocarbons in Fischer—Tropsch
liquids. We have shown, however, that the
presence of a liquid phase within catalyst
pores affects selectivity only when it intro-
duces a transport barrier to either product
removal or reactant arrival (3, 5). A liquid
phase must perturb the concentration (fu-
gacity) of a chemical species in solution
from the value it reaches when equilibrated
with a contacting gas phase in order to affect
the rate and selectivity of any chemical re-
action.

In the absence of intraparticle diffusional
limitations, products are present at equilib-
rium concentrations within liquid-filled
pores, and gas (g) and liquid (I} phase fugaci-
ties (f) are identical for each component.
When standard states are chosen for both
phases, fugacities become equivalent to
thermodynamic activities; they are related
to concentrations by vy, the activity coeffi-
cient. At equilibrium,

Je =5 =7C=0C

Chemical reaction rates are directly pro-
portional to the concentration of the transi-
tion state (T) (/7) and given by

r = (kT/h)C",

(13)

(14)

where the universal constant (k7/h) is ap-
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proximately 10"} s ~!. Also, transition states
are assumed to be in equilibrium with re-
actants, and their fugacities are related by
the equilibrium constant

K" =f"f,. (15)
Combining these equations leads to
r = (kT/h) (K'1y") (%;,C; )
= (kT/h) (K'/y") (%,,Ci ). (16)

This equation clearly shows that when gas
and hquid phase fugacities are identical (i.e.,
in the absence of transport restrictions), the
presence of a liquid phase does not enter the
kinetic treatment of chemical reaction rates.
Specificaily, at vapor-liquid equilibrium
conditions, the higher relative concentra-
tions (solubility) of larger a-olefins in hydro-
carbon liquids cannot increase the rate of
their secondary readsorption and chain initi-
ation reactions. The rate of such readsorp-
tion reactions is determined by the a-olefin
fugacity, which remains equal to its gas
phase value for all hydrocarbons, irrespec-
tive of the presence of a liquid phase within
catalyst pores. Without transport restric-
tions, changes in space velocity would affect
olefin residence times and concentrations
both inside and outside catalyst particles to
the same extent. Also, the rate of convective
removal of reactive olefins is identical for
all hydrocarbons, irrespective of size: thus,
convective removal processes cannot give
rise to the observed effects of carbon num-
ber selectivity. In effect, the presence of an
inert liquid phase is detected by a chemical
reaction only when it introduces a transport
restriction. When it does not, the presence
of a liquid cannot lead to the observed car-
bon number effects on chain termination
probability and olefin content.

Deviations from conventional Flory plots
were also previously attributed to the pres-
ence of two or more types of chain growth
sites with different chain growth kinetics
(12), a proposal later used by many others
to explain their results (/8-2/). Many re-
ports of non-Flory distributions undoubt-
edly reflect artifacts resulting from selectiv-
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ity data in limited carbon number ranges or
from inadequate mass balances and product
collection procedures. Other reports clearly
reflect ineffective dispersal of promoters
and site heterogeneity introduced during
catalyst synthesis. Yet, the remaining exam-
ples reflect readsorption probabilities influ-
enced by the different diffusivities of hydro-
carbon chains of varying size.

The dual or multiple-site model of non-
Flory distributions cannot explain the fol-
lowing results reported here for Ru and else-
where on Ru (3, 4, 7), Co (5-7). and Fe (7)
catalysts. For example,

(1) a increases (8 decreases) monotoni-
cally with increasing bed residence time and
carbon number in the C, to C;s molecular
size range, but becomes independent of both
tor Cis+ hydrocarbons.

(i) a-Olefin/n — paraffin ratios decrease
rapidly with increasing carbon number and
bed residence time, irrespective of reactant
composition or surface H and CO concen-
trations: olefin contents in smaller chains
increase as bed residence time or H./CO
ratio decreases but larger hydrocarbons are
exclusively paraffinic irrespective of bed
residence time, carbon number, or H./CO
ratio.

(iii) Only the olefin component of the
chain termination parameter decreases with
increasing chain size and bed residence
time: the paratfin component is almost unaf-
fected and actually increases slightly with
increasing chain length (Fig. 4); this remains
true at high space velocities (low conver-
sions) where bed residence times become
negligible.

(iv) Readsorption efficiency and Cs+ se-
lectivity increase as transport restrictions
become more severe with increasing Ru or
Co site density or with increasing catalyst
particle size (3-6).

(v) Theoretical diffusion-enhanced read-
sorption models are in  quantitative
agreement with experimental results on
both Co and Ru catalysts (3-6), as expected
from their similar chain growth and read-
sorption kinetics; this kinetic resemblance
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between Co and Ru catalysts is unlikely to
arise from similar dual-site behavior in two
catalytic elements of quite different reduc-
ibility and crystallite size.

(vi) Carbon number and bed residence
time have similar effects on chain growth
and olefin selectivity, suggesting that they
reflect secondary reactions enhanced by
transport restrictions (diffusive or con-
vective),

(vii) Small and large hydrocarbons are in-
fluenced differently by transport restric-
tions, not only in olefin and paraffin content
as described in (ii) but in the way that ¢is-2-
olefin/trans-2-olefin ratios approach equilib-
rium as carbon number and bed residence
time increase (3, 4).

Clearly, diffusion-enhanced readsorption
of a-olefins accounts in a simple manner
for many of the common features of chain
growth on Ru, Co, and Fe catalysts: the
non-Flory distribution of hydrocarbons, the
rapid decrease in olefin content with in-
creasing hydrocarbon size, the increase in
product molecular weight as transport re-
strictions become more severe with increas-
ing pellet size or readsorption site density.
and the high selectivity to paraffinic wax,
not expected from chain growth kinetics
measured for small chains. This model col-
lapses to the simple Flory kinetic model
when secondary hydrogenation reactions or
conditions leading to preferential termina-
tion of surface chains as paraffins preclude
extensive readsorption and chain initiation
by a-olefins during FT synthesis (7). It ap-
pears unnecessary to propose different
types of sites in order to explain the prefer-
ential formation of paraffins at high carbon
numbers (20), or to propose changes in in-
trinsic surface chain growth pathways and
reactive intermediates with increasing chain
size (22) in order to explain observed devia-
tions from Flory kinetics. Our diffusion-en-
hanced a-olefin readsorption model for
chain growth effectively replaces multi-site
and enhanced solubility models of non-
Flory product distributions with a much
simpler proposal that is consistent with
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available experimental results on Ru, Co,
and Fe catalysts.

CONCLUSIONS

Intrinsic chain growth pathways are insuf-
ficient to produce the high wax yields ob-
served on Ru catalysts without significant
readsorption of a-olefins; a secondary reac-
tion enhanced by diffusional restrictions
that prevent the rapid removal of these reac-
tive molecules from liquid-filled catalyst pel-
lets. A major fraction of the C,, + products
would not form without diffusion-enhanced
olefin readsorption pathways. These path-
ways account for the non-Flory distribution
of hydrocarbons, and for the increase in
chain growth probability and paraffin con-
tent as carbon number and bed residence
time increase. This proposal replaces previ-
ous explanations that invoke multiple chain
growth sites and solubility arguments, nei-
ther of which account for many of the selec-
tivity teatures observed in Fischer—-Tropsch
synthesis.

Intrinsic chain growth kinetics depend on
reactant H./CO ratio. Chain termination to
paraffins by hydrogen addition to alkyl
groups is favored by high hydrogen adatom
concentrations at high H,/CO ratios. In con-
trast with hydrogen abstraction steps lead-
ing to olefins. which are reversed by olefin
readsorption and chain initiation reactions,
chain termination to paraffins is irreversible
under Fischer-Tropsch synthesis condi-
tions. Thus as H,/CO ratio increases, the
contribution of olefin readsorption to chain
growth decreases, chain termination rates
increase, and this results in a lighter more
paraffinic product.

MADON AND IGLESIA

REFERENCES

I. Dry. M. E., in “Catalysis—Science and Technol-
ogy” (J. R. Anderson and M. Boudart, Eds.), Vol.
1. p. 231. Springer-Verlag, Berlin, 1981.

2. Eilers, J., Posthuma, S. A.. and Sie, S. T.. Catal.
Lett. 7, 253 (1990).

3. lglesia, E.. Reyes. S. C., and Madon, R. J.. J.
Catal. 129, 238 (1991).

4. Madon, R. J., Reyes, S. C., and lglesia, E.. J.
Phys. Chem. 95, 7795 (1991).

5. lIglesia, E., Reyes, S. C.. and Soled. S. L., in
“Computer-Aided Design of Catalysts and Reac-
tors™ (Pereira, C. J.. and Becker, R. E., Eds.).
Dekker, New York, in press.

6. lglesia, E.. Reyes. S. C., Madon, R. J.. and Soled.
S. L., in " Advances in Catalysis and Related Sub-
jects™ (Pines, H.. Eley. D, D., and Weisz. P. B..
Eds.), Vol. 38, Academic Press. New York, 1992,

7. Madon. R. J., lglesia. E.. and Reyes. S. C.. in
“Selectivity in Catalysis,” ACS Symposium Series
(Suib, S. L., and Davis, M. E.. Eds.). in press.

8. Herington, E. F. G.. Chem. Ind. 347 (1946).

9. Pichler, H.. Schulz, H., and Elstner, M., Brensi.
Chem. 48, 78 (1967).

/0. Pichler, H.. Schulz, H.. and Hojabri, F.. Brenst.
Chem. 45, 215 (1964).

11. DeGennes, P..J. Chem. Phys. 85, 572 (1971).

12, Madon. R. J.. and Taylor. W. F., J. Catal. 69, 32
(1981).

13. Schulz, H.. Beck. K., and Erich. E.. Stud. Surf.
Sci. Catal. 36, 457 (1988).

I4. Madon, R. 1., and Taylor, W. F.. Adv. Chem. Ser.
178, 93 (1979).

15. Flory, P. J.. J. Am. Chem. Soc. 58, 1877 (1936).

16, Schulz, H., Rosch. S., und Gokeebay, H.. in ~Pro-
ceedings, Symposium on Coal: Phoenix of the 80's.
64th Annual CIC Conference, Halitax, Canada™
(Al Taweel. A. M., Ed.). 486, 1982.

/7. Boudart, M.. "Kinetics of Chemical Processes.”
Prentice-Hall. Englewood Cliffs. NJ, 1968.

18. Konig. L... and Gaube. J.. Chem. Ing. Tech. 55, 14
(1983).

19. Huff. G. A.. and Satterfield, C. N., J. Caral. 85,
370 (1984).

20. Egiebor, N. O., and Cooper. W. C.. Appl. Catal.
14, 323 (1985).

27. Rice. N. M., and Wojciechowski, B. J.. Can. J.
Chem. Eng. 658, 102 (1987).

22. Tau, 1.-M.. Dabbagh, H.. Bao. S..
B. H.. Catal. Letr. 7, 127 (1990).

and Davis.



