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The catalytic behavior for styrene hydrogenation of two series
of La-promoted nickel/sepiolite catalysts (xLaNi and NixLa) is re-
ported. Both series were prepared by two-step impregnations, but
lanthanum was incorporated first and nickel afterward in NixLa se-
ries and the order was reversed in xLaNi samples. The catalysts were
characterized by temperature-programmed reduction (TPR), kinet-
ics of reduction by hydrogen, photoelectron spectroscopy (XPS),
and infrared spectroscopy of adsorbed CO to obtain information on
the nature and distribution of nickel and lanthanum in the oxidic
and reduced samples. The kinetics of reduction and XPS data indi-
cate clearly that Ni* jons interact strongly with the sepiolite sub-
strate in xLaNi samples and to a lesser extent in NixLa series. The
IR spectra of CO adsorbed on the reduced catalysts demonstrate
that the promotion of Ni/sepiolite catalyst with lanthana results in
a change in the distribution of CO-adsorbed structures. It appears
that reconstruction of bridge-bonded species occurs via formation
of Ni(100) surfaces. Moreover, CO can be adsorbed in a linear form
on Ni atoms which are in contact with oxidic phase. The decrease
of the bridged form and relative higher concentration of unreduced
nickel species gives an indication that lanthanum is deposited on
the nickel particles, leading to a decrease in the probability to have
adjacent nickel atoms on the surface. The observed stable maximum
in activity for the Ni7.1La catalyst is caused not only by covering by
La a larger fraction of the silicate substrate but also by isolating Ni
atoms on the surface of Ni crystallites by La,O3; patches deposited
on it. (© 1996 Academic Press, Inc.

INTRODUCTION

Supported nickel catalysts have been used usually for
hydrogenation reactions. Several recent studies (1-7) have
shown that the specific activity and selectivity of the nickel
catalysts strongly depend on the promoters and type of sup-
ported metal. Rare-earth oxides have been used often as
promoters in hydrogenation catalysts. The surface proper-
ties of these additives have attracted a growing interest from
the point of view of heterogeneous catalysis because the
lanthanide transition-metal compounds exhibit catalytic
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activities higher than those of commercial Ni catalysts. It
has been reported that the incorporation of lanthanum ox-
ide modifies to a great extent the chemical and physical
characteristics of the support and of supported metal ox-
ides. Addition of lanthanum oxide to nickel-alumina cata-
lysts increases the thermostability of the catalysts (8-10).
Schaper et al. (10) have suggested that the nucleation of
LaAlOj3 on the surface hinders the phase transition from
y-alumina to ¢-alumina. Using X-ray diffraction (XRD),
Raman spectroscopy, and X-ray photoelectron spec-
troscopy (XPS), Ledford et al. (11) have demonstrated that
lanthanum inhibits the sintering of y-alumina and acts as a
dispersant for the added metals.

The work presented in this study is a continuation of the
studies performed in our laboratory on sepiolite-supported
nickel catalysts (12, 13) and compiles data related to the
effect of lanthanum on the structure and reactivity of these
catalysts. XPS, TPR, XRD, FTIR spectroscopy of CO ad-
sorption, and kinetics of reduction were used to reveal the
influence of the promoter on the state and dispersion of
nickel on the sepiolite substrate. The surface and bulk prop-
erties of the catalysts are discussed within the framework
of their catalytic performance in the reaction of styrene hy-
drogenation.

EXPERIMENTAL

Catalyst Preparation

Two series of sepiolite-supported La-promoted nickel
catalysts were prepared. The sepiolite support from
Yunclillos, Toledo (Spain) was provided by Tolsa, S. A. Its
chemical analysis was: SiO3, 66.19%; MgO,13.16%; Na,O,
1.71%; Al,03,1.66%; Ca0, 0.66%; K>0, 0.41 %; and Fe, O3,
0.36%. The first catalyst series was prepared by incipient
wetness impregnation of the support with aqueous solu-
tions of nickel nitrate (Merck, reagent grade). The samples
were subsequently dried at 383 K for 15h and reduced at 673
K for 2 h in hydrogen flow. Both the sepiolite substrate and
the reduced Ni samples were impregnated with solutions
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containing the requisite amount of lanthanum nitrate hex-
ahydrate (Merck, reagent grade) followed by drying and
calcination at 723 K for 2 h, while the bimetallic catalysts
were then reduced at 673 K for 2 h. The second catalyst se-
ries was prepared by impregnation of La-modified support
with aqueous solution containing the required amount of
nickel nitrate. Then the samples were dried, calcined, and
reduced as above.

The nickel content for both catalyst series ranged be-
tween 4.3 and 5.3 wt% and the La content was in the range
2.3-8.7%. The samples are referred to hereafter as xLa for
La-modified supports, xLaNi for the first catalyst series, and
NixLa for the second one, where x denotes the La percent-
age of the catalysts.

Methods of Catalyst Characterization

The nickel and lanthanum content of the catalysts was
determined using a Perkin—Elmer 3030 atomic absorption
spectrophotometer, following acid digestion of the samples.
The surface area was calculated by the BET from the nitro-
gen adsorption isotherms taking a value of 0.162 nm? for the
cross section of the adsorbed N, molecule. These isotherms
were measured in an automatic Micromeritics ASAP 2000
apparatus selecting only the range of relative pressures 0.05
< P/Py<0.30for BET calculation. Powder X-ray diffraction
measurements were obtained at room temperature with a
Rigaku diffractometer. Nickel filtered CuKe radiation was
used and a scan speed of 2° min~! was fixed in all experi-
ments.

Kinetic curves of reduction were recorded with a Cahn
2000 microbalance working at a sensitivity of 1 ug. For re-
ducibility runs, a 100-mg calcined sample was heated in a
flow (50 ml min ) of air 5% volin helium at 773 K up to con-
stant weight to remove adsorbed water and other gaseous
contaminants, then cooled at room temperature in pure he-
lium (50 ml min~!). Subsequently, the flow was switched
to a gas mixture (50 ml min~!) consisting of 10% vol H,
(99.995% vol) in helium and increasing temperature at a
rate of 4 K min~! up to 673 K while continuously record-
ing the weight changes. The weight loss recorded was taken
as a measure of the extent of reduction. The microbalance
was interfaced with a microcomputer for data acquisition
and processing. The nickel degree of reduction was defined
by the ratio « = AW /AW,y, where AW and AW, are the
weight change at a given time and equilibrium, respectively.

Temperature-programmed reduction (TPR) experi-
ments were carried out in an automatic Micromeritics 3000
equipment interfaced to a data station. Since water is pro-
duced during reduction, the gas exiting from the reactor
was passed through a cold trap before entering the thermal
conductivity detector. Calcined sample (30 mg) was heated
at 4 K min™" from 290 K to 1070 K in 50 ml min~" of 10%
H,/He mixture.
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Infrared spectra of adsorbed CO on reduced catalysts
were recorded on a Nicolet 5ZDX spectrometer at a res-
olution of 4 cm™! and were averaged over 100 scans. The
prereduced samples in the form of self-supporting wafers
of 10 mg cm~2 were evacuated at 723 K for 1 h within a spe-
cial infrared cell fitted with greaseless stopcocks and KBr
windows. The specimens were reduced in sifu in a hydrogen
flow (60 ml min~!) at 673 K for 1 h. After reduction, the cat-
alysts were outgassed for 30 min at the same temperature,
cooled to room temperature, and then exposed to CO. The
net spectra were obtained by subtracting the background
of sample from the whole spectra.

Photoelectron spectra were recorded on a Fisons ES-
CALAB 200R electron spectrometer using MgKo radi-
ation (MgKa =1253.6 eV) and a hemispherical electron
analyzer. The calcined samples were pressed into small
stainless-steel cylinders and outgassed at 10~> mbar for 1
h before they were moved into the analysis chamber. The
residual pressure in the ion-pumped analysis chamber was
maintained below 7 x 10~° Torr during data acquisition. In
situ pretreatments in hydrogen were carried out at 673 K.
Energy regions of the photoelectrons were scanned at a
pass energy of 20 eV. Each spectral region was scanned for
anumber of times to obtain good signal to noise ratios. Peak
intensities were estimated by calculating the integral of each
peak after subtraction of the S-shaped background and fit-
ting to a curve mixed of Lorenztian and Gaussian lines
of variable proportion. Although surface charging was ob-
served for all the samples, accurate binding energies (BE)
(£0.2 eV) could be determined by charge reference to the
C 1s peak at 284.9 eV.

Activity Measurements

Catalytic tests for hydrogenation of styrene were carried
out at atmospheric pressure in an automatic microcatalytic
flow reactor and reaction temperature of 363 K. Before in-
troducing the reactant, the samples (0.022 g) were reduced
in hydrogen flow (80 ml min~!) at 773 K for 1 h. Then the
reactor was purged in a H, : N, =50 : 30 flow while the tem-
perature was lowered to reaction temperature. The hydro-
gen/styrene molar ratio was 8.6 with a styrene flow of 0.015
mol h~!. The reaction was carried out at contact time (W/F)
of 1.5 g h mol™! and studied over periods of 120 min. The
catalysts were pelleted and sieved in the mesh range 0.50—
0.42 mm. Tests were made to ensure that the reaction was
not subjected to diffusion limitations. Using catalysts sieved
in the range 0.84-0.59 mm, results were reproducible within
experimental error, indicating that for a gas flow rate of 80
ml min~! diffusion limitation on the reaction rate may be
excluded. The products and reactant were analyzed by an
on-line Konik 3000 gas chromatograph fitted with a flame
ionization detector and a 15% diethylene glycol succinate
on Chromosorb W column at 368 K. Selectivity was de-
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fined as: 100 x (number of moles of ethylbenzene/number
of moles of styrene converted).

RESULTS

Catalyst Characterization

Textural properties. Variation of the BET surface areas
of the Hp-reduced samples with lanthanum content is shown
in Table 1. For La-modified sepiolite supports, the surface
areas markedly decrease with increasing La content. Ac-
cording to previous observation (9), it is likely that the large
diameter of La®* ions does not allow La** to diffuse into
the micropore channels of the needle-shaped silicate parti-
cles of the support. This fact suggests that in the sepiolite-
containing lanthana the oxide may stay on the sepiolite
surface. In favor of this argument is the rather low con-
centration level of lanthanum retained in the final catalyst,
because some dissolution of dispersed lanthanum phase oc-
curs during the last impregnation step with nickel nitrate.
BET area of Ni/sep catalyst is quite similar to that of the se-
piolite substrate. However, BET areas decrease markedly
with increasing La loading in both xNilLa and NixLa cat-
alysts series. For the Ni deposited onto the La-modified
substrates (NixLa series), this decrease represents 25% for
the Ni2.3La sample and reaches 33% for its Ni7.1La coun-
terpart. The trend is different for the xLaNi catalyst series
in which incorporation of La onto Ni-impregnated support
leads to a larger decrease in surface area within the catalyst
series than for the parent NixLa series. It decreases by only
1% for the 2.3LaNi sample while it drops by 41% for the
8.7LaNi counterpart.

TABLE 1

Catalyst Characteristics and Catalytic Behavior

Ni SBET” Activity” Selectivity

Catalyst (%) (m*>g™!) (molh™! exposed Ni) (%)
Sep — 143 — —
27La — 109 — —
5.0La — 94 — —
8.6La — 84 — _
Ni/Sep 53 138 17.5 99.9
2.3LaNi 5.1 136 35 100.0
3.7LaNi 4.6 102 34 100.0
8.7LaNi 4.4 82 2.4 100.0
Ni2.3La 43 103 0.5 100.0
Ni3.5La 4.7 105 12.2 99.9
Ni7.1La 4.5 93 24.0 99.6

“ Reduced catalysts.
b At 120 min on stream.

DAMYANOVA, DAZA, AND FIERRO

Temperature-programmed reduction. Temperature-pro-
grammed reduction profiles of xL.aNi and NixLa catalyst se-
ries are displayed in Figs. 1A and 1B, respectively. For the
sake of comparison, the reduction profiles of the unpro-
moted Ni/sep (profile b) and the bare sepiolite substrate
(profile a) are included in both figures. All these profiles
exhibit a principal peak centered ca. 850 K with shoul-
ders more or less pronounced in the two high- and low-
temperature winds. A very small and well-defined peak at
ca. 1000 K and a broader and intense one close to 1080 K
were also observed in all catalysts. As these two latter peaks
are also detected in the bare sepiolite, although with less in-
tensity, they likely arise from the reduction of Fe** impu-
rities (0.36 wt%) present in the silicate substrate. From the
catalytic point of view, the most important differences in
both catalyst series lie in the low-temperature region of the
principal TPR peak. Comparison of b—e curvesin Fig. 1A re-
veals that Ni-reduction starts at ca. 720 K, irrespective of the
presence of La, with a small shoulder centered at ca. 750 K.
Although the intensity of this shoulder is somewhat lower
for the unpromoted catalyst (curve b), it does not change to
a significant extent within the three La-promoted catalysts
(curves c—e).

The TPR profiles of NixLa catalyst series in the tem-
perature region below the most intense peak of reduction
(720-850 K) is substantially different from that of the xLaNi
counterparts (Fig. 1B, curves c—e). The shoulder placed in
this region is clearly more intense in the NixLa catalyst
series than in the parent xLaNi samples. As the Ni metal-
lic phase is easier formed on the reduction of Ni2* ions
in NixLa, and this is involved in hydrogenation, it appears
that these systems are the most promising candidates for
styrene hydrogenation. This working hypothesis will then
be confirmed in the section of activity results.

Kinetics of reduction. The kinetics of reduction of Ni**
ions is a useful technique to reveal the strength of Ni?*—
substrate interaction and how this interaction is altered by
the methods of catalyst preparation. Figure 2 displays the
kinetic curves of Hp-reduction at 773 K of the unpromoted
Ni/sep sample (curve a) and the 7.1LaNi (curve b) and
Ni8.7La (curve c) promoted counterparts. It is emphasized
in this point that the temperature of 773 K was selected
according to the above TPR profiles, at which the rate of
reduction is reasonably high. As can be seen, the degree
of reduction of Ni®* ions strongly depends on the method
of nickel and lanthanum incorporation. At a given time of
reduction, the extent of Ni reduction of the unpromoted
Ni/sep is substantially higher than that of the promoted
Ni8.7La catalyst but much lower, particularly at times be-
low 60 min, than that of its Ni7.1La counterpart prepared
by reverse impregnation. A dashed line, parallel to the X-
axis at @ = 1, has also been included in this figure to account
for the stoichiometric reduction of Ni’ * ions to metallic Ni.
The trend of the kinetic curves at short times of reduction
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FIG. 1. Temperature-programmed reduction profiles of xLaNi (A): (c) 2.3LaNi, (d) 3.7LaNi, (e) 8.7LaNi; and of NixLa catalyst series (B): (c)
Ni2.3La, (d) Ni.3.5La, (e) Ni7.1La. For the sake of comparison, the profiles of sepiolite substrate (a), and of Ni/sep (b) have been included in both figures.

is also valid at reduction degree close to equilibrium. For respectively. Moreover, considering the quite similar shape
instance, while a reduction time of 180 min is enough to of these curves for catalysts Ni/sep and 8.7LaNi it can be
reach equilibrium reduction in catalysts Ni7.1La, reduction  inferred that the interaction of Ni>* ions with the silicate
times as long as 500 and 720 min are required for the com-  substrate is essentially the same (this will then be confirmed
pletion of Ni?* reduction in catalysts Ni/sep and 8.7LaNi, by the XP spectra of reduced catalysts). On the contrary,
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FIG. 2. Kinetic curves of Hj-reduction under isothermal conditions (773 K) of three representative catalysts: (a) Ni/sep; (b) Ni7.1La; and
(c) 8.7LaNi. Dashed line represents the stoichiometric reduction of nickel oxide to the metal.
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the surface structure of Ni?* ions deposited in a second step
on a lanthana-modified substrate appears to be completely
different.

XPS analysis. 'The most intense Ni2ps, peak, which ap-
pears at a binding energy about 856.7 eV, is characteristic
of Ni’* ions in an oxygen environment (14). This peak is
accompanied by a broader one due to shake-up processes
located at ca. 6 eV in the high-binding-energy side. This
peak is the fingerprint of Ni’* species and can be used to
distinguish Ni’* from Ni’ species. However, the Ni 2ps3p
profile is complicated by the simultaneous presence of La
in both xLaNi and NixLa catalyst series, which displays its
La 3ds; peak at ca. 4 eV lower BE. Another complica-
tion comes from the fact that the closed-shell La’>* ion
shows its La 3ds, and La 3ds, peaks split by 4.3 eV in
two components, which has been assigned to transfer of an
oxygen-centered electron to the empty 4f shell accompa-
nying the ionization process (15). Accordingly, the higher
BE contribution of the La 3d3,, peak overlaps with the Ni
2p3n peak (Fig. 3). This overlapping may mask not only
the accurate measure of the BE of Ni’* ions but also the
presence of Ni” in the H,-reduced catalysts, which is placed
in between the two split La 3d3,, peaks. To overcome this
complication, the Ni 2ps;, + La 3ds;, energy region was fit-
ted to six components: shake-up satellite line of unreduced
Ni2* ions at ca. 863.2 eV, Ni 2p3p, principal peak of unre-
duced Ni** ions at ca. 857.0 eV, the split La 3ds/, peaks at
ca. 852.6-856.7 eV, Ni 2p3; line of metallic Ni at ca. 853.5
eV, and the MgKus 4 satellite of Ni 2p3;; and La 3d3, lines.
Because no monochromator was used in the X-ray exciting
source, this latter line arises from the photoelectrons ex-
cited by the MgKws4 component. The procedure appears
quite accurate as the estimated error in duplicate exper-
iments did not exceed 10%. All these features are illus-

trated in the XP spectra of Hp-reduced catalysts (Figs. 4A
and 4B).

The binding energies of La 3dsy; core electrons for La-
modified supports, observed at 835.2-835.4 eV, are simi-
lar to that observed for dispersed lanthanum on y-Al,O3
(16) and higher than that measured for La(OH)3 (834.8 e V)
and La;03 (833.5eV) (11). Alvero et al. (17) attributed the
higher-binding-energy species of 835.5 eV to the presence
of deficiently coordinated La®* ions on the surface. A La
3ds), binding energy of 836.1 eV was observed by Ledford
et al. (11) for La/alumina. The La 3ds; binding energies
for both series of oxidic and reduced catalysts observed in
the range 834.9-835.4 eV are identical to that measured on
La/sep series and do not vary with La loading, within ex-
perimental error. Ledford et al. (11) found a decrease in La
3ds;; binding energies measured for reduced CoLa/alumina
catalysts from 836.0 to 835.3 eV with increasing La content
due to formation of La;O3 phase. Incorporation of nickel
does not affect the La 3ds;, binding energies measured for
xLaNi catalyst series.

The Ni 2p3, binding energies at ca. 857 eV for oxidic
and reduced catalysts (Table 2) characterize the unreduced
Ni?* species. The curve synthesis procedure employed gave
alessintense contribution at ca. 3.2-3.7 eV lower BE, which
is due to metallic Ni. For the sake of comparison, this con-
tribution is overshadowed in all the spectra. The percentage
of this peak to the whole area is higher for NixLa than for
xLaNi series (Figs. 4A and 4B, last column Table 2), al-
though they do not change within each catalyst series. This
trend is in good agreement with the kinetic curves of reduc-
tion in Fig. 2, although the absolute reduction degree of Ni
does not match. These differences may be likely due to dif-
ferences in Hj partial pressure during reduction in kinetic
experiments by microgravimetry and in sifu pretreatment
within the pretreatment chamber of XPS spectrometer.
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FIG. 4. Photoelectron spectra in the Ni 2p3» + La 3ds;, energy region of the in situ Hp-reduced catalysts series xLaNi (A): (a) Ni/sep, (b) 2.3LaNi,
(c) 3.7LaNi, (d) 8.7LaNi; and catalysts series xNiLa (B): (a) Ni/sep, (b) Ni2.3La, (c) Ni3.5La, (d) Ni7.1La.

To determine the nature of the distribution of lanthanum
phase in the oxidic catalysts and La-modified supports, the
La/Si XPS intensity ratio was calculated from the integrated
peak intensities. From the plot of these values against
lanthanum loading (Fig. 5), it is evident that the lanthanum
is better dispersed on the La/sep samples than on the xLaNi
catalyst series. The similar shape of both lines, although with
higher La/Si XPS intensity ratios in the Ni-free samples,
suggests that lanthana is distributed in a similar manner in
La/sep and xLaNi series. These lanthana species seems to
be highly dispersed in both systems as no XRD patterns of
crystalline lanthana could be recorded. These observations
are consistent with the findings of other workers (11, 16,
18), who observed that at low and high loadings lanthanum
was present in a dispersed phase with a low coordination
of La3* ions and the high BE of La 3ds,; at 835 eV resulted
only from the dispersed phase but not from crystalline
structures. In addition, it has been found (11) that the La/Ni
XPS intensity ratios measured for La/alumina samples

were approximately 80% of the theoretical value predicted
by monolayer dispersion and lanthanum binding energy is
independent of loading as long as the lanthanum remains in
adispersed phase. The behavior is quite different for NixLa
series. The much higher La/Si XPS intensity ratios found
for the Ni2.3La and Ni3.5La catalysts indicate that La
distribution becomes altered in the second impregnation
step. This is likely due to partial redisolution of deposited
lanthana under the low-impregnating pH of the Ni nitrate
solution followed by precipitation in the drying steps.

To obtain information about the effect of reduction
on the distribution of nickel and lanthanum species, the
Ni(La)/Si intensity ratio measured for reduced NixLa and
xLaNi catalysts is plotted versus the same ratio measured
for calcined samples (Fig. 6). From this figure it is clear that
the effect of La incorporation on the Ni-reduction depends
on the method of preparation. While in xLaNi series the de-
gree of reduction of Ni is similar to that of Ni/sep (see last
column in Table 2), there is an enhancement in reduction of
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FIG. 5. XPS intensity ratios I1,/Is; for calcined catalysts as a function
of lanthanum loading for different catalyst series: xLa/sep (O); NixLa (O);
and xLaNi (m).

NixLa catalyst series. Similarly, the La/Si XPS intensity ratio
of NixLa series increases substantially in reduced catalysts.
The situation is different for the xLaNi series. The La/Si
XPS intensity ratios are similar for lower Laloadings but de-
crease drastically in the 8.7LaNisample, suggesting agglom-
eration of La,O3 phase. In contrast, the increase in La/Si
intensity ratio for NixLa series indicates that lanthanum
species after reduction are well dispersed on the support.

TABLE 2

Binding Energies (eV) and XPS Intensity Ratios of Calcined and
Hj-Reduced La-Promoted Ni/Sepiolite Catalysts

Catalyst Si2p La3ds; Ni 2p3p LJ/lsi  Inflls;  Ni%Nip
2.7La 1024 8353 — 0.64 — —
5.0La 1023 8354 — 1.25 — —
8.6La 1025 8352 — 2.41 — —
Ni/Sep 1023 — 857.4 — 1.74 —
102.5 — 857.3-8532¢  — 1.65 0.09
23LaNi 1025 8354 857.1 034  1.29 —
1024 8353  857.0-853.5° 037 123 0.11
3.7LaNi 1023 8352 857.2 053 170 —
1024 8354  857.2-853.4° 0.60  1.63 0.09
8.7LaNi 1024 8352 857.1 1.85 153 —
1023 8352  857.2-853.2¢ 133 1.60 0.1
Ni23La 1025 8349 857.0 119 184 —
1024 8353  856.9-853.9¢ 157  1.64 0.13
Ni3.5La 1024 8353 857.0 151 231 —
102.5 8353  857.0-853.8° 175 217 0.13
Ni7.lLa 1026 8354 856.9 159 165 —
1025 8352  856.8-854.0° 186  1.66 0.13

“ This peak corresponds to reduced nickel.
b Estimated error in this calculation is 8%.

DAMYANOVA, DAZA, AND FIERRO
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FIG. 6. XPS intensity ratio Ixjwa)//si for hydrogen-reduced catalysts
as a function of the same ratio Ixi(La) /si for calcined catalysts: NixLa series
(La () and Ni (O0)); xLaNi series (La () and Ni (H)).

Considering the low reduction levels of Ni in the last col-
umn of Table 2, the relative high Ni/Si intensity ratio for
NixLa series after reduction compared to that for xLaNi
samples suggests that a possible interaction between La and
Ni may suppress the agglomeration of the nickel species
during the preparation. Barrault et al. (19) proposed that
the suppression of H, chemisorption on CoLa catalysts sup-
ported on carbon may be due to migration of LaO, moieties
to the surface of metal particles. Ledford et al. (11) and
Zhang et al. (6) attributed the higher dispersion of Co,03
and NiO in La-promoted catalysts to formation of La—Co
and La-Ni mixed oxides, respectively, or NiO particles sep-
arated by La;Os. In our case, some decoration of nickel
species by La may occur during nickel impregnation. The
formation of a LaO, oxide on Ni particles during reduc-
tion is unlikely in the NixLa catalyst series. The observed
SMSI phenomenon for La-promoted Pd/SiO; catalysts (2)
must be excluded in our case, since this effect is revealed
at high-temperature reduction. Most probably, decoration
of the nickel species by La occurred due to redissolution of
La;Os3 (3) during Ni(NO3), impregnation.

IR spectra. Figure 7 shows infrared spectra of adsorbed
carbon monoxide on reduced sepiolite-supported nickel
and nickel-lanthanum catalysts. In agreement with our pre-
vious IR data on nickel/sepiolite catalysts (12) and litera-
ture measurements (19-24), two adsorption states of CO
in the region 2100-1850 cm~! are observed: a linear form
above 2000 cm™" (2090-2080 and 2016-2012 cm™' and a
bridged one below 2000 cm~! (1960-1956 and 1940 cm™1).
These bands are assigned to CO adsorption on reduced Ni
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FIG. 7. IR spectra of carbon monoxide adsorption at room temper-
ature on prereduced catalysts at 673 K: Ni/sep (a), Ni2.3La (b;), Ni3.5La
(by), Ni7.1La (bs), 2.3LaNi (c1), 3.7LaNi (c,) and 8.7LaNi (c3).

sites and are referred toas L1, L2, B1, and B2 in order of de-
creasing vibrational frequency. The bands at 2198 and 2135
cm~!, indicative of incompletely reduced nickel species, are
attributed to CO adsorbed on Ni?* and Ni* ions, respec-
tively. The unreduced Ni’* species could arise from the
presence of oxidic nickel species, which are stabilized on
the catalyst surface against reduction conditions (12, 25).
The ratio of integrated optical densities of bridged to the
sum of linear (L.2 band) and bridged species as a function of
Laloading, displayed in Fig. 8, can be taken as a measure of
the relative abundance the observed species (22). It is evi-
dent from Fig. 8 that the La promotion causes preferential
suppression of bridge-bonded CO species relative to lin-
early bonded ones for xLLaNi series with increasing La load-
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FIG. 8. Ratios of bridged adsorbed CO to the sum of linear and
bridged adsorbed CO as a function of lanthanum loading for NixLa (M)
and xLaNi catalyst series (e).

ing. Withregard toreduced nickelssites, the bands attributed
to bridged species always appeared as the most intense fea-
ture for NixLa series. Another distinguishing feature of CO
adsorption on La-modified catalysts is the increase in the
relative intensity of the band near 2080 cm™~! compared to
bands at 2016 cm ™! (this contrasts with the Ni/sep cata-
lyst) and simultaneously its shift to higher wavenumbers
(to about 2090 cm~!) with increasing La content, indicative
of a low level of reduction and higher dispersion (22).

A decrease in CO adsorption with increasing La content
has also been reported for Rh-La,03/SiO; (26) catalysts.
This was explained by a partial coverage of the Rh particles
resulting from the dissolution of La,O3 when impregnating
with Rh(NOs3); solution. The higher H/Rh chemisorption
values as regards CO/Rh ones were explained by spillover
of H atoms to the La;O3 and to reduction of the promoter
oxide to LaO,. The observed suppression of CO adsorp-
tion on La-promoted Pd/SiO; catalysts by Hicks et al. (27)
was attributed to patches of partially reduced support ma-
terial LaO,, transferred to the surface of the Pd crystallites
during catalyst preparation, leading to weakening in the
o-bond component of the Pd—-CO bond. The direction of
charge transfer between the LaO, patches and the Pd was
derived from the shift to lower frequency of bridge-bonded
species. However, in our case neither infrared spectra of
CO adsorbed nor XPS measurements have shown evidence
for electronic effects. In contrast to this, Schultz et al. (28)
observed an increase in H, and CO chemisorption with in-
creasing La content in Rh/SiO; system. They demonstrated
that the promotion effect of La on Rh/SiO; catalyst con-
sisted of the prevention of sintering of Rh crystallites, rather
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FIG. 9. Specific activity of styrene hydrogenation with time on stream for xLaNi series (a); Ni/sep (o), 2.3LaNi (¢), 3.7LaNi (A), 8.7LaNi (m),
and NixLa series (b): Ni2.3La (<), Ni3.5La (A), and Ni7.1La ({J). Specific activities of styrene hydrogenation for xLaNi (c) and NixLa (d) series after

regeneration in hydrogen. Symbols are the same as above.

than their covering by LaO, moieties in the reduced state of
the catalyst as has been explained by other authors (2, 19).

The CO adsorption results indicate that the exposed Ni
atoms on the catalyst surface could be grouped in two cate-
gories: Ni atoms adsorbing CO and Ni atoms partially cov-
ered by the promoter oxide, which do not adsorb CO. The
proportion of Ni surface atoms in which CO adsorption is
suppressed increases with increasing La loading in the cat-
alyst (Fig. 8).

Styrene hydrogenation. The specific activities of the cat-
alysts in styrene hydrogenation, expressed by the number
of styrene molecules coverted per hour and exposed Ni
atom and their selectivities to etylbenzene at 120 min on
stream, are summarized in Table 1. The atoms of exposed
Ni were calculated from XPS Ni/Si ratios, but by consider-
ing only the fraction of reduced nickel (Ni’). These activities
have been obtained under experimental conditions that ap-
proach differential conditions, e.g., styrene conversions be-
low 30%. A fast activity increase with increasing La content
was observed in NixLa series, whereas the trend is oppo-
site and much more smoothed for xLaNi series. For NixLa
catalysts a maximum in activity is observed for a 7.1%
La, which is 37% higher than for the unpromoted Ni/sep

sample. Moreover, activity data for catalysts with La load-
ings above 2.3% are much higher in xLaNi series. On the
contrary, selectivity to ethylbenzene is complete for xLaNi
catalysts and almost complete for the unpromoted Ni/sep
and NixLa catalysts. Apart from ethylbenzene, which is the
major hydrogenated product, very small amounts of ethyl-
cyclohexane are also detected for Ni/sep and 3.7LaNi and
8.7LaNi catalysts. Since the nickel content does not signif-
icantly change for both catalysts series, the differences in
their catalytic behavior must be related to the differences
in catalyst morphology and structure induced by the two
preparation methods.

The effects of lanthanum content, preparation method
and regeneration on the styrene hydrogenation can be re-
vealed by plotting the specific activity as a function of the
time on stream for both catalyst series (NixLa and xLaNi).
As stated above, hydrogenation activity decreases with in-
creasing La content for xLaNi catalysts (Fig. 9a) at short
times on stream, but these differences are smoothed at
longer times. The common feature of all these curves is
that catalysts deactivate, but the extent of deactivation is
different from that of the unpromoted Ni/sep catalyst: while
after 120 min on stream activity is only reduced to ca. 50%
in the Ni/sep sample it is practically inhibited in xLaNi
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catalysts. Irrespective of these changes, selectivity to ethyl-
benzene is complete for all xLaNi catalyst and times on
stream (Fig. 10a).

Activity profiles of catalyst series NixLa are quite differ-
ent from that of the parent xLaNi series. While the initial ac-
tivity of the Ni2.3La catalyst is somewhat above that of the
unpromoted sample and becomes completely deactivated
at 120 min on stream (Fig. 9b), the Ni3.5La and Ni7.1La
catalysts display a less marked deactivation. Particularly,
the activity of Ni7.1La sample at 120 min on stream process
becomes higher than that of its unpromoted Ni/sep coun-
terpart. Selectivities to ethylbenzene are very high along
this catalyst series (Fig. 10b), with some irrelevant decrease
until ca. 0.996 for the Ni7.1La catalyst.

As catalyst deactivation under the very mild reaction con-
ditions used in the present work is expected to be due to
formation of polymers on Ni crystallites, all the used cat-
alysts for 120 min on stream were reduced again at 773 K
for 1 h. Activity patterns for regenerated xLaNi and NixLa
catalyst series are shown in Figs. 9c and 9d, respectively. For
both catalyst series activity not only is recovered but also
overpasses the level of fresh catalysts. Moreover, deactiva-
tion is slower in both series. For regenerated NixLa catalyst
series activity becomes more and more sustained with in-

creasing La loading while retaining a high level. Note that
the activity decrease is important for the Ni2.3La, moder-
ate for the Ni3.5La, and irrelevant for the Ni7.1La sample
(Fig.9d). The tendencies are less clear for the xLaNi catalyst
series. Selectivities to ethylbenzene are practically 100% in
xLaNi catalysts (Fig. 10c), with minor deviations in NixLa
catalyst, particularly at high La loadings, although they are
maintained above 0.995% (Fig. 10d).

DISCUSSION

The kinetics of reduction (Fig. 2)and XPS data (Figs. 4A,
4B, and 5) indicate clearly that Ni** ions interact strongly
with the sepiolite substrate in xLaNi samples and to a lesser
extent in NixLa series. On the other hand, the IR spectra of
CO adsorbed on the reduced catalysts (Fig. 7) demonstrate
that the promotion of Ni/sepiolite catalyst with lanthana re-
sults in a change in the distribution of CO-adsorbed struc-
tures. A remarkable feature of the active sites induced by
the presence of La in the catalysts is that the adsorption of
CO on both catalyst series is not so strong as for the La-
free catalyst counterpart. Similar observation has already
been reported for La-promoted Ni and Pd catalysts (27,
29). One of the principal differences among the samples is
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the intensity distribution of B1 and B2 bands. The change
in the relative intensities of these two bands is clearly vis-
ible by comparing the spectra of Ni/sep and La-promoted
catalysts on the one hand and the spectra of NixLa series
relative to xLaNi series on the other hand. While B1 band
appears as a shoulder for the Ni/sep sample, incorporation
of La significantly affects the suppression of B2 band rel-
ative to B1, this being more pronounced for Ni2.3La and
2.3LaNi samples. The infrared study of CO adsorption on
nickel crystallites revealed that the frequencies of the B1
and B2 bands are very close to frequencies of the bands
for bridged-bonded CO to Ni(100) and Ni(111) surfaces,
respectively (12). Thus, the distribution of B1 and B2 ad-
sorption sites will be connected with a change in the mor-
phology of the exposed Ni particles. The increase in the
intensity of the B1 band after La promotion suggests that
reconstruction of bridge-bonded species occurs via forma-
tion of Ni(100) surfaces. Another important conclusion de-
rived from the data in Fig. 8 is that CO can be adsorbed in
a linear form on Ni atoms, which are in contact with oxidic
phase. Thus, the interpretation for a decrease of the bridged
form and relative higher concentration of unreduced nickel
species gives an indication that lanthanum is deposited on
the nickel particles, leading to a decrease in the probability
to have adjacent nickel atoms on the surface, as suggested
by Primet et al. (23).

According to previous studies (2, 19), the sites respon-
sible for hydrogenation might involve lanthanum species
on the surface of large metal particles, even though the
structural information described above showed that La in-
corporation has little effect on the chemical state of nickel
sites. Barrault et al. (19) showed that La-promotion effect
on carbon-supported cobalt catalysts in CO hydrogenation
is attributed to formation of active sites on metal particles.
Ledford et al. (11) reported that highly dispersed cobalt
metal in CoLa/alumina catalysts is not active in CO hydro-
genation, while Schultz er al. (28) demonstrated that the
main role of the lanthanum promoter in the CO hydrogena-
tion is the prevention of sintering of the Rh crystallites. For
NixLa series, the LayO3 or La’* ions on sepiolite, formed
during the first impregnation, maybe also act as adsorp-
tion centers for Ni’* ions in the second impregnation with
Ni(NO3), and preventing sintering of metallic Ni crystal-
lites during reduction. However, some redistribution of the
La;0O3; phase may occur during the second impregnation
with Ni>*. This is confirmed by the unusually high La/Si
XPS intensity ratio found in Ni2.3La and Ni3.7La catalysts
(Fig. 5). For the Ni7.1La catalyst, not only a larger fraction
of the silicate substrate may be covered by La but also the Ni
particles deposited on it might well be covered by the La,;O3
redistributed, thus leading to optimization of the active site.

The catalysts prepared by reverse impregnation (xLaNi
series) were examined to separate the effects of La addition
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and Ni dispersion on their catalytic properties. The addition
of La after nickel affects the styrene hydrogenation in com-
parison with unpromoted nickel catalyst. This fact can be
due not only to La blocking of the active nickel sites, which
are covered to a great extent as revealed by the rapid deacti-
vation of the catalysts with time on stream (Fig. 9a), but also
to changes in the environment of the individual Ni atoms
in Ni crystallites, as already revealed by the IR spectra of
CO. Considering the infrared results, presented in Figs. 7
and 8, deactivation of the catalysts in the high-loading re-
gion is deemed to be a consequence of lanthanum coverage
on the catalytically active Ni surface. Finally, activity re-
covered after regeneration in hydrogen of both xLaNi and
NixLa catalysts series suggests a reconstruction of the Ni—
La,Os3 interface via formation of Ni(100) surfaces. As this
interface is essentially formed on a partially La,O3-coated
substrate, which minimizes Ni losses through reaction with
the silicate substrate, high La loadings have to be used.
Consistently, stable catalysts are obtained at the highest La
loadings (Ni7.1La).
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