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Re—Co/NaY and Re—Co/Al,O5 bimetallic catalysts: in situ EXAFS
study and catalytic activity
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To reveal possible relations between the structure and catalytic activity, in situ EXAFS and catalytic studies complemented with XRD,
XPS, and TPR measurements have been performed on the promotion of cobalt catalysts by rhenium prepared by the incipient-wetness
technique on Al,O3 and NaY zeolite.

In situ EXAFS data collected at the Co K-edge and at the Re Ly;;-edge provided direct evidence of the rhenium—cobalt bond formation.
The degree of reducibility depends on the support. There are two structural features, that is, on Re—Co/NaY nearly all rhenium atoms
are in contact with Co atoms, whereas the cobalt atoms are surrounded by cobalt atoms in the first coordination sphere. In the case of
Re—Co/Al,O3 samples the rhenium in oxide form may prevent the development of the “cobalt surface phase” (CSP), which is hardly
reducible.

The rate, « value and olefin/paraffin ratio showing special features in the CO hydrogenation and CH,4 conversion to higher hydrocarbons
are in line with the structural architecture of the catalysts. Despite the difference in the degree of reducibility, the various activity of Re—Co/
NaY and Re—Co/Al,0; may be interpreted by the formation of mixed oxide on alumina preventing the deactivation and agglomeration of
small metal particles. Furthermore, the rhenium promotes cobalt activity and the selective formation of higher hydrocarbon. In the
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mechanism the rhenium also prevents fast deactivation of cobalt.

KEY WORDS: in situ EXAFS study; NaY- and Al,Os3-supported Re—Co; CO hydrogenation; CH,4 conversion.

1. Introduction

The Fischer—Tropsch synthesis offers an attractive
route for the production of high-molecular-weight
hydrocarbons. One of the most efficient catalysts consists
of nanometer-scale metallic Co-based particles deposited
in a zeolite supercage [1]. In order to improve cobalt
catalytic activity, a second metal is generally added.
The influence of the addition of small amounts of other
elements such as Gd [2], Zr [3], Ru [4], Pt and Pd to
supported cobalt catalysts has been investigated, and
also the influence of sol/gel [5] and co-impregnation
technique [6] preparation procedures. To explain the
effect of the second metal, the existence of a bimetallic
cluster is often suggested [6].

Rhenium has been used as a basic additive to Pt/Al,O;.
The major effect of rhenium in the hydrocarbon reforming
technology is to decrease the pressure and temperature
during the operation conditions. Simultaneously, deacti-
vation of the reforming catalyst is retarded, thereby
elongating the operation time and the catalyst lifetime.
Starting from this idea we studied the effect of rhenium
on the catalytic activity and selectivity of Fe/Cab-O-Sil
in CO hydrogenation. Addition of 10at% rhenium
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to iron (total metal loading is 1wt%) increased the
catalytic activity by a 1.5 order of magnitude and affected
the olefin selectivity, but in a minor way (it dropped from
90to 85%) [7,8]. The major effect of rhenium observed was
to prevent agglomeration of the small iron particles,
measured by Mossbauer spectroscopy. The strong inter-
action of rhenium oxide hampered migration of the
small iron particles to form a-iron, thus preventing the for-
mation of the non-active y-carbide species. Later, a paper
was published using molecular transition metal carbonyl
clusters in which a similar effect was discovered [9].

Promotion of rhenium on cobalt catalysts prepared by
various methods has been investigated in CO hydrogena-
tion [10]. The Co/NaY and Co/SiO, samples including
10at% rhenium prepared by ion exchange and the
sol/gel technique, respectively, were tested. Samples
pretreated in various ways revealed an approximately
fivefold increase in activity and an increase in the chain
length in the NaY-supported sample, while the activity
and selectivity changed in various ways in the sol/gel-
prepared samples. According to the suggested mechan-
ism, rhenium prevented fast deactivation of cobalt.

In the present paper we wish to provide direct
evidence of the formation of heterometallic Co—Re
bonds using the in situ X-ray absorption technique at
the Co K-edge and at the Re Ljj-edge. The X-ray
absorption spectroscopy either at high [11,12] or at low
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energy [13] represents a powerful tool for accessing such
information. More precisely, this spectroscopy could be
combined with other synchrotron radiation-related tech-
niques such as anomalous wide-angle X-ray scattering
(AWAXS) [14], which gives clear structural evidence of
the presence of heterometallic bonds, even if metal parti-
cles are present in nanometer size [15,16]. We wish to
address two problems: first, how the rhenium helps
reduction of cobalt ionic species, and second, the role
of the support in this process. Based upon these results
we wish to elucidate a correlation between the structure
of the catalysts and the activity/selectivity revealed in
the CO hydrogenation and in the non-oxidative CHy,
conversion to higher hydrocarbons.

2. Experimental
2.1. Catalyst preparation

The samples were prepared by incipient-wetness
impregnation over NaY and Al,O; using Co(NO3);-6H,O
and ReCl; aqueous solution, adding rhenium first, then
cobalt during the preparation procedure. The total metal
loading was 10wt% and the bimetallic samples
contained 10at% Re. Composition of the catalysts is,
for Re-Co/Al,O3, Re: 240 umolg ™', Co: 1064 yumolg ™',
and for Re—Co/NaY, Re: 258umolg™! and Co:
1110 gmol g ' measured by X-ray flourescence.

2.2. X-ray absorption spectroscopy

In situ X-ray absorption experiments were performed
at LURE (Orsay, France), using the DCI storage ring
operated with an electron energy of 1.85GeV and a
current between 260 and 360 mA. Data for both Co
K-edge (at 7709eV) and for Re Lyj-edge (10534¢V)

0,15

were collected from the beam line placed behind a
bending magnet equipped with an Si(111) double crystal
monochromator and a boron-silicate double mirror for
rejection of harmonics. Ionization chambers filled with
air to absorb 20% of the X-ray beam in the first ion
chamber and 80% of the X-ray beam in the second ion
chamber were used for the measurements in transmission
mode. At the Co K-edge (at the Re Lj-edge), the
estimated energy resolution of the monochromator was
approximately 3eV. The energy/angle calibration was
performed using either a Pt foil (thickness 7.5 um) or a
cobalt foil (thickness 7.5 um) as reference.

After sieving, the particles in the 100—200 ym size
range were loaded into a sample holder and placed in a
special furnace for in situ treatment with entrance and
exit windows made of bor-nitride that is transparent to
the X-ray beam [17]. Normalized EXAFS spectra were
isolated from the experimental data using standard pro-
cedures [18]. Data analysis on EXAFS and X-ray
absorption near edge structure (XANES) was performed
with the use of the “EXAFS pour le Mac” package [19].
Fourier transforms (FT) of the K -weighted EXAFS
functions were obtained using a Kaiser-type window
ranging from 3.0 to 12.0 Al beyond the Co K-edge or
the Re Lyjj-edge, and calculated without a phase correc-
tion. The inverse Fourier transforms (filtered EXAFS)
were then obtained in the range between 1.57 and
2.77A for Co and between 1.48 and 3.30A for Re.
Metallic cobalt foil was employed as reference for the
Co—Co bond characterization [20]. The amplitude and
phase associated with Re—Co bonds were evaluated by
FeFF 7 [21]. A two-shell least-squares fitting procedure
(in k space) using the single scattering EXAFS formula-
tion was applied to calculate the co-ordination number
(N), distance (R), and Debye—Waller factor (Ao).
Figures 1 and 2 show the quality of fittings obtained
on k and R space for the Re—Co/NaY sample at the
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Figure 1. Quality of fitness obtained on the k space for Re—Co/NaY at the Re Ljj-edge.
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Figure 2. Quality of fitness obtained in the R space for one of the catalysts
at the Re Lyjjj-edge.

Re Ljjj-edge. Note that this numerical simulation
corresponds to a typical residual equal to 1072, An
equivalent value has been obtained for each numerical
simulation.

For all simulations the edge shift AE was maintained
at a value less than 4 eV [22]. The uncertainty in the coor-
dination numbers (AN) evaluated from the EXAFS data
is usually less than 20% in the most desirable case, for
which the least-squares fitting involves only a single
coordination shell which is well resolved from its neigh-
boring shells. Following the report of the international
workshop on standards and criteria in XAS [23], the
error bars on fitted parameters can be estimated by
using standard statistical procedures [24]. This procedure
indicates an uncertainty for AN, which is <1, and more
important than the one determined from the data mean
standard deviation in x(k) using the statexafs code
[25]. In fact, we prefer here to validate the EXAFS ana-
lysis through high-resolution electron microscopy. This
technique was performed on each sample and small
metallic clusters were found. This result justifies the
EXAFS data analysis procedure. The ultimate goal of
the paper is to give structural evidence for the presence
or absence of Re—Co bonds and hence obtain a clear
chemical description of the system.

2.3. Temperature-programmed reduction, X-ray
diffraction, X-ray photoelectron spectroscopy, and
catalytic reaction

The samples were characterized by temperature-
programmed reduction (TPR) in a flow system using

1vol% hydrogen/argon mixture with a 10°Cmin~!

ramp rate with a flow rate of 30 cm® min~".

The X-ray powder diffraction measurements were
carried out on a Philips PW1050 goniometer in vertical
Bragg—Brentano geometry with a pyrographite mono-
chromator in the scattered beam and a proportional
detector using Cu K, radiation, A = 1.541862 A, an X-
ray tube powered by a 3kW PWI1830 generator. The
measured files with the collected rough data were
evaluated by XDB phase analytical software [26].

X-ray photoelectron spectroscopy (XPS) was a tool to
characterize the ‘““as received,” calcined and reduced
samples using an in situ catalytic reactor attached to an
XSAM-800cpi photoelectron spectrometer manufac-
tured by KRATOS. An Al K, characteristic X-ray line
was applied using 80eV pass energy to measure the
cobalt and rhenium spectra. Using a better instrumental
resolution resulted in a drastic loss in intensity without
significant improvement in spectrum quality. In calcula-
tions the Si 2p and Al 2p at 103.3 and 74.4¢V, respec-
tively, were used for reference in the binding energy
scale. Sensitivity factors given by the manufacturer
were used in the calculations of surface composition.
Peak shapes of Co’ and Co*" were obtained by
measuring reference samples of metallic cobalt and
Co0,05 under the same conditions as the catalysts were
measured. These peak shapes and positions were used
in the fitting of the Co 2p peak in the catalysts using
the XPSPEAK Version 4.1 program.

The CO hydrogenation was carried out in a plug flow
reactor working in differential regime in the temperature
range 164-253°C. The Al,O3- and NaY-supported
bimetallic samples were treated in oxygen at 300 °C for
1h and in He, respectively, followed by reduction at
400 °C for 2 h. The methane conversion was investigated
in a flow system [27]. Generally, 100 mg catalyst was
placed into the reactor and one 0.5 cm’ (22.3 ul) methane
pulse was introduced into the system into a stream of
helium with a total flow rate of 100 cm® min~" at various
temperatures. The reaction products were collected in a
trap at liquid nitrogen temperature and after warming
up they were analyzed. After having the samples
analyzed, the catalyst was heated in a stream of
hydrogen/helium mixture to 400°C and then at this
temperature the sample was hydrogenated for 1h and
the products were again collected in a cold trap and
were analyzed as previously. The unconverted methane
was not trapped at liquid nitrogen temperature because
no zeolite filling was used.

The products of both reactions were analyzed by
means of a CHROMPACK CP 9002 gas chromatograph
using a 50 m long plot fused silica column (0.53 mm i.d.)
with a stationary phase of CP—Al,0;/KCI with a tem-
perature-programmed mode. The rate of CO hydrogena-
tion was measured using 100 mg catalyst at 15cm® min ™!
flow rate, and was calculated in pmols ' g.!. The
methane conversion was characterized by the amount
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of C,, products in pmoles (in methane equivalents)
related to the amount of catalyst, or the rate was calcu-
lated in pmol s 'g.l by calculating the contact time
from the flow rate and the volume of the methane
pulse. Selectivity was calculated by (C;/C,, ) x 100 from
i=1-8.

3. Results
3.1. XRD measurements

The XRD results on the Re—Co/NaY and Re—Co/
Al,O3 samples reduced at 400 °C for 2 h are reported in
figure 3. The top, middle and the bottom curves represent
the Re—Co/NaY, pure NaY and Re—Co/Al,O5 samples,
respectively, after treatment first with He (Re—Co/NaY)
or O, (Re—Co/Al,05) followed by reduction in H,. The
XRD curves for the NaY and Re—Co/NaY samples are
identical except for the two lines indicated by asterisks,
but these cannot be assigned either to cobalt or to
rhenium. The peaks at low Miller indices cannot be
seen at all, which indicates the absence of larger crystal-
lites of cobalt and rhenium. Even in the case of bimetallic
particles the large-size particles should be under the
detection limit, which amounts to about 1%. Similar
results are observed for the Re—Co/Al,O; sample

because the peaks are characteristic of ~-alumina
except for the two lines designated by asterisks. We con-
clude that small metallic particles exist on both samples
and the amount of larger particles is less than 1%.

3.2. Temperature-programmed reduction

Temperature-programmed reduction on the Re—Co/
NaY and Re—Co/Al,O; samples is shown in figure 4.
In the Re—Co samples prepared by the incipient-wetness
technique, a significant reducibility is experienced, much
higher than in the case of the same catalysts produced by
the sol/gel technique (Re—Co/SiO, (SG)) or by ion
exchange (Re—Co/NaY (IE)) (35 and 5%, respectively)
[28]. The hydrogen uptakes for the Re—Co/Al,O3 and
Re—Co/NaY samples are 822 and 1470 pmol gfl, respec-
tively. Since on the basis of hydrogen uptake one cannot
distinguish between the reducibility of cobalt and rhe-
nium, XPS data are required (see later). Obviously, the
high-temperature shift of the TPR peak measured on
the Re—Co/Al,O5 sample is indicative of the effect of
rhenium facilitating cobalt reduction. This is shown by
a comparison of the TPR curve for Co/Al,O3 in figure
4, similar to earlier results carried out on Co/Al,O3, in
which the peak temperatures are at 395 and 600 °C
[29]. We suggest that the peak at 490 °C corresponds to
the Re—Co bimetallic phase, while the peak at 360 °C
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Figure 3. XRD results on Re—Co/NaY sample (top curve), pure NaY zeolite (middle curve) and Re—Co/Al,O3 sample (bottom curve) after reduction at
400°C for 2 h.
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Figure 4. Temperature-programmed reduction of Re—Co/NaY and Re—Co/Al,O; samples after calcination at 300 °C for 1 h.

can be assigned to partial reduction of rhenium which is
not interacting with cobalt [7]. However, the data are
rather conflicting for the Co/NaY and Re—Co/NaY.
The degree of reduction in the latter species is higher
than that for Re—Co/Al,O3, but it requires somewhat
higher temperature. The Co/NaY reduction characteris-
tics depend on the metal loading, because at smaller
metal content the TPR temperatures were 520 and
580 °C [30]. It seems plausible to assume that rhenium
ionic species is the first impregnating component,
spread out at the zeolite surface, thus preventing the
formation of large Co-oxide particles that can be reduced
easier.

3.3. In situ EXAFS measurements during reduction

In the in situ cell the sample was first calcined under
air at 300°C for 1h. After having been flashed by N,,
reduction was carried out under H, at 400 °C for 2h.
Then, the data collection was performed at room tem-
perature under H, (denoted by A). Sample A was then
reoxidized again at 300 °C for 1h, and the spectra were
collected (denoted by B). Finally, the sample re-reduced
in situ in H, at 400 °C for 2 h (denoted by C). All samples
were treated in this way for XAF measurement.

3.3.1. Re—Co/NaY bimetallic samples

The spectrum was recorded for the Re-Co/NaY
sample at the Co K-edge and was taken after reduction.
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Figure 5. XANES collected at the Co K-edge for the Re—Co/NaY catalyst
after the in situ reduction (A), after in situ air treatment (B) and a second
reduction (C) compared to the Co metallic foil (D).
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Figure 6. EXAFS data collected at the Co K-edge for the Re—Co/NaY
catalyst after the in situ reduction (A), after in situ air treatment (B) and a
second reduction (C) compared to the Co metallic foil (D).

Figure 5 shows the XANES part of the absorption spec-
trum, which is similar to that of the cobalt foil. A com-
parison among the EXAFS part of the absorption
spectrum (figure 6(A)), the FT module associated with
the Co K-edge of the sample (figure 7(A)) and that of
metallic cobalt foil (figures 6 and 7) clearly indicates

Co K edge

Co foil

Fourier Transform (A™)

R(A)

Figure 7. Fourier transform collected at the Co K-edge for the Re—Co/NaY
catalyst after the in situ reduction (A), after in situ air treatment (B) and a
second reduction (C) compared to the Co metallic foil (D).
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Table 1
EXAFS analysis performed at the Co K-edge of the Re—Co/NaY sample.

Sample NCO—CO RCO—CO AJCO—CO AECO—CO
A 9.0 2.49 0.00 2.1
B 8.0 2.50 0.00 2.1
C 7.9 2.50 0.00 0.1

that the local environment of Co atoms essentially con-
sists of Co atoms. Co—Re bonds do not seem to be
present inside the sample, as confirmed by the numerical
simulations (table 1).

A similar approach was carried out at the Re Lyj-
edge. The nearest neighbors of the rhenium determined
after a numerical simulation of the EXAFS oscillations
(EXAEFS as well as the modules of the FT modules are
shown in figures 8 and 9) are given in table 2. From
these results we may conclude that most of the Re
atoms are associated with metallic cobalt.

3.3.2. Re—Co/Al, O3 bimetallic samples

In figure 10 the FT module on the Co K-edge
measured on the Re—Co/Al,O5 sample is shown. The
result clearly indicates that in the first coordination
sphere Co atoms surround the cobalt atoms. The calcu-
lation shows that N, ¢, is equal to 8. Rcy.co = 2.49 A,
Ao =0.03, AE = 1.3. In figure 11 the quality of fitting
on the Re Ljjj-edge as a function of k [A ' measured
on the Re metal and Re—Co/Al,O5 sample (solid and
dotted lines, respectively) is presented. In figure 12 a
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Figure 8. EXAFS collected at the Re Ljjj-edge for the Re—Co/NaY catalyst
after the in situ reduction (A), after in situ air treatment (B) and a second
reduction (C).
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Figure 9. Fourier transform at the Re Ljj-edge for the Re—Co/NaY
catalyst after the in situ reduction (A), after in situ air treatment (B) and a
second reduction (C) compared to the FeFF7 numerical simulations of
Re—Co and Re—Re bonds.

comparison is given between the FT performed on
Re-Co/Al,O; and Re—Co/NaY samples (dotted and
solid lines, respectively). A large difference can be
observed between the two samples. While the rhenium
in the NaY-supported sample is totally reduced, in the
Re—Co/Al,O; sample a part of the rhenium interacts
with the alumina support and remains in the oxidized
state. The measured coordination numbers and distances
arc NRe—Re = 27, NRe—Co = 4 (RRe-Co = 25 A) and
Nieo = 0.6 (Rreo = 2.02 A).

3.4. XPS measurements

XRD already indicated that both in the Al,O5; and
zeolite samples only nanosize particles are present. In
table 3 the XPS data measured under in situ conditions
on the as-prepared, calcined and reduced samples are
presented, and figures 13 and 14 shows the Co 2p and
the Re 4f spectra on the reduced samples. From the
XPS measurements we know that Re(IIl) in the as-
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Figure 10. Fourier transform collected at the Co K-edge for the Re-Co/
Al,O; catalyst after the in situ reduction.
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Figure 11. Quality of fitness obtained on the k space for the Re—Co/Al,0O4
sample at the Re Ly-edge.

prepared state is oxidized to Re(VI) with a simultaneous
increase of the rhenium surface concentration. However,
after reduction Re(VI) is reduced to Re(0) on NaY while
on Al,O3 0.25 part of Re(VI) is reduced to Re(0) and
0.75 part to Re(IV). The degree of reduction of cobalt

Table 2
EXAFS analysis performed at the Re Lyj-edge of the Re—Co/NaY sample.

Sample NRC-RC RRc-Rc Aa’Rc-Rc AE NRc-Co RRc-Co AO'Rc-Co AE (CV)
A 3.8 2.690 0.02 5.57 4.0 2.52 0.01 0.2
B 4.2 2.695 0.03 5.90 3.8 2.52 0.00 1.6
C 3.9 2.690 0.03 6.24 3.7 2.51 0.01 1.4
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Figure 12. Comparison of the Fourier transform at the Re Ljjj-edge between the Re—Co/NaY (solid lines from figure 9) and the Re—Co/Al,O; catalysts
(dotted line) after the in situ reduction (A).

calculated by the Co”/(Co’ + Co™") ratio is 0.72 +0.09
and 0.80 £0.1 for the Re—Co/Al,03; and Re—Co/NaY
samples, respectively. Furthermore, the rhenium is
enriched on the surface of both supports after oxidation
to some extent. Its amount decreases after reduction and
the Co/Re ratio increases, while on Al,O5 both ratios are
more or less unchanged.

Considering the hydrogen uptake in the TPR mea-
surements we cannot even roughly estimate the amount
of hydrogen used separately for the reduction of cobalt
and rhenium (table 4). XPS gives an estimated value
for the degree of reduction (column 5 in table 4) and if
we used this value the degree of reduction is going to
be smaller based upon the TPR data. From both
EXAFS and XPS it is unambiguously established that
Re is fully reduced on Re—Co/NaY while the reduction
is smaller on Re—Co/Al,O5. It is, therefore, not irra-

tional to assume that in the Re—Co/NaY sample the
overwhelming part of the rhenium is in metallic form
and in contact with cobalt as bimetallic particles. On
the other hand, in the Re—Co/Al,0O3; sample a large
part of the rhenium and cobalt is in the form of a
mixed oxide interacting with alumina. Consequently,
the metallic nanoparticles are stabilized by the oxide
phase.

3.5. Catalytic reaction

In figure 15 the rates of the CO hydrogenation
measured on Re—Co/Al,03 and Re—Co/NaY samples at
10 bar pressures and at various temperatures (top and
bottom curves, respectively), along with the selectivity of
C,, C,—C,4 and Cs, species, are plotted. Two prevailing
features can be observed. First, with increasing pressure

Table 3

Effect of treatments on surface

composition determined by XPS.

Catalyst Treatment Co 2ps» (BEfeV)  Redf;, (BE/eV)  Re/Co  Co/(Si+Al)  Co’/uCo  Re’/SRe
Co’ Co,, Re’ Re,,

Re-Co/NaY As-received - 782.6 - 46.4 0.057 0.13 - -
Air 350°C - 780.6 - 458 0.049 1.00 - -
+H, 450°C 7717 779.7 40.2 - 0.027 0.70 0.80 1.00

ReCo/Al,04 As-received - 781.5 - 46.2 0.050 0.16 - -
Air 350°C - 780.9 - 46.1 0.071 0.28 - -
+H, 450°C 777.8 779.9 40.6 43.5 0.081 0.12 0.73 0.27
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Figure 13. XPS spectra of Co 2p3/, for Re-Co/NaY (curve a) and Re-Co/Al,O5 (curve b) samples.

Intensity/ Counts

Re'" Re’

r

6+
Re

o

ALO

a)

b)

T 1 T 1 1 T T 1 ™1
56 54 52 50 48 46 44 42 40 38

Binding Energy /eV

36

Figure 14. XPS spectra of Re 4f;; for Re-Co/NaY (curve a) and Re-Co/Al,0O5 (curve b) samples.

Table 4
TPR and XPS data for calculating reducibility of cobalt and rhenium.

Sample Amount of H, uptake Amount of H, uptake Degree of total Degree of Co reduction Degree of Re reduction
(calculated in pmol/g)® (by TPR in pmol/g) reduction (TPR) (Co®/xCo) by XPS (Re’/LRe) by XPS

Co/AL, O3 2949 1094 0.38 - -

Co/NaY 2949 2150 0.74 - -

Re—Co/Al, 04 2316 822 0.35 0.72 0.27

Re—Co/NaY 2439 1470 0.60 0.80 1.00

# 1 mol Re-3mol H,, 1 mol Co—1.5mol H,.
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Figure 15. Selectivity and conversion versus temperature over Re—Co/Al,O; catalyst (a) and Re—Co/NaY catalyst (b) at 10 bar pressures. Symbols: ll CHy,

Cy-Cy,

the Cs selectivity significantly increases (not shown in
figure 15) and second, the rates are also enhanced. In
the low-temperature range the Re—Co/Al,O3 sample is
more active than the Re—Co/NaY. This is partly due to
retardation of the deactivation processes, as not only is
the amount of reduced cobalt in the Re—Co/Al,O4
system smaller than in Re—Co/NaY, but the structure is
also different. This has been found also in the Re—Fe

12

Cs..

system [7]. In figure 16 the olefin/paraffin ratios are
plotted for both Re—Co/Al,05 and Re—Co/NaY catalysts
measured at 218 °C. With increasing pressure the olefin/
paraffin ratio drops, indicating the dominance of the
hydrogenation steps. However, in the temperature range
in which the reaction was performed, the selectivity
values do not significantly change. At 1 bar pressure
with increasing temperature the methane selectivity

n/Cq

C

4 5 6

number of carbon atoms

Figure 16. C27/C; ratio measured at 218 °C. Symbols: Re—Co/NaY at 1 bar [ and at 10 bar B; Re—Co/Al,O5 at 1 bar O and at 10 bar @.
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Table 5
Rates, energy of activation, a and Cﬁ’ /C,, in the CO hydrogenation over various samples at 236 °C at 10 bar pressure.

Samples Treatment Rate Eut @ cx/c;
(mol gzt s™h) (kcalmol™")
Re-Co/Al,0;4 0,/300°C/1h 7.9%107¢ 33.0 0.83 1.10
+H,/400°C/2h 1.5 x 10762 - - n.a.
Re—Co/NaY 0,/300°C/1h 57 %1077° 32.3 0.97 2.78
+H,/400°C/2h 14x107¢ - - 2.19

# Measured at 1 bar pressure.

Table 6
Products, selectivity and yield in two-step methane conversion to higher
hydrocarbons on supported Re—Co catalysts.

Sample Products S nethane Scoy C,, yield
(pmol/g) (%) (%) (%)

Re-Co/ALO; 1.78 26.4 73.6 0.57

Re—Co/NaY 0.52 38.2 61.8 0.14

Pulse mode: step 1: CH4 activation 250 °C, 100 ml/min, 0.5ml (23umol)
CH, pulse; step 2: CH,, hydrogenation; 250 °C, 100 ml/min H,, 10 min.

dramatically increases. In table 5 the performances of the
various catalysts are compared. As was mentioned, the
Re—Co/Al,O;3 sample is the most active catalyst, but
the Re—Co/NaY is better for higher hydrocarbon
production. In addition, the latter sample produces the
highest olefin/paraffin ratio among the products.

The data for the methane non-oxidative conversion
to higher hydrocarbons are presented in table 6. The
Re—Co/Al,O5 catalyst also seems to be more active,
but here the C,, products are higher than on the
zeolite-supported catalyst.

4. Discussion

The effect of rhenium has extensively been studied on
cobalt-based Fischer—Tropsch (FT) catalysts [31].
Among the new “‘gas-to-liquid” technologies the ““Shell
Middle Distillate” technology [32] and the cobalt-based
high efficiency Exxon process are worth mentioning
[33]. Earlier results have shown that the structure and
performance of the Re—Co system strongly depends on
the way of preparation. The samples prepared on SiO,
by the sol/gel technique (Re—Co/SG) or by ion exchange
in NaY zeolite Re—Co/NaY (IE) in most cases resulted in
the bimetallic nanoparticles [10]. The presence of rhe-
nium measured by XPS is more “‘visible” in Re—Co/SG
than in Re—Co/NaY (IE) catalyst. Although the metal
dispersion is high on the Re—Co/SG sample, rhenium
is located at the surface in the vicinity of cobalt and
XRD shows amorphous Co—Re particles in agreement
with  TEM measurements which illustrate a highly
dispersed metallic cobalt and bimetallic particles
(EDX), the average diameter of the metal particles

being about 2nm [34]. On the other hand, the Re—Co/
NaY (IM) sample behaves in a different way. XRF indi-
cates that rhenium is present in the sample, but it is not
detectable in a measurable quantity at the surface. This
is likely because the Re*" ions first exchanged in NaY
are mostly covered by the Co®" ions used in the sub-
sequent ion-exchange process. However, its effect is still
noticeable as the rate of CO hydrogenation increased by
addition of rhenium to cobalt, and the methane, C,—C,
and the Cs, fractions decreased and increased, respec-
tively. This is why rhenium, similar to other bimetallic sys-
tems [7,8,35,36], makes the catalyst more stable against
deactivation and increases the catalytic activity.

4.1. Structural modifications induced by rhenium

Generally, from the structural point of view the
promoting effects of the Re addition is as follows. (i)
Rhenium prevents cobalt agglomeration. Such an effect
has been emphasized in the case of Co/Nb,Os, similarly
to what was observed in the case of iron [7,8]. (ii)
Rhenium increases cobalt oxide dispersion during cata-
lyst preparation and promotes the reduction of cobalt
oxide to the active metal phase [37]. (iii)) It makes the
catalyst more stable against deactivation and increases
the catalytic activity [7,8,38,39].

In the present work these effects can be clearly
visualized. There are characteristic differences between
the Re—Co system prepared by the incipient-wetness
method and those produced by the sol/gel method or
by ion exchange. In situ EXAFS experiments provided
more information, (i) on the formation of bimetallic
clusters, (i) on the genesis of very small nanometer-
scale metallic particles, and (iii) on the decrease of the
reduction temperature of the cobalt species.

4.1.1. Re—Co bimetallic nanoparticles

The key issue of the structural study is the in situ
EXAFS experiments (measured sequentially on the same
sample) on the Re—Co/NaY and Re—Co/Al,O; samples
at the Co K-edge and the Re Ljj-edge on the very same
sample. At the Re Ljj-edge, the data analysis unambigu-
ously proved the presence of the Re—Re and Re—Co
bonds. However, at the Co K-edge only Co—Co bonds
were observed. This is due to the value of the atomic
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ratio between the two metals, which is equal to 1/9.
Following the simple relationship between coordination
number and atomic concentration,

CRe X NRefCo = CCo X NCofRea

the value calculated for Ng.c, is too weak to be
measured by EXAFS.

In fact, the complete set of data, i.e., the presence of
Co—Co, Re-Co and Re—Re interatomic distances,
clearly indicates that at least two families of nano-
particles exist inside the catalyst. The first consists of
Re—Co bimetallic particles and the second is mono-
metallic Co clusters. Since EXAFS is not a phase-
sensitive technique, the presence of Re—Re intermetallic
bonds may result from the presence of Re—Co bimetallic
nanoparticles or from the presence of Re mono-metallic
nanoparticles.

4.1.2. The genesis of very small nanometer-scale metallic
particles

We estimated the size of the different nanoparticles of
the monometallic Co clusters assuming hep clusters of
spherical morphology. A value of the coordination
number between 8 and 9 leads to nanoparticles with a
diameter between 1 and 2 nm, respectively. Also, if we
consider the signal originating from the upper shell in
the FT modules, the particles clearly have an hcp net-
work. If we consider the structural parameters obtained
at the Re Lj-edge, it seems that the diameter of the
bimetallic clusters is close also to the values of 1-2nm.
As pointed out in previous work, it is not possible to
calculate the distribution of the two metals inside the
bimetallic nanoparticles [15]. Note also that the presence
of monometallic Re nanoparticles may affects the size
determination.

4.1.3. The decrease of the reduction temperature of the
cobalt species

We have evidence that the rhenium promotes cobalt
reduction when the metals are in close vicinity to each
other, as in Re—Co/Al,0; and Re—Co/SiO, prepared
by the sol/gel method. Also a high degree of reduction
is observed for the Re—Co/NaY sample (80% consider-
ing both for Co and Re), whereas the ion-exchanged
Re—Co/NaY sample reveals only a small degree of
reduction (5%) [10]. That is, if both Re and Co ions
are located at the external part of the zeolite and they
are in close proximity to each other, the reduction is
similar to that observed over both the sol/gel-prepared
and the alumina-supported bimetallic samples.

However, a discussion is necessary to explain why Re
is not fully reduced on the alumina-supported sample
and why the degree of reduction is larger on Re—Co/
NaY than on Re—-Co/Al,O3. In order to understand
this phenomenon, we pointed out earlier [8] that an inter-
action exists between rhenium oxide and other oxide

phases, in the present case, alumina. By this interaction
the surface sites of alumina are occupied and in strong
interaction with rhenium oxide, thus the rhenium reduc-
tion is hampered. Consequently, not only migration of
the cobalt nanoparticles along the surface is retarded,
but the strong cobalt—alumina interaction resulting in
the formation of a ““cobalt surface phase’ (CSP) is also
diminished [40]. The latter species forms a monolayer
and its reduction requires high temperature. If these
bonding sites are already occupied by rhenium oxide
the cobalt can more easily be reduced in the presence
of rhenium. Nevertheless, the rhenium oxide layer
stabilizes small cobalt nanoparticles as was indicated
above for the Re—Fe/Cab—O-Sil sample. This is only
in line with TiO,-supported Co—Re catalyst on which
the formation and stability of highly dispersed cobalt
oxide phase was observed [37]. On the other hand,
when rhenium oxide is present only in a small quantity,
such as for Re—Co/NaY, not only can rhenium be fully
reduced, but also the degree of reduction of cobalt is
higher. As was shown also by EXAFS, no signal charac-
teristic of Re—O bonds can be observed.

Hilman et al. [41] suggested a somewhat different
mechanism using temperature-programmed reduction,
namely, reduction of the Co;0, species takes place by
hydrogen spillover. The authors also reported that
cobalt diffuses into the support during the TPR and
not during calcination. Our earlier results were sup-
ported by the results of Davis er al., who studied the
reduction of Co/Al,O; by TPR [42,43]. These authors
found two peaks at 352 and 585 °C, similar to our results.
By adding Re to the system in the amount of 0.2, 0.5, and
1.0% the major high-temperature peak shifted to 440,
422, and 376 °C, respectively. We also observed a similar
shift, but still a significant amount of cobalt remained in
non-alloyed status.

Concerning the structure of the bimetallic catalyst, we
have evidence that rhenium promotes cobalt reduction
when the metals are in close vicinity to each other, as
in Re—Co/Al,0O; and Re—Co/SG. Also, a high degree
of reduction is observed for the Re—Co/NaY sample,
whereas the ion-exchanged Re—Co/NaY sample reveals
only a small degree of reduction [10]. That is, if both
the Re and Co ions are located at the external part of
the zeolite and they are in close proximity to each
other, the reduction is similar to that observed over
both the sol/gel-prepared and the alumina-supported
bimetallic samples.

From this point of view our data do not fully support
the work performed by EXAFS by Holmen and co-
workers [41], who observed that cobalt ions are reduced
first, then rhenium is transferred to the zero oxidation
state. From their experiments it follows that pure and
cobalt-containing rhenium behave in the same way, but
nothing can be concluded for the reducibility of the Co
and Co—Re pair. Holmen is most probably right saying
that interaction of the cobalt oxide with the support is
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so strong that the rhenium oxide is replaced by cobalt
oxide and thus rhenium can easily be reduced. Although
this explanation might be true (in the case of Fe—Re we
indeed found that the strong interaction of rhenium
oxide with the SiO, support prevents the migration of
iron along the surface), the relationship between the
reducibility of cobalt alone and rhenium alone was not
measured. On the other hand, we have to emphasize
that the Re—Re bond distance in table 2 indicates the
presence of oxide species, which supports our assump-
tion. However, we agree on the point that bimetallic
catalyst is produced and certainly cobalt reduction is
promoted by rhenium. The formation of a bimetallic
system is further indicated by the high reactivity in the
CO hydrogenation (see table 5).

4.2. Rhenium-induced improvement of catalytic properties
in CO hydrogenation

The key features of the Re addition to the Co/Al,O4
and Co/NaY samples in the CO hydrogenation are the
increased activity and Cs, selectivity. In the literature
the presence of the rhenium in carbon-resistant CO,—
CH, reforming catalyst was Re—Pt with 0.5wt% total
metal loading on ~-Al,0; and Pt/(Pt+ Re) ratios
between 0.2 and 1. Generally Re addition promotes
diesel and the gasoline production [44]. The catalysts
with low Re content were deactivated very rapidly in
the temperature range 600—800 °C due to carbon forma-
tion. As the Re content increased, the catalysts became
more stable and high conversions were maintained with
a Pt/(Pt+ Re) ratio of 0.2 for up to 750h at 800°C
with only minor amounts of carbon formation. Possible
explanations for improved stability include the ability of
Re to dissociate CO,, thereby releasing oxygen to
remove the carbon. The low-temperature deactivation
at high Re content is believed to originate from poison-
ing of Re atoms by CO, molecules that strongly adsorb
on the surface [45].

In the CO hydrogenation the olefin/paraffin ratios
measured for both Re—Co/Al,0; and Re—Co/NaY
samples at 218 °C decrease with increasing pressure
[28]. It means that the hydrogenation steps start
dominating. However, in the applied temperature range
the selectivity values do not significantly change. The
Re—Co/Al,O5 sample is the most active catalyst, which
could be interpreted by the presence of the ReO,/
Co00,/Al,0O5 mixed phase. Most likely this phase stabi-
lizes the nanoclusters and prevents the carbon formation,
which causes deactivation. Ruckenstein and Wang also
suggested such a mechanism for Co/Al,O5 catalyst [46].

The feature of the Re—Co/NaY and the ion-
exchanged Re—Co/NaY [10] catalyst is quite different.
By analogy to the work of Moller and Bein [47], we
may assume that Co’>" ions are located in the cation
exchange position, while the intra-zeolite Re ions are
coordinated in the six-member ring. In contrast to the

Pd** ions reported by Moller and Bein, Re ions cannot
easily be reduced to promote the Co*" reduction; there-
fore bimetallic particles are formed in limited amount.
This is reflected in the TPR shown earlier, in the XPS
spectra in which Re cannot be observed [10], and in the
catalytic activity. Since rhenium is not at the same
location, its hydrogenation activity is not effective
enough, so the olefin/paraffin ratio is high compared
with the alumina-supported catalyst, indicating that the
metal components are also located in the internal part
of the NaY. The Re—Co/NaY is the best for higher
hydrocarbon production.

4.3. Methane conversion to higher hydrocarbons

Recently the effect of rhenium was addressed also to
low-temperature methane dehydrocondensation to
form aromatics [48,49]. It was intriguing to see that
deactivation of the catalyst is retarded in the presence
of rhenium, similar to that observed in the Re—Fe
system. On the other hand, EXAFS experiments were
used on Re/HZSM-5 and Mo/HZSM-5 samples to
study the active species on methane adsorption at
700 °C. The Re oxide species was converted into metallic
rhenium (Rgere = 2.74 A and NRe.re = 4), whereas Mo
oxide was converted into Mo,C. The authors concluded
that the active species was metallic Re in the case of Re/
HZSM-5 catalyst.

In the present work, for methane conversion under
non-oxidative condition, the alumina-supported sample
proved to be far more active than the NaY-supported
one. Not only is the yield higher but also the C,,
values. Formation of aromatic compounds is negligible
due to the non-acidic zeolite.

5. Conclusions

The structure and catalytic activity of the Re—Co
bimetallic system prepared by the incipient-wetness
technique on Al,O; and NaY zeolite were compared.
In situ EXAFS studies, XRD and TPR helped us to
establish that Re promotes cobalt reduction and that
nanometer-scale Re—Co and Co particles are formed.

Formation of the bimetallic particles and the degree of
reducibility depend on the support. There are two struc-
tural features, that is, on Re—Co/NaY nearly all rhenium
atoms are in contact with Co atoms, whereas the cobalt
atoms are surrounded by cobalt atoms in the first co-
ordination sphere. In the case of Re—Co/Al,O5; samples,
a fraction of the rhenium in oxide form prevented the
creation of the “cobalt surface phase” (CSP), which is
hardly reducible.

The rate, the o value and the olefin/paraffin ratio
show that the special features of the CO hydrogenation
and CH, decomposition are in line with the structural
architecture of the catalysts. Rhenium promotes the
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cobalt activity and the selective formation of higher
hydrocarbon.
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