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Fischer–Tropsch synthesis seems to develop the following two
consecutive paths: a primary process that involves the formation of
α-olefin products and a secondary process leading to the production
of branched isomers and paraffins and requiring the readsorption
of primary α-olefin products. It was already shown by Iglesia et al.
(E. Iglesia, S. C. Reyes, and R. J. Madon, J. Catal. 129, 238 (1991))
that such readsorption steps are of fundamental importance for Ru
catalysts and that they occur due to the slow diffusive removal of
α-olefins when the molecular size increases, this resulting in a long
intraparticle residence time. In the present paper α-olefins read-
sorption was enhanced by changing the metal distribution inside
the pores of a titanium silicate (ETS-10), modified by ion exchange
with alkali metal ions, used as a support for Ru-based catalysts.
c© 1997 Academic Press

1. INTRODUCTION

Many studies have already shown that primary α-olefin
products undergo secondary reactions during Fischer–
Tropsch synthesis (1–9). Especially Iglesia et al. (10–14)
described the critical role played by the readsorption of
α-olefins and, to a much lesser extent, of internal olefins in
hydrocarbon chain growth and demonstrated that these sec-
ondary reactions are crucial processes in Fischer–Tropsch
synthesis. Herington (3) first suggested that surface chains
terminate by desorption as paraffins and olefins and that
olefins usually readsorb, initiate new growing chains and
ultimately desorb again as larger hydrocarbons. These read-
sorption steps are repeated either until olefins are removed
by diffusion and convection processes or until a surface
chain terminates as unreactive paraffin (14).

In this paper ruthenium samples were prepared using as
a support a special molecular sieve containing titanium in
the framework position (ETS-10 by Engelhard (15)) and
characterized by the total absence of acidic sites. It was re-
ported (11) that the readsorption of α-olefins is enhanced as
their residence time and concentration within the catalyst
pores increase. To achieve this, the intraparticle void (cata-
lyst pores) was changed by modifying the ETS-10 commer-

cial form (mixed sodium–potassium form) by ion exchange
with alkali metal ions and thus modifying the ruthenium
distribution inside the support pores.

All the prepared samples were fully characterized and
tested by Fischer–Tropsch synthesis.

2. EXPERIMENTAL

ETS-10 titanium silicate (commercial mixed sodium–
potassium form, (Na + K)/Ti = 1.8; Si/Ti = 5.0; pore radius
rp = 4 × 10−10 m) was calcined at 773 K for 4 h. A suitable
ion-exchange form of ETS-10 was prepared by multiple ion
exchange with a NH4Cl solution (1.0 N, Fluka) at 358 K for
20 h, according to the procedures proposed by Kuznicki
(15) and then calcined at 673 K for 30 min to allow the
decomposition of ammonia and to obtain the acidic form:

ETS-NH4 → ETS-H + NH3.

The acidic form then underwent further ion exchange with
a MI Cl solution (1.0 N, Fluka; MI standing for Li, Na, K,
Rb, or Cs) according to the above procedure.

Ruthenium catalysts (all 1 wt%) were prepared by slurry
impregnation of the ion-exchanged MI-ETS-10 samples
with a solution of Ru(NO)(NO3)3 (Engelhard) in pure
ethanol, and the ethanol excess was evaporated under
vacuum.

All the samples were reduced, as suggested by Praliaud
et al. (16), in flowing H2 (FH2 = 80 ml/min) at 623 K for 4 h
and then characterized by means of XPS (M-Probe Instru-
ment, SSI), ICP-AES (Jobin Yvon JY24), and TGA anal-
yses. Ruthenium dispersion was measured by the single-
introduction-back-sorption coupled method on the basis
of irreversibly adsorbed hydrogen, as described elsewhere
(17, 18).

Reaction tests were performed in a stainless-steel tubu-
lar reactor, coated with copper, designed especially for
Fischer–Tropsch synthesis of hydrocarbons (Cn: n < 15) and
described elsewhere (19). The reaction was carried out
with a mixture of high purity CO and H2 (SIAD); the
H2/CO molar ratio of the inlet mixture was 2. The catalysts
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(always 1 g of fresh sample for each run) were tested at
548 K, 500 kPa and a space velocity (SV) of 9.0 × 10−2

mmol CO/(mmolRu · s), also expressed as a GHSV of
2160 V/(V · h) (GHSV is defined as the hourly gas space ve-
locity of the reactant flow at STP per total bed volume); the
hydrocarbon products were analyzed on line by gas chro-
matography (19) and the C4 fraction by means of GC–MSD
(Hewlett Packard HP-5890 equipped with a mass selective
detector HP-5971A, capillary column HP 1).

Since CO is the only detectable reactant, the mass bal-
ance calculation is based on carbon, presuming that the
amount entering the reactor is equal to the amount leaving
it. Therefore, the conversion is easily calculated by taking
into account the total number of unreacted CO moles mul-
tiplied by the number of moles of carbon-containing species
found at the exit.

3. RESULTS AND DISCUSSION

Characterization Results

A list of the prepared samples together with the data
obtained by the XPS measurements is reported in Table 1.
All the binding energy values were corrected taking Si2p at
103.0 eV as the internal reference. The ruthenium atoms are
always present as RuO2 species because of the reoxidation
of the metal in contact with the atmosphere during sample
mounting on the XPS sample holder. A reduction in situ of
the samples with flowing hydrogen at 623 K for 4 h leads
to the complete disappearance of the RuO2 species, leaving
only the metal Ru at 279.9 ± 0.2 eV. No particular evidence
was observed for the MI species which are present as M1+

ions (before and after the reduction treatment).
Of particular interest is the Ru 3d5/2/Ti 2p3/2 atomic ratio,

which can be considered as a measure of the penetration
of ruthenium inside the pores of the support. This ratio in-
creases with increasing radius of the exchanged alkali metal
so that, for instance, with an ion as large as Cs, the Ru/Ti
ratio becomes very high, because the active metal can pen-
etrate the pores only with great difficulty, due to the steric
hindrance of the exchanged cation.

TABLE 1

XPS Dataa for Ru/MI Catalysts

Sample Ti2p3/2 (eV) Ru3d5/2 (eV) MI (eV) Ru/Ti MI/Ti

ETS-10 459.7 — — — —
Ru/H-ETS-10 459.3 280.9 — 0.11 —
Ru/Li-ETS-10 459.6 280.7 55.3 (1s) 0.12 0.9
Ru/Na-ETS-10 459.5 280.7 1072.5 (1s) 0.16 1.3
Ru/K-ETS-10 459.3 280.9 293.3 (1s) 0.26 0.8
Ru/Rb-ETS-10 459.5 280.8 110.8 (3d5/2) 0.34 1.4
Ru/Cs-ETS-10 459.7 280.6 724.9 (3d5/2) 0.80 1.5

a All the binding energy values are referred to Si2p.

TABLE 2

Activity and Selectivity of the Samples

CO
conversion CH4 CO2 C2+ C3/C=

3 TOF
Sample (%) (%) (%) (%) (SP/PP) (s−1 × 102) DM

Ru/Li-ETS-10 2.6 53.1 3.2 43.7 1.2 0.41 0.53
Ru/Li-ETS-10a 13.4 45.4 5.4 49.2 1.5 0.71 0.53
Ru/Na-ETS-10 8.0 53.7 7.0 39.3 0.8 1.37 0.49
Ru/K-ETS-10 8.5 43.4 7.2 49.4 0.3 1.54 0.46
Ru/Rb-ETS-10 12.6 44.9 11.5 43.5 0.5 1.96 0.54
Ru/Cs-ETS-10 18.4 47.8 4.7 47.5 0.2 2.90 0.51

Note. T = 548 K; P = 500 kPa; GHSV = 2160 V/(V · h); H2/CO = 2; 1 g
of fresh sample.

a Reaction performed under the same conditions, but with GHSV =
720 V/(V · h).

TGA measurements showed the total loss of ammonia
during the thermal treatment and the stability of the sample
up to 800 K; ICP–AES analysis confirmed 1 ± 0.02 wt%
ruthenium in all the samples.

H2 chemisorption measurements provided metal disper-
sion (DM) which were similar for all samples (DM values
are reported in Table 2).

Catalytic Test Results

Activity, selectivity, and TOF of all the samples tested by
Fischer–Tropsch synthesis are reported in Table 2. TOFs
were calculated by the equation TOF = FCO × CCO/DM,
where FCO is the inlet CO flow, CCO is the CO molar con-
version, and DM is the metal dispersion.

The Ru/Li-ETS-10 sample was tested under the same
operating conditions, but at a different space velocity
(GHSV = 720 V/(V · h)) in order to increase the CO con-
version and to be able to compare the selectivity data of all
the samples at similar conversion.

It is important to emphasize that for all the samples, the
production of hydrocarbons is limited to C1–C7 fractions.
This is due to the reaction parameters and a significant “cage
effect” of ETS-10 which acts as a molecular sieve, and thus
prevents the classical Flory distribution of Fischer–Tropsch
synthesis products (20).

A slight increase in the CO conversion was observed
when the atomic radii of the exchanged cations were in-
creased; a large production of C1 species always occurred,
caused both by the operation conditions (especially the
H2/CO ratio) reported here and by the small size of the
catalyst particles which influences the χ parameter as de-
fined in Ref. (14) [χ = (R2

0φθM)/rp, where R0 is the catalyst
pellet radius, φ is the pellet porosity, θM is the density of sur-
face metal atoms, and rp is the catalyst mean pore radius].
It was shown (14) that for low and high χ values, obvi-
ously calculated by the authors for a different catalyst and
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different operating conditions, the CH4 selectivity is very
large and, in our case, a χ = 47 × 1016 m−1 corresponds to
a value found for the parameter in the high CH4 selectivity
range.

The presence of different alkali metal ions in the samples
play a role in the modification of the hydrocarbon selectiv-
ity. These alkali metal ions have different electronic effects
on ruthenium, as shown by Everson and Mulder (21) and
as suggested by Lang et al. (22) who hypothesized a direct
interaction between M1+ and the oxygen of CO. Moreover,
Ertl et al. (23) argued that electropositive atoms, such as
K, stabilize the molecular chemisorption and promote CO
dissociation.

However, to explain the modification of selectivity, the
change in residence time of the products inside the catalyst
pores, as already reported by Iglesia et al. (10–13) must
be considered. According to this hypothesis we can define
a Primary Process (PP) as a process that makes α-olefins
and a Secondary Process (SP) during which the secondary
reactions occur: the α-olefins readsorb and consequently
a higher production of β-olefins, branched paraffins and
olefins, and linear paraffins takes place (Fig. 1)

In light of this interpretation, the paraffins to olefins
(C3/C=

3 ) ratio (Fig. 2) also represents an evaluation of SP in
comparison to PP:

[SP/PP]C3 ≡ C3/C=
3 .

In the present case it is assumed that SP occurs much more
frequently on Ru/Li-ETS-10 than on Ru/Cs-ETS-10. The
Ru/Ti ratio, obtained by XPS, may offer an explanation.
This ratio, as mentioned above, can be considered as a mea-
sure of the penetration of the ruthenium atoms inside the
pores of the support; SP is enhanced when the primary
products have the possibility of readsorbing during their
back-diffusion from the catalyst pores and, therefore, when
the active metal is present even if it is within the pores. A
comparison of possible pore structures in Ru/Li-ETS-10
and Ru/Cs-ETS-10 is shown in Fig. 3: the intraparticle void
is probably modified, thus changing the kind of cation in
the framework structure, as already reported in (24). The

FIG. 1. Schematic diagram of primary and secondary process.

FIG. 2. C3 paraffins/olefins ratio for Ru 1% on M-ETS-10 (M stands
for alkali metal ions).

more the Ru/Ti ratio decreases, the more the SP/PP ratio
increases, because α-olefins residence time increases.

Taking into account the C4 hydrocarbon production, this
fraction was analyzed in detail by GC/MSD in order to iden-
tify precisely all the peaks revealed by on-line GC analysis.

Figure 4 shows two different chromatograms for Ru/Na-
ETS-10 (Fig. 4a) and Ru/Cs-ETS-10 (Fig. 4b). From the
GC/MSD analysis it was possible to assign the correspond-
ing compound to each GC peak: A for isobutene, B for
isobutane, C for 1-butene (α-olefin), D for butane, E and
E′ for 2-butene (cis and trans form, respectively).

Figure 4 is interesting because it shows that some of
the catalysts have different product distribution: generally
speaking, isoolefins (peak A) and β-olefins (peaks E and
E′) are not always present, while isoparaffins (peak B) and
α-olefin (peak C) are always detected.

FIG. 3. Pore structure in the presence of Li or Cs atoms.
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FIG. 4. GC peak of the C4 hydrocarbon fraction: A, isobutene; B,
isobutane; C, 1-butene (α-olefin); D, butane; E and E′, 2-butene (cis and
trans forms, respectively).

Based on these results a more precise SP/PP ratio was
calculated:

[SP/PP]C4 ≡ (A + B + D + E + E′)/C.

FIG. 5. C4 paraffins/olefins ratio and SP/PP ratio for Ru 1% on M-ETS-10 (M stands for alkali metal ions). Data shown in Table 3.

TABLE 3

Production of Hydrocarbons in the C4 Fraction

α-Olefin β-Olefin Isocompound Paraffins
(%) (%) (%) (%)

Sample SP/PP (PP) (SP) (SP) (SP)

Ru/Li-ETS-10 3.8 20 18 40 19
Ru/Li-ETS-10a 4.0 20 21 39 20
Ru/Na-ETS-10 3.7 19 7 52 11
Ru/K-ETS-10 3.4 23 25 33 19
Ru/Rb-ETS-10 2.4 29 24 20 27
Ru/Cs-ETS-10 1.9 33 30 4 33

a Reaction performed under the same conditions, but with GHSV =
720 V/(V · h).

Table 3 lists all the data for the C4 fraction.
The experimental results (see also Fig. 5) highlighted a

net decrease both in the paraffins/olefins ratio and in the
SP/PP ratio, as already observed for the C3 fraction.

Finally, there are very different TOF values for CO hy-
drogenation (reported in Table 2). This fact suggests that
the increase in the activity may be caused by electronic ef-
fects due to the different textural alkali metals and/or by
the different distribution of noble metals in the support
pores, while the dispersion was practically constant on all
the samples. In fact, the presence of active metal at dif-
ferent depths in the pores may severely limit CO trans-
port and thus cause a generally low TOF, as reported by
Iglesia et al. (see Ref. 14, Table VII, p. 289) who compared
two totally different cobalt catalysts: an-egg-shell pellet
(comparable to Ru/Cs-ETS-10 sample) and an even large
pellet (comparable to Ru/Li-ETS-10 sample). The egg-shell
catalyst showed a higher TOF value than the penetrated
one.
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4. CONCLUSIONS

The experimental results presented in this work confirm
that α-olefin readsorption is an important aspect of Fischer–
Tropsch synthesis and that this phenomenon can be en-
hanced by modifying the pore structure of the support. In
the present case, a molecular sieve containing titanium in
the framework position and characterized by the absence of
acidic sites was exchanged with different alkali metal ions in
order to modify the intraparticle void. Therefore, the active
metal, introduced by impregnation, was distributed on the
support surface in different ways: when the atomic radius
is low, as for the lithium ion, ruthenium can penetrate the
deep part of the pore, while the noble metal must remain
at the pore entrance when the atomic radius is large, as for
the cesium ion. These two extremes result in two different
reaction path ways: in the first case, the primary products
(α-olefins) can readsorb during their diffusion out of the
pore, thus leading to an increase in the number of secondary
products; in the latter case, however, α-olefins do not have
as many sites on which to readsorb, and the main products
come from PP.
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