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Abstract

Ruthenium containing pillared bentonites were prepared by contacting the clay with an aqueous solution containing
aluminum and ruthenium salts or by cation exchange with ruthenium of an aluminum-pillared bentonite. The materials were
characterized by chemical analysis, XRD, XPS, H -TPR, nitrogen adsorptionrdesorption. All the prepared samples catalyze2

after a reductive pretreatment the 1-butene hydrogenation. The catalytic activity is correlated to their chemical and structural
properties. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Pillared layered clays PLCs are a recently
developed class of microporous materials ob-
tained by heat treatment of the intercalation
compounds prepared by exchanging the inter-
layer cations of swellable clays with bulky poly-
hydroxy metal cations. Polyhydroxy cations of
various nuclearities can be obtained by con-
trolled hydrolysis of several multivalent metal
salts; however, smectites pillared with poly-
oxoaluminum cations that are more easily and
reproducibly prepared are more extensively

w xstudied 1–4 . The details of the pillaring pro-
cess with Al polyoxocations is still uncertain;

) Corresponding author. Tel.: q39-041-2578562; Fax: q39-
041-2578517; E-mail: lenarda@unive.it

however, it is well established that the Keggin
w Ž . Ž . x7qion Al O OH H O is the predomi-13 4 24 2 12

nant species in the pillaring solution. Pillared
clays can catalyze various reactions and their
catalytic properties depend from the nature of
the starting clay, the chemical composition of
the pillars and from the nature of the cations
present in the interlayer space. Both Bronsted-¨
and Lewis-type acid sites have been found in

w xpillared smectites 1,5–8 . The catalytic activity
of a clay pillared with hydroxy-aluminum
oligomers can be modified by exchanging the
residual interlayer alkali cations with other
metallic ions, or doping the aluminum pillaring
solution with small quantities of metal cations
w x9–36 . However, only in the case of gallium
w x9–12 that isomorphous substitution in the

w xKeggin ion was clearly proved, 37,38 while in

1381-1169r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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all the other cases cohydrolysis and copillaring
w xappeared to take place 13–36 , leading to the

formation of aluminum pillars decorated by the
other metal oxide. However, in all cases, more
or less relevant modifications of the clay acid–
base and redox properties, often related to ex-
cellent catalytic activities in a wide range of

w xreactions, were observed 9–36 .
In this paper we describe the synthesis and

the characterization of a natural bentonite pil-
lared with an aluminum–ruthenium mixed solu-
tion. The structural and catalytic properties of
this material are compared with those of an
aluminum-pillared montmorillonite exchanged
with ruthenium cations. The catalytic behaviour,
after reductive pretreatment, of both clay sam-
ples in the hydrogenation of the olefinic car-
bon–carbon bonds, is also discussed.

2. Experimental

2.1. Characterization methods

2.1.1. Elemental analyses
Elemental analyses were accomplished by

Atomic Adsorption Spectroscopy with a
Perkin-Elmer PE 3100 instrument.

2.1.2. ThermograÕimetric determinations
Thermogravimetric analyses were carried out

on a Simultaneous Thermal Analyzer STA 429
Netzsh using samples weighting about 50 mg. A

Ž .heating rate of 10 Krmin, with air 30 lrmin
as purging gas, was used.

2.1.3. Temperature-programmed reduction
Ž .Temperature-programmed reduction TPR

was performed in a conventional U-shaped
Žquartz microreactor bores6 mm, lengths200

.mm using a 5% H rAr mixture flowing at 35 l2
y1 Ž .min STP . The temperature range was 293–

900 K and the heating rate 10 K miny1. The
reduction of CuO to metallic copper was used to
calibrate the TPR apparatus for H consump-2

tion.

( )2.1.4. X-ray photoelectron spectroscopy XPS
A Perkin-Elmer PHI 5600ci spectrometer with

Ž .monochromatized AlKa radiation 1486.6 eV
and non-monochromatized MgKa radiation
Ž .1253.6 eV was used for the XPS analyses. The
working pressure was less than 2=10y7 Pa.
The spectrometer was calibrated by assuming

Ž .the binding energy BE of the Au 4f line at7r2

83.9 eV with respect to the Fermi level. As an
internal reference for the peak positions, the
C 1s peak of hydrocarbon contamination has

w xbeen assumed at 284.8 eV 39 . Survey scans
Ž187.85 eV pass energy; 1 eV step; 0.5 srstep

.dwell time were obtained in the BE range
between 0 and 1350 eV with the Al Ka radia-
tion. Detailed scans were recorded at 5.85 eV
pass energy, 0.1 eV step; 1.0 srstep dwell time

Ž .for the Ru 3d and 3p lines , Si5r2q3r2 3r2q1r2
Ž . Ž .2p line , Al 2p line , O 1s and3r2q1r2 3r2q1r2

C 1s lines. The standard deviation in the BE
values of the XPS lines is 0.10 eV. After a

w xShirley-type background subtraction 40 , the
raw spectra were fitted using a nonlinear least-
square fitting program adopting Gaussian–

w xLorentzian peak shapes for all the peaks 41 .
The atomic compositions were evaluated using
sensitivity factors as determined from theoreti-
cal photoionization cross-sections and asymme-
try parameters calculated within the Hartree–
Fock–Slater one-electron central potential model
w x42 .

2.1.5. Nitrogen adsorptionrdesorption
Adsorptionrdesorption experiments using N2

were carried out at 77 K on a C. Erba Sorp-
tomatic 1900. Prior to each measurement the
samples were outgassed at 423 K and 1.33=
10y3 Pa for 6 h. The N isotherms were used to2

Ž .determine the specific surface areas SA and
Ž .the mesopore surface area S , the micro-meso

Ž .pore volume V . Surface areas were ob-micro

tained using the full BET equation. The a-plot
method was used to calculate the surface area of
the mesopores and the micropores volume. The
starting clay was used as reference material
w x43,44 .
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( )2.1.6. X-ray diffraction XRD
X-ray diffraction spectra were measured with

a Philips diffractometer using the Cu Ka radia-
tion Fig. 1. The samples were disc shaped
pressed powders. The samples were treated at

Ž .the desired temperature 353 K or 673 K in a
ventilated oven.

2.1.7. Carbon monoxide and hydrogen
chemisorption

Chemisorption experiments were conducted
on a Micromeritics ASAP 2010 at 313 K at a
final hydrogen or carbon monoxide pressure of
100 Torr. Before the measurement the hydrogen
reduced catalyst was thermally treated at 473 K
in He for 4 h, while the catalyst reduced with
NaBH was pretreated at 353 K.4

2.2. Materials

Detercal P1e is a natural calcium-rich ben-
Ž .tonite montmorillonite 97% of North African
Ž .origin Nador, Morocco , factory-dried, ground

and sieved, which was obtained from Industria
Ž .Chimica Carlo Laviosa S.p.A. Leghorn, Italy .

Ž .CECs84 meqr100 g . Chlorhydrole, a com-
mercial 5r6 basic aluminum chloride salt pro-

Fig. 1. X-ray diffraction spectra of ARUP- and APRU-pillared
bentonites.

duced by Reheis was kindly given by Eigen-
Ž .mann and Veronelli Milan . All the chemicals

were reagent grade and used without further
purification. Acetone 99% was a technical grade
reagent from Janssen Chimica.

2.2.1. Pillared clays preparation
Ž .The aluminum pillared bentonite APA was

w xprepared as previously described 19 .

2.2.1.1. Preparation of Al–Ru pillared bentonite
( )ARUP . The clay was prepared slightly modify-

w xing a previously described procedure 19 . Fifty
grams of bentonite were suspended in acetone
Ž .50% wrw . The suspension was aged 17 h at
room temperature. An aqueous solution contain-

Ž .ing AlCl qRuCl 3H O AlrRus20 was3 3 2
Žtreated with NaOH until the ratio OHr Alq

.Ru s2.4 was reached. The solution was aged
for 24 h and was added dropwise under stirring
to the slurried clay at room temperature. The
suspension was aged for 17 h at room tempera-
ture, centrifuged and washed several times with
a total of 5 l of water. A thin film of the
resulting pillared clay was air-dried at 608C,

Ž .finely ground )40 mesh and calcined for a
minimum of 18 h at 673 K in a ventilated oven.

2.2.1.2. Preparation of an Ru-exchanged alu-
( )minum pillared clay APRU . A solution of

Ž .RuCl P3H 0 0.3 meqrg was added to an3 2

aqueous suspension of 5 g of aluminum-pillared
bentonite APA. The suspension was shaken in a
high-speed orbital shaker for 17 h at room
temperature, centrifuged and washed until free

Ž .of chloride ion AgNO test . The resulting3

ruthenium exchanged pillared clay was air-dried
at 608C.

2.2.2. Catalysts pretreatment

2.2.2.1. ARUP was reduced by treatment in H2
( y1) (flow 20 ml min at 503 K for 2 h ARUP

) Ž .RED-H . The sample of APRU was reduced: 1
Ž y1.in H 20 ml min flow at 503 K for 2 h2
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Ž . Ž .APRU RED-H or 2 in water at 273 K with
Ž .NaBH APRU-Na RED-BH .4

2.2.3. Acid sites poisoning by K q exchange
The protonic acid centers of the catalyst

ARUP RED-H were progressively exchanged
shaking the catalysts for one week with a KCl

Ž0.1 N or 1 N solution to give ARUP K0.1
. Ž .RED-H , ARUP K1 RED-H .

2.3. Catalytic measurements

2.3.1. Hydrogenation and isomerization of 1-
butene

Catalytic experiments were performed in a
tubular glass flow microreactor. Catalyst sam-

Ž . Žples 250 mg were pretreated for 2 h in H 202
y1.ml min flow at 503 K.

Experiments were performed at Fs35 ml
y1 Ž .min H rN rolefins25r9r1 , space veloc-2 2

itys8400 hy1.

3. Results and discussion

3.1. Analytical data

The APRU clay, prepared pillaring a natural
bentonite with a AlrRu mixed solution and the
ARUP clay, prepared introducing by cation ex-
change ruthenium cations in an aluminum pil-
lared bentonite were analyzed by Atomic Ad-
sorption and the structural formulas are reported
in Table 1. The ruthenium content resulted 0.8%
wrw in both pillared clays.

Table 2
Ž . Ž .Basal spacings d , specific surface areas S.A. , micropore001

Ž . Ž .volumes V and mesopore surface areas S of the pillaredm p mp

smectites.

Sample d S.A. V S001 m p mp
2 3 2Ž . Ž . Ž . Ž .nm m rg m rg m rg

ARUP 1.84 340.0 0.13 22.8
APA 1.84 310.1 0.14 14.9
APRU 1.80 278.4 0.11 22.2

3.2. Structural data

The structural characteristics of the mixed
pillared clay APRU were determined by XRD
and nitrogen adsorption desorption and the data
are shown in Table 2 together with those of the
ruthenium exchanged ARUP sample. The struc-
tural data of the aluminum pillared clay APA
w x19 are added for comparison.

Both the interlayer distance and the pores
distribution are very similar in both the samples
APA and ARUP. On the other hand, a slight
decrease of the interlayer spacing, surface area
and microporosity was observed in the ruthe-
nium exchanged sample APRU. This is not
surprising because a decrease of the basal spac-
ing was often observed in pillared clays after
cation exchange with trivalent cations. The mi-
croporosity decrease is most probably also
caused by the presence of the transition metal
cations in the interlayer space.

( )3.3. X-ray photoelectron spectroscopy XPS

X-ray photoelectron spectroscopy was used
to determine the oxidation state of ruthenium in
the mixed pillared sample ARUP. Only the Ru
3p peak was available for the evaluation of3r2

Table 1
Unit cell formulae of the pillared materials and of the starting clay samples

Clay Structural formulae

Ž .Ž . Ž .Detercal P1 Na Ca K Si Al Al Fe Mg O OH0.43 0.13 0.15 7.56 0.44 3.23 0.22 0.54 20 4
w Ž .Ž . Ž . xAPRU Ru Al Si Al Al Fe Mg O OH0.08 1.48 7.56 0.44 3.22 0.24 0.54 20 4

Ž .Ž . Ž .ARUP Al Ru Si Al Al Fe Mg O OH1.69 0.08 7.56 0.44 3.17 0.27 0.55 20 4
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the Ru species oxidation state, because the more
Žintense Ru 3d peaks BEs280–284Ž5r2q3r2.

.eV resulted totally masked by the C 1s peak of
the contaminating carbon. This is also due to
the very low Ru concentration. The ARUP spec-
trum showed a broad Ru 3p peak at 462.3"3r2

0.2 eV. Literature data relative to Ru 3p3r2

binding energies are not available, therefore the
Ž . Žattribution of the signal to a Ru IV species the

Ž . .presence of Ru VI species cannot be excluded
was made by comparison with the position and
the shape of the bands of authentic samples of

Ž . Ž . Ž . ŽRu 0 , Ru III and Ru IV species the signal
. w xof RuO was found at 462.7"0.2 eV 45,46 .2

( )3.4. Temperature-programmed reduction TPR

Temperature-programmed reduction is a
technique widely used to characterize solid ma-
terials, in particular heterogeneous catalysts
based on noble metals supported on refractory

w xoxides 47 . Information can be obtained from
the TPR profiles on the supported metal species
oxidation states, metallic particles dimensions
and shape and on metal–support interactions
w x47 . TPR measurements have been used to
obtain true mixed metal pillars in AlrFe-pil-

w xlared clays 17 .
TPR experiments were carried out on the

mixed metals pillared ARUP clay and on the
Ž .Ru III exchanged aluminum-pillared clay

APRU, both pretreated in N or in air flow at2

673 K. The TPR profiles are shown in Fig. 2.
The TPR profile of ARUP showed a sharp

Ž .peak centered at 487 K Curve A attributable to
Ž . Ž . w xthe Ru IV –Ru 0 reduction process 47 . The

sample was then reduced in 5% H rAr mixture2

at 870 K and reoxidized at 673 K in air. After
this treatment, the reduction peak was found at

Ž .456 K Profile B . The structure of an alu-
minum-pillared clay is known to collapse above
700 K, therefore, this curve represents the re-
duction profile of an oxidized ruthenium species
on the pillared clay degraded surface.

The TPR profile of the ruthenium exchanged
APRU resulted quite different. The as-prepared

Ž . Ž .Fig. 2. TPR profiles of A ARUP sample; B ARUP after
Ž .reduction in H at 870 K and reoxidation at 673 K in air; C2

Ž . Ž .APRU sample D APRU after oxidation at 673 K; E physical
mixture of RuO and APA.2

sample showed a small reduction peak centered
Ž .at 415 K Profile C , attributable to the reduc-

Ž . Ž .tion of the Ru III cations to Ru 0 species,
while the same sample after oxidation at 673 K

Ž . Ž .showed a Ru IV –Ru 0 reduction peak at 464
Ž .K Profile D . A sample was prepared mixing

RuO with the aluminum-pillared APA clay and2

it showed a reduction curve with the maximum
Ž .centered at 458 K Profile E .

The TPR behaviour of a physical mixture of
ruthenium dioxide and an aluminum pillared

Ž .clay Curve E is similar to that of an air
oxidized ruthenium exchanged aluminum pil-

Ž .lared clay Curve D and of a mixed metal
RurAl pillared clay structurally degraded by

Ž .the thermal treatment at 870 K Curve B . On
the other hand the AlrRu mixed pillared clay
ARUP appeared to be structurally different and

Ž .the reduction peak Profile A at higher temper-
ature evidences an intimate contact between the
oxides that form the pillars.

3.5. Catalytic actiÕity

The catalytic activity of the ruthenium con-
taining clays ARUP and APRU was tested in
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Table 3
Gas phase 1-butene hydrogenation at 313 K on pillared clays

Catalyst Total conversion n-Butane 2-Butenes Ruthenium
aŽ . Ž . Ž . Ž .mole % mole % mole % dispersion %

Ž .ARUP H-RED 63.4 27.3 36.1 0.65
Ž .ARUP K0.1 RED-H 73.0 50.9 22.1
Ž .ARUP K1 RED-H 81.1 61.5 19.6
Ž .APRU RED-H 100 100 13.2
Ž .APRU NA RED-BH 100 100 30.6

y1 Ž . y1Fs35 ml=min , H rN rolefins25r9r1 , space velocitys8400 h .2 2
a The ruthenium dispersion was determined by CO andror H chemisorption.2

the 1-butene hydrogenation and isomerization
after a reductive pretreatment.

Ž y1.ARUP was reduced in H flow 20 ml min2
Ž .at 503 K for 2 h ARUP RED-H . The sample

Ž .of APRU was reduced in two ways: 1 in H 2
Ž y1. Ž20 ml min flow at 503 K for 2 h APRU

. Ž .RED-H or 2 in water at 273 K with NaBH4
Ž .APRU-Na RED-BH .

The products distribution obtained on all the
catalysts in hydrogenation conditions at 313 K
is reported in Table 3.

Both hydrogenation and double bond migra-
Ž .tion products n-butane, 2-butene were ob-

Ž .served when ARUP H-RED was used as cata-
lyst, with a total conversion of 63%. Olefins
isomerization is known to be catalyzed by
medium strength protonic acid centers, but usu-
ally it accompanies olefin hydrogenation cat-

w xalyzed by transition metals 48 . Therefore, after
the exchange of the surface protons with potas-
sium ions the isomerization activity was only
slightly reduced, but not suppressed.

When the ruthenium exchanged hydrogen re-
Ž .duced catalyst APRU RED-H was used, the

complete transformation of 1-butene in butane
was observed. The same occurred when the
catalyst was pre-reduced by treatment with
sodium tetrahydroborate at room temperature.

The catalysts activity was tested also in the
absence of hydrogen at 313 K and the data are
reported in Table 4.

Ž .ARUP H-RED produced in this case only
2-butenes with a total conversion of 52.4%. The
catalytic activity is attributable to the protonic
acid centers of the interlayer space as demon-

strated by its almost total suppression after
potassium exchange. This is confirmed by the

Ž .very low activity of APRU NA RED-BH cata-
lyst, the protons of which were substituted by
the sodium ions of the reducing agent during the
pretreatment. Interestingly, the double bond mi-
gration activity of the mixed pillared clay ARUP
Ž .RED-H is very similar to that of the aluminum
pillared sample APA, suggesting that, in both
cases, the pillaring process generates an analo-
gous number of protonic acid sites. Neverthe-
less, these protons slowly migrate, by a well
known phenomenon, inside the clay octahedral
layer, where they are quite unaccessible for the
incoming olefin molecules, justifying the low
isomerization activity of ARUP and APA. The

Ž .metal dispersion of ARUP H-RED was deter-
mined by hydrogen and CO chemisorption and

Ž .resulted very low Table 3 giving an explana-
tion of the low hydrogenation activity of the
catalyst. The very low ruthenium dispersion
could be explained by the presence of extremely

Table 4
Gas phase 1-butene isomerization at 313 K

Catalyst 2-butenes
Ž .mole %

Ž .ARUP H-RED 52.4
Ž .ARUP K 0.1 RED-H 31.7
Ž .ARUP K1 RED-H 3.39
Ž .APRU RED-H 100
Ž .APRU NA RED-BH 9.7

APA 54.0

y1 Ž .Fs35 ml=min HerN rolefins25r9r1 , space velocity2

s8400 hy1.
w xAPA is an aluminum pillared bentonite 19 .
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large metallic particles, but this seems quite
unrealistic, in our experimental conditions.
Therefore, we prefer to suppose that the reduc-
tion of the intimate mixture of aluminum and
ruthenium oxides constituting the pillars leads
to ruthenium crystallites in part covered by an
aluminum oxide layer. Consequently, only a
small fraction of the metallic ruthenium emerges
from the surface and is available for reagents
chemisorption, giving a justification of the very
low value of metal dispersion obtained.

4. Conclusions

Cation exchange with ruthenium of an alu-
minum pillared clay and pillaring with an AlrRu
solution leads, after reduction, to quite different
catalytic materials. Cation exchange followed
by reduction in hydrogen leads to the formation
of relatively large metallic crystallites most
probably located on the clay external surface.

Reduction of the mixed pillared derivative
gives origin to smaller crystallites that most
probably remain in the interlayer space, but that
are mostly covered by an aluminum oxide layer
with a consequent drastic reduction of the cat-
alytic activity. Reduction of the exchanged sam-
ple APRU with sodium tetrahydroborate gives
smaller crystallites and the total suppression of
the protonic surface acidity.
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