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Visible ruthenium particies were not observed during STEM examination of
these catalysts. The highly dispersed nature of ruthenium in these catalysts
was further supported by gas adsorption measurements, which resulted in HZ:Ru =
0.85 and O:Ru = 0.87 for Catalyst 4956-86 and Hy:Ru and O:Ru = 1.1 for Catalyst
4966-72. These H, and 0 uptakes were significantly higher than those obtained
with other alumina-supported catalysts having 4-6 nm ruthenium particles.
Catalyst 4966-72 was also examined by EXAFS which indicated the average
ruthenium particle size to be 0.8 nm.

The Hy:Ru ratio was 0.13 while the O:Ru ratio was 0.48 for titania-
supported Catalyst 5345-61. The Tow Hz uptake on this catalyst after oxygen
exposure at room temperature may be possibly explained by migration of titania
over ruthenium. The higher cxygen uptake relative to the uptake of hydrogen may

be explained if most of the oxygen adsorbs on titania.

5.1.5 Application of EXAFS to Characterization of Ruthenium Catalysts

5.1.5.1 Measurements at CHESS

The first series of experiments were conducted at the Cornell High Energy
Synchrotron Source (CHESS). The ruthenium catalysts that were examined were
reduced and transferred to sample cells under N, in a glove bag. A rereduction
step was not performed prior to these EXAFS measurements. The catalysts that
were examined were: Catalyst 495€-76 after use in Run 15 and fresh Catalysts
4956-101, 4966-76 and 4966-72. Also, a physical mixture of ruthenium metal
powder and 7-A1203 (1% Ru) was analyzed.

In a previous literature report on Ru catalysts, it was demonstrated that
even very low oxygen concentrations applied at room temperature lead to disrup-

tion of small Ru particies [71]. Similar reports have been made for Pt and Rh
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for the adsorption of CO and 02 [72,73]. The first series of catalysts fall
naturally into two groups: those with Targe ruthenium particles which are
resistant to disruption by oxygen and those sensitive to oxygen disruption.
Used Catalyst 4956-76 is unequivocally insensitive to oxygen disruption while
Catalyst 4956-101 originally contained both smaller particies which were
disrupted and larger particles which remained intact. Fresh Catalysts 4966-76
and 4966-72 undoubtedly consisted of smaller particles, few of which survived
the measurement conditions.

These observations can be made simply by looking at the extracted Chi
function even without performing a Fourier transform. Figures 5-79 through 5-83
show the Chi functions for the five samples examined. From the Ru metai and
used catalyst sample, it is clear that metallic Ru EXAFS is characterized by
oscillations with maximum amplitude in the vicinity of k=104"1. The Chi of
fresh Catalyst 4966-72 is more representative of oxidized Ru with very large
amplitude oscillations near the origin of the Chi function which rapidly and
monotonically damps to near zero amplitude at about k=10A“1- For those species
in between, a superposition of the two EXAFS types can be seen. {(Even for the
most oxidized sample, some evidence for larger Ru particles is evident in the
Chi function.)

In light of the method for determining particle size, no analysis is
possible for Catalysts 4966-76 and 4966-72. Since only part of the Ru in
Catalyst 4956-101 is in the form of relatively large Ru particles, further
clarification of the method for determining particle size is required. In the
present case, some of the Ru is in an oxidized state and will not contribute to
the metallic coordination numbers. Thus, since a sample average coordination
number is being derived, the absolute coordination numbers must be smaller than

the pure metallic phase, no matter what the actual particle size. By using the
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scale of relative apparenf coordination numbers, the drop-off in observed
coordination number can be scaled rigidly by a single multiplicative constant in
order to determine size and estimate the fraction in the metallic state.

Figures §-84 through 5-88 show the k-weighted Fourier transforms of the Chi
data. The similarity in shell structure is readily apparent in the sampTles
containing metallic ruthenium particles. The shells selected for analysis were
1+2, 3, and 8. Other intermediate shells are too convoluted with one another to

afford a reliable separation into a single shell contribution. Table 5-16 1lists

Table 5-16

Fitting Parameters for Ru Catalysts from EXAFS Measurements at CHESS

Relative
Coordination
Sample Shel1 Number Distance (3)
Used 4956-76 1+2 1.15 2.578
3 1.06 3.794
8 1.19 5.413
4956-101 1+2 0.40 4.684
3 0.32 3.7961
8 0.33 5.413

the apparent relative coordination numbers for used Catalysts 4956-76 and 4956-
101. Based on these trends and on the curve in Figure 4-3, the following

conclusions can be made:

1) Most of the Ru in used Catalyst 4956-76 is in crystallites greater than

4 nm.

2) Approximately one-third of the Ru in Catalyst 4956-101 remains in the

metallic state, with a particle size of about 4 nm.
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The fraction of Ru in sample 3 in the metallic state derives from the
muitiplicative factor needed to bring the relative coordination numbers onto the
same scale as the used Catalyst 4956-76. Even though the metallic Ru sample was
annealed, it appears not to be nearly as good a standard for Ru metal as the
spent catalyst itself. This is reflected in the cleaner Fourier transform and
the apparent coordination numbers so consistently higher than 1.0 by about 12%.

For the remaining samples, some qualitative comments can be made regarding
the original distribution of sizes. The susceptibility of the Ru particles to
disruption by oxygen decreases with increasing particle size. It is not
unlikely that particles in the range of 2 nm will oxidize on the surface and
lead to a misregistry of the outermost Ru atoms, but leave the interior of the
particle intact as an apparently smaller Ru Crystallite. By using a combination
of qualitative arguments, a ranking of original size distributions can still pe
made. Even in Catalyst 4966-72, which is the most oxidized, some evidence for a
Ru-Ru nearest neighbor feature can be seen. This feature decreases in size in
the order of the samples given: 4956-101, 4966-76, 4966-72. Since Catalyst
4956-101 can be analyzed for size in the conventional way, it can be used as a
reference point. Clearly, the Ru-0 feature in this catalyst is smaller than in
either Catalyst 4966-76 or 4966-72. It was argued above that about 1/3 of the
Ru remained in metallic particles in Catalyst 4956-101. This then requires that
the amplitude of the Ru-0 feature represent around 2/3 of the Ru. This is quite
consistent with the Ru-0 features found in Catalysts 4966-76 and 4966-72.
Assuming the same chemical species in all of the samples, the Ru-0 peak in
Catalysts 4966-76 and 4966-72 should represent nearly all of the Ru species.
However, in Tight of the residual Ru-Ru features, Catalyst 4966-76 originally
had larger Ru particles than Catalyst 4966-72.
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The singie factor most influencing the viability of crystallite size
determination by EXAFS in this investigation was the disruption of Ru particles
by exposure to oxygen. Despite the conventional precautions against air
exposure, impurities of oxygen in purge gases or even the slightest intrusion at
any point in sample handling clearly leads to oxidation of the smallest metal
particles. Whether the nature of the oxidized species is the same as found in
the bulk oxide is of little relevance here. Even chemisorption of oxygen, if it
results in changes in particle morphology, is a detrimental oxidation. These

effects must be present in ail samples studied ex situ by any technique.

5.1.5.2 Measurements at Brookhaven Nationail Laboratory

Accordingly, the second series of catalysts were reduced in sicu prior to
EXAFS measurements. These data were takéq,at Brookhaven National Laboratery on
beamline X-188. Fluorescence detection was;used rather than transmission. The
catalysts that were examined were fresh Catalysts 4966-72, 4966-96-2, 4966-76,
4966-114, 4966-106, 4966-102, Catalyst 4966-72 after use in Run 18 and ruthenium
metal powder - Y-A1203 physical mixture.

The background removed, normalized EXAFS Chij functions observed are shown
in Figures 5-89 through 5-96. The associated k weighted Fourier transforms are
given in Figure 5-97. A number of qualitative observations can be made simply
by examining the Chi functions in Figures 5-89 through 5-96. The amplitudes of
the oscillations can be seen to vary substantially between catalyst samples.
Catalyst 4966-102 and the used Catalyst 4966-72 have Chi functions which are
similar to the Ru metal standard. For the two samples which have much smaller
amplitude oscillations, Catalyst 4966-72 and Catalyst 4966-96-2, the oscilla-
tions extend over the entire range of k without significant loss of amp1itude.

This indicates that the particles, though small, are relatively well ordered.
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Figures 5-93 through 5-96. EXAFS Chi Function for Measurements a* Brookhaven
National Laboratory
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Figure 5-97a. Fourier Transforms for EXAFS Measurements at Brookhaven National
Laboratory
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Figure 5-97b. Fourier Transforms for EXAFS Measurements at Brookhaven National

Laboratory
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Examining Catalyst 4966-106, the strong extra oscillations at Jow k are
characteristic of Ruy-0 interaction, immediately suggesting that the reduction
procedure used results only in partial reduction. However, the particles which
are formed are relatively large, as seen by the amplitude of the oscillations
seen in the region characteristic of Ru-Ru interaction.

The qualitative observations based on the raw Chi functions are also
reflected in the Fourier transforms in Figure 5-97. Since there is Tittle
apparent loss of EXAFS amplitude due to disorder in these systems, the transform
amplitude is a reasonable gauge of the coordination number of a given coordina-
tion shell. As expected, those catalysts with Chi similar to metallic Ru also
have Fourier transforms which look like that of the metal. For catalysts with
smaller particle sizes, the nearest neighbor coordination shell, as well as the
more distant shells, are reduced in amplitude.

The results of curve fitting the backtransform-filtered nearest neighbor

shell are given in Table 5-17. By using only the nearest neighbor coordination

Table 5-17

EXAFS Curve Fittin Results for Ru Nearest Nej hbors
from Measurements at Brookhaven National Laboratory

Bond Disorder Coordination

Catalyst Length (i) Parameter (X10‘3) Number Ru Particle Size
4966-72 (Fresh) 2.61 2.08 3.4 0.8 nm
4966-96-2 2.67 .96 4.5 1-3 nm
4966-76 2.65 2.79 8.1 Bimodal Distribution

11 5-4 nm
4966-114 2.64 3.36 8.1 Narrow Distribution
1.5 mm
4966-106 2-3 nm
(Partially Reduced)
4966-102 2.66 1.30 11.9 4 nm
4966-72 (Used) 2.65 1.17 13.6 >4 nm

4956-101 Not Analyzed
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numbers, a determination of the average size of the ruthenium particles can be
made. However, by including gualitative observations of the highest coordina-
tion shells, information on the distribution of sizes can also be obtained. For
example, fresh Catalyst 4966-72 shows a very small nearest neighbor coordination
number and very small features in the Fourier transform where the higher coor-
dination shells are expected to appear. This indicates that the vast majority
of particles are indeed very small, but a few larger particles may be present.
An indication of a bimodal distribution of particles sizes is found in Catalyst
4966-76. Although the nearest neighbor shell gives a relatively small coordina-
tion number, higher coordination shells appear with disproportionately Targe
amplitude in the transform. Thus, a wide distribution of sizes is present, many
of the particles are small, but there are also relatively larger ones present.

As a final sample, Catalyst 4966-114 shows a relatively low nearest
neighbor coordination number with the more distant shells falling off nearly
monotonically in amplitude. This is exactly what is expected for a narrow size
distribution of particles.

As was pointed out above, Catalyst 4966-106 is only partially reduced. The
transform shows a clear Ru-O peak at shorter distances than the Ru-Ru
contribution, but also shows amplitude from higher shells. This is in keeping
with a partially reduced sample with relatively large Ru particles. These
results are also summarized in Table 5-17.

Catalysts 4966-72 and 4966-76 had been examined previously with EXAFS in a
state where oxygen intrusion was not rigorously prevented. The results showed
that the majority of the Ru had been oxidized. It is interesting to compare the
results obtained for these catalysts under the two different conditions. In the
present case, Catalyst 4966-72 appears to have predominantly very smali Ru
particies with only a small fraction present as larger assemblies. This is in

good agreement with the previous result. Through exposure to oxygen, the very
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small particles were oxidized whi]e.the larger particies oxidized only on their
surfaces leaving an inner core of metallic Ru. Similarly for Catalyst 4966-76,
the oxidized case showed both oxidized and some metallic Ru. The amount of
metallic Ru for Catalyst 4966-76 was found to be Targer than the Catalyst 49€6-
72. This is entirely consistent with the present results which indicate a
bimodal distribution of particle sizes.

In addition to ruthenium, Catalyst 4966-96-2 and Catalyst 4966-102 con-
tained K and Fe, respectively. Evidence for direct interaction between these
elements and the dominant Ru is not readily apparent. In order to reveal these
interactions, if they exist, it would be best to examine the K and Fe EXAFS
directly. This is possible for both elements but requires a modified
experimental approach.

Some comment should be made regarding the results for one additicnal sample
which was examined both in the present and previous series, Catalyst 4956-101.
In the oxidized case, it was concluded that the average particle size was in the
range 2-4 mm. In the fully reduced state, an EXAFS function which is inconsis-
tent with the remainder of the results is observed. The normalized Chj function
is shown in Figure 5-98. While it is apparent at larger values of k that Ru
metallic particles are present, the large derivative-like resonance at lower k
values makes it difficult to analyze these data reliably. Based on the quali-
tative amplitude of the oscillations at higher k, the average particle size
would be in the range of 2-3 mm. This is reasonably consistent with the results
found in the oxidized case. However, without the inclusion of the Tow k region
in the Fourier transform, information from higher coordination shells is
severely degraded, making a complete qualitative evaluation difficult. It
should be recalled that the EXAFS present here are the sums of at least 10
separate scans. Since each scan showed the same feature, a single bad data run

can be ruled out.




Figure 5-98. Chi Function for EXAFS Measurements on
Catalyst 4956-101
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5.2 Selection of the Most Promising Catalyst Development Approach

Twenty~four runs were conducted with alumina-supported ruthenium catalysts
having different size ruthenium particles in order to investigate ruthenium

metal agglomeration phenomenon, hydrocarbon cutoff hypothesis and to determine

ruthenium metal particle size effects in Fischer-Tropsch synthesis. Ruthenium
particle size ranges that were investigated were <2 m, <2-4 nm, 3-500 nm and -5
rm. Nine runs were conducted with ruthenium catalysts supported on Y-zeolite or
titania or alumina-titania in order to investigate support effects in Fischer-

Tropsch synthesis. These runs are individually summarized in Sections 5.2.1 and

5.2.2. An overall analysis of these data, in the following sections, are then
used for making conclusions on ruthenium metal agglomeration phenomenon, nydro-
carbon cutoff hypothesis, ruthenium particle size and support effects on

activity and selectivity in Fischer-Tropsch synthesis.

5.2.1 Performance of Al1,05-Supported Catalysts

with Different Size Ruthenium Particles

5.2.1.1 Highly Dispersed Ruthenium Catalysts with ~-1% Ru (by wt.)

5.2.1.1.1 Test at Ho:CO Feed Ratic = 0.9. 208°C at Inlet and 35 atm

Highly dispersed ruthenium Catalyst 4956-86 was tested in Run 16 at 208°C
inlet temperature, 35 atm and 65 gas hourly space velocity (GHSV) with a feed
gas having 0.9H,:1C0 (by mole) (Tables 5-18 and 5-19 and Figures 5-99 through
5-106). The catalyst initially showed only 15% CO conversion (Figure 5-100).

The space velocity was reduced to 30 GHSV after 30 hours to achieve a CO

-
-

conversion of -22%, which then gradually decreased back to ~13% by the end of
the run (at 152 hours). The H,:C0 ratio at the reactor outlet was about 0.9
during the first 60 hours, decreased to about 0.8 by 90 hours, and ther remained

the same during the rest of the run.
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Figure 5-101. Highly Dispersed Ruthenium Catalyst 4956-86 C
208°C at Inlet, 35 atm)
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Highly Dispersed Ruthenium Catalyst 4956-86 C
Selectivities in Run 16 (HZ:CO Feed Ratio = O

208°C at Inlet, 35 atm)

Figure 5-102.
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Figure 5-104. Gel Permeation Chromatography Analysis of Wax Extracted
from Catalyst 4256-86 Used in Run 16
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Figure 5-105.
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Anderson-Schulz-Flory Distribution with Highly Dispersed
Ruthenium Catalyst 4956-86 in Run 16 (Hydrocarbons +
Oxygenates) .
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Figure 5-106.
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Anderson-Schulz-Flory Distribution with Highly Dispersed
Ruthenium Catalyst 4955-86 in Run 16 (Hydrocarbons Only)
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Analysis of the CO/HZ reaction system in the appendix indicates that the
source of C02 was probably the water gas shift reaction and not the Boudouard
reaction (2C0*C02+C). Accordingly, CO, formation throughout this work was
tentatively attributed to the water gas shift reaction.

During the first 10 hours, the catalyst showed 22 to 27% carbon atom
selectivity to COZ, which later started to rapidly decrease (Figure 5-100). The
decrease of the space velocity after 30 hours brought back the selectivity to
CO, to about 35%. The selectivity to CO0, increases with an increase in the
overall conversion possibly because the water gas shift reaction occurs consecu-
tive to the hydrocarbon synthesis reaction. After 60 hours, the selectivity to
COZ started to rapidly decrease again. During the run, the CUZ selectivity
decreased much more rapidly than the C0+H2 conversion, apparently indicating
that the rate of the water gas shift reaction declined more rapidly than the
rate of the hydrocarbon synthesis reaction.

Water gas shift activity was not Previously reported for ruthenium Fischer-
Tropsch catalysts. In view of the water gas shift reaction mechanism discussed
in Section 2.2.1.4.2 these results may then suggest that part of the highly
dispersed ruthenium on v-A1,03 may be in a positive oxidation state during
Fischer-Tropsch synthesis.

The olefin to paraffin ratios gradué11y increased during the run from 0 to
1.45 at C3 and from 0.1 to 1.25 at C4 (Figure 5-103). C,-C4 products were made
with selectivities below the Anderson-Schulz-Flory prediction (Figure 5-105).

e was equal 0.832 for carbon number range C1-C25, 0.958 at C22-C100 and 0.969 at
C100-C20g (Figures 5-105 and 5-106).

At the end of the run Catalyst 4956-86 was analyzed for ruthenium, which
revealed that 43% of the ruthenium was lost from the catalyst in the 152-hour-
test, apparently in the form of ruthenium carbonyl which was detected at the
reactor outlet in the product receivers. Migration of ruthenium was also
confirmed by STEM examination of the used cataiyst, which indicated that a

significant fraction of the aiumina particles no longer contained ruthenium.



