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Metal dispersion and support effects on Fischer-Tropsch synthesis rate and selectivity were
studied at conditions that favor the information of Cs+ hydrocarbons (> 80% selectivity). On Ru,
these effects are minor for the supports (Si0,, A,O;, TiO,) and the dispersion range (0.0009-0.60)
tested. Site-time vyields are similar (1.25-1.95 x 107? s~!) on all Ru catalysts (476 K, 560 kPa,
H,/CO=2.1). On Co, hydrocarbon synthesis rates are also proportional to metal dispersion
(0.0045-0.095) and independent of the metal oxide support (Si0,, AL,O;, TiO,, and ZrO)-modified
Si0, and Ti0,). Site-time yields (1.6-3.0 x 107 s!) are independent of Co dispersion and support
(473 K, 2000 kPa, H,/CO=2.1). Dispersion and support influence Cs+ selectivity slightly on
both Co and Ru catalysts; these changes reflect transport-enhanced secondary reactions and not
modifications of intrinsic chain growth kinetics. Specifically, transport restrictions imposed by the
physical structure of the support and by a high site density within catalyst pellets increase the
residence time and the readsorption probability of reactive a-olefins and lead to higher Cs+ yields

and more paraffinic products.

I. INTRODUCTION

CO hydrogenation is a critical step in the
synthesis of paraffins, olefins, and oxygen-
ates from natural gas. When operating con-
ditions and catalyst composition lead to high
molecular weight hydrocarbons, this reac-
tion is known as the Fischer-Tropsch syn-
thesis (1). Overall process efficiency re-
quires catalysts with high volumetric
productivity, high Cs;+ vyields, and low
selectivity to methane and other light hydro-
carbons.

Catalytic rates and selectivity can reflect
the intrinsic behavior of a metal surface.
Sometimes, this surface chemistry changes
because metal crystallites of different size
expose surface ensembles with unique
structure (2); strong interactions with a
metal oxide support can also perturb the
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electronic density and structure of metal
crystallites (3). Here, we explore how metal
crystallite size (dispersion) and metal-sup-
port interactions affect the intrinsic reac-
tivity of Co and Ru surfaces in the
Fischer-Tropsch synthesis. Although many
previous studies have addressed this im-
portant issue, published reports disagree on
the existence and even on the directionality
of dispersion and support effects in CO hy-
drogenation catalysis. Moreover, many
studies were conducted at low reactant pres-
sures and high temperatures, which favor
methanation over Fischer—Tropsch synthe-
sis and which also lead to extensive second-
ary reactions and deactivation.

Catalytic CO hydrogenation occurs on
metal sites (e.g., Co, Ru, Fe) located within
porous solids that are frequently saturated
with the liquid products of the synthesis re-
action. As a result, slow transport of re-
actants (4-6) to and products (5-8) from
catalytic sites often controls the rate of pri-
mary and secondary reactions even on small
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catalyst pellets. In the particle size range
used in our studies (< 0.20 mm pellet diame-
ter), transport limitations modify only selec-
tivity. Readsorption of a-olefins is enhanced
as the density of readsorption sites increases
and as diffusional restrictions imposed by
the pellet size and the pore structure limit
intrapellet olefin removal rates; a-olefin re-
adsorption leads to heavier more paraffinic
products (7, 8). Detailed models that ac-
count for intrapellet transport restrictions to
reactant arrival and product removal were
reported previously (5-7). The models de-
scribe changes in Cs+ selectivity caused by
dispersion and support effects, differences
that do not arise from changes in intrin-
sic surface chemistry but rather from
physical transport processes that affect
Fischer—Tropsch selectivity even on small
pellets (<0.2 mm diameter).

Here, we examine the structure-sensitiv-
ity of CO hydrogenation on cobalt and ru-
thenium crystallites supported on high-pu-
rity Si0,, Al,O,, TiO,, and other supports at
Fischer—Tropsch synthesis conditions that
lead to high Cs+ selectivity (> 80%). We
conclude that synthesis rates are propor-
tional to the density of Co and Ru surface
atoms. Site-time yields do not depend
strongly on the metal crystallite size or on
the identity of the metal oxide support. In-
trinsic surface chemistry is not strongly af-
fected by any surface modifications caused
by changes in metal crystallite size or by
interactions between metal and support.
Therefore, improved catalysts will require
materials with high volumetric site densi-
ties, because neither the identity of the sup-
port nor the crystallite size significantly in-
crease the intrinsic catalytic activity of
exposed Co and Ru atoms.

II. EXPERIMENTAL

A. Catalyst Synthesis and
Characterization

Ru catalysts were prepared by incipient
wetness impregnation of TiO, (P25, De-
gussa, 60-75% rutile), SiO, (Davison, Grade
62; Shell spheres, S980A-G), and y-Al,O,
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(Catapal SB, Conoco) with a solution of Ru
nitrate (Engelhard Corp.) in acetone. The
supports were calcined in air at 873 K for
1—4 h before impregnation. The rutile con-
tent in TiO, supports was 20-30% in the
untreated Degussa P25 material and about
60-75% in the calcined samples. A sample
of pure anatase TiO, was prepared by hydro-
lysis of Ti isopropoxide and calcination at
673 K for 2 h. The impregnated sampies
were dried by slow evaporation at room
temperature and then evacuated at 373 K
overnight. The unsupported Ru powder was
obtained from Johnson—-Mathey (Puratronic
grade). Cobalt catalysts were prepared simi-
larly using an aqueous Co nitrate solution
(Johnson Mathey, Puratronic grade).

The Zr0,/Si0O, support was prepared by
impregnation of SiO, with a zirconium salt,
using procedures reported previously (9).
The Zry,,Tij 0, mixed-metal oxide sup-
port was prepared by hydrolysis of a mixed
alkoxide solution (/0). The resulting precipi-
tate was filtered, dried, and calcined at 973
K for 2 h. The sample retained the ana-
tase structure even after the calcination
treatment.

All samples were sieved in order to obtain
desired pellet sizes (80—140 mesh, 0.17-mm
average diameter). Co catalysts were cal
cined in air between 373 and 773 K for 2-4
h before reduction. All catalysts were re-
duced in flowing dihydrogen at 723 K for 4
h and passivated with a dilute (1%) oxygen
stream. The samples were reduced again at
673 K for 1--3 h before chemisorption and
catalytic measurements.

Ru, Co, Cl, and alkali concentrations
were measured by atomic absorption or X-
ray fluorescence. Cl (<200 ppm) and Na
(<50 ppm) concentrations were very low
on all catalysts. Metal crystallite sizes were
calculated from transmission electron mi-
crographs and from the breadth of Co metal
X-ray diffraction lines using the Scherrer
equation. The rutile content in TiO, was de-
termined from the relative intensities of the
rutile and anatase X-ray diffraction lines us-
ing CuKe radiation. Physical surface areas
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and pore size distributions were determined
by N, adsorption (/7). The extent of reduc-
tion of supported Co precursors was mea-
sured by oxygen uptake measurements at
673 K after reduction, assuming the forma-
tion of Co,0,4 during oxidation (12).

The ruthenium dispersion, defined as the
fraction of metal atoms residing at the sur-
face of supported metal crystallites, was
measured at 373 K by titrating oxygen pre-
adsorbed at 170 K with dihydrogen (7). The
stoichiometries for hydrogen titration of
chemisorbed oxygen,

(373 K)
2H, + Ry, - O— 2Ru - H + H,0,
(H/Ru), = 2.0, (1)

and for oxygen titration of chemisorbed hy-
drogen,
(170 K)
20, + 4Ru — H— 2Ru, — O + H,0,
(O/Ru), = 1.0, (2

were established by measurements on Ru
powder and on supported samples with
known Ru crystallite size (from TEM). Simi-
lar results were obtained by titrating ad-
sorbed oxygen with H, (Eq. (1)) or adsorbed
hydrogen with O, (Eq. (2)). These titration
methods give accurate values of exposed
metal in TiO,-supported samples, regardless
of reduction temperature or SMSI behavior.

The cobalt dispersion was measured by
hydrogen chemisorption at 373 K, assuming
a 1:1 H:Co surface stoichiometry (13, 14).
Prereduced Co/TiO, catalysts were heated
in air at 573 K for 0.5 h and re-reduced at 523
K in H, before chemisorption experiments.
Such a treatment was required in order to
avoid strong metal-support interactions
(SMSI) that strongly inhibit CO and H, che-
misorption (3). These metal dispersions
were used to calculate the density of ex-
posed metal atoms in supported catalysts
and to report reaction rates as site-time
yields or turnover rates.

B. Catalytic Measurements

Steady-state hydrocarbon synthesis rates
and selectivities were measured in an iso-

IGLESIA, SOLED, AND FIATO

thermal fixed-bed reactor at 473 K,
560-2000 kPa, and H,/CO reactant ratios
near stoichiometric consumption values
(2.05=2.1). Catalysts were reduced in H, at
673 K for 1-3 h, cooled to synthesis temper-
ature, and exposed to CO and H, reactants.
All reported data were obtained after at least
24 h on stream in order to ensure steady-
state behavior and complete pore filling by
liquid reaction products. Catalytic data
were obtained over a wide range of CO con-
versions (5-80%) by varying the space ve-
locity at constant temperature and pressure.
We choose to report rate and selectivity data
at integral reactor conditions (45-60% CO
conversion) instead of differential condi-
tions (<10% conversion) in order to max-
imize the contribution of C5 + hydrocarbons
to the product yield. All comparisons are
made at similar conversions and our conclu-
sions remain valid when similar compari-
sons are made at lower CO conversions.

The reactor effluent was analyzed directly
(C,—Cs, CO, CO,) and after product collec-
tion (C;c+) by gas chromatography using
flame ionization, thermal conductivity, and
mass spectrometric detection with N, as an
internal standard. The carbon number distri-
bution of C,5+ products was determined by
high-temperature gas chromatography and
gel-permeation chromatography (7). Selec-
tivities are reported on a carbon basis as the
percentage of converted CO that appears as
a given product. Synthesis rates are re-
ported both as a metal-time yield (moles CO
converted/g-atom metal-s) and as a site-time
yield or turnover rate (moles CO converted/
g-atom surface metal-s). Site-time yields
were measured on catalyst pellets with aver-
age diameters less than 0.2 mm in order to
avoid diffusion-limited CO conversion at
catalytic sites.

C. Chain Growth and Product
Distributions

In Fischer-Tropsch synthesis, chain
growth occurs by stepwise addition of a C;
monomer to a surface alkyl group (15, 16).
Chain termination occurs by hydrogen ab-
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straction or addition to form olefins and par-
affins, respectively. Olefins can readsorb
and initiate surface chains in a step that re-
verses the hydrogen abstraction termination
step. Secondary hydrogenation of olefins
can also occur at very low CO pressures or
on catalysts containing a catalytic hydroge-
nation function that is not inhibited by the
presence of CO.

Mathematical treatments developed for
polymerization processes are well suited to
describe product distributions in the
Fischer-Tropsch synthesis. Flory carbon
number distributions (17, 18),

S,=n-(1—-a? ot 3)

where S, is the carbon selectivity for chains
with n carbon atoms, are obtained when the
chain growth probability («) is independent
of chain size. A plot of In (§,/n) vs n gives
a straight line when « is independent of n.
A more general treatment allows for chain
growth kinetics that depend on chain size.
In this approach, the termination probability
for a given chain size is calculated using (19)

I L)
Bn rp,n ( 1 a,
where ¢, is the mole fraction of chains of
size n and r,, and r, , are their termination
and propagation rates, respectively. The de-
nominator in Eq. (4) requires that we accu-
rately measure the entire product distribu-
tion. The chain termination probability is a
linear combination of the net values for each
termination step; these net values include
the rates of both forward and reverse steps.
For example, if chains terminate to paraffins
(Bg,,) and olefins (B, ,) and the latter read-
sorb and initiate surface chains (8, ,), the

total chain termination probability is given
by

=¢,/ > b (@)

i=n+1

BT,n = BH,n + (IBO,n - IBr,rL) (5)

III. RESULTS AND DISCUSSION
A. Catalyst Characterization

Metal content and dispersion data on Ru
and Co catalysts are reported in Tables 1

215

and 2. The measured dispersions agree well
with those calculated from X-ray diffraction
line broadening and transmission electron
microscopy. The latter two techniques give
an average particle size that must be con-
verted to a dispersion value by assuming
a crystallite shape (hemispherical, in this
case), whereas chemisorption gives a direct
measurement of exposed metal atoms. The
agreement between site titration and physi-
cal characterization techniques extends to
strongly interacting supports, such as TiO,,
when the SMSI state is destroyed by an air
treatment before chemisorption measure-
ments or by the H,~O, titration procedure
itself.

The Ru and Co species present in these
catalysts are predominantly zero-valent.
Temperature-programmed reduction and
oxygen uptake measurements show that
more than 90% of the Co atoms in these
samples are reduced to metal during the hy-
drogen pretreatment.

B. Metal Dispersion and Support Effects
on Ru

Specific CO hydrogenation rates (metal-
time yields) increase linearly with Ru disper-
sion (Fig. 1). Site-time yield values lie within
a narrow range (1.25-1.95 x 1072 s ) on
all Ru catalysts, including unsupported
powders (Table 1). Therefore, support and
dispersion effects on reaction rate are minor
for the supports (Si0,, Al,O,, TiO,) and dis-
persions (0.0009-0.60) used in this study.
Moreover, site-time yields are independent of
TiO, crystal structure and of catalyst reduc-
tion temperature. Thus, CO hydrogenation
rates are proportional to the number of ex-
posed Ru surface atoms and independent of
crystallite size, support identity, or strong
metal-support interactions. The SMSI state
is apparently destroyed by exposure to the
water product of the Fischer—Tropsch syn-
thesis; SMSI effects do not appear to influ-
ence catalytic rates at our reaction conditions.

Carbon number distributions are qualita-
tively similar on all Ru catalysts tested. Ter-
mination probabilities (8,) for short chains
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TABLE 1

Elemental Composition, Dispersion, and Catalytic Properties of Ru Catalysts

Support Ru Ru Ru-time Site-time Carbon
content dispersion? yield yield selectivity (%)
(wt. %) (10%shp (10%s~h? S —

CH/} Cs+?

TiO, 1.2 0.48 6.8 13.0 3.7 87.3

(30% anatase)

TiO, 0.9 0.60 7.5 12.5 5.0 84.0

(60% anatase)

TiO, 4.8 0.26 4.2 16.1 3.0 89.0

(100% anatase)

Sio, 10.6 0.22 2.5 11.4 4.2 89.1

SiO, 1.8 0.082 1.3 15.8 8.1 71.6

y-ALO; 5.1 0.25 3.5 14.0 5.0 88.0

— 100 0.0009 0.018 19.5 2.0 95.0

? From hydrogen titration of chemisorbed oxygen.

b 476 K, 560 kPa, H,/CO = 2.1, 45-60% CO conversion, 0.17-mm average pellet diameter.

(n < 20) vary with Ru dispersion and support
but reach similar asymptotic values for
larger chains (Fig. 2). Chain termination
probabilities decrease with increasing chain
size on all catalysts. This reflects an increase
in readsorption rate as «a-olefins become
larger and more difficult to remove from lig-
uid-filled catalyst pellets (5-8). This behav-
ior results in curved semilogarithmic plots
(Eq. (3)). As olefins disappear from the
product stream because of extensive read-
sorption (n > 20), the chain termination
probability reaches a constant value and
Flory plots become linear. The asymptotic
value of the chain termination probability
(B,) in this region reflects the intrinsic proba-
bility of chain termination to paraffins by
hydrogen addition to growing alkyl chains.
This intrinsic termination probability is in-
dependent of support and of Ru dispersion
(Fig. 2).

The apparent effect of support and disper-
sion on chain termination (Fig. 2) and Cs+
selectivity (Table 1) arises from physical
transport effects that occur even on small
liquid-filled pellets; transport effects depend

on the physical structure of the support and
on the density of sites available for read-
sorption and chain initiation by «-olefins.
As we discuss below, the slight differences
in C5+ selectivity among these catalysts can
be described entirely by such transport ef-
fects and do not require different chain
growth kinetics.

The structure insensitivity of CO hydro-
genation reactions on Ru was initially sug-
gested by Dalla-Betta et al. (20). They re-
ported that initial CO hydrogenation rates
were independent of Ru crystallite diameter
(1-9 nm). In contrast, other groups report
that CO hydrogenation rates increase with
increasing crystallite size in a similar Ru
dispersion range (21, 22). King (21) found
that methanation turnover rates decreased
from 0.16 to 0.01 s~! as the Ru dispersion
increased from near zero (unsupported) to
0.64; a significant decrease in turnover rate
occurred in a dispersion range (from near 0
t0 0.25) where changes in the surface density
of low-coordination surface atoms are minor
and where crystallite size is unlikely to in-
fluence strongly surface reactions (2). Kell-
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TABLE 2

Elemental Composition, Dispersion, and Catalytic Properties of Co Catalysts
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Support Co content Cobalt dispersion Co-time yield Site-time Carbon
(% wt) (10*s e yield selectivity
(103,S—l)c.d —
Chemisorption* TEM? XRD? CH, Cs+
TiO,* 11.6 0.012 — — 2.8 23.1 8.1 81.5
TiOy* 11.9 0.022 — — 5.0 22.7 6.8 84.5
TiO4? 10.5 0.029 — — 7.5 259 —  83.0
TiO,* 12.1 0.053 — — 11.4 21.5 — -
TiO,* 11.6 0.030 0.036 — 8.9 29.6 7.0 825
TiO,? 11.8 0.065 0.073 0.056 15.3 23.5 54  90.1
Si0, 24.8 0.042 — — 11.3 27.0 4.7 910
SiO, 23.1 0.032 0.036 0.039 6.7 20.8 6.3 855
Si0, 14.0 0.019 — — 34 17.5 7.5 84.0
Si0o, 15.0 0.050 — — 13.1 26.1 7.0 83.5
Si0, 3.0 0.063 — - 16.7 26.5 58 89.6
Sio, 15.0 0.060 0.081 — 14.7 24.5 6.4 852
Sio, 10.3 0.095 0.079 — 20.2 20.7 53 885
Sio, 32.1 0.0045 — — 1.2 27.8 74 83.0
11.0% Zr0,/Si0, 17.2 0.061 — — 10.0 16.4 5.6 84.0
Zry 14Tiy 4604 10.6 0.011 3.1 27.5 8.2 832
Al,O, 19.5 0.036 0.045 0.031 6.9 19.2 7.8 825
Al O, 11.2 0.015 — — 2.4 16.0 8.7 80.2

¢ H, chemisorption uptake at 373K.
® From volume-averaged crystallite size.

“473 K, 2000 kPa, H,/CO = 2.1, 50-63% CO conversion, 0.17-mm average pellet diameter.
¢ Based on dispersion values from hydrogen chemisorption.

¢ 25-40% anatase, balance rutile.

ner and Bell (22) also reported a decrease in
turnover rate with increasing metal disper-
sion on Ru/Al,O, catalysts. Similar effects
were observed at 0.1 and 1 MPa reactant
pressures (H,/CO = 3). Methane turnover
rates at 498 K and 1 MPa decreased from
3 x 107 3to4 x 107*s ! as the Ru disper-
sion increased from 0.25 to 0.80 (22). Smith
and Everson (23) have also reported a ten-
fold decrease in turnover rate as the disper-
sion of 0.5% Ru/AlO; eggshell catalysts in-
creased from 0.16 to 0.78. However, Cs+
selectivity and chain growth probability in-
creased only slightly with decreasing Ru dis-
persion, a surprising result because metha-
nation and chain growth are unlikely to
involve rate-limiting surface steps with simi-
lar structural requirements.

Reported CO hydrogenation turnover
rates on Ru(001) and Ru(110) single crystals
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are similar and resemble those on supported
Ru catalysts (24). These data suggest that
methanation pathways and surface kinetics
do not depend on the local structural details
of the surface. Some reported alloy effects
are consistent with structure insensitive
pathways requiring small ensembles of Ru
surface atoms. For example, alloying Ru
crystallites with inactive Cu atoms led only
to a modest initial decrease in turnover rate
(25). Titration of sites with slightly higher
specific activity by Cu atoms on nonuniform
Ru surfaces probably accounts for this mod-
est alloy effect. In another study, turnover
rates did not change as the fraction of sur-
face Cu on an Ru(001) single crystal in-
creased, also suggesting a small ensemble
requirement (isolated Ru atoms) (26). Much
larger ensembles (4-13 Ru atoms), how-
ever, were suggested in earlier studies on
Ru—Cu alloys (27, 28).

Vannice and Garten (29) found that meth-
anation turnover rates on Ru did not depend
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on the identity of the support; however, the
product molecular weight was significantly
higher on TiO, than on other metal oxides.
Kikuchi et al. (30) reported less than a two-
fold decrease in CO hydrogenation rate
when ALO,; replaced TiO, as the support
for Ru crystallites (0.07-0.19 Ru dispersion,
523 K, 100 kP H,/CO = 2). The chain
growth probability was unaffected by the
chemical identity of the support. In con-
trast, Stoop et al. (31) observed dramatic
rate and selectivity differences among sup-
ports. These authors concluded that these
differences did not reflect intrinsic support
effects on Ru surface chemistry but the ef-
fect of Cl and other support impurities on
active site density and chain growth proba-
bility (31).

Our results show that the synthesis of high
molecular weight hydrocarbons does not de-
pend strongly on the dispersion of Ru crys-
tallites or on the identity of the metal oxide
on which they are supported. These data
were obtained on steady-state catalysts
(>24 h on stream) at conditions where the
Cs+ selectivity (> 80%) and the chain
growth probability (0.94-0.95 for C,+)
were much higher than in previous studies.
Our results suggest that the synthesis of high
molecular weight hydrocarbons on Ru is a
structure-insensitive reaction.

This structure insensitivity could be an
intrinsic property of Fischer-Tropsch
chemistry and reflect a rate-limiting surface
step that does not depend on local surface
structure or on available ensemble size.
More probably, the structure insensitivity
arises because chain growth occurs on sur-
faces covered almost completely by CO re-
active intermediates, a mechanistic detail
reflected in the negative CO pressure order
of the Fischer-Tropsch synthesis. As a re-
sult, chain growth occurs only on a few sur-
face sites (32), generally those that bind CO
least strongly in structurally nonuniform but
well-covered metal surfaces. Well-covered
surfaces hide many of the structural features
and specific binding sites initially present on
the clean metal surface. Iglesia and Boudart
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(33) previously proposed that, in general,
catalytic reactions occurring on well-cov-
ered surfaces become structure insensitive
for similar reasons. Similar arguments
would suggest that the Fischer-Tropsch
synthesis on fully reduced Co surfaces at
normal CO partial pressures will also be in-
sensitive to dispersion and support effects.
The results in the next section confirm this
suggestion.

In catalytic rate measurements, we probe
the structural requirements of intermediates
and of chemical reactions involved in the
rate-limiting steps of a catalytic sequence.
Thus, many of the contradicting reports of
dispersion and support effects may reflect
different operating conditions, which can al-
ter the identity and the structural require-
ments of the rate-limiting step.

Previously reported dispersion and sup-
port effects on Ru catalysts were obtained
at conditions that favor formation of light
products, especially methane. In our study,
we have extended this work to Fischer—
Tropsch synthesis conditions where Cs+
selectivities exceed 80%. We conclude that
synthesis of higher molecular weight hydro-
carbons on Ru is structure-insensitive
according to the definition given in Refs.
(34, 35). Site-time yields and chain growth
kinetics depend only weakly on Ru disper-
sion and on the identity of the metal oxide
support.

C. Metal Dispersion and Support Effects
on Co

The rate of hydrocarbon synthesis from
H, and CO on Co catalysts is also propor-
tional to the number of exposed metal atoms
(Fig. 3). Cobalt-time yields increase linearly
with increasing dispersion of Co crystallites
(0.0045-0.095) supported on SiO,, Al,O;,
TiO,, Zry,4Tiy4c0,, and ZrO,/SiO,. Site-
time yields are 1.6 — 3.0 x 10725~ " at 2000
kPa and 473 K and do not depend strongly
on support or metal dispersion (Table 2).
These values suggest an upper limit of about
50 s for the time required to form a car-
bon—carbon bond; this limit is reached if
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Fig. 3. Effects of cobalt dispersion on Fischer—
Tropsch synthesis rates (473 K, H,/CO = 2.1, 2000
kPa, 50-60% CO conversion).

every Co surface atom contains a grow-
ing chain. In this dispersion range
(0.0045-0.095), site activity is not strongly
affected by metal-support interactions or by
crystallite size.

Carbon number distributions are similar
on all Co catalysts (Fig. 4). As on Ru, prod-
uct distributions are non-Flory; the ob-
served curvature shows that chain growth
probability increases with molecular size.
The modest effects of support and disper-
sion on the carbon number distribution (Fig.
4) and on the Cs+ selectivity (Table 2) re-
flect differences in readsorption site density
and in support pore structure (5-8); the lat-
ter controls the rate of removal of reactive
olefins from catalyst pellets. Carbon number
plots become linear for C,,+ hydrocarbons
on all cobalt catalysts. The chain growth
probability reaches a constant value (e.) as
olefins disappear from the product stream.
This constant value reflects the intrinsic
probability of chain termination to paraffins
by hydrogen addition; as on Ru catalysts,
o, is independent of support and of metal
dispersion (Fig. 4).

The structure-insensitivity of CO hydro-
genation on Co was recently proposed for
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SiO,-supported catalysts with 0.06-0.22 Co
dispersion (36). Turnover rates remained
nearly constant (0.0018-0.0027 s~ 1) over the
entire dispersion range but neither reaction
kinetics nor product distributions were re-
ported. These catalysts were tested at 455
K and very low H,/CO pressure (3 kPa CO,
9 kPa H,), conditions far removed from nor-
mal Fischer-Tropsch synthesis and which
led to turnover rates 10 times smaller than
those reported here. At such low reactant
pressures, methane is the predominant
product and kinetics often become positive
order in CO pressure, suggesting that the
surface is no longer covered entirely by CO
reactive intermediates. Thus, these findings
(36) may agree only coincidentally with the
similar structure insensitivity that we report
here for the synthesis of higher hydrocar-
bons on Co. These authors also showed that
Co dispersions measured by hydrogen che-
misorption at 473 K agree well with values
obtained by direct surface composition anal-
ysis of supported Co catalysts using ESCA
(36).
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Many previous reports had suggested
strong crystallite size and support effects on
the rate and selectivity of CO hydrogenation
on Co (37, 38). Fu and Bartholomew (38)
reported a sevenfold increase in turnover
rate as Co dispersion decreased from 0.3 to
0.15; they concluded that CO hydrogenation
(100 kPa, 473-523 K, H,/CO = 2) on Co/
Al,O4 is structure-sensitive and requires
sites where CO is strongly coordinated.
They proposed that the density of these
strong binding sites and the nature of reac-
tive CO species depend strongly on cobalt
crystallite size. Similarly, they suggested
that the higher molecular weight products
observed on larger Co particles reflected
crystallite size effects on intrinsic surface
chain growth Kkinetics. Bartholomew and
Reuel (37) also reported strong support and
dispersion effects at similar reaction condi-
tions. Turnover rates decreased in the order
TiO, > Si0, > ALO, > C, MgO and with
increasing dispersion on all supports. These
dispersion and support effects were accom-
panied by incomplete reduction of the Co
oxide precursors, a factor that strongly in-
fluences CO hydrogenation rates (39). These
apparent dispersion and support effects may
result from partially reduced Co sites that
chemisorb hydrogen but do not catalyze
Fischer-Tropsch synthesis or from sites
that reoxidize readily in the presence of
water during reaction. Similar phenomena
may also account for the reported increase
in turnover rate with increasing Co crys-
tallite size (and extent of reduction) on Al,O;
surfaces (40), in a dispersion range
(0.009-0.076) where surface structure is
largely independent of crystal size (2).

Recent reports also suggest that the ap-
parent strong structure-sensitivity of CO hy-
drogenation reactions on Co reflects differ-
ences in extent of reduction and in the
ease of reoxidation of Co as a function of
metal dispersion and of the chemical iden-
tity and surface properties of the metal oxide
support. Johnson et al. (41) recently re-
ported similar turnover rates on strained
Co overlayers on W(110) and W(100) sub-
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strates, even though the local geometry of
the cobalt surface differs markedly on the
two substrates. These turnover rates resem-
bled those on Co sites supported on dehy-
droxylated Al,O; surfaces, where Co oxide
precursors were completely reduced to Co
metal. On such supports, turnover rates
were independent of dispersion for Co/
Al,O; catalysts with 0.05-0.37 dispersion
(41). These authors also suggested that CO
hydrogenation to methane is a facile reac-
tion that proceeds with similar turnover rate
on many single-crystal metal surfaces (Co,
Ru, Rh, Ni) even when metal atoms are
present as strained or distorted overlayers
on oriented substrates (41).

The structure-insensitive nature of CO
hydrogenation on Co is consistent with the
similar turnover rates recently reported on
Co single crystals with different exposed
crystal planes (42, 43). Turnover rates on
crystals with Co(1120) (zigzag grooved sur-
face) and Co(0001) (close-packed surface)
orientation differ only by about a factor of
two; activation energies are similar on the
two surfaces. The chain growth probability
on the close-packed surface is lower (o =
0.2) than on the zigzag surface (o = 0.36),
apparently because rapid olefin hydrogena-
tion on the close-packed surface prevents
olefin readsorption reactions that lead to the
higher « values on Co(1120). This lack of
structure sensitivity is particularly surpris-
ing because CO chemisorbs molecularly on
Co(0001) between 100 and 450 K but dissoci-
ates readily above room temperature on
Co(1120) (44—46). These data show that the
effect of local surface structure on CO che-
misorption disappears at the high steady-
state CO surface coverages that exist during
catalysis. These data also suggest that dis-
sociative chemisorption of CO on Co(0001)
occurs readily at 473-523 K during CO hy-
drogenation, perhaps because coadsorbed
hydrogen adatoms increase the rate of CO
dissociation steps (15).

Previously reported dispersion effects on
Co catalysts were obtained at conditions
that favor the formation of light products.
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In our study, we have extended this work to
Fischer-Tropsch synthesis conditions (2000
kPa, 473 K) where Cs + selectivities exceed
80%. We conclude that the synthesis of such
higher molecular weight hydrocarbons de-
pends only weakly on Co dispersion and on
the identity of the metal oxide support. This
conclusion is consistent with the small
changes in surface structure that occur in
the Co dispersion range studied here
(0.0045-0.95) and from the weak electronic
modifications expected from contact be-
tween crystallites in this size range (10-210
nm) and a metal oxide support (2, 34).

We cannot rigorously establish the struc-
ture-sensitivity of this reaction on Co be-
cause of the limited dispersion range stud-
ied. We conclude instead that the Fischer-
Tropsch synthesis is unaffected by small
structural changes that occur as Co crys-
tallite size varies between 10 and 210 nm.
We also suggest that the previously reported
marked changes in turnover rate or selectiv-
ity in similar ranges of crystallite size cannot
reflect structural effects on surface chemis-
try. Thus, our results, although not surpris-
ing, are reassuring, in view of the wide range
of contradicting evidence previously re-
ported on dispersion and support effects on
CO hydrogenation rate and selectivity.

D. Dispersion and Support Effects on
Fischer-Tropsch Synthesis Selectivity

Selectivity differences among catalystsre-
flect a complex interplay of intrapellet diffu-
sion withreadsorptionand chaininitiation by
a-olefins, processes that are influenced by
changes in support structure and metal load-
ing and dispersion. The details of reac-
tion—transport models required to describe
these effects have been previously described
(5-8). Here, we show how these models can
explain changesin C; + selectivity thatoccur
with changes in dispersion or support, with-
out requiring modifications of the intrinsic
surface kinetics of chain growth and termina-
tion. The results are illustrated here for Co
catalysts but apply also to Ru catalysts, as
we have shown previously (5, 7).
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a-Olefins readsorb and initiate surface
chains during FT synthesis. This secondary
reaction effectively reverses the S-hydrogen
abstraction step that terminates surface
chains as a-olefins. As aresult, readsorption
reactions increase chain growth probability
and product molecular weight without alter-
ing chain growth surface kinetics. The ex-
tent of olefin readsorption depends on the
readsorption rate constant; in turn, surface
chain growth and readsorption Kkinetics
depend on the chemical properties and size
of available surface metal ensembles and
on electronic or structural perturbations
caused by changes in support or in crys-
tallite size. Our model relates C; + selectiv-
ity to structural support parameters and to
the density of Co sites, properties that
change with support and metal dispersion
and which control the rate of readsorption
of reactive olefins within catalyst pellets.
In effect, the intrapellet residence time of
olefins, and the number of readsorption sites
with which they can interact as they diffuse,
control the extent of readsorption and the
Cs+ selectivity.

The intrapellet residence time of a-olefins
depends on pellet size (1) and on the olefin
diffusivity in the liquid reaction products;
the latter is independent of pore size or sup-
port identity because diffusion occurs
through liquid-filled pores, where diffusivi-
ties are independent of pore radius (rp); the
effective diffusivity depends on the tortuos-
ity (7) and on the pellet void fraction (¢), but
such structural properties vary only slightly
among the supports used in this study (47).
The probability that a diffusing olefin will
interact with an active site depends on the
density of Co surface atoms on the support
surface (6, sites-m~2) and on the specific
support surface area (s, m~ ).

The combined effects of intrapellet resi-
dence time and site density can be included
in a structural parameter (x) that contains
all structural catalyst properties influencing
olefin readsorption (5-7):

(6)
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site density on Cs+ Selectivity (Experimental: Co on
$10,, TiO,, and Al,0O; supports; 473 K, H,/CO = 2.1,
2000 kPa, 50-60% CO conversion; Model: solid line (6,
.

The ability to describe Fischer-Tropsch
synthesis selectivity on Co catalysts using
just this parameter implies that only the
physical structure varies with changes in
support or Co dispersion and that intrinsic
catalytic and chemisorptive properties re-
main unperturbed by these changes.

Cs+ selectivity increases with increasing
values of the structural parameter (y), re-
gardless of whether y is changed by varing
the support, or the metal dispersion or load-
ing (Fig. 5). The increase in C;+ selectivity
reflects the higher intrapellet residence time
and readsorption site density as y increases.
The solid curve in Fig. 5 was obtained from
model simulations in which the intrinsic
chain growth kinetics were kept constant in
the solution of the reaction-transport model
equations (5, 6). The excellent agreement
between the model and the data suggests
that selectivity differences normally attrib-
uted to variations in metal dispersion and in
support chemical identity reflect instead
changes in the extent of a-olefin readsorp-
tion. Indeed, the olefin content in synthesis
products decreases with increasing x be-
cause a-olefins are selectively consumed in
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readsorption and chain initiation (not hydro-
genation) reactions (Fig. 5) (5, 6). Changes
in metal dispersion, support, or x values
do not affect the asymptotic (C,;+) chain
growth and termination rates on Co sur-
faces; therefore, the catalytic properties of
chain growth sites are unaffected by disper-
sion or support effects. Values of x greater
than those reported in Fig. 5 lead to lower
C; + selectivity because of transport restric-
tions on CO hydrogenation rates within pel-
lets with large diameter and active site den-
sity (5—7). Such transport restrictions lower
CO concentration within catalyst pellets and
lead to lighter and more paraffinic products.
The diffusivity of CO in hydrocarbon liquids
is much higher than that of large a-olefins;
therefore, intrapellet CO transport restric-
tions occur at higher x values than diffusion-
enhanced a-olefin readsorption (5-7).

IV. CONCLUSIONS

The intrinsic catalytic activity of Co and
Ru surface atoms is not strongly influenced
by the size of the metal crystallites or by the
identity of the metal oxide support. Site-
time yields are similar on metal particles
a widely different dispersion (Ru,
0.0009-0.60; Co, 0.0045-0.095) supported
on TiO,, Si0,, AL, Os;, and other supports.
The carbon number distribution, the Cs+
selectivity, and the olefin content in prod-
ucts vary slightly with changes in dispersion
and support. These effects reflect diffusion-
enhanced readsorption of «-olefins, the ex-
tent of which depends on the physical struc-
ture of the support and on the density of
exposed metal atoms within pellets. Diffu-
sion-enhanced secondary reactions cannot
be prevented even on small pellets because
the liquid phase within the pores restricts
the removal of products during the synthesis
of heavy hydrocarbons on Co and Ru cata-
lysts. Intrinsic chain growth kinetics are not
affected by changes in support or disper-
sion, suggesting that surface reactions, ad-
sorbed intermediates, and site activity are
independent of metal particle size and of
oxide support, at least for the supports and
metal dispersion range reported here.
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Our study extends previous studies of CO
hydrogenation to conditions that favor the
formation of high molecular weight hydro-
carbons. We conclude that the Fischer—
Tropsch synthesis is structure-insensitive
on Ru catalysts. The range of metal disper-
sionin Co catalysts was too limited to satisfy
the rigorous definition of structure-insensi-
tivity (34, 35) because surface structure does
not depend strongly on crystal size in this
limited dispersion range (2). However, the
constant site activity on all supports over
this dispersion range and the mechanistic
and kinetic resemblance of the Fischer—
Tropsch synthesis on Co and Ru catalysts
suggest that this reaction is structure-insen-
sitive also on Co.
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