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Supported platinum catalysts were prepared using newly synthe-
sized porous smectite-like clay minerals containing different diva-
lent cations of Ni2+, Co2+, Mg2+, and Zn2+ in trioctahedral sheets.
Platinum was loaded on the clay minerals through the adsorp-
tion of metal precursors followed by the reduction with hydrogen.
The activities of the catalysts prepared for n-butane hydrogenolysis
and ethylene hydrogenation were shown to depend significantly on
the support used, being in the order of Pt/SM (Ni)>Pt/SM(Co)>
Pt/SM(Mg)ÀPt/SM(Zn), where SM(M) denotes the smectite-like
clay mineral containing M2+ cation. The former three catalysts are
much more active compared with a control Pt/SiO2 catalyst. The
Pt/SM(Zn) catalyst is inactive, probably due to a toxic effect of
Zn2+ on platinum. The high catalytic activities observed may be
explained by high degrees of platinum dispersion for Pt/SM(Co)
and Pt/SM(Mg) catalysts. The highest activity of Pt/SM(Ni) cata-
lyst may be attributable to the presence of different reactive sites
more active than platinum. These active sites are reduced nickel
species arising from the support, which are produced by platinum-
catalyzed hydrogen reduction. c© 1996 Academic Press, Inc.

INTRODUCTION

Clay minerals, natural and synthetic, are a big group
of interesting catalytic materials (1, 2) since they have
the variety of composition and structure, leading to vari-
ous catalytic properties. Torii and Iwasaki invented a new
hydrothermal method to synthesize trioctahedral smectite-
like clay minerals that are intercalated with small fragments
of anisotropic silicate and have high surface area (3–7).
They have produced various smectite- and hectorite-like
minerals including different divalent cations for Mg2+ in
octahedral sheets. For several newly synthesized clay min-
erals, the present authors studied their physical properties
and catalytic activities for the thermal decomposition of
2-propanol (8). It is an interesting result that the reaction
products contain a series of oligomers of propene as well
as condensates of acetone and propene. Those catalytic ac-
tions are attributable to the structural features of the clay
minerals used.

In the present work, the authors have used those new
synthetic clay minerals as supports of a metal catalyst
and studied the effects of their structural and chemical
features on catalytic activities. A metal, platinum, was
supported on smectite-like clays including different diva-
lent cations of Ni2+, Co2+, Mg2+, and Zn2+. The activi-
ties of the platinum catalysts prepared were examined for
n-butane hydrogenolysis and ethylene hydrogenation, to-
gether with the characterization of their physical properties
by temperature-programmed reduction and desorption, ex-
tended X-ray absorption fine structure, extraction of diva-
lent cations, and other techniques. The striking influence of
the supports on the catalytic activities was observed and it
is discussed in terms of mutual interactions of platinum and
support depending significantly on the kind of smectite-like
clay minerals.

EXPERIMENTAL

Sample Preparation

Porous smectite-like clay samples were prepared by a
method similar to that used previously (3–8). A Si–M
(M, divalent metal) solution was prepared by dissolving
metal salt in an acidic silicate solution and sodium hydro-
xide was added to this solution, producing a precipitate of
Si–M hydroxide. The precipitate was filtered and washed
with distilled water. The Si–M slurry obtained was treated
hydrothermally in an autoclave at 473 K under autogaseous
water vapor for 2 h. Then, the resultant mixed oxide was
dried at 353 K and ground in a mortar to 32–60 mesh size.

In addition to those powdered smectite-like clay ma-
terials, a silica gel was also used as a control support.
The properties of the support materials used are given in
Table 1. Two smectite-like clay samples including Ni2+ or
Co2+ were prepared by using different pH values of the
hydrothermal treatment.

Platinum was loaded by adding a weighed quantity of
the support powder to the desired volume of tetraammine-
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TABLE 1

Smectitic Clay Minerals and Silica Gel Used as Supports

Compositionb

Methylene blue Specific surface Total pore Average pore
Symbol pHa Si M Na adsorbed (meq/g) areac (m2/g) volumec (ml/g) diameterc (nm)

SM(Ni) 6.0 8 5.75 0.14 0.20 429 0.38 3.6
SM′(Ni) 11.7 8 6.16 1.86 0.68 359 0.21 2.4
SM(Co) 6.1 8 5.98 0.22 0.14 380 0.34 3.6
SM′ (Co) 9.0 8 6.34 0.85 0.68 202 0.16 3.2
SM(Mg) 9.3 8 6.13 0.38 0.28 485 0.40 3.3
SM(Zn) 6.6 8 6.53 1.28 0.24 153 0.17 4.3
SiO2

d 300e 1.15e

a pH for hydrothermal synthesis of smectitic clays.
b Number of atoms in the unit cell measured by an X-ray fluorescence method. M: Ni, Co, Mg, or Zn.
c Determined from nitrogen adsorption isotherms.
d Silica gel, Davisil grade 646 of Aldrich Chemical Company.
e From Aldrich’s catalog handbook.

platinum dichloride solution of 20 mmol/liter. The pH was
adjusted to 11 by adding ammonia solution and the support
was kept immersed in this solution at room temperature for
3 days. Under the conditions used, almost all of the platinum
precursors present in the solution were adsorbed by the
support. After filtration, the powder was washed with dis-
tilled water and vacuum dried at 383 K for 3 h. The quantity
of platinum loaded was fixed mainly to 1 wt%. The actual
amounts of platinum loaded were examined by measuring
the residual amounts of the metal remaining in the solu-
tion by atomic absorption spectrometry (AAS). The actual
weights loaded were in good agreement with the nominal
value. The platinum-loaded samples were reduced by flow-
ing hydrogen at 96 ml/min at 573–773 K, chiefly at 673 K.

In addition, 5 wt% nickel-loaded silica gel catalyst was
also prepared by a method of impregnation (9), as a refe-
rence to SM(Ni). The silica gel powder was immersed in
an aqueous solution of nickel nitrate, and the solvent was
removed by evaporation at about 330 K under reduced
pressure. The nickel-loaded sample obtained was vacuum
dried at 373 K and reduced by hydrogen at 673 K.

Activity Measurement

The activities of the catalysts prepared were tested
for structure-sensitive and -insensitive reactions, n-butane
hydrogenolysis and ethylene hydrogenation.

Hydrogenolysis of n-butane was performed in a fixed-
bed flow-type reactor made of quartz tube of 7 mm I.D. A
catalyst sample, normally 0.20 g, was reduced in the reactor
by flowing hydrogen. Then, the reaction was conducted
by passing the mixture of n-butane and hydrogen of 1 : 6
in volume at 35 ml/min over the sample at atmospheric
pressure and at a temperature of 453–673 K. The reaction
products were analyzed by a gas chromatograph (GC) with
a column packed with VZ-7 and a thermal conductivity
detector (TCD). The VHSV was 10.5 liters · h−1 · g−1 under

standard conditions and in some rums it was changed in the
range of 10.5 to 2.5 liters · h−1 · g−1 with the constant ratio
of n-butane to hydrogen to control the conversion (Fig. 2).

Hydrogenation of ethylene was also performed at a
temperature of 273 K using a similar flow-type tube reac-
tor. A reaction mixture of ethylene and hydrogen of 1 : 1.8
in volume was passed at 55 ml/min over a catalyst of 10 mg
reduced at 673 K, the VHSV being 330 liters · h−1 · g−1. The
reaction products were analyzed by a GC with an activated
carbon column and TCD.

Temperature-Programmed Reduction
and Desorption (TPR and TPD)

TPR and TPD were conducted with similar apparatus
and procedures to those used previously (10, 11). For TPR,
a sample of 0.15 g was treated at 423 K under dynamic evac-
uation for 1 h. After cooling to room temperature, the mix-
ture of hydrogen and argon of 1 : 19 in volume was passed
through the sample at 50 ml/min and the sample tempera-
ture was raised at 10 K/min. A TCD was used to detect the
relative amount of hydrogen consumed. A column packed
with molecular sieves 5A was set up between reactor and
TCD and it was cooled by cold methanol at<250 K to trap
species like water that would evolve during TPR and dis-
turb the measurement of hydrogen consumed. For TPD of
hydrogen, a sample of 0.15 g was exposed to hydrogen
stream at room temperature for 20 min and then it was
heated at 30 K/min up to 673 K while passing argon as a
carrier at 30 ml/min. The amount of desorbing hydrogen
was detected by TCD.

Extended X-Ray Absorption Fine Structure (EXAFS)

The EXAFS experiments were performed to examine
the structure of a selected smectite-like clay mineral of
SM(Ni) and metal particles dispersed on it at BL-7C and
BL-10B stations of Photon Factory of National Laboratory
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for High Energy Physics (Proposal 94G204). For metal par-
ticles on SM(Ni), we used a sample of Pd/SM(Ni) instead
of Pt/SM(Ni). The support, SM(Ni), includes a large quan-
tity of nickel as shown in Table 1, so the nickel K-edge
absorption is very strong in a similar energy range to the
platinum K-edge absorption. It was thus impossible to mea-
sure the K-edge absorption by platinum with transmission
mode. The Pd/SM(Ni) sample was prepared in the same way
as Pt/SM(Ni). The SM(Ni) and Pd/SM(Ni) samples were
examined in the forms of pressed thin wafer and powder as
it was, respectively. The samples were treated in a quartz
cell by a mixture of 16% hydrogen in helium at different
temperatures for 1 h. The cell was evacuated and cooled,
and then the EXAFS measurement was performed at room
temperature. For SM(Ni) and Pd/SM(Ni), nickel and pal-
ladium K-edge absorption spectra were collected, respe-
ctively. EXAFS oscillations were extracted from the raw
data using a cubic spline method and normalized with the
edge height. The k3-weighted spectra were Fourier trans-
formed to R space over the range of 25 to 135 nm−1. The in-
versely Fourier fitting data were analyzed by a curve fitting
method (12). The phase shifts and backscattering ampli-
tude for nickel–nickel and palladium–palladium were de-
termined from EXAFS data measured for nickel and pal-
ladium foils, respectively.

Extraction by Nitric Acid and Dimethylglyoxime (DMGO)

To examine the state of M2+ in the smectite-like clay
minerals, selected samples were subjected to treatments
with nitric acid and DMGO solution. Samples of 0.3 g
of platinum-loaded and unloaded SM(Ni) were added to
100 ml of 6 wt% nitric acid solution of initial pH ∼1. The
samples were kept immersed in the solution at room tem-
perature for 2 weeks. Then, the amount of nickel extracted
in the solution was measured by AAS. Samples of 0.05 g of
the smectite-like clay, SM(Ni) and SM(Co), were immersed
in 15 ml of ethanol solution of DMGO of 0.3 wt% at pH∼9
at room temperature for 4 days, followed by filtration, wash-
ing with ethanol, and vacuum drying at 383 K. The treated
and untreated samples were examined by scanning electron
microscopy with X-ray probe microanalysis (SEM-XMA,
Hitachi S-530S, Horiba EMAX-1700) to compare the com-
position of their surface layers.

Other Characterizations

The surface and bulk properties of selected catalyst sam-
ples were examined by X-ray photoelectron spectroscopy
(XPS, Shimadzu ESCA-750), transmission electron mi-
croscopy (TEM, Hitachi H-300), and X-ray diffraction
(XRD, Shimadzu XD-D1w). The samples were subjected
to these measurements after they were ground in a mor-
tar to powder. For XPS, the sample powder was mounted
on a sample holder, introduced into an analysis chamber,
and sputtered with Ar+ ions. The Pt4d spectrum was mea-

sured with a resolution of 0.1 eV and the binding energy was
charge-referenced to C1s binding energy of 285 eV (13). For
TEM, the sample powder was well dispersed in methanol
by the use of ultrasound. A few drops of the suspension
were added to a carbon-coated TEM grid and dried in air.
The samples were examined with a minimum detectable
particle size of around 1 nm. For XRD, the sample powder
was pressed into a holder and the XRD pattern was mea-
sured by using CuKα (for SM(Ni) samples) and FeKα (for
SM(Co) samples) X rays.

RESULTS AND DISCUSSION

Catalytic Activity in n-Butane Hydrogenolysis

It was observed that the catalytic activity decreased with
the time of reaction and the rate of deactivation depended
on reaction temperature used. For Pt/SM(Co) catalyst, for
example, the activity loss in the initial 60 min was 8% at 503
K and 23% at 533 K. The initial activities will be hereafter
presented to compare the catalytic performance. It was
found, however, that the selectivity changed only slightly
during the reaction. The reaction products were methane
(C1), ethane (C2), propane (C3), and isobutane (i-C4).

Figure 1 gives the total conversion of n-butane as
a function of reaction temperature for platinum-loaded
catalysts reduced at 673 K, showing large differences in
the catalytic activities. There is no difference in the acti-
vity between Pt/SM(Ni) and Pt/SM′(Ni) catalysts in spite
of the difference between the supports in some physi-
cal properties shown in Table 1. This is also the case for
Pt/SM(Co) and Pt/SM′(Co) catalysts. The catalysts using
the smectite-like clay minerals except SM(Zn) indicate

FIG. 1. The catalytic activity for n-butane hydrogenolysis as a function
of reaction temperature for 1 wt% platinum-loaded catalysts using five
different smectite-like clay minerals and silica gel and 5 wt% nickel-loaded
silica gel catalyst.
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FIG. 2. The selectivities in n-butane hydrogenolysis as a function of
reaction temperature for 1 wt% platinum and 5 wt% nickel catalysts.
Closed marks indicate the results measured at a total conversion of 10%
for platinum-loaded SM(Ni), SM(Co), and SM(Mg) catalysts. Open marks
show the results for Pt/SiO2 and Ni/SiO2 catalysts, the conversion being
1% (593 K) for the former and 1% (483 K) and 6% (503 K) for the lat-
ter. Circles, triangles, and squares are the selectivities to C3, C2, and i-C4,
respectively. The selectivity to C1 is the same as that to C3.

much higher activities compared with Pt/SiO2, being in
the order of Pt/SM(Ni)>Pt/SM(Co)>Pt/SM(Mg). In con-
trast, the Pt/SM(Zn) catalyst was found to be inactive at
temperatures up to 673 K. When SM(Ni) and SM(Co) were
reduced at 673 K in the absence of platinum, they were
inactive at reaction temperatures examined. Figure 1 also
includes the result of 5 wt% nickel-loaded silica catalyst,
which is highly active compared with 1% Pt/SiO2. Platinum
is less active than nickel and cobalt in some hydrogenolysis
reactions, according to Sinfelt (14), van Broekhoven and
Ponec (15), and Garin et al. (16).

Figure 2 shows the selectivity at a total conversion of 10%
as a function of reaction temperature for platinum-loaded
SM(Ni), SM(Co), and SM(Mg) catalysts. The Pt/SM(Ni)
catalysts produces C3 more selectively compared with C2

and i-C4. With going through Pt/SM(Co) to Pt/SM(Mg),
the selectivity to C3 decreases while those to C2 and i-C4

increase.
The selectivities of those platinum-loaded smectite-like

clay catalysts are significantly different from that of Pt/SiO2

catalyst. Figure 2 also gives the selectivity of Pt/SiO2 at
593 K and at 1% conversion, indicating a higher selectivity
to i-C4. Namely, the Pt/SiO2 catalyst catalyzes the isomeriza-
tion as well as the hydrogenolysis. In contrast, 5% Ni/SiO2

catalyst is active only to the hydrogenolysis, as shown in
Fig. 2 giving the selectivities at 483 K and 1% conversion
and at 503 K and 6% conversion. Thus, it follows that the
active catalysts, Pt/SM(Ni) and Pt/SM(Co), are similar to
Ni/SiO2 rather than Pt/SiO2 with respect to the product dis-
tribution as well as the high catalytic activity.

TABLE 2

Influence of Reduction Temperature on the Activitya of 1 wt%
Platinum-Loaded SM(Ni) Catalyst

Temperature (K) 573 623 673 723 773
Conversion (%) 3 12 33 55 100
Selectivity (%)

C3 48 46 43 40 41
C2 3 7 12 19 18
i-C4 1 1 2 1 0

a For n-butane hydrogenolysis at 483 K.

For Pt/SM(Ni), the influence of reduction temperature
on the catalytic activity was examined. Table 2 presents the
total conversion and selectivity after reduction at tempe-
ratures of 573 to 773 K. The activity increases with increas-
ing reduction temperature. The catalyst is still highly ac-
tive even after the reduction at 773 K that probably causes
the growth of dispersed platinum particles as indicated by
EXAFS data. The selectivity to a main product, C3, slightly
decreases with increasing temperature (increasing conver-
sion), while the selectivity to C2 increases.

The presence of platinum is indispensable for the
smectite-like clay minerals to take high catalytic activities
even though it is not so active species. To examine the role
of platinum, we attempted to load 1 wt% platinum to 5%
Ni/SiO2, a reference to SM(Ni). The platinum was added to
a reduced Ni/SiO2 sample by an impregnation method si-
milar to that used in the preparation of Ni/SiO2. In addition,
platinum was also added to an unreduced Ni/SiO2 sample
by the same adsorption method as used in the loading to
the smectite-like clays. Figure 3 gives the catalytic activities
of those samples, denoted with a and b, respectively, after

FIG. 3. The influence of the doping of platinum in 1 wt% on the activi-
ty of a 5 wt% nickel-loaded silica gel catalyst for n-butane hydrogenolysis.
The two platinum-doped catalysts a and b given are different in the way
of platinum doping as described in the text.
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TABLE 3

Activity of 1 wt% Platinum-Loaded Catalysts Reduced at
673 K for Ethylene Hydrogenation at 273 K

Support SM(Ni) SM(Co) SM(Mg) SiO2 SM(Zn)
Activitya 59.4 59.1 49.7 5.4 Inactive

a In mmol ·min−1 · g−1
cat.

reduction at 673 K, showing negative effects that the loading
of platinum decreases the activity of the Ni/SiO2 catalyst.
It seems that the platinum in the smectite-like clays plays
different roles compared with the platinum on Ni/SiO2.

Catalytic Activity in Ethylene Hydrogenation

Table 3 presents the activities of platinum-loaded cata-
lysts reduced at 673 K. They were not found to indicate
deactivation during the activity measurement for 60 min.
The activity strongly depends on the support used, being in
the same order of Pt/SM(Ni)≈Pt/SM(Co)>Pt/SM(Mg)>
Pt/SiO2 as in n-butane hydrogenolysis. Again, Pt/SM(Zn)
catalyst was inactive; it only had a low activity of 0.4 mmol ·
min−1 · g−1

cat at a higher reaction temperature of 373 K.

TPR and TPD

Figure 4 shows TPR spectra for the samples of platinum
on smectite-like clays and silica. The Pt/SiO2 sample has a
peak maximum at around 400 K ascribable to the reduc-
tion of platinum precursors. The other samples show peaks
at higher temperatures depending on the smectite-like clay
mineral used. This indicates that higher temperatures are
required to reduce the platinum precursors dispersed in
the clays. For the catalytically active samples, Pt/SM(Ni)
and Pt/SM(Co), the platinum was able to reduce at lower

FIG. 4. The TPR profiles for 1 wt% platinum-loaded smectite-like
clay and silica gel samples.

FIG. 5. TPD spectra of hydrogen for 1 wt% platinum-loaded catalysts
on different supports after reduction at 673 K (a) and for 1 wt% Pt/SM(Ni)
catalyst reduced at 673 and 583 K (b).

temperatures and excess amounts of hydrogen were con-
sumed at higher temperatures above 650 K. This suggests
that hydrogen was adsorbed on the samples and/or it was
also used to reduce some other species like M2+ present. It
can be said that for all the samples examined, the dispersed
platinum precursors are reduced by the standard reduction
at 673 K of the catalyst preparation.

The TPD spectra of hydrogen for 1 wt% platinum-loaded
catalysts reduced at 673 K are shown in Fig. 5a, indicating
marked differences between them. Table 4 presents the
total amounts of hydrogen desorbing during the TPD up
to 673 K. Excess hydrogen is adsorbed by the catalysts
using the smectite-like clays, particularly Pt/SM(Ni); in

TABLE 4

Results of TPD of Hydrogen for 1 wt% Platinum-Loaded
Catalysts Reduced at 673 K

Support SM(Ni) SM(Co) SM(Mg) SiO2 SM(Zn)
Uptake (H/Pt) 8.69 1.42 1.23 0.19 0.06
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other words, large quantities of hydrogen spillover from
the platinum to the support for these catalysts. Figure 5b
shows the influence of reduction temperature on the TPD
for Pt/SM(Ni). This catalyst adsorbed less hydrogen and
indicated a similar spectrum to Pt/SM(Co) catalyst reduced
at 673 K when it was reduced at a lower temperature of
583 K (the second large consumption of hydrogen began
at a little higher temperature on the TPR as seen in Fig. 4).
That is, the Pt/SM(Ni) catalyst becomes greatly different
from the other catalysts when the reduction temperature
is raised to 673 K. In contrast, the amount of hydrogen
adsorbed was very small for Pt/SM(Zn) catalyst. A degree
of metal dispersion of 0.06 gives an estimate of average
particle size of 17 nm (17). However, TEM failed to detect
such large platinum particles on Pt/SM(Zn). So, its small
hydrogen uptake was due to factors other than the size of
platinum particles present.

EXAFS

EXAFS was used to examine the structure of a
smectite-like clay mineral of SM(Ni). Figure 6 shows
Fourier transforms of nickel K-edge EXAFS oscillations
for platinum-loaded and unloaded SM(Ni) samples with
respect to the local structures around nickel species. The
SM(Ni) and Pt/SM(Ni) reduced at 673 K indicate very simi-
lar results that the first and second nearest species, oxygen
and nickel, are present at 0.205 and 0.308 nm, respectively.
This indicates that the structure of SM(Ni) did not change
by the loading of platinum and the subsequent reduction at
673 K. This was also shown by XRD measurements. On the
reduction at a higher temperature of 773 K, a small peak
appeared at 0.250 nm. The curve-fitting analysis showed
that the oscillation derived from nickel–nickel bond fitted
well the inversely Fourier transform of the peak. This indi-
cates the formation of direct bonds between nickel atoms.

The structure of metal particles dispersed on SM(Ni)
was examined by using a Pd/SM(Ni) sample instead of
Pt/SM(Ni). Figure 7 gives Fourier transforms of palladium
K-edge EXAFS oscillations for palladium-loaded catalysts
reduced at 673 and 773 K. A peak present at 0.261 nm
was fitted well to palladium–palladium bond and its inten-
sity is stronger at higher reduction temperature. To get the
best result for the curve-fitting analysis, four free param-
eters were estimated: the coordination number, the bond
length, the Debye–Waller factor, and the inner potential
correction. The coordination number was estimated to be
4.2 and 7.7 at 673 and 773 K, respectively, indicating that
the size of dispersed palladium particles is larger at higher
temperature. Probably, this is the case for Pt/SM(Ni) sam-
ples as well.

In addition, palladium in a Pd/SM(Co) catalyst was
examined by EXAFS. The coordination number was
estimated to be 5.2 for the catalyst reduced at 673 K, and
it is comparable to that for Pd/SM(Ni). This indicates that

FIG. 6. Fourier tramsfroms of the k3-weighted Ni K-edge EXAFS of
SM(Ni) (a), 1% Pt/SM(Ni) catalysts reduced at 673 K (b) and 773 K (c),
and a nickel foil (d).

there is little difference in the size of metal particles be-
tween SM(Ni) and SM(Co) supports.

Figure 7 indicates a support effect that the length of
palladium–palladium bond of Pd/SM(Ni) is shorter than
that of a palladium foil, probably due to smaller sizes of
palladium particles in Pd/SM(Ni). A few works reported
that the first coordination distance of metal–metal bonds
for small metal particles in supported catalysts is smaller
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FIG. 7. Fourier transfroms of the k3-weighted Pd K-edge EXAFS
of 1% Pd/SM(Ni) catalysts reduced at 673 K (a) and 773 K (b), and a
palladium foil (c).

compared with that in bulk metal samples when EXAFS
measurements were conducted under vacuum conditions
(18–20).

Extraction by Nitric Acid and DMGO

Table 5 gives the amounts of nickel extracted from
SM(Ni) and Pt/SM(Ni) samples by the treatment with nitric
acid for 2 weeks. The amount of nickel extracted is about
30% of the initial quantity of nickel present in the clay,
being about 10% relative to the total weight of the whole
samples.

Table 6 presents results of the treatment of SM(Ni) and
SM(Co) by DMGO. The XMA intensity ratio of Ni (or Co)
to Si was found to decrease by the treatment, indicating
that Ni and Co species were also extracted by DMGO. The
extracted amounts are smaller than those by nitric acid, due
to a difference in the extracting ability between DMGO and
the acid.

TABLE 5

Results of Acid Extraction of Nickel from SM(Ni) and 1 wt%
Platinum-Loaded SM(Ni) Samples

Amount of nickel extracted
in weight percenta

Sample To the whole To the nickel

SM(Ni), original 12 33
SM(Ni), reducedb 12 31
Pt/SM(Ni), reducedb 10 27

a Relative to the initial amount of the whole sample and the nickel
included.

b At 673 K.

Those results suggest that Ni and Co species in the
SM (Ni) and SM(Co) may take positions at the surface
and become accessible to foreign species by appropriate
treatments.

In addition, we examined the influence of the extraction
of SM(Ni) by nitric acid prior to the loading of platinum
on the catalytic activity. Figure 8 compares the activities
for n-butane hydrogenolysis. The catalysts using SM(Ni)
supports treated by nitric acid also have high activities. The
acid treatments for 3 and 24 h caused the weight loss of
SM(Ni) by 4 and 17%, respectively, relative to the initial
weight.

Origin of the Catalytic Activity

The present results demonstrate that the catalysts of
platinum-loaded smectite-like clay minerals, except for
Pt/SM(Zn), are highly active in n-butane hydrogenoly-
sis and ethylene hydrogenation compared with Pt/SiO2

catalyst. The high activities for a structure-insensitive re-
action of ethylene hydrogenation may be explained by
the high degrees of metal dispersion. The order of the
platinum dispersion seems to be Pt/SM(Ni)≈ Pt/SM(Co)
>Pt/SM(Mg)>Pt/SiO2>Pt/SM(Zn) from the results of
TPD and EXAFS. For the Pt/SM(Zn) catalyst, its activ-
ity could be expected to be about 1/3 of the Pt/SiO2 catalyst

TABLE 6

Results of Extraction of M2+ from SM(Ni) and
SM(Co) by DMGO as Examined by SEM-XMA

Sample I(M2+)/I(Si)a

SM(Ni)
Before 0.97 0.97 0.97
After 0.89 0.93 0.87

SM(Co)
Before 1.3 1.3 1.2
After 1.1 1.1 1.0

a XMA intensity ratios measured at three different posi-
tions before and after the extraction.
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FIG. 8. The influence of the treatment of SM(Ni) with nitric acid for
3 and 24 h on the activity of a 0.1 wt% platinum-loaded SM(Ni) catalyst
for n-butane hydrogenolysis. The treatment was made prior to the loading
of platinum to SM(Ni).

from the degrees of platinum dispersion (Table 4). How-
ever, it is actually inactive, so another explanation should be
offered. A possible reason is the influence of Zn2+ present
in the support. It is known that Zn2+ is a poison toward plat-
inum as described by Maxted (21). We tried to dope a small
amount of zinc species to a reduced Pt/SiO2 catalyst and
examined its influence on the catalytic activity. The amount
of zinc corresponding to a coverage of 0.85 of the whole
surface of platinum particles was doped by impregnation
from zinc nitrate solution followed by reduction at 673 K.
Negative effects were observed for both ethylene hydro-
genation and n-butane hydrogenolysis, the activity being
decreased by factors of 1/4 and 1/7.5, respectively. Thus, the
zinc species inhibit the activity of platinum supported on
SM(Zn).

The activities of the catalysts, except for the most
active Pt/SM(Ni) and inactive Pt/SM(Zn), for n-butane

TABLE 7

Comparison of Catalytic Activities for n-Butane Hydrogenolysis

530 K 500 K
Apparent

activation energyb Rateb TOFb Rateb TOFb

Catalysta (kJ ·mol−1) (mol ·min−1 · g−1) (min−1) (mol ·min−1 · g−1) (min−1)

Pt/SM(Ni) 178 (453–493 K)c 1.34× 10−2 30.0 1.19× 10−3 2.67
Pt/SM(Co) 146 (523–573 K)c 5.16× 10−5 0.71 7.09× 10−6 0.097
Pt/SM(Mg) 86 (553–673 K)c 8.43× 10−6 0.13 2.62× 10−6 0.042
Pt/SiO2 63 (593–653 K)c 3.05× 10−6 0.31 1.30× 10−6 0.133
Ni/SiO2 221 (483–518 K)c 1.29× 10−3 22.3 6.36× 10−5 1.10

a The amounts of metal loaded are 1 and 5 wt% for Pt and Ni catalysts, respectively. For 5% Ni/SiO2 sample, the degree
of metal dispersion was determined to be 0.068 by the TPD of hydrogen measured under the same conditions as for the Pt
catalysts. The Pt/SM(Zn) catalyst is inactive at temperatures below 673 K.

b For some catalysts, rate and TOF were estimated by extrapolation to those reaction temperatures.
c The activation energy was determined from the data measured in the range of reaction temperature given in parentheses.

hydrogenolysis may be explained by the size of platinum
particles. The hydrogenolysis is a structure-sensitive reac-
tion and so the degree of platinum dispersion would have
more significant effects on it than on a structure-insensitive
reaction of ethylene hydrogenation. Table 7 shows the ap-
parent activation energy, the rate of reaction (the rate
of consumption of n-butane molecules), and turnover
frequency (TOF) for five different catalysts except for
Pt/SM(Zn). The numbers of active sites were determined
by the TPD of hydrogen (Table 4) for the calculation of
TOF. Significant support effects can be seen from Table 7.
It should be noted that the Pt/SM(Ni) is more similar to
Ni/SiO2 than to the catalysts using the other smectite-like
clay minerals. The high catalytic activity of Pt/SM(Ni) can-
not be expected from its degree of platinum dispersion com-
parable to that of Pt/SM(Co) catalyst. It still has the high ac-
tivity after the reduction at 773 K that causes the growth of
platinum particles. In addition, the Pt/SM(Ni) catalyst gives
the product distribution that is similar to Ni/SiO2 catalyst
rather than Pt/SiO2 catalyst; namely, it mainly produces C3

than C2 and i-C4.
From those results, we assume that the Pt/SM(Ni) catalyst

includes other reactive sites more active than platinum, and
nickel species of the support can become such active sites.
They are supposed to form in such a way that the platinum
precursors are reduced to metallic platinum in the early
stage of reduction and the resultant platinum catalyzes the
formation of active nickel sites in the following stage. The
large amount of hydrogen consumed at a high tempera-
tures during TPR should indicate the formation of those
species. The excess uptake of hydrogen should indicate the
presence of reduced nickel sites, as well as platinum, on
the surface of the Pt/SM(Ni) catalyst. The higher reduction
temperature is likely to promote the formation of the nickel
species, resulting in an increase in the catalytic activity as
shown in Table 2. The nickel species may be main active sites
for n-butane hydrogenolysis than the platinum. Previously
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Nowak and Koros reported a similar effect of platinum on
the activation of an alumina-supported nickel catalyst; a
small amount of platinum added catalyzed hydrogen reduc-
tion of supported nickel oxide following the early reduction
of platinum itself (22). For supported nickel-platinum cata-
lysts, Renouprez et al. showed synergistic effect attributable
to modifications of the electronic properties of both met-
als (23). In our Pt/SM(Ni) catalyst, no evidence was ob-
tained for direct bonds and electronic interactions between
platinum and nickel from EXAFS and XPS measurements.

The formation of active nickel sites accessible to foreign
gases in Pt/SM(Ni) catalyst would have occurred through
a structural change of surface layer of the support. Surface
nickel species are likely to come out from the two sources,
smectite-like silicate layers and small silicate fragments in-
tercalated as pillars. Nickel cations may move to the top
surface positions from the inner positions of those silicate
layers and fragments. The occurrence of such a movement
of the nickel is strongly suggested by the results on the
extraction of SM(Ni) with nitric acid and DMGO. After
moving to the top surface, nickel species may be reduced
to the metallic state having catalytic activities. These struc-
tural and chemical changes may be facilitated by the action
of metallic platinum, supplying reactive hydrogen species
to the peripheral surface of support close to platinum par-
ticles. It was previously reported that metal ions depleted
from the octahedral sheets of clay minerals by acid hydroly-
sis (24). A proposed mechanism for this depletion involves
proton attack at the edges of the layers for nonswelling
clays (25). The other mechanism is also presented, involv-
ing proton attack at the basal surfaces for swelling clays
(26) like the smectite-like clay minerals used in the present
work. For out Pt/SM(Ni) sample, active hydrogen species
that form on the metallic platinum particles spillover onto
the support and would cause the structural change, similarly
to protons in the acid hydrolysis. The excess hydrogen up-
take of H/Pt = 8.69 (Table 4) indicates that the quantity of
exposed nickel atoms is only a few per cent of those present
in the SM(Ni). So, the structural change is likely to occur
at the edges of the smectitic silicate layers and intercalated
silicate fragments.

CONCLUSIONS

The samples of platinum supported on new synthetic
smectite-like clay minerals of SM(Ni), SM(Co), and
SM(Mg) are highly active catalysts for n-butane hy-
drogenolysis and ethylene hydrogenation compared with
silica-supported platinum catalyst, while the Pt/SM(Zn)
sample is an inactive catalyst. The most active catalyst,
Pt/SM(Ni), is strikingly different from the other catalysts

in that its high activity is a result of mutual interactions be-
tween platinum and support. This catalyst includes reactive
nickel sites, more active than platinum, that come out from
the support by platinum-catalyzed hydrogen reduction.
The high activities of Pt/SM(Co) and Pt/SM(Mg) are at-
tributable to enhanced degrees of platinum dispersion and
little activity of Pt/SM(Zn) is due to a toxic effect of Zn2+.
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