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Abstract

Catalyst composition effects on site activity, active carbon coverage, and methane selectivity in the cobalt-catalyzed Fische
synthesis were examined using12CO →13CO isotope transients at reaction steady state. All catalysts (18 total) were tested at id
conditions: 221◦C, 6.5 atm of H2/CO/Ne= 2/1/1. The intrinsic site activity of unsupported Co and Co-supported on SiO2, TiO2, and
Al2O3 (Co dispersion<10%) varies within a relatively narrow band (∼2x maximum rate difference). Re present at a Re/Co weight ratio
of 0.1 does not affect Fischer–Tropsch activity and selectivity. Since its own activity is 20 times lower than that of Co, Re does no
to block or modify active Co sites. While Re and the above-noted three common oxide supports do not affect the Fischer–Tropsc
and selectivity of the relatively large cobalt crystallites, some modifications of SiO2 and Al2O3 supports (with MgO, Y2O3, ZnO, and
Ce2O3, by coating and coprecipitation) reduce site activity by up to an order of magnitude. Interestingly, the reduced site activity
measurably affect methane selectivity. For all catalysts, the observed site-activity differences, whether small or large, do not corr
bulk composition, and are possibly the result of unidentified impurities introduced during catalyst preparation. These impurities
reactivity of both the adsorbed CO and the active carbon present on the catalyst: higher site activity correlates with higher acti
reactivity. Although this correlation is strong, some variability in the CO/C∗ reactivity ratio does occur. This variability appears to pla
key role in methane selectivity, namely, higher values correlate with lower methane selectivity. These observations can be rationali
previously published simple kinetic model.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Cobalt-catalyzed Fischer–Tropsch (FT) synthesis,
conversion of syngas (H2 and CO) into hydrocarbons an
water, is generally considered a structurally insensitive
action. Iglesia and co-workers [1–6], for example, fou
that under conditions favoring chain growth (as oppo
to methanation), CO turnover frequency was unaffec
by varying the cobalt metal crystallite size between
and 210 nm. The lack of support and metal promoter
fects was also notable. Overall, their reported site-acti
values were within a factor of 2. Several others have
tained similar results under methanating conditions [7–9
a more recent study [10], Oukaci et al. compared the act
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and selectivity of eight TiO2-, SiO2-, and Al2O3-supported
catalysts with or without metal and/or oxide promote
They concluded that while the support and the promote
fluenced catalyst properties, the turnover frequencies w
within the combined experimental error of the chemiso
tion and activity measurements. Similarly, Holmen’s gro
has reported [11,12] that zirconia modification of alum
and/or noble metal promotion did not change the intrinsic
tivity of supported cobalt catalysts. These results may re
to the finding that crystallite surface structure and orienta
are little influenced by crystallite size for diameters grea
than 10 nm [6], which corresponds to a Co dispersion
approximately 10%.

Most of the above-cited studies used ex situ meth
such as hydrogen chemisorption, for quantifying the nu
ber of active sites. These ex situ methods, of course, ca
account for changes in site density that may occur

http://www.elsevier.com/locate/jcat
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to possible deactivation, which is a concern in the cob
catalyzed FT synthesis. It is known, for example, that
water by-product can reduce catalytic activity, even in
absence of any extrinsic poisons [13, and references the
This in situ deactivation is the likely reason for the appar
changes in intrinsic activity reported by Barbier et al. [1
for their silica-supported Co catalysts. They found that
activity increased up to a critical cobalt particle diamete
∼6 nm, above which it was constant. As they suggeste
their paper, this apparent change was likely due to the
stability of small Co particles in the FT synthesis. Wh
they did use cobalt crystallite sizes measured postrea
to calculate site activity, which at least accounted for
activation due to sintering, it is unclear if cobalt silica
formation also reduced the number of active sites, and i
whether they accounted for it in their calculations. Clea
site activity would be better characterized by using an in
site-counting method.

While the lack of support and promoter effects for
typical, relatively low dispersion cobalt FT catalyst h
been reasonably established, the effect of support and m
promoters on methane and C5+ selectivity remains con
troversial. Iglesia, for example, found the same meth
selectivity with SiO2-, TiO2-, and Al2O3-supported catalyst
with similar intraparticle transport/site-density characte
tics [1], but others reported significant support [10] a
metal promoter effects [15]. In our own experience, meth
selectivity is very sensitive to reaction conditions, CO c
version, and possible mass transfer limitations. There
establishing the intrinsic effects of support and promote
difficult and requires strict control of reaction conditions a
the careful elimination of mass transfer limitations.

In light of the above discussion and to further advance
understanding of the effects of support and metal promo
on catalytic activity and selectivity in the FT synthesis,
current study has the following objectives:

1. Determine the effect of support, support modificati
and Re promoter on the intrinsic site activity of cob
catalysts by using in situ counted active sites, thus e
inating potential errors from deactivation loss during
synthesis.

2. Determine the effect of support, support modificati
and Re promoter on the intrinsic methane selecti
of cobalt in the absence of process variable and m
transport effects.

3. Determine the adsorbed CO and active carbon inve
ries and their reactivities and investigate their correla
with changes in site activity and selectivity.

The reported investigation involved 18 catalyst samp
with various supports (commercially available SiO2, TiO2,
Al2O3, and modified supports) and Co loadings (5–30 wt
both with and without Re (Re/Co= 0.02–0.03 mole ratio fo
Co–Re catalysts). All catalysts were tested at identical
.

l

Fig. 1. Simple kinetic model of CO conversion in Fischer–Tropsch syn
sis [13].

ditions, 221◦C, 6.5 atm of H2/CO/Ne= 2/1/1, to ensure
valid comparisons between the different catalyst groups

For the in situ interrogation of the catalytic process,
used12CO → 13CO isotope transients at reaction stea
state at elevated pressure, which favors chain growth, a
dustrially important objective. The carbon isotope transie
measured the inventory of reversibly adsorbed CO (NCO),
the amount of active carbon surface intermediates (NC∗ ), and
their respective reactivities,kCO andkC∗ . As we discussed
in our earlier paper [13] on the effect of water in Co-ca
lyzed FT synthesis, we usedNCO to quantify the numbe
of active sites,NS, by assuming thatNS = NCO. We need
to emphasize that this site-counting method is not abso
but is valid as long as the true number of active sites is
portional toNCO. We cannot prove that this assumption
correct; however, all other site-counting methods rely on
same assumption. Using a site count obtained under
tion conditions should improve on ex situ obtained valu
since it eliminates the potential error due to site losses
ing reaction and postreaction handling. For the data ana
and interpretation, we relied on a simple kinetic model (
Fig. 1) that was described in detail in Ref. [13]. One of
important consequences of the kinetic model in Fig. 1 is
at steady state, the active carbon coverage (ΘC∗ ) is deter-
mined by a dynamic balance between CO activation to f
C∗ and the sequential reaction of C∗ to form hydrocarbons:

(1)kCOΘCO = kC∗ΘC∗ .

2. Experimental

2.1. Experimental apparatus

FT synthesis reactions were performed in a single p
downflow, tubular (4 mm i.d.), quartz, fixed-bed micro
actor. The reactor, a modified version of that described
Mauti [16], is shown schematically in Fig. 2. The qua
reactor tube was held concentrically inside a stainless-
tube which served as the pressure vessel. Quartz woo
packed loosely inside the quartz reactor tube to suppor
catalyst charge. Additional quartz wool was packed on to
the catalyst bed to protect it against back surges. A K-
thermocouple, placed directly into the middle of the cata
bed, monitored the reaction temperature, which was
trolled by a second thermocouple embedded in the furn
refractory wall. Pressure control in the reactor was achie
by using a backpressure regulator. An argon purge str
of 40 ml/min (STP) flowed through the annulus betwe
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Fig. 2. Main components of the transient kinetic unit (Unit T).
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the stainless-steel housing and the quartz reactor tub
mixed with the reactor effluent at the bottom of the re
tor tube, reducing holdup, downstream residence time,
condensation in the GC sampling lines. Blank experime
(TiO2 diluent only, reduced at 375◦C in atmospheric H2)
showed no activity for CO conversion and methane prod
tion between 220 and 290◦C. Isotope transients in the blan
experiments indicated that the reactor system and diluen
tania support) had no CO holdup. Blank experiments w
unreduced catalysts also showed no CO adsorption, ve
ing that the adsorbed CO measured in catalytic runs w
reduced catalysts was actually adsorbed on the active
alytic metal.

The reactor effluent was analyzed using two metho
mass spectrometry (MS) and gas chromatography (G
A differentially pumped quartz capillary leak (3 mm o.d
situated directly under the catalyst bed allowing con
uous monitoring of the reactor effluent by on-line M
(Model UTI100C). The MS had a pinhole opening siz
for ∼1 ml/min (STP) of flow with a pressure gradie
of 6.5 atm. A roughing pump maintained a pressure
∼10−2 Torr in the sampling lines. Gas flow from this di
ferentially pumped region into the MS chamber occur
through a Varian leak valve. The Varian Vacion pump an
Seiko STP300 turbomolecular pump provided an idle ch
ber pressure of 10−9 Torr.

A Hewlett Packard HP5880A gas chromatograph w
used for the GC-MS analysis in the kinetic measureme
It was equipped with an 8-foot column filled with Por
pak Q and S packing material (80:20 mix ratio) and a fla
t

-

ionization detector (FID). Injections were made into the c
umn using a 2-way, 6-port Valco valve that contained
1-ml sample loop. This valve was located downstream
the backpressure regulator and thus operated at atmosp
pressure. A differentially pumped stainless-steel capil
tube (0.1 mm i.d.) placed on a tee directly at the outle
the GC column allowed for simultaneous GC-MS ana
ses of the non-FID-sensitive compounds (i.e., CO, Ne,2,
and CO2). Product characterization using this particular G
setup was limited, allowing the quantification of only t
C1–C4 hydrocarbons.

In the isotope transient experiments, we used the “volu
loop” method to switch between the12CO/Ne and13CO/Ar
feeds instead of the more conventional two-feed stre
method. Thus, a volume loop was installed on the12CO/Ne
line (Fig. 2) to hold a plug of13CO/Ar gas, which could
be inserted into the reactor feed (replacing12CO/Ne) during
steady-state operation to start the isotope transient ex
iment. As the inserted plug passed through the rea
the resulting forward and reverse isotope transients w
recorded. This method greatly simplified the isotope tr
sients compared to the two-feed stream method, sinc
facilitated easy pressure balancing between the filled
and the reactor feed lines.

Two experiments reported in the current study were a
performed using a newer transient reactor (Unit C) cap
of operating at higher pressures (up to 28 bar). This
was described in a previous publication [13]. Except for
reactor, its principal design is similar to Unit T shown
Fig. 2, and thus will not be detailed here. Notable equipm
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differences include the on-line mass spectrometer (Ba
QMS420) and the on-line gas chromatograph (HP5890
flame ionization detector and 60 m Supelco SPB-1 capil
column).

2.2. Catalysts

In order to determine the effect of support and r
nium promoter on site activity and selectivity in coba
catalyzed FT synthesis, we tested 18 catalyst sample
the 18 samples, one was unsupported cobalt (catalys
four were cobalt-only catalysts (samples 2–5), 12 conta
rhenium-promoted cobalt (catalysts 6–17), and one
titania-supported Re (18). The supports included unm
fied silica, alumina or titania, yttria-, magnesia-, or Zn
modified silica, alumina, or silica-alumina, and coprec
tated ceria-magnesia. The diversity of the selected sup
was intended to yield some general conclusions regar
support effects. With regards to the metal promoter,
chose Re because of its known effectiveness as a coba
persion and reduction aid [17]. Our current study on
effects of Re complements a series of other recent studie
the effects of metal reduction promoters in cobalt-cataly
FT synthesis [17–29].

All catalysts were prepared using well-known techniq
[1–6,10,17,30–32]. Table 1 lists the composition of e
tested catalyst sample. Almost all catalysts were used
a particle size sieved below 75 µm (200 mesh) in orde
avoid intraparticle mass-transfer limitations (see Table
There were only a few exceptions where the catalyst
ticle size was substantially greater than 75 µm. In th
instances, mass-transfer limitations were unlikely, due
either the morphology (experiment 1 with Co powder)
the low activity (experiment 2 with Co/SiO2 and experi-
ment 27 with Re/TiO2) of the catalyst. In the tables an
f
,

-

in the text, we use the following catalyst label conventi
{support identity}-{Co wt%}-{Re wt%}-{aliquot number},
e.g., Si-Co20-Re1.7-1 represents SiO2 support, 20 wt% Co
1.7 wt% Re, and aliquot number= 1. Other support abbrev
ations include Ti= TiO2, Al = Al2O3, YAl = Y2O3 ·Al2O3,
YSiAl = Y2O3 ·SiO2 ·Al2O3, ZnSiAl = ZnO·SiO2 ·Al2O3,
MgSi = MgO · SiO2, and CeMg= Ce2O3 · MgO. Where
catalyst samples have an aliquot number>1, multiple exper-
iments were performed using the same catalyst batch,
time with a new aliquot. Metal loading for the supported c
alysts is given for the fully calcined state, in which the
and Re are present as Co3O4 and Re2O7, respectively. The
cobalt content ranges from 6 to 30 wt% for the suppo
catalysts. The Re content in the Co–Re samples is app
mately 1/10 by weight of the cobalt loading correspond
to 2–3 mol%. Cobalt metal dispersions (NCO/NCo) for all
catalysts range from 0.1 to 7.9%, as deduced from
in situ CO inventories measured in the isotope transien
periments. Particle sizes obtained by transmission elec
microscopy invariably yielded higher dispersion values t
obtained by in situ CO titration indicating a lower than 1
stoichiometry for CO adsorption.

2.3. Gases

The gases used in the experiments were H2 (Grade 5.0,
BOC),12CO/Ne (50% CO and 50% Ne custom blend, Ma
eson),13CO/Ar (50% 13CO and 50% Ar, UHP, with the
13CO from Isotec, 99%13C, 10% 18O), Ar (Matheson,
UHP), and air (Canox). All gases were used without f
ther purification, except for the12CO/Ne, which was passe
through a 320◦C carbonyl trap filled with 60–150 mes
TiO2.
Table 1
Catalyst compositions

Catalyst Support Metal loading (wt%)

No. Label Co Re

1 Co-powder None 100.0 0.0
2 Si-Co21 Precipitated silica 20.9 0.0
3 Ti-Co6 Rutile titania 5.7 0.0
4 Ti-Co14 Rutile titania 14.5 0.0
5 CeMg-Co18 Coprecipitated ceria–magnesia 18.4 0.0
6 Si-Co10-Re0.8 EH5 fumed silica (Cabot) 10.3 0.8
7 Si-Co20-Re1.7 EH5 fumed silica (Cabot) 19.7 1.7
8 Si-Co30-Re2.5 EH5 fumed silica (Cabot) 30.4 2.5
9 Ti-Co11-Re0.9 Rutile titania 11.3 0.9

10 Ti-Co12-Re1.2 Rutile titania 11.9 1.2
11 Ti-Co18-Re0.6 Rutile titania 17.9 0.6
12 Al-Co12-Re1.0 Alumina 12.0 1.0
13 Al-Co20-Re2.2 Alumina 20.3 2.2
14 YAl-Co20-Re1.4 15 wt% yttria on alumina 20.2 1.4
15 YSiAl-Co36-Re3.0 20 wt% yttria on silica–alumina 36.0 3.0
16 ZnSiAl-Co36-Re3.0 15.3 wt% ZnO on silica–alumina 36.0 3.0
17 MgSi-Co36-Re3.0 8.2 wt% magnesia on silica 36.0 3.0
18 Ti-Re2.8 Rutile titania 0.0 2.8
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Table 2
Catalyst charges and reduction conditions

Exp. Catalyst Diluenta Initial catalyst reductionb

No. Sample (µm) (g) (g) Hold time/temperature (min/◦C)

1 Co-powder-1 < 200 0.487 0.000 420/375
2 Si-Co21-1 200–400 0.122 0.102 65/375
3 Ti-Co6-1 < 75 0.109 0.100 70/374
4 Ti-Co6-2 < 75 0.200 0.080 118/370
5 Ti-Co14-1 < 75 0.160 0.154 106/390
6 CeMg-Co18-2 < 75 0.473 0.000 317/381
7 Si-Co10-Re0.8-2 < 75 0.030 0.000 65/379
8 Si-Co20-Re1.7-1 < 75 0.040 0.100 93/375
9 Si-Co30-Re2.5-1 < 75 0.040 0.103 71/376

10 Si-Co30-Re2.5-2 < 75 0.040 0.104 60/376 then 152/450
11 Si-Co30-Re2.5-3 < 75 0.040 0.104 68/377
12 Ti-Co11-Re0.9-1 < 75 0.149 0.149 90/375
13 Ti-Co12-Re1.2-1 < 75 0.200 0.100 70/374
14 Ti-Co18-Re0.6-1 < 75 0.080 0.109 75/375
15 Al-Co12-Re1.0-2 < 75 0.097 0.101 69/376
16 Al-Co12-Re1.0-3 < 75 0.097 0.104 69/376 then 60/450
17 Al-Co20-Re2.2-3 < 75 0.090 0.102 65/378
18 Al-Co20-Re2.2-4 < 75 0.090 0.102 65/376 then 56/452
19 YAl-Co20-Re1.4-2 < 75 0.118 0.111 66/376 then 74/450
20 YSiAl-Co36-Re3.0-1 < 75 0.040 0.101 70/376
21 YSiAl-Co36-Re3.0-2 < 75 0.040 0.101 72/377 then 35/451
22 ZnSiAl-Co36-Re3.0-1 < 75 0.041 0.101 79/378 then 112/450
23 ZnSiAl-Co36-Re3.0-2 < 75 0.040 0.101 79/376
24 ZnSiAl-Co36-Re3.0-3 < 75 0.103 0.151 77/377
25 MgSi-Co36-Re3.0-2 < 75 0.059 0.102 70/376
26 MgSi-Co36-Re3.0-3 < 75 0.059 0.103 70/377 then 50/450
27 Ti-Re2.8-1 < 150 0.198 0.000 52/375
28 Ti-Co11-Re0.9-2 < 75 0.150 0.181 60/400
29 Al-Co20-Re2.2-5 < 100 0.085 0.341 60/450

a TiO2, 60–150 mesh.
b In 40 ml/min atmospheric H2.
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2.4. Experimental procedure

The catalyst charge (20–500 mg), mixed with dilue
(TiO2, 0–150 mg, 60–150 mesh) to help maintain isoth
mal conditions during the FT reaction, was loaded into
reactor (the exact catalyst and diluent charges are liste
Table 2). Before the catalytic tests, the catalyst was redu
in 1 atm H2 flowing at 40 ml/min. The typical pressure dro
across the catalyst bed at ambient pressure was∼0.1 atm.
During reduction, the temperature was ramped from am
ent to the final reduction temperature at 0.5◦C/min (for the
detailed reduction conditions see Table 2). After reduct
the catalyst was cooled to 190–200◦C in H2. Once the cat-
alyst bed was cooled below 200◦C, the reactor feed wa
switched to syngas (H2/CO/Ne= 2/1/1), and the pressur
and temperature were gradually raised to 5.5 atm (ga
and 221◦C, respectively. All catalysts were tested unde
single, constant set of conditions: 221◦C, Ptotal = 6.5 atm
(absolute), H2/CO/Ne = 2/1/1. The gas hourly space ve
locity (GHSV) was adjusted to maintain 12± 4% CO con-
version (see Table 3). Although in most experiments
were able to meet this target, in some case catalyst a
ity was too low to reach the target conversion range. T
careful control of reaction conditions was vital for va
comparisons to separate effects of the catalyst and th
action conditions on the measured performance, particu
on methane selectivity. The reported activity values were
tained after∼16–20 h on stream to allow sufficient time f
the catalyst pores to fill with liquid products.

In the kinetic analyses of the data, we assumed dif
ential conditions, an assumption justified by the low C
conversion levels. Although some FT products, e.g., wa
affect the reaction kinetics [1–6,13], maintaining a narr
range of CO conversion in all of the experiments sho
make any effects of indigenous H2O on the isotope and rat
bed profiles similar for all tested catalysts. This, in tu
should allow a valid comparison of activity and selectiv
data.

After verifying steady-state operation (6–8 mass balan
over the span of 2–4 h), the isotope transients were
formed. The volume loop (see Fig. 2) was first evacua
using a roughing pump, and then filled to the appro
ate pressure with13CO/Ar gas (1/1 mixture). Pressure
between the volume loop and the reactor were balan
by using a line that connected the volume loop with
12CO/Ne feed line upstream of the volume loop. To initia
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Table 3
Experimental conditions and average kinetic data

Exp. Catalyst sample Feed flow rate Effluent CO CO conversion Selectivity C5+ NCO/ kCO NC∗/ kC∗
(ml/min)a H2:CO conversion rate (%) alphab NCo (1/s) NCO (1/s)

No. H2 CO Ne Total (%) (µmol/g CH4 C5+
metal min−1)

1 Co-powder-1 12.0 6.0 6.0 24.0 1.86 8.6 60 14.8 67.6 0.77 0.0010 0.059 0.485 0.12
2 Si-Co21-1 20.0 10.0 10.0 40.0 1.80 16.0 2622 14.0 75.0 0.81 0.0291 0.088 0.308 0.28
3 Ti-Co6-1 8.0 4.0 4.0 16.0 1.83 8.4 2256 11.1 80.0 0.83 0.0228 0.097 0.563 0.17
4 Ti-Co6-2 10.0 5.0 5.0 20.0 1.82 12.5 2279 11.3 79.5 0.83 0.0221 0.101 0.531 0.19
5 Ti-Co14-1 23.0 11.5 11.5 46.0 1.83 12.9 2666 15.3 72.2 0.79 0.0335 0.078 0.346 0.22
6 CeMg-Co18-2 10.0 5.0 5.0 20.0 1.88 3.8 92 9.3 74.1 0.80 0.0435 0.002 0.069 0.03
7 Si-Co10-Re0.8-2 8.0 4.0 4.0 16.0 1.82 10.8 5770 13.6 77.2 0.82 0.0792 0.072 0.490 0.14
8 Si-Co20-Re1.7-1 16.9 8.5 8.5 33.9 1.82 13.2 5879 14.4 75.9 0.81 0.0535 0.108 0.531 0.20
9 Si-Co30-Re2.5-1 16.9 8.5 8.5 33.9 1.81 13.9 3990 16.5 72.1 0.79 0.0459 0.085 0.311 0.27

10 Si-Co30-Re2.5-2 16.9 8.5 8.5 33.9 1.79 11.0 3143 16.6 72.3 0.79 0.0401 0.077 0.328 0.23
11 Si-Co30-Re2.5-3 16.9 8.5 8.5 33.9 1.80 13.4 3850 15.7 73.3 0.80 0.0436 0.087 0.362 0.24
12 Ti-Co11-Re0.9-1 20.0 10.0 10.0 40.0 1.86 12.7 3167 14.7 73.2 0.80 0.0410 0.076 0.416 0.18
13 Ti-Co12-Re1.2-1 8.0 4.0 4.0 16.0 1.83 14.6 1018 13.9 74.0 0.80 0.0255 0.039 0.507 0.07
14 Ti-Co18-Re0.6-1 16.9 8.5 8.5 33.9 1.84 16.5 4042 12.9 76.7 0.82 0.0405 0.098 0.442 0.22
15 Al-Co12-Re1.0-2 16.9 8.5 8.5 33.9 1.81 13.4 4028 13.3 75.6 0.81 0.0563 0.070 0.428 0.16
16 Al-Co12-Re1.0-3 16.9 8.5 8.5 33.9 1.81 14.3 4301 11.9 78.0 0.82 0.0543 0.078 0.483 0.16
17 Al-Co20-Re2.2-3 20.0 10.0 10.0 40.0 1.81 16.1 3664 13.1 75.4 0.81 0.0545 0.066 0.527 0.12
18 Al-Co20-Re2.2-4 20.0 10.0 10.0 40.0 1.80 16.2 3711 13.3 74.8 0.81 0.0527 0.069 0.537 0.12
19 YAl-Co20-Re1.4-2 16.9 8.5 8.5 33.9 1.79 12.0 1769 11.3 74.4 0.80 0.0383 0.045 0.568 0.08
20 YSiAl-Co36-Re3.0-1 12.0 6.0 6.0 24.0 1.80 9.2 1596 12.5 73.6 0.80 0.0358 0.044 0.505 0.08
21 YSiAl-Co36-Re3.0-2 12.0 6.0 6.0 24.0 1.80 10.1 1743 12.6 73.9 0.80 NA NA NA NA
22 ZnSiAl-Co36-Re3.0-1 10.0 5.0 5.0 20.0 1.79 1.2 169 8.1 82.6 NA NA NA NA NA
23 ZnSiAl-Co36-Re3.0-2 10.0 5.0 5.0 20.0 1.82 2.3 324 8.6 82.5 NA 0.0284 0.011 0.553 0.02
24 ZnSiAl-Co36-Re3.0-3 10.0 5.0 5.0 20.0 1.84 3.1 175 14.8 66.9 0.77 0.0229 0.007 0.453 0.01
25 MgSi-Co36-Re3.0-2 12.0 6.0 6.0 24.0 1.80 9.7 1134 11.0 73.1 0.80 0.0410 0.027 0.405 0.06
26 MgSi-Co36-Re3.0-3 12.0 6.0 6.0 24.0 1.81 7.7 907 11.7 65.7 0.76 0.0386 0.023 0.397 0.05
27 Ti-Re2.8-1 10.0 5.0 5.0 20.0 1.80 < 1 < 375 NA NA NA 0.51 <0.002 NA NA
28 Ti-Co11-Re0.9-2 20.0 10.0 10.0 40.0 2.03 10.3 2518 15.1 73.3 0.80 0.0410 0.060 0.305 0.19
29 Al-Co20-Re2.2-5 25.0 12.5 12.5 50.0 2.03 9.5 2830 15.3 72.8 0.80 0.0511 0.054 0.351 0.15

Reaction conditions, 221◦C, 5.5 atm (total, gauge); CO conversion and selectivity: average from 6 to 8 balances; Transient kinetic values: averag
to 4 transients; CO2 selectivity:<1% in all tests.

a Standard temperature and pressure: 21.1◦C (70◦F), 1 atm.
b Anderson–Schulz–Flory alpha, based on C5+/C4 ratio.
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an isotope transient, the volume loop valve was switch
sending the labeled13CO to the reactor. The inert, nona
sorbing Ne and Ar tracers provided a measure of the
phase hold up in the reactor system. Most of the experim
were finished after the catalyst was on stream for appr
mately 1 day. The reported data, therefore, represent
catalytic activity. Since the activity measurements and
isotope transient experiments were performed sequen
on the same catalyst sample at the same reaction cond
the in situ site counts and surface inventories directly re
to the activity and selectivity data.

In order to reduce noise in our data, we performed m
tiple sampling for all data acquisitions. Thus, reported
conversion and CH4 selectivity data are based on 6 to 8 m
balances, while the transient kinetic values are averages
to 4 transients. As a result of tight reaction control and c
ful data acquisition and analysis, repeated runs yielded g
reproducibility (see, for example, experiments 9–11 in
ble 3).
,

2.5. Kinetic analysis

On-line GC-MS was used to measure the Fisch
Tropsch activity and selectivity of the catalyst samp
In our measurements the followingm/e ratios were used
CO, 12 and 28; Ne, 20 and 22; H2, 2; CH4, 16; and CO2, 44.
CO conversion values were determined by GC-MS fr
mass balances based on a premixed Ne internal stan
We observed a constant CO/Ne ratio during calibration
with different dilution levels and H2/CO ratios, thus show
ing that sample discrimination did not occur in our GC-M
analyses. The FID signal of the GC provided the C1–C4
and C1–C7 production rates for Units T and C, respe
tively (the GC on Unit C was capable of separating1
to C22 hydrocarbons; however, only the C1 to C7 frac-
tion was considered to be free of condensation proble
Selectivity to internal olefins, branched hydrocarbons,
oxygenates was very low, and thus ignored in our an
ses.
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2.6. Isotope transient analysis

Steady state isotope transient kinetic experiments pro
the ideal in situ probe for cobalt FT catalysts [11–13,33–
The technique involves transient introduction of isotopic
bels on reacting molecules and monitoring the labels
time-resolved manner as they are incorporated into reac
products. The transient responses yield in situ informa
about the number and size of reactive intermediate p
on the catalyst, their lifetimes, and the sequence of reac
steps, all without disturbing the steady-state reaction. T
by providing an in situ probe of the steady-state catal
processes, isotope transients can immediately disting
changes in the number of sites from changes in site acti
The applications, experimental techniques, and data ana
of isotope transient kinetic experiments have been revie
in several recent publications [42–47], and thus will not
described in detail.

We employed12CO/H2/Ne→ 13CO/H2/Ar (both with
1/2/1 molar ratios) isotope switches at reaction steady s
to investigate the active carbon pathways on the co
surface during FT synthesis. On-line MS monitored
progress of the isotope transients by using the followingm/e

ratios:12CO, 28 and 30;13CO, 29 and 31 (the13CO used in
Unit T also contained∼10%18O), 12CH4, 15 (contributions
to m/e 15 from C2+ hydrocarbons were negligible compar
to CH4), Ne, 22; and Ar, 40. Sample transients in Unit T a
C are shown in Figs. 3 and 4, respectively. Upon integrat
the area bounded by the12CO and Ne tracer decay curv
(see Figs. 3 and 4) yieldstCO, which is a measure (in sec
onds of CO flow) of the amount of CO reversibly adsorb
on the cobalt metal. To converttCO into the molar amoun
of reversibly adsorbed CO on the catalyst surface (NCO), the
following equation was used,

(2)NCO = [
tCOFCO(1− 0.5fCO)

]
,

whereFCO is the molar flow rate of CO in the feed andfCO
is the fractional CO conversion. FromNCO, the fraction of
Co surface sites,NCO/NCo, can be readily obtained,

(3)NCO/NCo = NCO/[mCo/AWCo],
wheremCo is the mass of cobalt in the catalyst charge a
AWCo is the atomic weight of cobalt.

In our experiments, and in other experiments over a w
range of conditions and pressures, the amount of rever
adsorbed CO was observed to be virtually saturated and
stant. Thus, as noted earlier, we equated the number of a
cobalt sites toNCO with the assumption thatNCO is propor-
tional to the number of active sites. The isotope transie
thus provided an in situ measure of the number of av
able cobalt sites despite uncertainties regarding adsor
site requirements [48].NCO/NCo, in turn, was used to cal
culate the CO turnover frequency,kCO, in mol CO/(mol Co
site s),

(4)kCO = −rCOAWCo/(NCO/NCo),
-

Fig. 3. Forward isotope transient in Unit T with 20.9 wt% Co on SiO2.
Reaction conditions: 221◦C, 6.5 atm of H2/CO/Ne= 2/1/1.

Fig. 4. Forward transient in Unit C with the 11 wt% Co–0.9 wt% Re on Ti2
catalyst. Reaction conditions: 221◦C, 21 atm of H2/CO/Ne= 2/1/1.

where rCO is the rate of CO consumption in mol CO/(g
Co s).

The isotopic response in CH4 provides the amount an
the residence time of the active carbon intermediates l
ing to CH4 formation. Thus, integrating the area bound
by the12CH4 and Ne tracer decay curves (cf. Figs. 3 and
yields the residence time for the active carbon reportin
methane (τCH4). Part of the surface12C measured in the
12CH4 response originates from gas phase12CO after the
isotope switch (the chromatographic effect for CO). In or
to remove this artifact, we correctedτCH4 as follows:

(5)τCH4, corrected= τCH4 − 0.5tCO.

Consistent with other studies [11,12,33,35–37,40,41]
as evidenced by Figs. 3 and 4, the CH4 transients observed i
the current study can be reasonably represented by a s
exponential, characterized by a singleτCH4 value. Therefore
the reactivity of the active carbon intermediate pool lead
to CH4, kC∗(CH4), can be simply expressed as the inverse
τCH4, corrected:

(6)kC∗(CH4) = 1/τCH4, corrected.
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Previous isotope transient studies of cobalt FT synth
[33,39,40] have shown that the time dependence of the
cay of 12C in the higher hydrocarbons is equivalent to t
of CH4 and concluded that all hydrocarbon products a
virtually instantaneously from a common pool of carb
monomers. Thus, we can make the following assumptio

(7)kC∗ = kC∗(CH4),

wherekC∗ is the reactivity of the carbon monomer pool lea
ing to all hydrocarbon products. It follows from the abo
argument that the kinetics of C∗ removal could have bee
measured in any of the products. Methane, however, is
ferred, since it is easily measured by mass spectromet
is also the least susceptible of the hydrocarbon produc
further holdup in the reactor due to mass transport, high
ubility in the resident liquid product, or readsorption onto
catalyst surface. Since at steady state the rates of CO an
tive carbon conversion are equal, the following equation
be used to calculate the cobalt site coverage by the ca
monomer,NC∗/NCO:

(8)NC∗/NCO = kCO/kC∗ = [−rCOAWCo/(NCO/NCo)
]
/kC∗ .

It should be noted that although CO2 does not originate from
the carbon monomer pool [49], we did not subtract the C2
production rate from the CO conversion rate, since the
lectivity for CO2 was always less than 1%; thus, the C
converted to CO2 was negligible.

In order to determine if observed differences in the ca
lated turnover frequency and methane selectivity values
statistically significant, error bars were calculated base
the propagation of error that occurred in a single meas
ment. Typical errors for the GC-MS peak areas (CO,
and CH4) were<0.5%. The CO mass flow controller ha
a 1% full scale error, while the errors for determiningtCO
andτCH4 from integration of the isotope transient curves h
minimum–maximum error ranges of 3.3–14.6% (8.5% a
age) and 2.7–11.8% (6.6% average), respectively.

3. Results and discussions

Table 3 contains the results of the isotope transient
periments on the catalysts listed in Tables 1 and 2. In
following sections we discuss these results as they rela
the role of rhenium and support on the intrinsic site reac
ity.

3.1. Effect of rhenium

As discussed earlier, our site activity measurements
on a combination of mass balance and in situ site titra
by CO. If exposed Re is present as surface segregated
as a separate phase on the support in a working Co–Re
lyst, it could modify the apparent site activity by contributi
to the measured CO/C∗ inventory and CO conversion. It
therefore important to understand the behavior of Re at
-

-

r
-

measurement conditions in order to correctly interpret
results for the Co–Re catalysts. To address this issue
tested a 2.8 wt% Re/TiO2 catalyst (sample 18 in Table 1) u
der the same conditions as applied in all other experim
in this study: 221◦C, 5.5 atm (gauge), H2/CO/Ne= 2/1/1.
The kinetic results for the Re/TiO2 catalyst are depicted i
Table 3 (entry 27). These results represent the catalyst
formance after 80 h on stream, where Re dispersion,
with it catalytic activity, have dropped to 50% of the fre
values. Fresh NCO/NRe was∼1.0, which agrees well with
the measured H2 chemisorption value of 0.82 [50]. The a
erage particle size (1.23 nm) in the fresh catalyst obta
by transmission electron microscopic analysis also indic
highly dispersed Re [51].

As indicated in Table 3, the activity of the catalyst w
so low after 80 h on stream that we were unable to a
rately measure CO conversion at the lowest space vel
allowed by the combination of our flow controllers and
catalyst capacity of our reactor. Based on the resolutio
our measurements, we can put an upper limit of 1% on
conversion. This represents a maximum possible turn
frequency value of 0.002 s−1. A minimum value of the CO
conversion rate was obtained from the measured C1–C4
duction rates, ignoring the unmeasured C5+ products. The
CO turnover frequency value of∼0.0001 s−1 calculated
from the C1–C4 production rate, therefore, can be used
minimum limit. A comparison of these values to the turno
frequencies measured under identical conditions (excep
CO conversion that could not be matched) for Co/TiO2 cata-
lysts (see entries 3–5 in Table 3) indicates approximately
orders of magnitude lower activity for Re compared to C
The implication of this finding is that the apparent site
tivity of a Re-promoted cobalt catalyst would be lower th
that of a Co-only catalyst if Re was segregated onto the m
particle surface (site blockage) or if a separate Re phase
present (low activity sites). Unfortunately, due to the unc
tainty in the CO conversion values for the Re catalyst,
cannot comment on the methane selectivity of Re/TiO2.

We now consider the site-activity and methane selec
ity effects of rhenium promotion by comparing the resu
obtained with Re-promoted and Co-only catalysts. The m
sured turnover frequency and methane selectivity value
Co and Co–Re catalysts supported on silica and titania
depicted in Figs. 5 and 6, respectively. The turnover
quency and methane selectivity values vary somewhat
both the silica- and the titania-supported catalysts. Altho
these variations are beyond the error in our experime
data (see error bars in Figs. 5 and 6), they do not corre
with the presence or absence of Re: the variation within
Co and Co–Re groups are the same as between the C
the Co–Re samples. Note that the variations in site act
and methane selectivity also do not correlate with pa
cle size (metal dispersion). This is not surprising, since
NCO/NCo values fall in a relatively narrow range of 2–5
minimizing any potential particle size effect. It is also wo
pointing out that the well-known [17] dispersion aiding
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Fig. 5. The effect of Re on site activity, methane selectivity, a
rapidly exchanging CO inventory with silica-supported Co catalysts in
scher–Tropsch synthesis at 221◦C with 6.5 atm of H2/CO/Ne= 2:1:1.

Fig. 6. The effect of Re on site activity, methane selectivity, and rap
exchanging CO inventory with titania-supported Co catalysts in
scher–Tropsch synthesis at 221◦C with 6.5 atm of H2/CO/Ne= 2:1:1.

fect of Re is clearly noticeable: the Re-containing samp
consistently show higher dispersion values (NCO/NCo) than
that of the Co-only catalysts. These results are in agree
with earlier reports suggesting that Re does not affect
site activity [1,10,17,18] or selectivity [20] of cobalt Fishe
Tropsch catalysts. Guczi et al. [15] observed both an incr
and a decrease in methane selectivity upon Re addition t
supported on NaY or silica prepared by the sol/gel meth
Although the authors have correlated the selectivity chan
with the addition of Re, other factors such as gas comp
tion variations or mass-transfer limitations might have a
influenced the observed selectivity changes.

While the turnover frequency and methane selectivity
related to the overall CO conversion process, change
the active carbon inventory (NC∗/NCO) and its turnover rate
(kC∗) can reveal if Re influences the balance of intermedi
and their conversion rates in the Fischer–Tropsch con
sion mechanism. We found previously [13], for examp
that water reversibly increases the active carbon inven
by accelerating the dissociation of CO without increasing
reactivity of the downstream synthesis steps. This buildu
active carbon intermediates in turn explained the experim
tally observed reduced methane selectivity upon an incr
t

Fig. 7. The effect of Re on active carbon inventory, methane selecti
and active carbon reactivity with titania-supported Co catalysts in
scher–Tropsch synthesis at 221◦C with 6.5 atm of H2/CO/Ne= 2:1:1.

in steam partial pressure. A similar analysis of our curr
data shows no correlation between the surface invento
reactivity of active carbon intermediates and the presenc
absence of Re. For example, Fig. 7 shows the experime
data for our TiO2-supported catalysts tested. Just as in
case of CO turnover frequency and methane selectivity
changes in the active carbon inventory and reactivity are
as large within the Co-only and Co–Re groups as the o
between the Co-only and the Co–Re catalysts. The varia
are, again, larger than the experimental error, but their so
is unknown. Fig. 7 also displays the methane selectivity d
to show that, similar to water addition [13], increased ac
carbon inventory correlates with lower methane selectivi

In summary, although all measured parameters (NCO/

NCo, kCO, SCH4, NC∗/NCO, kC∗) showed variations large
than the experimental error, we found no evidence tha
influences site activity, selectivity, or the balance of reac
intermediates in cobalt-catalyzed Fischer–Tropsch syn
sis. This observation is in agreement with earlier rep
[1,10,17,18,20]. The very different reactivity of Re suppo
the notion of cobalt surface enrichment in metallic Co–
alloys [17].

3.2. Effect of support

We selected an array of Re-promoted cobalt catal
to study the effect of support. In the previous section
established that Re does not influence the rate and sele
ity of the cobalt-catalyzed hydrocarbon synthesis proc
thus, the conclusions from our study are expected to be
valid for unpromoted cobalt catalysts. As mentioned e
lier, the sample suite included the three commonly availa
oxide supports, silica, alumina, and titania, as base ca
These commercially available supports are often modi
by, for example, Group II, III, or IV oxide coatings con
sidered to be activity and/or selectivity promoters or ac
stabilizers. Thus, in order to investigate the effect of th
oxide promoters, we also tested ceria-, yttria-, magne
and ZnO-promoted Co–Re catalysts.
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Fig. 8. The effect of support on site activity, methane selectivity, and rap
exchanging CO inventory with Co catalysts in Fischer–Tropsch synthe
221◦C with 6.5 atm of H2/CO/Ne= 2:1:1.

Fig. 8 compares the site activity, methane selectivity,
dispersion of unsupported Co and Co supported on S2,
TiO2, and Al2O3. The lowest site activity was measured w
the unsupported cobalt sample, which is likely the resu
impurities that are difficult to eliminate during preparati
and can easily affect a low surface area metal by diffus
to the surface. In fact, we had to prepare several sam
before acceptable activities were attained with cobalt p
ders. With that caveat, from Fig. 8 we conclude that, w
the variability of the site-activity and methane selectivity
sults is reproducible (cf. Experimental) and larger than
experimental error, it does not correlate with the prese
or absence, or with the bulk composition of the supp
Apparently, the surface cobalt atoms of the relatively la
(>10 nm) cobalt particles present in our samples (an
typical supported Co Fischer–Tropsch catalysts [1–6])
unaffected by the underlying support. This conclusion i
agreement with the results from earlier studies [1–6,10]
further builds the case for the structure and support inse
tivity of cobalt-catalyzed Fischer–Tropsch synthesis. W
we agree that the evidence by now for structure and sup
insensitivity is convincing, we will show that there are fa
tors (albeit, so far unknown) that can substantially alter
our examples always reduce) the site activity of cobalt (v
infra). The real (and as yet unexplained) variability in the
activity shows clearly the danger in using a single pair of
periments (even with tightly controlled reactions) to test
effects of support (or Re).

Supports are often modified in an attempt to improve
alyst activity, selectivity, or stability. In the Fischer–Trops
synthesis, rare earth oxides have been reported to imp
catalyst activity [10,11,52–55], selectivity [11,52–55],
stability [10] often by weakening metal support interact
and thus improving the reducibility of cobalt or creati
special sites at the metal–support interface. The rang
possible support modifiers and their combinations is vi
ally infinite. We chose a few modifiers as examples. Th
listed in Table 1, include yttria as a rare earth modifier, o
irreducible oxide modifiers, such as ZnO and magnesia,
t

f

Fig. 9. The effect of support modification on site activity, methane
lectivity, and rapidly exchanging CO inventory with Co catalysts in
scher–Tropsch synthesis at 221◦C with 6.5 atm of H2/CO/Ne= 2:1:1.

a coprecipitated cobalt catalyst with a ceria–magnesia o
component.

The site-activity and methane selectivity results for
support-modified catalysts are shown in Fig. 9 along w
the results for two base case catalysts (leftmost bars in
figure). Interestingly, unlike the addition of Re, or the use
different unmodified supports, the site-activity values of
support-modified samples are significantly lower than th
of the base case catalysts. Note that the metal disper
are comparable to that of the base case catalysts thu
particle size effects are not responsible for these chan
Since metal loadings are also comparable (in fact, so
what higher), the sites should not have been impacted
greater extent by potential impurities from reagents use
preparation than for the base case samples. While site a
ity is up to an order of magnitude lower, methane selecti
is not impacted. We have performed bulk chemical an
sis of these samples, but could not find any of the kno
inhibitors/poisons, such as alkali metals, halogens, or su
The activity of some of these samples was so low that we
to repeat experiments several times (increasing the cat
charge) in order to get to or at least near the target conve
(see Table 2, experiments 6 and 24). Both metal site and
blockage can be excluded since both the rapidly excha
CO inventory and CH4 selectivity values and transients a
normal. We would expect a drop in CO inventory if me
sites were covered by some support components. Pore b
age, on the other hand, would substantially increase met
selectivity due to transport limitations [5]. Our results w
yttria are somewhat surprising in light of earlier public
tions [10,11,52–55] documenting enhanced activity an
selectivity upon rare earth modifications of silica or alum
supports. The lower than normal CO turnover frequency
ues with basic support modifiers, however, are in agreem
with results previously reported for Co/MgO· SiO2 [55] and
Co/MgO [56]. We were unable to find any fact-based ex
nation for the unusually low site activities of these cataly
thus, we suspect that some low-level impurities that h
high affinity to the metal surface but cannot be readily id
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Fig. 10. CO turnover frequency versus active carbon reactivity
Co-catalyzed Fischer–Tropsch synthesis at 221◦C with 6.5 atm of H2/

CO/Ne= 2:1:1.

tified by bulk analysis are responsible for the observed
inhibition. Although this issue certainly warrants further
vestigation, it is beyond the scope of the current study.

The data in Table 3 indicate that the support-modified
alysts with substantially reduced site activity (CO turno
frequency) also showed substantial and parallel chang
the carbon reactivity,kC∗ . As depicted in Fig. 10, the overa
site activity correlates well with the reactivity of the acti
surface carbon intermediates for the entire suite of catal
Although there is increasing scatter at higher site-acti
values, it seems that the lower site activity observed for
support-modified catalysts is also manifested in reduced
face carbon reactivity. Unlike the CO turnover frequency,
carbon reactivity changes cannot be attributed to extran
adsorbed CO. This result suggests chemical modification
opposed to some sort of physical blockage) of the ac
cobalt surface. Alkali metals are known to affect Fisch
Tropsch catalysts via this mechanism [57]; however, the b
analysis of our samples did not find unusual levels of al
metals.

3.3. Effect of active carbon coverage on selectivity

In our earlier studies [13,58,59], we have been able to
cern a connection between methane selectivity and the a
carbon inventory on the catalyst. In a study of the effec
water on the activity and selectivity of Co catalysts [13],
example, we found that reduced methane selectivity u
water cofeeding correlated with increased active carbon
ventory. In a preliminary examination of some of the resu
of the current study, we were able to predict such a
relation [58,59]. The argument is based on the simple
conversion model shown in Fig. 11, and the expectation
higher hydrocarbon growth would become more proba
relative to methane formation with a higher active carb
coverage (for more detail see Ref. [13]). Fig. 12 displays
corresponding data obtained in the current investigatio
can be seen that despite substantial scattering of the d
general trend of lower methane selectivity at increased
tive carbon inventory is recognizable. Thus, the variat
.

a

Fig. 11. Expanded version of the simple kinetic model depicting the p
to CH4 and C2+ hydrocarbons [13].

Fig. 12. Methane selectivity versus active carbon inventory in Co-cataly
Fischer–Tropsch synthesis at 221◦C with 6.5 atm of H2/CO/Ne= 2:1:1.

in methane selectivity seen in this study can be expla
in part by changes in the active carbon inventory wh
result from nonidentical variations in CO and C∗ reactiv-
ity. Fischer–Tropsch selectivity is also influenced by fact
other than “carbon crowding” (for example, the ones t
govern H2 activation), and these factors are responsible
the remaining scatter (outside experimental error). Other
tors are clearly dominant for the ceria–magnesia-suppo
catalyst (Experiment 6 in Table 3), which shows a marke
different behavior and falls outside the range in Fig. 12.
this catalyst, bothkCO andkC∗ are greatly suppressed wi
respect to the standard supports, but here, one of the
est methane selectivities in this study is associated with
lowest C∗/CO ratio.

4. Summary

Our current study investigated the effect of Re promo
and support on the selectivity and activity of Co-catalyz
Fischer–Tropsch synthesis. Earlier investigations often
lied on measuring the overall activity and selectivity,
used ex situ site-counting methods for establishing
activity. These methods, however, cannot establish site
tivity or account for the changes in active sites during
testing. In order to alleviate these concerns, we used
in situ measured rapidly exchanging adsorbed CO for ac
site-counting that was then used to calculate the turnove
quency. We also quantified the active carbon inventory
reactivity, which in turn affords more detailed insight in
the changes in the intermediate steps of the CO conve
process.
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We found that although Re itself adsorbs CO and
some Fischer–Tropsch activity, it does not affect Co
activity or selectivity. This result is in line with other pu
lications suggesting that noble metal promoters, while t
do enhance the reducibility of Co precursors, do not alter
catalytic behavior of the active cobalt metal. The lack of
fluence is likely due to the notion that Co enriches on
surface of Co–Re alloys in their fully reduced metallic sta

Unlike with rhenium, the effect of the support seems
be more complex. While Co supported on frequently us
commercially available SiO2, TiO2, and Al2O3 supports is
unaffected by the support, support modifiers such as y
magnesia, and ZnO reduced Co site activity without cha
ing methane selectivity. The largest site-activity drop w
observed with a coprecipitated catalyst containing a ce
magnesia oxide component. The reason for this neg
impact is not yet fully understood; thus further studies
warranted.

Although we were unable to identify the factors lead
to the observed variations in site activity, it is clear that
duced site activity correlates with reduced reactivity of
active carbon intermediates. While this correlation is rea
observable, the ratio of site activities for CO and active
bon varies somewhat. This variation causes some variab
in the active carbon coverage and methane selectivity as
dicted by our simple mechanistic model of Fischer–Trop
synthesis. Since the observed changes clearly affect th
ternal balance of reaction rates and inventories of reac
intermediates, they are likely the result of a chemical m
ification of the active metal site by a yet unknown factor
opposed to physical site blockage.
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